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ABSTRACT
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Geochemistry and water quality of Lake Qarun, Egypt
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73 pages
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Diss. Lappeenranta University of Technology

ISBN 978-952-265-794-7, ISBN 978-952-265-795-4 (PDF), ISSN-L 1456-4491, ISSN 1456-4491

Water geochemistry is a very important tool for studying the water quality in a given area.
Geology and climate are the major natural factors controlling the chemistry of most natural
waters. Anthropogenic impacts are the secondary sources of contamination in natural waters.
This study presents the first integrative approach to the geochemistry and water quality of
surface waters and Lake Qarun in the Fayoum catchment, Egypt. Moreover, geochemical
modeling of Lake Qarun was firstly presented. The Nile River is the main source of water to the
Fayoum watershed. To investigate the quality and geochemistry of this water, water samples
from irrigation canals, drains and Lake Qarun were collected during the period 2010-2013 from
the whole Fayoum drainage basin to address the major processes and factors governing the
evolution of water chemistry in the investigation area. About 34 physicochemical quality
parameters, including major ions, oxygen isotopes, trace elements, nutrients and microbiological
parameters were investigated in the water samples. Multivariable statistical analysis was used to
interpret the interrelationship between the different studied parameters. Geochemical modeling
of Lake Qarun was carried out using Hardie and Eugster’s evolutionary model and a model
simulated by PHREEQC software. The crystallization sequence during evaporation of Lake
Qarun brine was also studied using a Janecke phase diagram involving the system Na—K-Mg—
C1-SO4—H>0.

The results show that the chemistry of surface water in the Fayoum catchment evolves from Ca-
Mg-HCO:s at the head waters to Ca—Mg-CIl-SO4 and eventually to Na—Cl downstream and at
Lake Qarun. The main processes behind the high levels of Na, SO4 and CI in downstream waters
and in Lake Qarun are dissolution of evaporites from Fayoum soils followed by
evapoconcentration. This was confirmed by binary plots between the different ions, Piper plot,
Gibb’s plot and 580 results. The modeled data proved that Lake Qarun brine evolves from
drainage waters via an evaporation—crystallization process. Through the precipitation of calcite
and gypsum, the solution should reach the final composition "Na—-Mg-SOs—CI". As simulated by
PHREEQC, further evaporation of lake brine can drive halite to precipitate in the final stages of
evaporation.

Significantly, the crystallization sequence during evaporation of the lake brine at the
concentration ponds of the Egyptian Salts and Minerals Company (EMISAL) reflected the
findings from both Hardie and Eugster’s evolutionary model and the PHREEQC simulated
model. After crystallization of halite at the EMISAL ponds, the crystallization sequence during
evaporation of the residual brine (bittern) was investigated using a Janecke phase diagram at 35
°C. This diagram was more useful than PHREEQC for predicting the evaporation path especially
in the case of this highly concentrated brine (bittern). The predicted crystallization path using a
Janecke phase diagram at 35 °C showed that halite, hexahydrite, kainite and kieserite should



appear during bittern evaporation. Yet the actual crystallized mineral salts were only halite and
hexahydrite. The absence of kainite was due to its metastability while the absence of kieserite
was due to opposed relative humidity. The presence of a specific MgSO4.nH>0 phase in ancient
evaporite deposits can be used as a paleoclimatic indicator.

Evaluation of surface water quality for agricultural purposes shows that some irrigation waters
and all drainage waters have high salinities and therefore cannot be used for irrigation. Waters
from irrigation canals used as a drinking water supply show higher concentrations of Al and
suffer from high levels of total coliform (TC), fecal coliform (FC) and fecal streptococcus (FS).
These waters cannot be used for drinking or agricultural purposes without treatment, because of
their high health risk. Therefore it is crucial that environmental protection agencies and the
media increase public awareness of this issue, especially in rural areas.

Keywords: Water quality; geochemistry; water chemistry; Fayoum; Lake Qarun; EMISAL;
geochemical modeling; surface water; PHREEQC; microbiological contamination; evaporation—
crystallization; evapoconcentration; drainage waters; agricultural purposes; drinking water
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INTRODUCTION

1. INTRODUCTION

Closed (endorheic) lakes are lakes that have no outlet except via evaporation. When water
escapes by evaporation, salts, nutrients and pollutants are continuously concentrated in the
remaining water. Most endorheic lakes are saline with variable levels of salinity [1]. The largest
endorheic lakes in the world are the Caspian Sea, Aral Sea, Lake Balkhash, Lake Chad, Lake
Titicaca, Qinghai Lake and the Great Salt Lake. These lakes basically depend on the balance of
inflows and evaporation and are very susceptible to changes driven by both natural causes
including climatic variability and climate change, and/or anthropogenic impacts. This also means
that these lakes can be used as significant indicators of climate change and also can point to
records of the paleo-hydroclimatic variability over a large area [2]. Furthermore, variations in
their inflows can have very significant effects on their water level. For example, the Aral Sea
receives now ten times less water than it used to from its recharge sources [3]; thus it has reduced
in size to approximately 10% of its previous surface area and holds less than 10% of its former
volume [4]. The water level of Great Salt Lake in the USA has recently raised because of
increased rainfall in its catchment, and Qinghai Lake in China has varied in size following the

variation in its catchment precipitation [2].

The geochemical evolution of closed lakes primarily depends on the chemistry of the inflowing
waters and the rate of evaporation. In a closed hydrological regime, the composition of lake
water basically depends on soil and rock mineralogy, which are chemically altered by inflow
waters in the drainage basin adjoining the lake [5, 6]. Closed salt lakes, with variable degrees of
salinity, are characteristic marks of the arid and semiarid regions [7]. The common cause of
salinity increase in closed lakes is that the salt content is continuously built up by evaporation
[8]. The evolution history of endorheic basin waters can be divided into two stages. In the first
stage, the inflow waters in the watershed area obtain solutes during chemical weathering of soil
and bedrock. In the second stage, subsequent evaporation leading to up-concentration of ions
which causes selective precipitation of specific dissolved minerals, further affecting the final
composition of the brine [6]. The evolution of brine in an endorheic basin waters has been the
topic of substantial scientific attention [9, 10]. Natural waters in the Sierra Nevada in the western
United States were studied by Garrels and McKenzie [11] and they concluded that mineral

crystallization fractionation during evaporative concentration is the major control of brine
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advancement. Hardie and Eugster [6] subsequently suggested an evolutionary model that deals
with the evolution of natural waters chemistry during evaporation in terms of a sequence of
chemical divides. A chemical divide is a point along the evolution sequence of brine at which
removal of a specific solid phase exhausts the water in certain ions and further progressive
evaporation proceeds the solution to a distinctive pathway [12]. Accordingly, if there is binary
salt is crystallized throughout evaporation and the concentration ratio (in equivalences) of the
two ions forming the salt is dissimilar from the ratio of these ions in the initial solution, any
progressive evaporation will cause building up in the ion present in higher relative concentration
in the solution, and a depletion in the ion present in lower relative concentration [12]. There are
many modifications of the basic Hardie-Eugster evolutionary model, but the most simple and
clear one was proposed by Drever [12]. In this modified model, the final resulted brines are
distinguished by the fractional removal of constituents from solutions (chemical divide). The
most significant limitation of Hardie and Eugster’s model [6], however, is the lack of capability
to add elements to the solution during brine evolution pathway. Yet this model is still widely

used to interpret the geochemical evolution of many natural brines and saline lakes [13-17].

The study of saline lakes helps in understanding processes under extreme conditions. Insight
these processes will significantly expand our understanding of normal lakes as well [7]. Saline
lakes not only have economic implications but also can be important in the geologic record as

sensitive indicators of past tectonic and climatic changes [7].

Lake Qarun, the object of the present study, is one of the endorheic saline lakes located in the
North African Sahara Desert. It is the merely significant natural lake in Middle Egypt [18]. It is
situated in an arid region occupying the lowest part of the Fayoum Depression in the Western

Desert of Egypt (Figs. 1 and 2).
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Figure 1. Location map showing the study area and sampling sites (Paper I11).
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Figure 2. Digital elevation map showing the land slopes from Lahun to Lake Qarun. The lake

occupies the deepest part of the Fayoum Depression (Paper I11).
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Historically, Lake Qarun is the remaining part from a huge natural paleo-freshwater lake,
previously known as “Lake Moeris”, which persisted until the mid-Holocene period [19]. Lake
Moeris has been used as reservoir of Nile water during flooding periods to provide the Nile

Valley with water during dry seasons [20].

In the recent past, the intensive development through building dams and bridges across the Nile
course obstructed excess flooding waters from connecting with the Fayoum Depression, resulting
in the isolation of Lake Qarun from the Nile, and thus it became an inland closed lake. As the
climatic conditions are warm and dry almost all year round, the lake might have vanished under
intensive continuous evaporation. To balance this water loss by evaporation, all agricultural
drainage waters from the cultivated lands surrounding the lake were diverted to Lake Qarun [20].
In view of the fact that the lake has no natural outflow [21], the drainage water in Lake Qarun is
subjecting to evaporative concentration. Annually, a volume of freshwater almost equal to that of
the inflowing drainage water is evaporated from the lake while the dissolved solutes are
concentrated in the lake [20, 22]. The lake brine gradually evaporates and its salinity increases.
The salinity of the lake increased significantly with time, from about 10.5%. in 1906 and 30%o in
1985 to about 42%o in 1992 [13, 23]. Variations in the water and salinity levels of Lake Qarun
were measured irregularly throughout the 20th century [25-28]. The salinity increases of the past
century have been mainly attributed to evaporative concentration of drainage water within the
lake [24, 28]. Lake Qarun was used to support a major fishery in the Fayoum Governorate, but
its increasing salinity has become unfavorable for most of the freshwater fish species that were
originally living in the lake. All the fish species that were originally living in freshwater
ecosystem are extinct except Tilapia zillii [18]. Accordingly, new marine-type fish species from
the Mediterranean Sea were added to adapt the increase in lake salinity since the 1920s [29].
The continuous increase in the salinity of Lake Qarun can eventually lead to a biologically
“dead” water body [20]. A salt extraction project was proposed as an economic and
environmental solution to stop the continuous increase in Lake Qarun salinity. It was planned to
keep the total dissolved solids (TDS) level of the lake at 35 g/L (i.e. at marine system levels) by
extracting an amount of salts equal to those carried annually by drainage water to the lake at
sequential stages. Since the implementation of the approved feasibility study, the Egyptian Salts
and Minerals Company (EMISAL) initiated this step as an industrial complex site. EMISAL was

established as an environmental, ecological and economic project on Lake Qarun. A zone has

4
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been separated from the lake and partitioned into a series of four successive concentration ponds
for economic salt extraction. The salt-extraction process is based on brine-concentration
technology via evaporation—precipitation cycles using solar radiation energy. The salinity of
Lake Qarun reflects the drastic change in the lake chemistry. It has turned from an ancient
freshwater system into a normal marine system in the late 20th century as evidenced by the study

of microfossils [30-32] and water chemistry measurements [25].

During the 20th century, Lake Qarun has increasingly become the object of several ecological
studies. Physical and chemical variables are documented by Ball [24], Naguib [26], Meshal [20],
Ishak and Abdel-Malek [22], Rasmy and Estefan [28], Soliman [27], El Sayed and Guindy [25],
Gupta and Abd El-Hamid [33], Mansour and Sidky [34, 35], Hussein et al. [36], Abd Ellah [37]
and Abdel-Satar et al. [38]. Studies on the paleoenvironmental changes recorded in Lake Qarun
were conducted by Flower et al. [31], Keatings et al. [39, 40], and Baioumy et al. [41, 42]. The
plankton communities in Lake Qarun were investigated by Sabae [43, 44], Sabae and Rabeh
[45], Abdel-Malek and Ishak [46], Abdel-Moniem [47] and recently Mansour and Sidky [34,35],
Fathy and Flower [18], Mageed [48], Ali et al. [49] and Saif et al. [50].

Ball [24] documented the evolution history of Lake Qarun and made the first attempt to estimate
the evaporation from Lake Qarun using tank observation. It was concluded that there is a net
annual water loss from the lake and reported that the salinity of the lake increased from 17.7%o in
1918 to 30.8%o in 1932.

Naguib [26] studied the salinity of Lake Qarun in the period 1953-1955 by collecting water
samples from different locations in the lake and reported that the average salinity of the lake was
31.49%o.

Meshal [20] discussed the salt budget and the problem of salinity increase in Lake Qarun,
demonstrating that the salinity of the lake increased from 13.25%o to 31.73%o in the period from
1901 to 1970. This increase in salinity was attributed to evaporative concentration of dissolved
salts carried by drainage waters. This study concluded that over time the continuous increase in
salinity can turn the lake into a “dead” water body if nothing is done to control this. The
proposed solution to this problem is to extract an amount of salts equal to the amount conveyed
to the lake by drainage water; this can be achieved by removing the required volume of lake

brine.
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Ishak and Abdel-Malek [22] reviewed some physicochemical changes in the lake such as the
lake level, salinity, dissolved oxygen (DO) and nutrients during the period from 1892 to 1973.
They concluded that building up of salts with time is the main significant factor affecting the

ecology of the lake and that there is a reverse relationship between the salinity and lake level.

Rasmy and Estefan [28] studied the experimental separation of saline mineral from Lake Qarun
brine by mechanical evaporation at 70° C and outlined the general chemical constituents of the
lake water. They suggested that there is great potential for the extraction of economic mineral
salts from the lake. Also, they compared the lake composition with both seawater and other
common saline lakes such as Great Salt Lake, the Salton Sea and the Dead Sea. They noted, for
example, that one unique characteristic of the lake is that it is higher in sulfate and lower in

chloride than seawater.

Soliman [27] reviewed the annual and seasonal mean variations of salinity in Lake Qarun at
different water levels during the period 1906-1982. Generally, salinity showed a negative
relationship with the water level. This depended on the ratio between the inflow drainage water
and outflow by evaporation, as well as on the salt content of the inflow water. The conclusion
was that a progressive increase in the salinity of the lake will may occur over time. This impacts

negatively on the fish productivity of the lake.

El Sayed and Guindy [25] investigated the sulfate enrichment in Lake Qarun and stated that
groundwater seepage is the main source of sulfate in Lake Qarun. Dissolved Na;SO4 salt was

recognized as the main source of sulfate in the groundwater.

Gupta and Abd El-Hamid [33] studied the water quality evaluation of Lake Qarun. They
mentioned that the lake water is more contaminated than the Nile water. The lake found to have
lower DO and higher salinity and nutrients than the Nile River. The main source of contaminates

was attributed to the large input from agricultural and domestic wastewaters.

Mansour and Sidky [34, 35] studied the heavy metals pollution in Lake Qarun and Wadi EI-
Rayan lakes in the Fayoum Province. Heavy metals were measured in water, sediments and fish
samples. This investigation revealed that Lake Qarun was more polluted than Wadi EI-Rayan
lakes. Anthropogenic sources such as industrial and domestic wastes and pesticides in

agricultural returns were thought to be the main source of pollution to Lake Qarun.
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Hussein et al. [36] monitored the water quality of Lake Qarun during 2003 and 2004. They
measured some chemical and biological parameters such as DO, COD, TOC, chlorophyll,
nutrients, and some trace elements. The main findings showed that the lake suffers from high
levels of nutrients that can produce algal blooms under appropriate conditions (i.e. temperature,
sunlight, and calm water). Also, some trace metals were accumulated and detected in the gills of

fish samples.

Abd Ellah [37] investigated the temporal and spatial variations in Lake Qarun’s salinity. The
lake salinity was low in winter and high in summer. The results also showed that the water
salinity is low in the eastern side of the lake and gradually increases north-westward. These

variations depend on the ratio between the drainage water inflow and the outflow by evaporation.

Abdel-Satar et al. [38] studied the concentrations of some nutrients, trace metals and major ions
in Lake Qarun water and sediments. The results revealed that the discharge of drainage sewage
causes an enrichment of lake sediments with metals and also increases the concentration level of
nutrients in the lake water. They stated that the salinity of lake water fluctuates based on the

input drainage water and the rate of evaporation.

Flower et al. [31] studied some environmental changes in Lake Qarun by assessing recent
paleolimnological records in core samples from bottom sediments of the lake. They concluded
that the lake has been affected by a combination of anthropogenic activities and climatic changes
during the past 5000 years. More recently, during most of the 20th century, the lake salinity

increased, reaching seawater-like levels by the late 1980s.

Keatings et al. [39, 40] used ostracod-based paleoenvironmental reconstruction to investigate the
changes in salinity and water level in Lake Qarun during the 20th century. The oxygen isotope
(8*80) values of the ostracod calcite provided information about the effect of evaporation in
controlling the change in lake level. Other tools such as Sr/Ca ratio or Mg/Ca ratio did not yield
enough information. Yet some ostracod species could be used as indicators of the evolution of

the lake’s water chemistry during the Holocene period [40].

Baioumy et al. [41, 42] reconstructed the Lake Qarun level due to climate changes during the last
7000 years. They studied the long-term variations in the lake level using sedimentological,

mineralogical, and geochemical analyses of sediment cores taken from the lake along with
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carbon and oxygen isotopes. They summarized that interactions between global and local

climatic changes and human activities could produce variations in the lake level.

The studies of plankton communities in Lake Qarun made by Sabae [43, 44], Sabae and Rabeh
[45], Abdel-Malek and Ishak [46], Abdel-Moniem [47] and Mansour and Sidky [34,35] have

been reviewed in Fathy and Flower [18].

Mageed [48] studied the diversity of holozooplankton in Lake Qarun. He sought to clarify the
relationship between these plankton communities and the state of pollution in the lake. Three
groups of these organisms were recorded; Protozoa, Rotifera and Copepoda. The first two groups
were found to represent 78.81% of the total stock. The diversity index showed a lower value,

however, which indicated that the lake ecosystem is unstable or polluted.

Ali et al. [49] studied the water quality of Lake Qarun and its impact on the expression of
immune response genes in the fish species Solea aegyptiaca. They concluded that lake water
pollution enhances the up-regulation of some immune genes of the studied species. They stated

that such applications might be useful to assess the water quality promptly and at low cost.

Saif et al. [50] studied seagrass (Ruppia cirrohsa) distribution in Lake Qarun and stated how it

can be used as an indicator for water quality.

As yet no studies have been conducted on the geochemistry and/or the geochemical evolution of
Lake Qarun. All previous investigations focused only on single aspect of the lake and did not
conduct a holistic approach to the geochemical evolution of all the Fayoum watershed’s water
types and Lake Qarun. The Nile is the main source of water to the Fayoum watershed while Lake
Qarun acts as a sink for all drainage waters. To track the geochemistry, water quality and
geochemical evolution of Lake Qarun in the studied catchment, it is important to follow the
course of the Nile water once it enters the catchment area at Lahun (Fig. 1). Within the
catchment, water samples can be categorized into irrigation waters, drainage waters and Lake
Qarun waters (Fig. 1). Agricultural returns and all excess waters are usually collected in drains.
Most waters flow into one of the two major drains: El-Wadi or El-Bats, which, together with
minor drains, finally drain into Lake Qarun (Fig. 1). Most previous studies did not present a full
picture of the geochemical alterations of inflow waters in the Fayoum watershed which control

the evolution of water chemistry in Lake Qarun. To the best of our knowledge, no geochemical
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models have been executed for the lake. This study takes an integrative approach to the

geochemical evolution of both Lake Qarun and all the water types of the Fayoum watershed.



OBJECTIVES OF THE STUDY

2. OBJECTIVES OF THE STUDY

The overall objective of this study was to introduce a full geochemical history and water quality

evolution of surface waters in a specific catchment, the Fayoum watershed. The main goal was to

study Nile water evolution through its flow path from when it enters the Fayoum Depression to

its final destination at Lake Qarun. The crystallization sequence during evaporation of Lake

Qarun water and geochemical modeling of the lake were also investigated.

The specific aims of the study were:

1.

Investigating the main geochemical processes controlling the surface water chemistry in
the Fayoum watershed and the consequent evolution of Lake Qarun water based on the
chemistry of the inflowing drainage waters (Papers | and I1).

Conducting a simulated geochemical model using the PHREEQC program as a first
attempt to determine the main sources of the solute budget to Lake Qarun (Paper I1).
Comparing Hardie and Eugster’s evolutionary model (1970) of closed-basin waters
undergoing evaporation with the simulated model carried out by PHREEQC (Papers |
and I1I).

Modeling Lake Qarun evolution due to a predicted intensive evaporation caused by
decreasing inflow waters accompanied with high rates of evaporation as a result of
predicted climate change in terms of global warming (Paper I).

Investigating the water quality in the Fayoum watershed and evaluation of all water types
for their suitability for drinking or agricultural purposes against the WHO and FAO’s
guidelines (Paper I11).

Studying the fate of contaminants through source—sink pathway (Paper I11).

Evaluating the pollution level of metals content in Lake Qarun sediments (Paper I11).
Studying the mineral crystallization sequence during evaporation of Lake Qarun water
and its economic potential at EMISAL (Egyptian Salts and Minerals Company)
concentration ponds using Janecke phase diagrams as a tool for predicting the

crystallization path (Paper 1V).
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3. MATERIALS AND METHODS

3.1.  Site and Lake Qarun catchment description

The Fayoum Governorate, with a population of 2.48 million (January 2005 census) and Fayoum
City as the principal town, occupies a natural closed depression in the Western Desert of Egypt
between 29°02’ and 29°35’ N and 30°23’ and 31°05' E. It extends over 6068 km? and is situated
about 95 km southwest of Cairo (Fig. 1). The Nile River, on which the irrigation and agricultural
system mainly depends, is the main source of water and the province has internal drainage with
Lake Qarun as the general receiver for agricultural wastewater. The catchment lies in Egypt’s
arid belt with a hot long dry summer and a mild short winter and consequently, the climate is
mostly hot and dry [41]. In addition, it is characterized by low seasonal rainfall and a high of
evaporation. Fayoum City is a water distribution center for domestic demands in the province
and a network of canals and small pumping stations also delivers water to the agricultural
regions. While all other Egyptian Governorates are conveyed to the Nile River, the Fayoum

Governorate is unique in that all its drainage water flows to Lake Qarun.

Lake Qarun is situated in the lowest part of the Fayoum Depression with an elevation of ~ 43 m
below sea level (Fig. 2). It is located between the longitudes of 30° 24’ & 30° 49’ E and latitudes
of 29° 24" & 29° 33’ N (Fig. 1). About 67% of the lake has a depth of between 2 and 5 m, while
18% of the lake is deeper than 5 m [41]. The deepest region (= 8 m) is located in the middle part
of the lake while the shallowest region lies in the eastern portion of the lake [41]. To the north,
the area is totally desert covered by rock and sand exposures without any marks of vegetation
while in the south and southeast, cultivated land slopes steeply towards the lake which makes it a

natural sink for agricultural drainage water.

3.2. Climate

The studied catchment lies in Egypt’s arid belt with a hot long dry summer and a mild short
winter and consequently, the climate is generally warm and dry [41]. In addition, it is
characterized by low seasonal rainfall and a high evaporation rate. Rainfall is extremely low at
<10 mm annually [31]. Annually, the mean minimum and maximum temperatures are 14.5 °C

and 31 °C, respectively. The lowest evaporation rate (1.9 mm/day) is recorded in January while
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the highest value (7.3 mm/day) is recorded in June and the annual mean relative humidity varies
between 50 and 62% [51].

3.3.  Hydrology

The irrigation and agricultural system in the Fayoum region depends mainly on Nile water.
Fayoum City, the principal town in the area, is a water distribution center for the Fayoum
(domestic demands) and a network of canals and small pumping stations deliver water to the
agricultural regions. The lake is surrounded to the south and southeast by cultivated land which
slopes steeply towards the lake, forming a sink for drainage water (Figs. 1 and 2). The lake is
now used as a general reservoir for both agricultural drainage wastewater and sewage waters. It
is known that agriculture returns and excess water are passed to Lake Qarun by two principal
drains, EI-Wadi and El-Bats [52]. The El-Bats drain collects agricultural drainage waters from
the eastern and northeastern parts of the Fayoum watershed while the EI-Wadi drain receives
drainage water from the middle region (Fig. 1). The lake gains drainage water about 338x106
mS/year from the El-Bats and El-Wadi drains and about 67.8x10° m®/year from groundwater
while it loses about 415x10% m®/year by evaporation [20, 37, 39, 52]. The lake has no outflow
except by evaporation [20, 21]. The net water budget in Lake Qarun is negative [52]. During
some winter seasons, however, flooding can occur. This is possibly due to the low evaporation
rate of the lake water in winter. During winter, the drainage water inflow to the lake thus exceeds
the water loss by evaporation, possibly raising the lake water level [53]. In fact, the water budget
in Lake Qarun can vary annually. So careful and accurate calculations are needed to estimate the
exact change in annual water storage of Lake Qarun. At the same time Lake Qarun is becoming
shallower due to siltation on the lake bottom, which can reduce its storing capacity [18]. A
volume of freshwater nearly equal to that of the inflowing drainage water is lost annually from
the lake through evaporation [20, 22]. In his 1973 doctoral study, Meshal [20] reported that
drainage water annually carries an average ~ 385x10° kg of dissolved salts to the lake. After 10
years, Rasmy and Estefan [28] stated that this quantity has increased to 470x10° kg. The solute

budget conveyed annually to Lake Qarun mainly depends on the variation in inflow water.
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3.4. Geology and geomorphology

The Fayoum Depression is a natural depression in the Western Desert of Egypt, extending over
6068 km?. Tableland areas surround the Fayoum Depression from the east, west and south
separating it from neighboring depressions, the Nile Valley and Wadi EI Rayan. Approximately
1800 km? of cultivated land forms the second lowest area of the Fayoum Depression after Lake
Qarun. Most of the cultivated soils in the Fayoum Depression are deep alluvial loam or clayey,
derived mainly from the Nile flood alluvium [51]. The Fayoum Depression has a dense net of
irrigation canals and drains. The area includes three main landscapes, lacustrine plain, alluvial-
lacustrine plain, and alluvial plain [51, 54]. The southern shore of Lake Qarun is mostly
surrounded by lacustrine deposits. These deposits cover an area of 198 km? and are classified as
highly saline and poor productivity soils [54]. The evaluation of salinity, sodicity, and water
table of soils revealed that most alluvial-lacustrine and lacustrine soils in the Fayoum Depression
are damaged by salinization, waterlogging and sodification [51]. Geologically, the stratigraphic
sequence in the area ranges in age from Quaternary to Tertiary (Fig. 3). The Fayoum Depression
itself is excavated in Middle Eocene rocks, which are essentially composed of gyps-ferrous
shale, white marls, limestone and sand [55, 56]. The Quaternary deposits are widely distributed
over the Fayoum area in the form of Aeolian, Nilotic (alluvial sediments) and lacustrine deposits.
The alluvial sediments are composed of sands and gravels of variable sizes intercalated with
calcareous silt and clay contents [57]. The lacustrine deposits include claystone, gypsum, and
calcareous materials intercalated with ferruginous sandy silt [58]. The lacustrine deposits have
prevailed in the area and extend to the south of Lake Qarun. In the whole area, Quaternary

sediments directly overlay the limestone deposits of the Eocene Age.
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Figure 3. Geological map of Fayoum area (Paper ).
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3.5.  Sampling and analysis
3.5.1. Water

In June 2010, 2011 and 2012, surface water samples at Lake Qarun were collected regularly
from 13 sites (Q1-Q13). In June 2012, additional surface water samples from irrigation canals
and the drainage network were collected from 29 sites (samples 1-29, Fig. 1). All samples were
analyzed for sodium (Na*), calcium (Ca?*), magnesium (Mg?"), potassium (K*), sulfate (S027),
chloride (CI) bicarbonate (HCO3) and silica (SiO2). In June 2012, the water from these sites
were also analyzed for nitrate (NO3), phosphorus (PO3~), Arsenic (As), copper (Cu), lead (Pb),
cadmium (Cd), lithium (Li), cobalt (Co), molybdenum (Mo), chromium (Cr), nickel (Ni),
aluminum (Al), manganese (Mn), iron (Fe), selenium (Se), Beryllium (Be), Barium (Ba) and
oxygen isotopes (8'20). In April 2013, water samples from all previous sites were collected for
microbiological analysis of total coliform (TC), fecal (thermotolerant) coliform (FC) and F.

streptococcus (FS).

At all sampling locations, GPS coordinates were recorded. Electrical conductivity (EC), pH and
temperature were measured in the field using a SG78-SevenGo Duo pro (pH/lon/Conductivity)
portable meter with an accuracy = 0.002 pH units, £ 0.5% of full scale EC and +0.1 °C for
temperature. After in situ measurements, the water samples for major ions and (semi-)metal
analyses were filtered through a 0.45 um filter membrane. The filtered samples were transferred
into pre-acid-washed polyethylene (PE) containers which divided into three portions: (1) water
samples acidified to pH < 2 for all (semi-)metal analysis (the term (semi-)metals is used as a
substitute for the longer term “metals and semi-metals™); (2) water samples for main anion
analysis and (3) water samples for oxygen isotopes analysis. All sampling containers were left to
dry for 2 days after acid or deionized washing. Water samples for microbiological analysis were
collected using sterilized dark glass bottles. The PE and glass bottles were filled without air
bubbles and tightly capped immediately with PE screw caps. Then the water samples were kept
at 4 °C and transported to the laboratory as soon as possible after sampling. Microbiological
analysis, HCO3 and NO3 were conducted immediately after samples reached the lab and the
remaining analyses were conducted within the next 24 h. Total dissolved solids (TDS) were
calculated using the sum of the major ions (Na*, K*, Ca®*, Mg?*, HCO3, S0O3~, CI, SiO; and
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NO3), assuming that the fraction below 0.45 pm can be considered “dissolved”, which is not

exactly true, as constituents commonly attach to (nano-)particles.

Major ions, (semi-)metal and microbiological analyses were carried out at the Water Quality
Central Laboratory, Fayoum Drinking Water and Sanitation Company, Fayoum, Egypt. The
analyses were conducted in accordance with approved analytic methods APHA [59] as
summarized in Table 1. All analytical procedures were accredited according to ISO/IEC 17025.

These methods were applied in papers I, 11 and 111.

Table 1
Analytical methods of the studied water samples, after APHA [59] (modified from papers I-I1I)

Analytical parameter Method Uncertainty %
S0%- 4500-SO4* E 12.9
Cr 4500-CI' B 4.1
HCO3 2320-B Titration method 18
Na* 3120 B, ICP method by ICP-OES 3.6
K* 3120 B, ICP method by ICP-OES 5
Mg?* 3120 B, ICP method by ICP-OES 11.6
Ca? 3120 B, ICP method by ICP-OES 9
SiO; 4500- SiO, C 8.7
NO3 4500-NOs B -
P03~ 4500-P D -
Al 3120 B, ICP method by ICP-OES 2.2
As 3120 B, ICP method by ICP-OES 3.1
Ba 3120 B, ICP method by ICP-OES 31
Be 3120 B, ICP method by ICP-OES -
Cd 3120 B, ICP method by ICP-OES 5.2
Cr 3120 B, ICP method by ICP-OES 3.8
Co 3120 B, ICP method by ICP-OES -
Cu 3120 B, ICP method by ICP-OES 3.1
Fe 3120 B, ICP method by ICP-OES 35
Pb 3120 B, ICP method by ICP-OES 5

Li 3120 B, ICP method by ICP-OES -
Mn 3120 B, ICP method by ICP-OES 34
Ni 3120 B, ICP method by ICP-OES 3.1
Se 3120 B, ICP method by ICP-OES 35
Mo 3120 B, ICP method by ICP-OES 3.3
TC (Total Coliform) 9222 B 154
FC (Fecal Coliform) 9222 D 7
FS (Fecal Streptococcus) 9230C 7
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The water samples in paper 1V were analyzed for Na*, K*, Mg?*, SOZ~and CI". Potassium and
Na* were measured by flame atomic absorption spectrometry [59]. Mg?* was analyzed by
complexometric titration with EDTA. The S04~ was analyzed by the gravimetric method while
Cl" was determined by the potentiometric method [59]. For each brine sample, the analysis for

each ion was done in triplicate and the average value was used.

Water samples were analyzed for oxygen isotope composition (520} in papers | and 111 using a
Gas Bench Il system (Thermo Finnigan, Bremen, Germany) coupled with a Thermo Finnigan
Delta plus XP isotope ratio mass spectrometer in the stable isotopologues laboratory at
McMaster University, Canada. The details of the analytical procedures are described in [60]. All
oxygen isotope results were obtained by calculating the mean of the last 10 measurements and
normalized using two inter-laboratory water standards (MRSI-1 and MRSI-2). The §*%0 values
of the samples were reported normalized to V-SMOW and the precision for replicate sample

analyses is < 0.08%o.
3.5.2. Sediments

As Lake Qarun is a sink for the drainage waters in the Fayoum Governorate, the (semi-)metal
content of its sediments was also investigated (Paper Ill). For this purpose, surficial lake
sediment samples were collected in June 2010 from the 13 sites Q1-Q13 (Fig. 1). The upper 15
cm of the sediments were taken with a grab sampler, collected in acid-rinsed polyethylene plastic
bags and kept at 4 °C. These samples were dried at room temperature and then a nylon-2 mm
sieve was used to remove shell fragments and coarse debris. Afterwards the samples were
squashed and mildly ground to pass a 63 um nylon mesh using an agate mortar and pestle.
Subsequent analysis of (semi-)metal content was conducted for the < 63 um grain size fraction.
For analysis, the sediment samples were digested using aqua regia and the extractions were
analyzed for Fe, Pb, Co, Mn, Cu, Zn, Ni, Cd, Mo, Cr, Al, As, Hg and Sh. The (semi-)metal
analysis of sediment was conducted at Viljavuuspalvelu Oy (Soil Analysis Service Ltd), Mikkeli,
Finland. Cu, Mn, Al, Fe, Co, V, Mo and Zn were detected with a Thermo Scientific ICAP 6000,
while As, Ni, Pb, Sb, Cr and Cd were detected with a PerkinEImer SIMAA6100 GAAS. Hg was
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measured with a PerkinElmer Analyst 100 and FIMS 100 instrument. All analytical procedures
are accredited by FINAS according to ISO/IEC 17025.

In addition to chemical analyses, grain size analyses were also conducted. After the sediments
were air dried at room temperature, 50 g of the sample were taken and treated with 35% H.O>
and 1N HCI to remove organic matter and carbonate respectively. After treatment, sediment
samples were wet sieved through a 63 um nylon mesh and the sand fraction (>63 um) dried and
weighed. The remaining fraction of silt and clay (<63 pum) was determined by the pipette method
based on the method described in Kroetsch and Wang [61] at Viljavuuspalvelu Oy (Soil Analysis
Service Ltd), Mikkeli, Finland.

3.6.  Simulated geochemical modeling

A simulated geochemical model evaporation process was carried out using PHREEQC versions
2 and 3 [62, 63] at a constant partial CO. pressure of 10°° and temperature of 25 °C. Whenever
water becomes saturated with calcite, gypsum or halite, these solid phases will precipitate and
the solution will remain in equilibrium with them. Simulated evaporation of natural waters by
PHREEQC is widely used because of its capability of removing moles of water from a solution
[63-65]. Merkel and Planer-Friedrich [66] offer a practical guide for modeling natural and
contaminated aquatic systems, including useful instructions regarding PHREEQC software. In
paper 1l, the modeling concept was that Lake Qarun evolved geochemically through the
progressive evaporation of drainage water inflow joined with fractional precipitation of minerals
when solution reaches supersaturation with respect to these minerals, assuming that the lake has
no outflow except by evaporation. Water samples were selected from the two drains (El-Bats and
El-Wadi) as initial solutions which represent the main inflow feeding Lake Qarun system.
PHREEQC version 2 with a PHREEQC database [63] was used for modeling. The models were
applied to simulate the evolution of 1 L from the El-Bats and El-Wadi drains during
evapoconcentration by the removal 95% of water in sequential steps. This concentration factor is
considered as reasonable for relatively closed basin systems (such as closed lakes) which have
potential annual evapotranspiration exceeds inflow [63, 64]. Moreover, at the final step this

concentration factor achieved an ionic strength close to that measured in Lake Qarun (I = 0.63).
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The modeled results, including major ion evolution and mineral saturation indices, were

compared with the real results measured in Lake Qarun.

In paper 1, the simulation was carried out to answer the question; what is the expected evolution
of Lake Qarun water under further evaporation? The model was performed using the
PHREEQC-3 software program with a Pitzer database [62]. This software was compiled on
March 13, 2014. It is a computer program designed to perform a wide variety of aqueous
geochemical calculations [62]. One of the new features of the PHREEQC version 3 is the Pitzer
aqueous model (Pitzer database), which can be used for concentrated brines of high ionic
strengths beyond the range of application of the Debye-Huckel theory [62]. The model was
designed to simulate the evaporative concentration of 1 L from Lake Qarun by the removal of
52.5 moles of water in 20 steps (i.e. 94.6% of water removed). Thus the maximum concentration
factor allowed by PHREEQC-3 (94.6% of water evaporated), was applied. Other conditions were
the same as stated in paper Il. The output results of the simulated models were compared with

Hardie and Eugster’s evolutionary model [6] as described above in the introduction.
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4. RESULTS AND DISCUSSIONS

4.1.  Introductory remarks

All results of the water sample analyses are presented in Appendix I. Samples 1-17 represent
water samples collected from irrigation canals whereas samples 18-29 were collected from
drainage waters and samples Q1-Q13 from Lake Qarun (Fig. 1). This section discusses the
different hydrochemical water types, the main mechanisms controlling the geochemical
evolution of surface water in the Fayoum catchment, modeling and crystallization sequence
during evaporation of Lake Qarun brine, and water quality evaluation for drinking and

agricultural purposes.
4.2.  Electrical Conductivity (EC) and Total Dissolved Solids (TDS)

Water salinity, expressed by electrical conductivity (EC) and total dissolved solids (TDS), is an
important parameter for fast evaluation of water quality and water geochemistry in the Fayoum
watershed. Drainage water in Fayoum Governorate is the secondary source of irrigation because
of water scarcity. So water salinity is also used to evaluate the suitability of irrigation and
drainage waters for agriculture in the investigation area. Figure 4 shows that the EC and TDS of

water increase in the order: irrigation waters < drainage waters <<< lake waters (Paper I11).

In general, electrical conductivities of drainage waters were higher than those of irrigation
waters. One exception was sample 17 from an irrigation canal (3.76 mS/cm), which had the
maximum of all irrigation and drainage waters (Appendix 1). The plotting of the mean
concentrations of Na*, K*, Ca?*, Mg?*, Cl- and SOZ~ and of EC, TDS and &0 for the different
water types (irrigation waters, drainage waters and Lake Qarun waters) showed similar trends
where all these parameters increased on the way to Lake Qarun. This indicates that evaporative
concentration and dissolution of evaporites were probably the main processes behind the
concentration increase of major ions, EC and TDS (Papers Il and Il11). The characteristic
elevation of salinity of sample 17 was possibly due to the water depth, which was too shallow
when this sample was taken, and to the fact that the water flows for long distance from sampling
site 1 to sampling site 17 (Fig. 1).
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Figure 4. Means plot showing increasing concentrations of Na*, K*, Ca?*, Mg?*, CI" and S0%~,
EC, TDS, 680 and pH as waters flow towards Lake Qarun (Paper I11).

Therefore water salinity increased by evaporation. Sample 17 had the highest value of 580
(+4.22) of all the irrigation and drainage waters (Appendix 1). The 580 was concentrated by
evaporative concentration [67].

4.3.  Hydrochemical evolution of water types in the Fayoum catchment

Based on the Piper plot (Fig. 5), the studied waters can be classified into three types; Ca-Mg-
HCOs (T1), Ca-Mg-CI-SO4 (T2) and Na-Cl (T3). More details about the distribution and
characterization of these different water types can be found in Paper I. As shown in the Piper
plot, the waters evolve from the T1 type at the head waters to the T2 type and eventually the T3
type downstream and at Lake Qarun. This relative increase of SO3~ and CI" compared to HCO3
as well as the relative increase of Na* compared to Ca?* and Mg?* towards Lake Qarun indicate
the presence of evaporites in the investigation area (Paper 1) [68]. Since the climate of the
Fayoum catchment is always dry and hot, dissolved Na*, Mg?*, CI- and SOZ~ concentrations
continue to build up in the lake by evaporation with the dominance of Na* and CI-, while Ca®

and HCO3 precipitate as carbonates (Paper I1).
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Figure 5. Piper plot of the different water types. The water evolves from a Ca-Mg-HCO3 type at
the head waters to Na-Cl downstream and at Lake Qarun passing through the Ca-Mg-Cl-SO4
type (Paper I1).

22



RESULTS AND DISCUSSIONS

To verify the contribution of gypsum and halite dissolution to irrigation and drainage waters of
types T2 and T3, binary plotting of [(Ca?* + Mg?") — 0.5HCO3] against SO3~ (Fig. 6) and of Na*
against CI" (Fig. 7) was conducted. The contribution of gypsum to the concentration of Ca?* can
be estimated by studying the relationship between non-carbonate mineral-derived Ca and Mg
using the formula [(Ca?* + Mg?") - 0.5HCO3] plotted against SO2~[69]. The binary plotting of
[(Ca?* + Mg?") - 0.5HCO3] against SO3~ for all irrigation and drainage waters showed strong
positive correlations R? = 0.969 and R? = 0.785 for T2 and T3, respectively, but a weak
correlation R? = 0.039 in the case of T1 (Fig. 6). This indicates that dissolution of gypsum
probably influences T2 and T3 waters and has no effect on T1 waters. The binary plotting of Na*
against ClI" (Fig. 7) for all irrigation and drainage waters showed strong positive correlations in
the case of T2 waters (R? = 0.957) and T3 waters (R? = 0.968) but a weak correlation (R? =
0.480) in the case of T1 (Fig. 7). This means that the dissolution of halite along with gypsum

controls the chemical evolution of T2 and T3 waters, but does not influence T1 waters.

Mineral equilibrium and saturation indices calculations could predict the reactive mineralogy
[70]. The Sl of calcite, gypsum and halite for all water samples are given in Figure 8. The results
showed that T1 waters are undersaturated with respect to calcite, gypsum and halite. Close to
Lake Qarun, most irrigation and T2 and T3 type drainage waters became supersaturated with
respect to calcite and still undersaturated with respect to gypsum and halite (Fig. 8). Therefore
the dissolution of gypsum and halite is expected to contribute to the solute budget of T2 and T3
waters. Consequently, in the presence of HCO3, the Ca?" ion supplied by gypsum dissolution
increases the ion activity product (ac.®* + acos®) and then increases the saturation index of
calcite [71]. This process may explain why the saturation state with respect to calcite changed
from undersaturation in the case of T1 to supersaturation for T2 and T3 waters (Fig. 8). After
that, all saturation indices for Lake Qarun waters increase due to the effect of
evapoconcentration. As the saturation state indicates the direction of the process, precipitation of
carbonate minerals accompanied by the dissolution of evaporites such as gypsum and halite may
have influenced the chemical evolution of water from Ca—Mg-HCOs at locations of T1 type to

Ca—Mg-S0O;4—Cl at T2 and eventually to Na—Cl downstream and at Lake Qarun (Paper 1).
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4.4.  Mechanisms controlling the water chemistry in the Fayoum catchment

A Gibbs’s plot [72] suggested a simple plot of TDS versus the weight ratio of Na*/(Na* + Ca?*)
could help in understanding the major natural mechanisms controlling surface water chemistry
(Fig. 9). A Gibbs plot of data from the investigation area indicates that rock weathering and
evaporation-crystallization are the main mechanisms controlling the surface water chemistry.
This supports the earlier suggestions that weathering of evaporites has influenced the evolution
of water types from carbonate dominance at the head waters to sulfate and chloride dominance
downstream (Paper I).

Lake Qarun water is characterized by a high Na/(Na + Ca) ratio and a high TDS concentrations,
suggesting that it is mainly controlled by an evaporation-crystallization process (Fig. 9). The hot
and dry climatic conditions prevailed throughout the area strengthen the evaporation trend from
head waters to Lake Qarun as is obvious on Gibbs’s model (Fig. 9). Thus, under arid and dry
conditions, the continuous evaporation has an obvious effect on the water chemistry of Lake
Qarun resulting in both higher levels of Na* and CI* than those found in the upstream and

transition areas and a great increase in the TDS of the lake water (Fig. 9).

Variation in the oxygen isotope composition of water is expected to be a function of evaporative
enrichment [67]. Increasing evaporative concentration is reflected by increasing 5'®0. Given that
5180 and TDS are expected largely to increase by evaporation [67], there is a strong positive
correlation (R? = 0.99) between §*20 and EC (Fig. 10). The rise in the EC values of water along
its path from the source at sampling site 1 to Lake Qarun (Fig.1 and Appendix I) and the increase
in 880 from +3.09%. at sampling site 1 to > +7%o at the lake confirm that evaporative
concentration is the main mechanism controlling the evolution of lake water. These findings are

in good agreement with those of Gibbs’s model (Fig. 9).
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Figure 9. A Gibbs plot showing the mechanisms controlling the major ion composition of the
surface water in the Fayoum Depression. Lake Qarun water is mainly controlled by an

evaporation-crystallization process (Paper 1).
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Figure 10. Relation between 80 and conductivity of surface water samples collected from the
Fayoum Depression. The positive strong correlation reflects the evaporation effect on both TDS

and 80 values of the surface water in the Fayoum catchment (Paper 1).
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45.  Geochemical modeling

As evidenced by the Gibbs’s plot and 8O results, evaporation-crystallization is the main
mechanism influencing the geochemical evolution of Lake Qarun water. Two different
geochemical models were used for modeling this evaporation process in Lake Qarun; (1) a
simulated model using the PHREEQC program and (2) Hardie and Eugster’s evolutionary model
(Papers I and 11).

4,5.1. Simulation modeling

The modeling hypothesis is that Lake Qarun evolved geochemically through the progressive
evaporation of drainage water inflow through the El-Bats and EI-Wadi drains accompanied with
progressive fractional precipitation of solid mineral phases when solution reaches supersaturation
with respect to these minerals (Paper 11). Selected output modeled results demonstrating the
behavior of major ions during the simulated evaporation are shown in Figure 11, while the
experimental data of major ions evolution is given in Figure 12. It can be observed that the
modeling data (Fig. 11) reproduced the same trends seen in real data (Fig. 12). Results indicate
that calcite precipitation caused Na*, Mg?*, SO2~and CI- to accumulate in the water preferentially
over HCO3 and Ca?*. Additionally, the calculated saturation indices of calcite, gypsum and halite
evolved similarly in the modeled data (Fig. 13) and the real data (see Fig. 8). Indeed, both cases
showed: (1) Calcite precipitation, but the saturation limit (SI = 0) was used in the model to
control calcite precipitation; (2) Gypsum remains undersaturated at most salinities, but at the
latest stages it just reaches saturation state in Lake Qarun, and (3) halite remains undersaturated
in all waters. The modeling not only showed similar trends seen in real hydrochemical data, but
also produced final concentrations of major ions which are consistent with those observed in
Lake Qarun (Appendix I1). Only minor differences were noted. For example, SOz~ concentration
was higher in Lake Qarun than in the modeled results, which indicates that there is another
source of S04~ apart from surface drainage water. The excess of SO5~ ion in lake water is

probably originated from groundwater seepage [18, 25].
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Figure 11. Modeled evaporative concentration of water samples taken from (a) EI-Wadi drain

and (b) El-Bats drain, in equilibrium with a partial CO, pressure of 10-*% atm., using PHREEQC-

2 Interactive, in 40 steps. Calcite, gypsum and halite precipitation are allowed (Paper I1).
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removed as a result of CaCOs precipitation (Paper ).
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Furthermore, the maximum alkalinities in Lake Qarun are higher than those predicted by the
models. This latter observation reflects the impact of continuous drainage water inflow into the
lake with higher HCO3 and/or because calcite precipitated more slowly in Lake Qarun than the

increase in concentration of Ca?*and HCO3 as evaporation proceeded [65].

The other simulated evaporation model was used to predict the evolution of Lake Qarun as a
result of further progressive evaporation due to either decrease in the water inflow or increase in
evaporation rates as a result of potential climate change (global warming). In this simulated
model, the lake water was used as an initial solution (Paper I). Currently, the lake water is
supersaturated with respect to calcite, saturated with respect to gypsum at some locations and
undersaturated with respect to halite at all locations (Fig. 8). Also HCO3 was depleted during
calcite precipitation (Fig. 12). Further evaporation of the lake water as simulated using
PHREEQC-3 shows Ca?" is removed due to gypsum precipitation and the final solution should
have the composition "Na—Mg-SO4sCI" (Fig. 14a). The simulated saturation indices also
showed that calcite and gypsum are precipitated and reach equilibrium with the solution during
the further evaporation of lake water (Fig. 14b). Calcite precipitation is limited by HCO3 while
gypsum precipitation is limited by Ca?*. In contrast, the solution reached supersaturation with

respect to halite only at the last step of evaporation (Fig. 14b).
4.5.2. Hardie and Eugster’s model

Hardie and Eugster’s model has been simply modified by Derver [12] (Fig. 15). This modified
model is obviously very basic and it is generalized to cover a wide range of starting compositions
of the water to be evaporated. In most of natural waters, the first mineral to precipitate, and
hence to cause the first chemical divide, is calcite [5-7, 12]. Further evaporation moves the
solution along path I or path Il depending on whether the concentration level of Ca?* (in
equivalents) is higher or lower than the carbonate alkalinity (in equivalents) (Fig. 15). In the
present case, close to the head of the Fayoum irrigation system, the waters of type T1 (samples
1-9) have 2mCa?* < mHCO3 on average. The total average of mHCO3 of T1 waters is 2.14
mmol/L while the total average of 2mCa?* is 1.77 mmol/L (calculated from data in Appendix 1).

This initial composition during evaporation should force the solution to follow path I (Fig. 15).
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Figure 14. (a) Modelled evaporative concentration of Lake Qarun water in equilibrium with a
partial CO, pressure of 105 atm., using PHREEQC-3. Calcite, gypsum and halite precipitation
are permitted. (b) Evolution of mineral saturation indices of calcite, gypsum and halite during a

simulated evaporation of Lake Qarun water modeled by PHREEQC-3 (Paper I).
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Figure 15. Possible paths during evaporation of natural water (a model modified from Hardie
and Eugster [6] by Drever [12]. Lake Qarun water evolves along the path 11-11B (Papers I and

).

Yet along the flow path of surface water towards Lake Qarun, the Ca?* supplied by gypsum
dissolution produced a significant increase in the 2mCa?*/mHCO3 ratio (Paper 1). As a result, the
average composition of water changed from 2mCa?" < mHCO; at the head of the Fayoum
irrigation system (T1 waters) to 2mCa?" > mHCO3 downstream, specifically in the drainage
waters at the EI-Wadi and EI-Bats outlets, which represent the main inflow into the lake (samples
23 and 29, respectively). In both outlets 2mCa?* > mHCO; with an average 2mCa®*" ~ 5.6
mmol/L and an average mHCO3 of 3.3 mmol/L (calculated from Appendix I). Accordingly,
during evaporation, these initial solutions should follow path Il (Figs. 15). In Lake Qarun, calcite
precipitation (the first chemical divide) causes Ca®* to build up in solution whilst
HCO3 diminishes and the lake water progressively evolves to 2mCa?* >> mHCO3 (Papers | and
I1). Along path 11, the next mineral to precipitate is gypsum, which causes the second chemical
divide (Fig. 15). Further evaporation will force the solution to move along path 1A or path 1B
depending on whether the Ca?* concentration is greater or lesser than the concentration of SO%~

(Fig. 15). The current status of Lake Qarun water is mSO%~ >> mCa?* with an average
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mS0Z~/mCa?" ratio of lake water is ~11 (calculated from data in Appendix I). This means that
the solution will follow path 1IB (Fig. 15). The precipitation of gypsum will produce mSQ4>~
>>> mCa?* because of the initial excess of SO2~over Ca*? in lake water. Continuous potential
precipitation of gypsum will remove Ca?* whilst SO3~ will build up in solution until lake water
reaches the final composition "Na—Mg-SO4—CI" (Fig. 15). At some locations of Lake Qarun, the
water reached saturation state with respect to gypsum (Fig. 8). This suggests that the gypsum
divide is second to the calcite divide in Lake Qarun water which supports the assertion that the
lake water will evolve along path 11—1IB. Gypsum never appears along path | [5]. This also
supports our hypothesis that the lake water should evolve following path Il rather than path I.
Gypsum precipitation is not expected to significantly affect the SOz~ concentration due to the

huge initial excess of SOZ~ over Ca®" in Lake Qarun.

These findings are in significant agreement with the previous results of the simulated
evaporation models (Figs. 11, 13 and 14), in which a gypsum divide succeeded a calcite divide
during the predicted evolution of Lake Qarun, eventually reaching the final composition "Na—
Mg-SO.s—CI". Accordingly, the simulated model can be used to predict the evolution of Lake
Qarun water through time. This can be done by monitoring changes in both climate and the ionic
composition of the lake with time and inputting these data into the PHREEQC software to run

the simulated model.
4.6.  Crystallization sequence during evaporation of Lake Qarun brine

EMISAL was established as an economic project for the recovery of mineral salts from Lake
Qarun. The process of salt-extraction in EMISAL is designed to use the solar radiation energy
for up-concentration of the brines in the storage ponds via evaporation—crystallization cycles
(Paper 1V). Apart from the economic aspect, this project is also of scientific importance. As
discussed above, both the simulation and the Hardie and Eugster’s model showed that
precipitation of calcite and gypsum contributes to the evolution of lake brine. In addition, halite
precipitation was predicted at the latest stages of the PHREEQC simulated evaporation (Fig.
14b). These findings are practically achieved at EMISAL concentration ponds (Paper 1V). In

these ponds, calcite, gypsum and halite are sequentially precipitated during the evaporation of
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lake brine (Paper 1V). This supports the findings of both the PHREEQC and the Hardie and

Eugster’s evolutionary modeling.

At EMISAL ponds, after the precipitation of halite, the residual brine (bittern) is stored as raw
brine for further processing. This bittern is highly concentrated and is rich in K-Mg salts. These
salts have high economic value because of their use in various industrial applications.
Accordingly, EMISAL planned to extract Epsom salt (MgSOa4.7H20) from this bittern. In recent
studies of seawater evaporation progress, MgSOs—salts are predicted to precipitate after halite
[72, 73]. So determination of the crystallization limit between NaCl and the next magnesium
sulfate salts will help avoid the co-precipitation of any magnesium sulfate salts as contaminants
with halite in NaCl in the crystallization ponds. This will also assist in keeping the MgSOs—salts
as dissolved components at a desirable quantity in the residual bittern. It is therefore necessary to
study the crystallization path of this residual bittern during evaporation to determine the
boundaries between the expected crystallized salts. Modeling the evaporation path with the
PHREEQC program has some limitations with this type of bittern because of its high ionic
strength [63]. The alternative solution was to use a Janecke phase diagram involving the system
Na-K-Mg—Cl-SO4—H20 (Paper 1V). Pond 2/2 (Fig. 16), one of the NaCl crystallization ponds,

was selected to follow the brine evolution during evaporation.

«©
EMISAL site (,a‘\°°

Figure 16. Concentration ponds at the EMISAL site (modified from paper 1V)
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For this purpose field work studies were conducted during solar evaporation together with
experimental isothermal evaporation at 35 °C. The study performed on an initial brine had the
density 1.246 and composed of Mg?*, Na*, K*, CI', and SO%~ (Paper V). The Janecke phase
diagram at 35 °C involving the system Na-K-Mg-Cl-SOs—H>O was used to predict the
crystallization path during evaporation of the studied brine (Fig. 17). The Janecke diagram was
set at a temperature of 35 °C rather than at 25 °C to adopt the field work which was done during
the summer season under high temperatures and dry conditions (Paper 1V). The solid phases

included in the Janecke diagram at 35 °C are summarized in Table 2.

Table 2

Solid phases appear in the Janecke phase diagram at 35 °C during evaporation of brine involving
the system Na-K-Mg—C1-SO4—H-0 with halite saturation throughout (Paper 1V).

Name Chemical composition
Halite NaCl
Sylvite KCI
Hexahydrite MgS04.6H20
Kieserite MgS04.H20
Glaserite K3Na(SOs)2
Thenardite Na2SO4
Bloedite Naz Mg(SO4)2.4H.0
Kainite KMgCIS04.11/4H,0
Leonite K2Mg(S0O4)2.4H20
Bischofite MgCl2.6H20
Carnallite KMgCls.6H20
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Figure 17. Location of the studied initial brine on the Janecke phase diagram at 35 °C involving
the system Na-K-Mg—Cl-SO4—H20 with halite saturation throughout. The diagram and the
seawater crystallization path are redrawn from Usdowski and Dietzel [75] and Babel and

Schreiber [73] (Paper 1V).
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The location of the Janecke coordinates (mole >, Ko + Mg + SO4 = 100) of the initial brine on the
Janecke phase diagram at 35 °C is the primary step to predict the crystallization path during
evaporation of the studied brine (Fig. 17). In the case when the solution reaches the drying-up
point (Z), the crystallization path should follow the line "o—Y—R-Z" and minerals should appear

in sequence as follows (Fig. 17):

"o": halite

"0—Y": halite + hexahydrite + kainite

"Y—R": halite + kieserite + kainite

"R—Z": halite + kieserite + carnallite

"7": halite + kieserite + carnallite + bischofite

The graphical representation of Jdnecke coordinates K2, Mg and SO, of the studied brine during
its experimental evaporation in the lab and also during solar evaporation at the studied EMISAL
is given in Figure 18. As shown in this figure, the experimental and solar crystallization paths
both showed good agreement with the paths predicted. Both paths overlap the predicted
crystallization path along the segment “o—Y-R-Z” which follows the path seawater
crystallization (Fig. 18). In both cases, however, the evaporation process stopped at points “X”
and “X*” for experimental evaporation and solar evaporation, respectively, and neither of them
reached point “Z” (Fig. 18). This was perhaps because at some extreme high-salinity conditions
and above a critical concentrations the brine becomes hygroscopic and adsorbs humidity from
the air rather than drying [73]. In both cases, the real mineral crystallization sequences should be
precipitated according to the obtained experimental path "o—Y—X" and/or the solar evaporation
path "a—Y-X*" (Fig. 18). Along both paths, the solid phases precipitated from solution should
appear as follows:

"o": halite
"0—Y": halite + hexahydrite + kainite

"Y-X" or "Y—X*": halite + kieserite + kainite
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Figure 18. Graphical representations of the Janecke coordinates (mole £ K> + Mg + SO4 =100)

on the Janecke phase diagram at 35 °C showing (i) experimental crystallization path and (ii)
solar evaporation crystallization path (Paper 1V).
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In both cases the real collected salt phases during brine evaporation showed the presence of
halite and hexahydrite only, while kainite and kieserite phases had disappeared (Fig. 19). The
absence of kainite is probably due to its metastability [76, 77]. The absence of primary kainite
has often been demonstrated by difficulties in nucleating kainite during evaporative
concentration [76]. Alternatively, the absence of kieserite is attributed to the fact that relative
humidity (RH) in the field and in the lab was higher than the RH required for the formation of
kieserite. According to the phase diagram of the MgSOs + nH20O system (Fig. 20), at 35 °C,
hexahydrite is the only stable phase at RH =~ 50%—65% while kieserite is only stable at RH <
50% at the same temperature [78]. In the present study, the RH in the lab was adjusted to 55%
throughout the experimental isothermal evaporation at 35 °C. In contrast, at the EMISAL site,
during July and August 2011, the RH was recorded at 51% and 55% and the temperatures
recorded were 37.1 and 36.8, respectively. At these periods, the crystallization of the second
sequence by solar evaporation (at densities of 1.301-1.330) was achieved with precipitation of
hexahydrite (MgS04.6H20) only rather than kieserite (MgSO4.H20) or epsomite (MgSO4.7H20).
Kieserite is more stable at lower RH and/or higher temperature (Fig. 20). In addition, kieserite
can be altered to hexahydrite easily as humidity increases by hydration while hexahydrite is not
easily reverted to Kieserite on dehydration [79]. This makes the study of the phases in the
MgS04.nH20 system very important in the interpretation of the history of water on Mars [79].
This also means that the presence of these deposits in ancient evaporites can be used as sensitive
indicator of past climatic changes. Another possible reason for the absence of kieserite is that the
supersaturation required for precipitation of magnesium sulfate salts with water molecules lesser
than six molecules for each Mg?* ion (i.e. kieserite) decreases with increasing concentrations of
the solution [80].

Technically, based on the crystallization sequence (Paper 1V), the residual brine after halite
crystallization should be pumped from the halite crystallization storage pond (pond 2/2) at a
density of = 1.300. This helps prevent MgSOs—salts precipitating as contaminants with NaCl in
the crystallization pond (pond 2/2). Furthermore, at this density, pumping out the residual brine
keeps most of the magnesium sulfate salts dissolved in it, which enables production at its

designated capacity without any loss of quantity in the NaCl pond.

41



RESULTS AND DISCUSSIONS

m Halite
O Hexahydrite

‘B
c
o
)
£
o
olo
o)
& o}
| |
(b) N | ?
(o] OOOOQ o dbo' | =
10 20 30 20 50 & 70
Two theta

Figure 19. XRD pattern of hexahydrite and halite salts that were precipitated through (a)
experimental isothermal evaporation at 35 °C and (b) solar evaporation at the studied pond at

EMISAL (Paper 1V)
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Figure 20. RH-T phase diagram of MgSO4 + H2O with the deliquescence-crystallization
equilibria of epsomite, hexahydrite, and Kieserite; dashed curves represent the metastable

deliquescence humidities of kieserite and hexahydrite (modified after Steiger and Linnow [78]).
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4.7. Water quality in the Fayoum catchment (Paper I11)

Population growth, competition for water from upper Nile basin countries, potential climate
change and pollution are threatening water security in Egypt. To assess the influence of these
factors on the quantity and quality of drinking and irrigation water, monitoring the Egyptian
Governorates is of crucial importance. The Fayoum Governorate was selected for this research.
A total of 42 water samples from irrigation and drainage canals as well as Lake Qarun were
collected (Fig. 1). Major ions, (semi-)metals, nutrients, salinity and microbiological parameters

were examined.
4.7.1. Major ions and (semi-)metals in the studied waters

The mean concentrations of the major ions Na*, K*, Ca?*, Mg?*, S0~ and CI" increased in the
order irrigation waters < drainage waters <<< lake waters (see Fig. 4) and followed the trend of
the EC. In contrast, the mean concentration of HCOs™ decreased in in the order drainage waters >
lake water > irrigation water while the mean concentration of SiO2 decreased from drainage

waters > lake water > irrigation water (Fig. 21).

The metals Al, Ba, Cr, Co, Cu, Ni, Fe, Li and Mn were detected with different concentrations in
all waters with the highest mean concentrations in drainage waters and lowest in Lake Qarun.
One exception is Li, which had the highest mean concentration in Lake Qarun (Fig. 21). Mn was
measured below the detection limit in the irrigation waters, detected in some drainage waters and
detected in lower concentrations in the lake water. All the other (semi-)metals (As, Be, Cd, Pb
and Se) were below their respective detection limits. In general, the mean concentrations of the
metals Al, Ba, Cr, Co, Cu, Ni, Fe and Mn were in the order drainage waters > irrigation waters >
lake water (Fig. 21). In the irrigation water samples, the highest concentrations of Al, Ba, Cr, Co,
Fe and Ni were observed at sampling site 13 (Appendix I). Yet drainage water at sampling site
22 had the highest concentrations of Al, Cr, Co and Fe.

Mechanisms governing the chemical composition and behavior of the studied waters were
assessed by finding interrelationships and identifying co-variations of parameters, using a
Principal Component Analysis (PCA) with SPSS® 21 (Fig. 22).
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Figure 21. Means plot showing the behavior of Al, Fe, Co, Ni, Cu, Mn, NO3, PO3~, HCO3 and
SiO2 with the highest values in drainage waters and lowest values in Lake Qarun. "< DL” means

that Cu, Ni and Co are below detection limits in Lake Qarun (Paper I11).
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Figure 22. Principal component analysis (PC2 vs PC1) of the investigated parameters in all
studied waters. The first component (PC1) represents 57.5% of total variations, the second
component (PC2) another 20.4% of the total variation in all data. Two distinct parameter

assemblages can be identified and are discussed in the text (Paper I11).
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PCA can provide a clarifying view of the parameter interrelationships. Therefore this analysis

was carried out with the complete set of measured parameters of all samples (Appendix ).

Despite considerable parameter variations between individual samples, the first two principal
components (PC1 & PC2) of the PCA represent 77.9% of the total variances in the irrigation,
drainage and lake waters (Fig. 22). Two interrelated groups can be identified by the PCA. The
first one consists of the major ions Na*, K*, Ca%*, Mg?*, CI" and SO%™~ as well as EC, TDS, 520
and pH. The co-location of these major ions with EC, TDS and &0 indicates that they are
similarly hydrogeochemically controlled, which can be seen by the evaporative concentration
process. Yet dissolution of evaporites can also contribute to the concentrations of these ions in

drainage waters.
The initial pH of the solution at equilibrium can be calculated by the following equations [81]:
CO,(g + H,0 = HCO3 + HY KnK1

KyKipco,

("} = (HCO3}

Where K is the dissociation constant of H.COs, Ky is the equilibrium constant of the CO:
solubility in water.
Yet during evaporation evolution, the co-existence of pH with Na*, K*, Ca?*, Mg?*, CI', S0%~,
EC, TDS and 8'®0 while HCOs is located on the opposite side of the PC-plot can be explained
by the following equation [82]:

2HCO3 — CO0%™ + COyg T+ H,0

This mechanism, where COz is degassing from the lake, explains the pH increase associated with
the concentration of evaporites in alkaline lakes whereas the carbonate alkalinity (HCO3 +
2C037) remains unaltered [64,82]. Total carbonate (HCO3 + CO3~) decreases in closed saline
lakes due to degassing and carbonate mineral precipitation [83]. The presence of Ca?*
independently of HCO3 is possibly due to the initial excess of Ca?* relative to HCO3 in the
inflowing drainage waters to Lake Qarun. In addition, through CaCOs3 precipitation, the HCO3 is
depleted while unreacted Ca?" builds up in solution (Paper 11). The plotting of the mean

concentrations of Na*, K*, Ca%*, Mg?*, CI- and SO%~as well as EC, TDS, 580 and pH for the
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different water types (irrigation waters, drainage waters and Lake Qarun waters) showed similar
trends where all these parameters increased on the way to Lake Qarun (Fig. 4). This explains

why these parameters plot together on the PC plot (Fig. 22).

The second assemblage of parameters that plot in the same area of the PC plot are Al, Fe, Co, Ni,
Cu, Mn, NO3, PO3~, HCO3and SiO, (Fig. 22), which indicates a similar geochemical
development, processes or sources. These increase from irrigation waters to drainage waters and
decrease in Lake Qarun (Fig. 21). The presence of NO3 and PO;~ in this group indicates the
contribution of fertilizers to the water chemistry whilst SiO2 and HCO3 most likely indicate the
weathering of clay and silicate minerals from the soils. Lake Qarun is the main sink of all
constituents carried by the drainage water inlets. Adsorption of metals on the surface of lake
sediments under alkaline conditions is possibly the main mechanism behind the depletion of
these metals in the lake water. In addition, the presence of pH on the opposite side to metals on
the PC plot reflects the negative relationship between the mobility of these metals and pH in
Lake Qarun (Fig. 22).

Cluster analysis (CA) was applied to group similar water sampling sites (spatial variability)
based on the measured physiochemical parameters. Hierarchical agglomerative CA was
performed by SPSS® using Between-Groups Linkage with Euclidean distances as a measure of
similarity. The dendrogram of the sampling sites (Fig. 23) shows that there are two distinct
groups. Group 1 consists of the Lake Qarun sampling sites (Q1—Q13). These are sampling sites
that have lower concentrations of Al, Fe, Cr, Co, Ni, Cu, Mn, SiO,, HCO3, PO3~and NO3 and
higher concentrations of Na*, K*, Ca?*, Mg?*, CI', SO3~, EC, TDS, &'®0 and pH. Group 2
consists of irrigation and drainage water sites which have higher concentrations of Al, Fe, Cr,
Co, Ni, Cu, Mn, SiO,, HCO3, PO3~ and NO3 and lower concentrations of Na*, K*, Ca?", Mg?*,
Cl, SO%~, EC, TDS, 5'®0 and pH than sites in Group 1. Group 2 can be subdivided further into
drainage (Group 2A, except irrigation water site 13) and irrigation water sites (Group 2B, except
drainage water sites 18, 19, 24, 25 and 27). The cluster classifications varied with significance
levels between Group 1, Sub-Group 2A and Sub-Group 2B.
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Dendrogram using Average Linkage (Between Groups)
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Figure 23. Cluster analysis dendrogram of the sampled waters. Group 1 consists of Lake Qarun

water and Group 2 of irrigation and drainage waters (Paper I11).
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This is also confirmed by the significant differences in mean values of the relevant parameters
between irrigation waters, drainage waters and Lake Qarun waters demonstrated by means plot
(Figs. 4 and 21). The location of site 13 in Sub-Group 2A indicates that this site has chemical
characteristics similar to drainage waters. In fact the highest concentrations of Al, Cr, Co, Cu, Fe
and Ni in irrigation waters were recorded at that site and these concentrations are similar to those
of drainage waters. This is an indication that location 13 is affected by pollution from the
Sinnuris wastewater treatment plant or from another source. In contrast, the drainage waters
(sites 18, 19, 24, 25 and 27) plotting in irrigation waters Sub-Group 2B is probably due to: (1)
Locations of some sites such as 18, 19 and 24 at the head of a drainage system (Fig. 1) having
comparably lower concentrations of Al, Fe, Cr, Co, and Ba. (2) At some regions in Fayoum (e.g.
sites 25 and 27), a mixture of brackish drainage water and fresh irrigation water is used for
irrigation due to the water scarcity in the catchment. This can cause dilution of the dissolved

trace metals and consequently give the samples a similar chemical fingerprint.

In Group 1, sample Q3 differs from the other lake samples, which might be due to the position of
this site close to the El-Bats drain mouth outlet and consequently a drainage water influence (Fig.
1). In Sub-Group 2A, site 22 is different from the others, which is due to a substantial enrichment
of Al, Cr, Co, Fe and Ni at site 22 (Appendix I). In Sub-Group 2B, site 17 is distinct from other
sites in the same group because this site has the highest TDS and EC of all the irrigation and

drainage waters.

4.7.2. Microbiological criteria

Results of bacterial analysis are an indicator of water quality in many ways. Total Coliform
bacteria (TC) in drinking water can cause severe human illness, but their existence in large
guantities is mainly used to assess potential for the occurrence of other more infectious
pathogens associated with sewage. The presence of TC bacteria can be used as indicator for the
potential presence of fecal and disease-causing bacteria [83]. FC and FS are bacteria whose
presence indicates contamination of waters with human or animal waste [84]. For ideal
protection of human health, drinking water should not have any pathogenic microorganisms or
any bacteria indicative of fecal pollution [85]. Yet all irrigation waters in the investigated area,

which are used as drinking water in rural regions without treatment, contain TC, FC and FS
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(Appendix 1). Effluents from sewage and wastewater treatment plants and agricultural fields
result in elevated levels of bacteria in drainage waters. Drainage water sampling site 25 contains
the highest levels of TC and FC in this water type, which is most likely due to its location near a
sewage treatment plant and receiving agriculture returns from nearby meadows. Yet irrigation
waters also contain higher levels of pathogens (Appendix I) because some households discharge
their sewage directly into the irrigation canals. Moreover, improper disposal of sewage or on-site
sanitation tank overflows into these canals is common in the investigation area. Irrigation water
sampling site 11, for example, has the highest level of FS and was sampled very close to
household pipe outlets. Most households discard their garbage and dead animals in the drains
and irrigation canals, which consequently increases the contamination levels of all bacterial
species. This has very serious health implications especially when untreated water from these
canals is used as drinking water. The 10B [86] stated that most of the prevalent diseases in the
Fayoum watershed are water borne and result from people being exposed to contaminants by
standing in the water during irrigation or by swimming, which was quite often observed in the
course of the field work, where even children were swimming in these polluted canals.
Furthermore, indirect infection due to transferring disease-causing organisms (pathogens) into

the crops and vegetables can also cause diseases.

The lowest levels of TC, FC and FS were recorded in Lake Qarun waters. This is probably

due to the higher salinity and alkalinity of the lake water, which is unfavorable for the organisms.
4.7.3. Evaluation of water quality for drinking and irrigation

Both irrigation and drainage waters are discussed in this section. Lake Qarun water, because of
its salinity, is used neither for irrigation nor for drinking and therefore it is not further considered

here.

Due to water scarcity, the reuse of drainage waters for irrigation is quite common in the
Fayoum Governorate. In addition, water in irrigation canals is used for both irrigation and
drinking as not all households are connected to tap water networks. Moreover, low water
pressure is the most common problem throughout the water network and distribution system in

Fayoum [86]. As a result, some people alternatively use water from irrigation canals, carts with
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water tanks and groundwater wells for domestic purposes [86]. This results in many people using
untreated water from irrigation canals as drinking water. Accordingly, irrigation canal water
quality monitoring and evaluation against the world drinking water standards are vital tasks in

the Fayoum Governorate.
4.7.3.1. Drinking water quality

Irrigation water used for drinking should be evaluated against drinking water quality standards.
Based on the World Health Organization (WHO) [87] guidelines (Appendix 1), the studied
irrigation waters (samples1-17) were found to have acceptable concentrations of Ba, Cr, Cu, Mn,
Ni and Mo. In the case of NO3, most waters, except at sampling sites 11, 12, 13 and 16, were
below the guideline concentrations. The higher concentrations of NO3 in the irrigation canals are

mostly from anthropogenic sources.

Nearly all irrigation canal samples have higher concentrations of Al than the WHO recommends
(Appendix I). Elevated concentrations of Al in drinking water can be harmful and a study in the
USA showed that mean Al concentrations in treated water of facilities using an Al sulfate
coagulant reached up to 1300 ug/L [88]. Some epidemiological studies even suggest a possible
association between Al in drinking water and Alzheimer’s disease [88]. The Nile water at site 1,
which represents the source water to the Fayoum watershed, has an Al concentration of
1980 pg/L. This concentration increases as the water runs through the watershed due to the fact
that Al sulfate salts are used as coagulants in drinking water treatment plants, causing increased
Al concentrations in public water supplies. This also increases the Al concentrations in
household sewage. Moreover, the sludges from the coagulation process are disposed of along the
banks of the irrigation canals, which are then eroded and further increase the Al concentrations in
the water. The high Al concentration at sampling site 13 (8350 pg/L) is probably due to its

proximity to the effluents from a sewage water treatment plant.

Regarding bacterial contamination, the water in in the irrigation canals contains substantially
elevated levels of TC, FC and FS bacteria which are presented in the current study for the first
time. Consequently, these waters are harmful and present serious health risks. 10B [86]
monitored the prevalence of water-borne diseases such as enteritis or intestinal protozoans and of

vectors such as bilharzia, malaria, viral encephalitis and other viral diseases. This link to the
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causes of diseases is confirmed by the present research. 0B [86] also reports that in comparison
to national means, the prevalence of infections and vector-borne diseases in Fayoum shows the

following characteristics:

o Prevalence of viral encephalitis is higher,

o Prevalence of infectious hepatitis and of polio are equal to the national means, but cause
concern,

¢ Diphtheria, tuberculosis, rabies, bronchopneumonia and tetanus are all present, and
require vigilance to keep outbreaks under control if village environmental conditions

continue to deteriorate.

Accordingly, we recommend that local and national health organizations further investigate
water quality and health status in the Fayoum watershed, as our findings clearly indicate that
there is a direct relationship between these two issues. Installing a working sanitation network
needs to include all villages in the watershed and is an essential task. Raising public awareness

through media or campaigns can help reduce the discharge of untreated sewage into waters.
4.7.3.2.  Irrigation water quality

Due to the reuse of drainage waters for irrigation, both irrigation and drainage waters were
evaluated for their suitability in agriculture. The assessed parameters are salinity, trace metals

and microbiological criteria.

In Figure 24 [89], all irrigation and drainage waters were plotted on a graph in which the EC is
taken as a salinity hazard and the sodium adsorption ration (SAR) as an alkalinity. As shown in
this figure, all drainage waters and some irrigation waters (samples 12, 13, 15 and 16) have a
high EC and low SAR. As can be seen, irrigation canal sample 17 has very high EC and high
SAR indicators, restricting its irrigation use. Because highly saline water cannot be used on soils

with poor drainage, plants with a good salt tolerance should be selected for agriculture [90, 91].
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Figure 24. Salinity and alkalinity hazard applied to evaluate the studied irrigation and drainage
waters and their suitability for agricultural purposes. Sample 17 (irrigation water) has the highest
salinity and alkalinity hazards (Paper 111).

Most of the soils in the Fayoum watershed are characterized by poor drainage [92-94] and
consequently, using high salinity waters for irrigation can cause soil salinization under the
prevailing hot and arid conditions. In fact the degradation of soil productivity is a commonly
observed feature in the watershed [51, 92-94].

The recommended limits of trace elements in irrigation water are shown in Appendix I [90, 91].
Accordingly, both irrigation and drainage waters are suitable for agricultural purposes except
samples 13, 20, 21, 22, 23, 26, 28 and 29, which contain Al and Fe concentrations higher than
5000 pg/L. Irrigation with water containing Al concentrations above 5000 pg/L can cause non-
productivity in acid soils with pH < 5.5 [91]. Though irrigation with water having Fe
concentrations above 5000 pg/L is not toxic to plants in aerated soils, it can contribute to soil

acidification and reduce the bioavailability of essential phosphorus and Mo [91].
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The WHO [95] and the Food and Agricultural Organization (FAQO) [90, 91] recommend that
irrigation water for crops that are likely to be eaten uncooked should not exceed 1000 CFU/100
mL fecal coliforms (FC). Thus, as all irrigation and drainage waters in the Fayoum watershed
have FC > 1000 CFU/100 mL (Appendix 1), they are not suitable for crops that are eaten
uncooked. Coliform contamination is a health risk not only in drinking waters but also in surface
waters, a vital issue which should be of serious concern to national and local health

organizations.

4.8.  Spatial distribution of grain sizes in Lake Qarun sediments
The spatial distribution of grain sizes in the Lake Qarun sediments (Fig. 25) is mainly influenced
by the proximity of sites close to drain outlets. Clay and silt, which are carried by the major
drains, are deposited in the lake’s south-eastern side close to the El-Bats and El-Wadi drain
mouths (Figs. 1 and 25). The relatively high clay and silt content at the eastern side and the
middle of the lake reflects the input of the EI-Bats and EI-Wadi drains, while the high content of
clay at the western side of the lake is probably due to the low energy of waves in this area
resulting in the calm conditions required for clay deposition. In contrast, the highest sand content
is found on the northern and northern-western side and is most likely due to the sand grains
derived from sand and rock exposures on the northern side of the lake and the fact that the

western side is only affected by minor drains.

4.9.  (Semi-)Metal contents of Lake Qarun sediments

There is a clear relationship between the spatial distribution of (semi-)metals and the sediment
grain sizes at Lake Qarun (Fig. 25). All (semi-)metals except Mn follow the same distribution of
clay and silt in the lake sediments (Table 3, Fig. 25). The enrichment of (semi-)metals in the fine
silt and clay fraction (< 63 pum) is due to the large specific surface area of this fraction and also
to the strong adsorptive properties of clay minerals [96]. The similar spatial distribution of Fe,
Al, Cr, Co, Cu, Ni, Pb, Zn, Sh, and V (Fig. 25) indicates either similar sources or similar
mechanisms of precipitation. The dissimilarity of the Mn distribution possibly indicates a

different mechanism of Mn precipitation in the lake.
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Table 3

(Semi-)metal concentrations (in mg/kg dry wt.) and percentages of sand, silt and clay in Lake

Qarun sediments (sites Q1-Q13).

Site Mn  Fe Co Cr Cu Ni Pb Zn Sb Al \Y Clay% Silt% Sand%
Q1 1000 17000 112 24 10 14 25 27 0.83 11000 45 9 48 43
Q2 700 9400 6.07 14 7 10 <2 20 <0.5 6330 26 10 8 82
Q3 400 40000 17.7 60 41 36 45 91 2.07 35100 96 62 38 0
Q4 300 18000 8.29 25 20 19 42 40 0.67 16400 68 30 38 32
Q5 300 23000 105 36 25 25 5.5 50 0.98 21700 82 18 60 22
Q6 400 27000 13.7 37 20 24 3.9 44 1.3 20300 52 30 25 45
Q7 900 12000 9.32 18 69 93 2.6 21 <05 7210 23 10 7 83
Q8 600 17000 941 24 11 16 29 30 1 13300 36 18 26 56
Q9 600 38000 16.3 52 26 33 46 62 1.73 32200 74 49 50 1
Q10 0.1 1100 04 <3 <15 <3 <2 <5 <0.5 492 31 2 2 96
Q11 0.1 2700 093 33 <15 <3 <2 56 <05 1830 8 4 0 96
Q12 200 17000 4.24 32 8 9.9 3 36 0.72 13800 39 2 7 91
Q13 100 19000 4.56 33 59 95 32 39 0.84 14900 39 30 60 10
Average shale* 850 47200 19 90 45 68 20 95 15 80000 130 | NA NA NA

@ Turekian and Wedepohl [97]
NA: Not Applicable
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Figure 25. Spatial distribution of selected (semi-)metals (in mg/kg dry wt.) and grain size
fractions (in %) in Lake Qarun sediments (Paper 111).
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Spatial distributions of Cr, Co, Cu, Ni, Pb, Zn, Sb, and V follow the distribution of Fe and Al
(Fig. 25), which may reflect the adsorption property of Fe and Al oxides to other (semi-)metals.

There also appears to be a relationship between the concentration of metals in the source water
(ElI-Wadi and El-Bats drains) and the metal content of the lake sediments. Cd and As were
recorded below detection limits in both the lake sediments and the source waters, while Pb was
recorded below the detection limit in the source waters and was found in very low concentrations
in the lake sediments (Table 3). In contrast, metals such as Fe, Al, Cr, Co, Cu, Ni and Mn were
detected in both the lake sediments and the source waters. For example, Fe and Al were recorded
in the first order of metal concentrations in both the source waters and the lake sediments
(Appendix | and Table 3). This indicates that the EI-Wadi and El-Bats drains are the main
sources of metals in the lake. The location of sediment sites with higher metal contents close to
the drain mouths indicates that these metals are transported by these drains into the lake either as

dissolved constituents or as particulate metals associated with suspended matter.
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5. CONCLUSIONS AND PROSPECTIVES

This research investigated the water quality and geochemistry of the surface waters in the
Fayoum catchment and Lake Qarun. It introduced an integrative approach to the geochemical
evolution of Nile water through its course within the Fayoum Depression until it reaches Lake
Qarun. The chemistry of the water developed from Ca-Mg-HCO3 type at the head waters to Ca-
Mg-CI-SO4 and eventually to Na-Cl downstream at Lake Qarun. The relative increase in SO4 and
Cl compared to HCO3 and in Na compared to Ca and Mg towards Lake Qarun was attributed to
the dissolution of soluble salts (evaporites) and to evapoconcentration. Evaporation-
crystallization is the main mechanism controlling the evolution of Lake Qarun brine. This was
confirmed both by Gibb’s plot and the 580 results. Geochemical modeling of lake evolution
was first conducted using Hardie and Eugster’s evolutionary model and then with a simulated
evaporation model by PHREEQC. Both models demonstrated that the lake brine evolved from
drainage waters via an evaporation-crystallization process and that after the precipitation of
calcite and gypsum it should reach the final composition "Na—Mg-SOs—CI". As simulated by
PHREEQC, further evaporation of lake brine can drive halite to precipitate at the latest stages of

evaporation.

The real crystallization sequence during evaporation of lake brine at the EMISAL concentration
ponds showed fractional crystallization of calcite, gypsum and halite, which supported the
modeling data. After crystallization of halite, the crystallization sequence during evaporation of
the residual brine (bittern) was investigated using a Janecke phase diagram at 35 °C. This
diagram was more useful than PHREEQC for predicting the evaporation path especially in the
case of this highly concentrated bittern. This is because PHREEQC has limitations for working
on brines with high ionic strength. The predicted crystallization path using a Janecke phase
diagram at 35 °C showed that halite, hexahydrite, kainite and kieserite should appear during
evaporation of the bittern. Yet the real crystallized mineral salts were only halite and
hexahydrite. The absence of kainite was due to its metastability while the absence of kieserite
was due to opposed relative humidity. The presence of a specific MgSO4.nH20 phase in ancient
evaporite deposits can be used as a paleoclimatic indicator. Closed basin lake systems are
sensitive to climate which consequently makes them important indicators of climate changes.

These changes can be recorded in sedimentary archives of past climates. Over time,
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hydrochemical variations due to changes in the seasonality and amount of precipitation can be
reflected in the mineralogy of evaporites of closed basin lakes, and also can provide important

indications of past climate.

Evaluation of surface water quality for agricultural purposes shows that some irrigation waters
and all drainage waters had high salinities and therefore cannot be used for irrigation. Especially
in the light of the poor drainage conditions of the soils, reusing saline drainage waters causes soil
salinization and consequently soil degradation which finally negatively affects the soil
productivity.

Regarding water quality in the Fyaoum Governorate, all drainage waters and agricultural returns
are conveyed to Lake Qarun. Compared to the other waters, the lake water has relatively low
concentrations of (semi)metals due to their adsorption on the lake sediments. Waters from
irrigation canals which are used as a drinking water supply showed higher concentrations of Al.
All other (semi-)metals investigated have low concentrations in all waters and are below the
permissible concentration limits. In contrast, irrigation and drainage waters suffer from high
levels of TC, FC and FS. The high levels of these bacteria indicate human and animal fecal
sources. This is due to the fact that some households have sewage pipes directly connected to the
irrigation canals. Moreover, improper disposal of sewage or on-site sanitation tank overflowing
into these canals is commonly observed. Consequently, these waters cannot be used for drinking
or agricultural purposes without treatment, because of the high risk to human health. Yet many
people in the Fayoum watershed, especially in rural regions, use these untreated waters, resulting
in the prevalence of water-borne diseases. Egypt is suffering from water scarcity and therefore
needs every drop of clean water. Therefore, it is recommended that environmental protection
laws are enforced in Egypt to protect the water resources. Furthermore, public awareness-raising
by environmental protection agencies and the media, especially in rural areas, is crucial from a
health perspective. Finally, the sanitation network needs to be extended to all regions in the
Fayoum watershed to minimize the pollution caused by unconfined septic tanks and their

negative impact on both groundwater and surface water quality.
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The spatial distribution of (semi-)metal contents and grain size analysis of the sediments showed
that high concentrations of (semi-)metals are observed at sites with higher clay contents. There is
a direct relationship between the concentration of (semi-)metals in the source water (EI-Wadi

and El-Bats drains) and the metal content of the lake sediments.

This thesis presents the framework for a broad regional study, most needed, for future regional
groundwater projections. Study of the importance of the composition of contributing subsurface
aquifer(s) to the solute and water budget of Lake Qarun and/or the seepages from the lake to

these aquifer (s) could be the subject for further research investigations.
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APPENDICES

Appendix I: Physiochemical and microbiological parameters measured in surface waters in the
Fayoum Catchment, Egypt.

Water site pH EC Ca* Mg Na* K* HCOy SO~ CI SiO, TDS 3180P
system mS/cm mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L %o

1 7.70 0.38 36.16 9.43 19.78 3.21 120.0 38.20 23.18 5.11 255.07 +3.09

2 7.70 0.45 36.10 10.60 30.20 3.90 132.8 52.32 37.68 5.06 308.66 +3.12

3 7.70 0.39 36.20 9.89 19.58 3.04 122.8 39.90 25.75 4.73 261.89 +3.21

4 7.60 0.44 31.90 9.30 22.00 3.90 128.8 51.90 33.79 453 286.12 +3.19

5 7.80 0.42 38.10 10.30 22.40 331 122.4 47.80 28.72 6.23 279.26 +3.22

6 7.60 0.40 34.00 9.90 24.70 3.80 136.8 39.43 25.38 5.07 279.08 +3.22

e 7 7.53 0.45 37.10 10.80 38.40 4.30 135.6 48.50 33.72 5.98 314.40 +3.13

§ 8 7.50 0.50 37.70 11.60 35.80 4.50 144.8 56.90 39.32 5.71 336.33 +3.26

5 9 7.60 0.36 32.10 9.60 21.90 3.80 130.8 28.90 16.68 4.74 248.52 +3.19

‘g 10 7.60 0.65 43.30 16.16 47.20 8.22 165.2 72.70 56.06 10.60 419.44 +3.33

E 11 7.50 0.68 46.32 15.22 45.20 472 174.0 75.90 61.60 9.87 432.83 +3.24

- 12 7.50 0.76 47.91 15.96 46.10 5.17 182.4 73.34 57.10 10.73 438.71 +3.27

13 7.77 0.87 54.20 19.79 71.40 5.53 184.8 118.00 82.20 11.82 547.74 +3.30

14 7.50 0.60 46.32 15.22 45.20 4.72 174.0 75.90 61.60 9.87 432.83 +3.24

15 7.50 0.91 47.91 15.96 46.10 5.17 1824 73.34 57.10 10.73 438.71 +3.27

16 7.90 111 62.00 20.49 100.10 6.13 173.2 154.90 151.10 8.62 676.54 +3.37

17 7.70 3.76 144.40 37.73 506.20 39.10 212.4 593.60 807.80 9.14 2350.37 +4.22

Mean 7.61 0.77 47.75 14.59 67.19 6.62 154.31 96.56 94.05 7.56 488.62 +3.29

SD 0.12 0.80 26.23 7.01 115.02 8.46 28.21 131.83 186.62 2.66 493.66 +0.25

18 7.50 101 49.20 19.30 112.60 7.00 198.8 147.80 116.96 8.87 660.53 +3.39

19 7.60 0.97 73.27 15.73 85.50 6.13 154.0 154.10 119.28 8.53 616.54 +3.49

20 7.60 1.38 77.90 23.49 139.60 7.78 183.2 207.90 190.30 12.47 842.64 +3.56

- 21 7.60 1.60 93.09 26.55 142.40 8.67 192.8 276.80 241.50 14.15 995.96 +3.57

% 22 7.80 173 100.20 28.60 156.50 6.95 204.4 292.30 260.50 14.69 1064.14 +3.62

E 23 7.70 1.84 188.00 65.89 481.60 17.10 2775 510.30 730.30 12.61 2283.30 +3.62

g 24 7.50 1.10 53.33 22.20 117.20 8.63 224.4 141.60 116.47 10.84 694.67 +3.24

s 25 7.70 191 82.30 3251 182.40 15.10 295.2 291.10 303.90 15.14 1217.65 +3.34

o 26 7.60 1.98 120.00 27.58 204.90 10.25 190.8 380.80 308.60 13.26 1256.19 +3.61

27 7.50 1.94 106.30 26.56 193.80 10.49 196.0 361.60 308.60 13.52 1216.87 +3.49

28 7.50 2.10 106.00 30.52 203.30 11.90 186.4 393.30 332.14 11.72 1275.28 +3.48

29 7.50 2.40 166.80 63.60 425.00 23.30 220.1 502.00 758.30 13.14 2172.24 +3.50

Mean 7.58 1.66 101.37 31.88 203.73 11.11 210.30 304.97 315.57 12.41 1191.33 +3.49
SD 0.10 0.46 41.54 16.05 123.07 5.08 39.95 128.79 215.40 2.10 539.52 0.12

Q1 8.20 34.10 419 970 9361 285 180 11808 11526 9 34557 +7.54

Q2 8.20 32.30 431 1045 9602 305 201 11580 11823 8 34994 +7.29

Q3 8.20 32.50 358 847 7941 250 176 8705 10544 10 28830 +7.14

- Q4 8.30 34.10 514 1027 9458 326 181 11417 11695 8 34627 +7.60

% Q5 8.40 36.70 524 1148 9919 480 184 10695 12340 7 35297 +7.86

E Q6 7.80 34.80 394 1131 9550 289 192 10453 12306 19 34333 +7.62

% Q7 8.20 34.40 453 1239 10166 283 160 12392 12092 8 36792 +7.67

g Q8 8.30 35.40 329 1177 12125 387 157 12387 12278 6 38846 +7.81

rju Q9 8.30 36.70 484 1267 9949 300 156 12376 12317 6 36855 +7.95

Q10 8.30 36.80 497 1238 10163 297 166 13461 12415 6 38243 +7.93

Q11 8.30 37.00 463 1217 10888 290 157 13630 12472 7 39124 +7.93

Q12 8.40 36.90 453 1203 12271 362 157 12207 12384 6 39042 +7.89

Q13 8.30 36.60 450 1100 10159 296 171 12283 12509 10 36977 +7.79

Mean?® 8.22 35.25 444 1124 10119 319 172 11800 12054 8 36040 +7.69
SD 0.15 1.69 58 123 1143 60 15 1302 550 3 2800 0.25
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Water Site Al Ba Cr Co Cu Fe Li Mn Ni Mo PO NO3

system ua/L Mo/l pa/L ua/L Mo/l ua/L ua/L ua/L ua/L ua/L mg/L mg/L

1 1980 38.3 311 1.165 <5 1840 1.97 63.97 1.91 <21 0.02 11.98

2 340 32.23 2.31 <1 7.42 420 1.09 38.12 2.58 <21 0.06 18.08

3 1990 385 3.28 1.48 <5 2310 181 67.4 2.07 <21 0.03 11.01

4 200 42.11 <19 <1 6.43 200 1.02 68.4 1.59 <21 0.09 21.83

5 2050 39.43 4.41 1.33 <5 2410 2.05 69.5 2.72 <21 0.06 10.87

6 2500 39.01 3.47 <1 5.83 2700 1.99 66.74 3.96 <21 0.12 14.72

e 7 1200 36.72 <19 <1 6.32 1400 1.39 45.04 452 <21 0.14 16.88

§ 8 800 39.04 1.94 <1 7 1100 1 101.2 1.96 <21 0.15 17.72

5 9 3210 44.07 <19 <1 8.03 3740 <1 80.2 2.96 <21 0.13 18.08

g 10 3060 48.76 4.6 2.22 <5 3440 2.1 1271 3.09 <21 0.12 35.67

= 11 1800 44.71 2.56 1.164 <5 1840 1.95 1321 1.57 <21 0.39 55.96

12 1410 48.74 371 <1 6.76 1820 2.03 149.5 237 <21 0.33 81.15

13 8350 69.73  11.88 4.72 6.73 9340 4.45 233.6 7.31 <21 0.15 55.21

14 3800 4571 5.89 2.14 6.07 3970 2.95 104.9 3.95 <21 0.06 39.03

15 1770 49.23 5.57 112 14.79 2470 233 188.1 3.79 <21 0.52 45.04

16 3590 46.38 6.88 157 9.45 3770 241 241.04 5.37 <21 0.24 52.95

17 4500 65.7 <19 <1 11.15 530 255 2138 3.42 <21 0.55 46.54

Mean 2502.9 45.2 4.6 1.9 8.0 2547.1 35 117.1 3.2 NA 0.19 325

sD 1926.7 9.7 2.6 11 2.6 2107.0 59 66.3 15 NA 0.16 20.8
WHO (2008)° 200 - 50 - 2000 - - 400 70 70 - -
FAO (1992, 2003)¢ 5000 - 100 50 200 5000 2500 200 200 10 - -

18 1400 39.7 <1913 <1 6.83 1700 1.54 102.8 2.63 <21 0.27 26.17

19 4960 44.19 7.89 2.36 <5 4650 6.52 68.7 3.84 <21 0.09 11.40

20 7030 5098  11.24 2.76 10.22 6560 5.17 146.1 7.22 <21 0.31 69.31

o 21 9310 62.12  14.09 3.33 11.23 8320 6.008 172.8 8.84 <21 0.33 49.02

£ 22 12500 6577  17.79 3.8 13.4 10410 8.36 175.3 10.51 5 0.33 56.93

E 23 9720 590.4 14.05 2.83 395 7850 7.52 156.2 13.6 5.37 0.36 52.91

§ 24 1150 52.9 4.09 1 14.3 1720 2.09 181.8 2.8 5.18 0.82 47.96

s 25 4460 64.6 6.9 1.6 38.8 4510 3.63 270.3 5.6 6.08 2.85 47.78

e 26 7290 51.6 10.85 3.13 6.38 6270 11.21 1115 551 <21 0.18 24.18

27 4240 46.8 6.73 2.09 4.08 3890 8.62 983 3.54 <21 0.39 22.76

28 6850 532 12.04 2.56 13.6 5890 11.06 294 7.32 5.82 0.52 53.48

29 10600 68.4 12.36 2.68 294 7190 11.09 238.1 717 5.33 0.67 50.74

Mean 6625.8 55.7 10.7 2.6 17.1 5746.7 6.9 2417 6.5 55 0.59 427

SD 3544.3 9.1 4.0 0.8 12.8 2604.2 34 242.8 3.3 0.4 0.74 17.3
FAO (1992, 2003)° 5000 - 100 50 200 5000 2500 200 200 10 - -

Q1 490 8.36 3.85 <1 <5 120 75 4.84 <1 2.77 0.03 19.20

Q2 180 7.65 4.55 <1 <5 90 8.83 6.79 <1 2.34 0.12 15.61

Q3 470 10.7 3.64 <1 <5 240 8.42 10.4 <1 2.56 0.18 19.43

- Q4 70 8.1 3.17 <1 <5 <79 8.46 4.29 <1 2.37 0.12 20.39

% Q5 50 7.46 2.87 <1 <5 <79 9.03 2.32 <1 2.23 0.12 20.61

E Q6 1210 9.07 3.82 <1 <5 550 8.74 5.45 <1 2.48 0.39 23.90

% Q7 190 7.42 2.74 <1 <5 83 7.7 4.23 <1 <21 0.03 19.28

g Q8 400 5.6 4.45 <1 <5 <79 9.14 1.77 <1 <21 0.03 19.04

§ Q9 60 7.48 2.23 <1 <5 <79 7.97 413 <1 <21 0.03 19.27

Q10 60 733 <1913 <1 <5 <79 7.48 3.34 <1 2.22 0.03 18.96

Q11 770 8.17 2.73 <1 <5 410 7.59 461 <1 <21 0.03 18.22

Q12 240 7.98 2.07 <1 <5 <79 7.56 2.14 <1 2.22 0.09 19.09

Q13 90 10.1 3.64 <1 <5 <79 9.82 3.34 <1 2.16 0.03 20.30

Mean 329.2 8.1 33 NA NA 248.8 8.3 44 NA 24 0.09 19.50
sD 343.7 13 0.8 NA NA 192.9 0.8 23 NA 0.2 0.10 1.8
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Water Sites Total Coliform  Fecal Coliform Fecal Streptococcus

system CFU/100 mL CFU/100 mL CFU/100 mL
1 2.2 x10° 1.00 x 10* 1.00 x 103
2 1.0 x 10° 1.00 x 10 2.00 x 10°
3 1.43 x 10* 4.00 x 10° 2.33x 10*
4 1.80 x 10° 1.00 x 10 1.00 x 10
5 1.60 x 10* 550 x 10° 2.23 % 10°
6 3.00 x 10° 2.00 x 10* 2.50 x 10*
2 7 1.00 x 10° 6.00 x 10* 1.80 x 10°
‘g’ 8 5.00 x 105 5.00 x 10* 8.00 x 10°
S 9 3.80 x 10° 3.00 x 10* 1.40 x 10°
S 10 4.00 x 105 9.00 x 10* 3.00 x 10*
£ 1 9.25 x 10° 1.29 x 10° 9.00 x 10°
- 12 445 x 10° 4.90 x 10° 3.00 x 10°
13 8.30 x 10* 4.00 x 10* 5.00 x 10°
14 5.00 x 10* 3.45 x 10° 7.00 x 10°
15 7.50 x 10* 1.70 x 10° 4.00 x 10*
16 3.80 x 10* 1.20 x 10 2.20 x 10
17 2.00 x 10 9.00 x 10° 1.20 x 10°
WHO (2008)° absent absent absent
FAO (1992, 2003)¢ - <1000 -
18 1.20 x 10° 2.00 x 10° 3.30 x 10*
19 2.05 x 10° 7.10 x 10* 6.40 x 10°
20 3.20 x 10° 2.30 x 10* 1.00 x 10°
" 21 5.30 x 10° 8.20 x 10° 5.60 x 10*
% 22 6.50 x 10* 1.20 x 10° 1.00 x 10°
2 23 7.80 x 10* 1.90 x 10° 5.00 x 10*
g 24 2.95 x 106 7.80 x 10° 3.00 x 10°
K 25 1.85 x 107 2.60 x 10° 1.00 x 10°
e 26 4.40 x 105 1.25 x 10 1.40 x 10
27 2.60 x 10° 7.80 x 10* 5.80 x 10°
28 5.00 x 10° 7.90 x 10* 1.50 x 10°
29 1.16 x 10* 2.60 x 10° 2.30 x 10*
FAO (1992, 2003)¢ - <1000 -
Q1 80 4 1
Q2 290 20 20
Q3 88 80 1
" Q4 20 1 62
g Q5 10 1 6
2 Q6 330 112 34
~ Q7 140 56 40
54 Q8 200 186 2
ﬁu Q9 2 1 8
Q10 10 1 1
Q11 10 1 1
Q12 2 1 2
Q13 2 1 54

@ Mean values of the parameters measured in water samples collected during June 2010, 2011 and 2012 from Lake Qarun.

b §180 was only measured in June 2012.

¢ World Health Organization Guidelines for Drinking Water Quality (WHO, 2008). The evaluation was applied only to waters from irrigation
canals which are used as drinking water supply in the Fayoum Governorate.

9 Food and Agricultural Organization recommended maximum concentrations for waters used in irrigation (FAO 1992, 2003). This evaluation
was applied to irrigation and drainage waters. Note that drainage waters are reused for irrigation in the Fayoum Governorate.

NA: Not Applicable.

—: No available data.

SD: Standard Deviation
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Abstract We present here the first detailed hydrogeochemical study about Lake Qarun. It
is a closed, saline, and alkaline lake located in the North African Sahara Desert. It has no
outflow except by evaporation. This lake is the deepest area in the Fayoum Depression with
elevation 43 m below sea level. In this area, Nile River is the main source of water and
Lake Qarun acts as the main reservoir of all drainage waters. Along the flow path of water,
the salinity of water increases with increasing proximity to Lake Qarun and the water
chemistry has developed from Ca-Mg—HCO; at head waters to Na—CIl-SO, in low lands
and in Lake Qarun. The main processes that control the water chemistry in the studied area
are dissolution of soluble salts along with continuous evapoconcentration. The progressive
evaporation of drainage water inflow has increased the concentrations of Na, Mg, Cl, and
SO, in Lake Qarun water, while Ca and HCO; have been depleted through CaCOj; pre-
cipitation. This is confirmed by the application of Hardie and Eugster’s model parallel with
a PHREEQC simulated evaporation model. Both models demonstrated that the evolution
of lake water during evaporation should reach the final composition of “Na-Mg—SO,—Cl1.”
Oxygen isotope (8'%0) values of the studied water samples showed a strong positive
correlation with electrical conductivity values supporting the effect of evapoconcentration
process on the evolution of the lake brine. This study presented an integrated geochemical
approach that can help in understanding similar cases studies in arid environments.
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1 Introduction

In a closed hydrological system, the composition of concentrated lake brines largely de-
pends on labile lithologies that are leached and altered by inflow waters in the drainage
basin surrounding a salt lake (Eugster 1980; Hardie and Eugster 1970). Closed lakes are
exclusive features of the arid and semiarid zones where they are salty with variable degrees
of salinity.

Lake Qarun, the object of the present investigation, is one of the largest inland lakes in
the North African Sahara Desert. The lake water is alkaline with pH values between 8.0
and 8.7, and saline with average total dissolved salts (TDS) of 36 g/L. The lake level is at
~43 m below sea level, which makes it the deepest area in the Nile River flood plain and
in the Fayoum Depression (Figs. 1, 2). It is one of oldest lakes in Egypt. A full historical
background and a summary of past environmental changes for the lake may be found in the
scientific literatures (e.g., Ball 1939; Flower et al. 2006; Meshal 1977). The lake is sur-
rounded by cultivated lands on its southern and south eastern sides which slope sharply
toward the lake. This provides a natural aid forming a drainage water disposal site from the
cultivated lands of the whole Depression of Fayoum. The agriculture drainage water
annually carries 470 x 10° kg of dissolved salts into Lake Qarun (Rasmy and Estefan
1983). The evolution of the lake water chemistry is mainly based on the chemical com-
position of the inflow drainage waters. Because the lake has no outlet and the climatic

30730°

—~— Irrigation waters

-~ Drainage waters

« -~ — Minor drains

4 Water sampling sites

Mediterranean Sea

Fig. 1 Location map of the Fayoum area, showing the sampling sites of the studied water samples
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Fig. 2 Cross section illustrates the land slope from Lahun to Lake Qarun

conditions are warm and dry almost all the year, the lake brine gradually evaporates and its
salinity increases. As a result, the lake has undergone marked salinization with accom-
panying changes in aquatic biota (Flower et al. 2006).

The objectives of the present work are mainly focused on the following:

1. Study in details the geochemical evolution of the surface water in the Fayoum
Depression through its flow path from Nile at Lahun toward Lake Qarun (Fig. 1).

2. Identification the geochemical processes controlling the surface water chemistry in the
Fayoum Depression.

3. Deduce a detailed geochemical model that demonstrates the evolution of Lake Qarun
water.

4. Carry out a simulated evaporation model of Lake Qarun water to study the
geochemical changes expected by further evaporation of lake water, assuming that the
lake has no outflow except by evaporation.

2 Study Area and Methods
2.1 Site Description

Lake Qarun is located between the longitudes of 30°24’ & 30°49'E and latitudes of 29°24’
& 29°33'N, about 95 km south west of Cairo (Fig. 1). The lake has an irregular elongated
shape of about 45 km length and 5.7 km mean width with an average area of about
240 km®. The average depth of the lake is approximately 4.2 m. The deepest region
(~8 m) is located in the middle of the lake while shallowest region lies in the eastern
portion of the lake. Nearly 67 % of the lake area is between the 2 and 5 m depth contours,
while only 18 % of the lake area is deeper than 5 m (Baioumy et al. 2010).

Nile River, the main source of fresh water, is reaching the Fayoum region via the Bahr
Yousef channel (Fig. 1). Agricultural returns have been collected as drainage water and
passed into Lake Qarun through two main drains, El-Wadi and El-Bats, with other minor
drains between them (Fig. 1). To the north, the area is completely covered by sand and
rock with several exposures of diatomite. This landscape is not irrigated and is virtually
devoid of vegetation.
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2.2 Climate

The studied catchment lies in Egypt’s arid belt with a hot, long dry summer and a mild
short winter, and consequently, the climate is generally warm and dry (Baioumy et al.
2010). In addition, it is characterized by low seasonal rainfall and a high evaporation rate.
Rainfall is extremely low at <10 mm annually (Flower et al. 2006). The lowest
evaporation rate (1.9 mm/day) is recorded in January while the highest value (7.3 mm/day)
is recorded in June and the annual mean relative humidity varies between 50 and 62 % (Ali
and Abdel Kawy 2013).

2.3 Hydrology

The irrigation and agricultural system in the Fayoum region depends mainly on Nile water.
Fayoum City (Fig. 1), the principal town in the area, is a water distribution center for the
Fayoum (domestic demands), and a network of canals and small pumping stations deliver
water to the agricultural regions. Lake Qarun is a natural sink for drainage water from this
area as it is surrounded from the south and southeast by cultivated land which slopes
steeply toward the lake (Figs. 1, 2). Drainage waters are passed to Lake Qarun through two
principal drains named El-Wadi and El-Bats drains (Fig. 1). The lake receives drainage
water with a volume of about 338 x 10° m*/year from El-Bats and El-Wadi drains in
addition to about 67.8 x 10° m*/year from groundwater while it losses about
415 x 10° m’/year by evaporation (El-Shabrawy and Dumont 2009; Meshal 1977). The
lake itself has no outflow except by evaporation (Meshal 1977; Wolters et al. 1989).

2.4 Geology and Geomorphology

Fayoum is a natural depression in the Western Desert of Egypt, extending over 6,068 km?.
Tableland areas surround the Fayoum Depression from the east, west, and south separating
it from neighboring depressions, the Nile valley, and Wadi El Rayan. Most of the culti-
vated soils in the Fayoum Depression are deep alluvial loam or clayey, derived mainly
from the Nile flood alluvium. The Fayoum Depression has a dense net of irrigation canals
and drains. The Fayoum Depression area includes three main landscapes, i.e., lacustrine
plain, alluvial-lacustrine plain, and alluvial plain (Abdel Kawy and Belal 2013; Ali and
Abdel Kawy 2013). The southern shore of Lake Qarun is mostly surrounded by lacustrine
deposits. These deposits cover an area of 198 km? and are classified as highly saline and
poor productivity soils (Abdel Kawy and Belal 2013). The current status of soil salinity,
sodicity, and water table indicate that most lacustrine and alluvial-lacustrine soils in the
Fayoum Depression are actually being degraded by salinization, sodification, and water-
logging (Ali and Abdel Kawy 2013).

Geologically, the stratigraphic sequence in the area ranges in age from Quaternary to
Tertiary (Fig. 3). The Fayoum Depression itself is excavated in Middle Eocene rocks, which
composed essentially of gyps-ferrous shale, white marls, limestone, and sand (Hammad et al.
1983; Said 1993). The Quaternary deposits are widely distributed over the Fayoum area in the
form of eolian, Nilotic (alluvial sediments), and lacustrine deposits. The alluvial sediments
are composed of sands and gravels of variable sizes intercalated with calcareous silt and clay
contents (Tamer 1968). The lacustrine deposits include claystone, gypsum, and calcareous
materials intercalated with ferruginous sandy silt (Metwaly et al. 2010). The lacustrine
deposits have prevailed in the area and extend to the south of Lake Qarun. In the whole area,
Quaternary sediments directly overlay the limestone deposits of the Eocene age.
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2.5 Sampling and Sample Analysis

In June 2010, 2011, and 2012, surface water samples at Lake Qarun were collected
regularly from 13 sites (Q1-Q13). In June 2012, additional surface water samples from
irrigation canals and the drainage network were collected from 29 sites (samples 1-29)
(Fig. 1). All samples were analyzed for sodium (Na'), calcium (Ca“), magnesium
(Mg2+), potassium (K™), sulfate (S04%), chloride (CI7), bicarbonate (HCO;™), silica
(SiO,) and oxygen isotopes (3'%0). At all sampling locations, GPS coordinates were
recorded. Measurements of electrical conductivity (EC), pH, and temperature were carried
out in the field using a SG78-SevenGo Duo pro (pH/Ion/Conductivity) portable meter with

@ Springer



36 Aquat Geochem (2015) 21:31-57

an accuracy 0.002 pH units, 0.5 % of full-scale EC, and +0.1 °C for temperature. After
in situ measurements, the water samples for major ions analysis were filtered through a
0.45-pum disposable cellulose acetate syringe membrane filter (33 mm diameter, white rim,
Whatman GmbH, Germany). The filtered samples were transferred into preacid-washed
polyethylene (PE) containers which divided into three portions: (1) water samples acidified
to pH <2 for main cations analysis; (2) water samples for main anion analysis; and (3)
water samples for oxygen isotopes analysis. All sampling containers were left to dry for
2 days after acid or deionized washing. The PE bottles were filled without air bubbles and
tightly capped immediately with PE screw caps. Then, the water samples were stored in
double PE plastic bags, kept at 4 °C, and transported to the laboratory as soon as possible
after sampling. Analysis of HCO3;~ was conducted immediately after samples reached the
laboratory and the remaining analyses within the next 24 h. Total dissolved solids (TDS)
were calculated using the sum of the major ions (Na™, K™, Ca*t, Mg2+, HCO;~, SO,
C17, and SiO,), assuming that the fraction below 0.45 pm can be considered “dissolved.”
All analyses, except 3'%0, were carried out at the Water Quality Central Laboratory,
Fayoum Drinking Water and Sanitation Company, Fayoum, Egypt. The analyses were
done in accordance with approved analytic methods (APHA 1998) as summarized in
Table 1. All analytical procedures are accredited according to ISO/IEC 17025.

Water samples were analyzed for oxygen isotope composition (3'%0) using a Gas Bench
II system (Thermo Finnigan, Bremen, Germany) coupled with a Thermo Finnigan Delta
plus XP isotope ratio mass spectrometer in the stable isotopologues laboratory at McMaster
University, Canada. The details of the analytical procedures are described in Klein Geb-
binck et al. (2014).

All oxygen isotope results were obtained by calculating the mean of the last 10 mea-
surements and normalized by using two inter-laboratory water standards (i.e., MRSI-1 and
MRSI-2). The 6180 values of the samples were reported normalized to V-SMOW, and the
precision for replicate sample analyses is <0.08 %o.

Saturation indices (SI) of the dissolved minerals in water samples were calculated using
the PHREEQC version 3 software (PHREEQC-3) (Parkhurst and Appelo 2013). In addi-
tion, a simulated evaporation model of Lake Qarun water was carried out also using
PHREEQC-3 software. This software was compiled on March 13, 2014. It is a computer
program that is designed to perform a wide variety of aqueous geochemical calculations.
One of the new features of the PHREEQC version 3 is the Pitzer aqueous model (Pitzer
database), which can be used for high-salinity waters that are beyond the range of appli-
cation for the Debye-Hiickel theory (Parkhurst and Appelo 2013).

Table 1 Analytical methods of the studied water samples, after APHA (1998)

Analytical parameters Method (APHA 1998) Uncertainty (%)
NV 4500-SO,*" E 12.9

ClI™ 4500-C1- B 4.1

HCO;™ 2320-B Titration method 1.8

Na® 3120 B, ICP method by ICP-OES 3.6

K* 3120 B, ICP method by ICP-OES 5

Mg*t 3120 B, ICP method by ICP-OES 11.6

Ca*" 3120 B, ICP method by ICP-OES 9

Si0, 4500-Si0, C 8.7
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3 Results and Discussion

The physiochemical results of the investigated water samples are presented in Table 2. The
data showed that the TDS trend increases from the head of Fayoum irrigation system at
sampling site 1 toward Lake Qarun (Fig. 4). In general, the concentrations of most ions and
TDS are in the order; lake water >> drainage water > irrigation water (Table 2). Only
one sample (sampling site 17) from irrigation canals was found to have a TDS value of
2,350.37 mg/L, which is more than the TDS of drainage waters (Table 2). This is because
the water depth was very shallow when this sample was taken during sampling and also the
water flowed for a long distance from sampling site 1 to sampling site 17. Therefore, water
salinity increased by evaporation. Sample 17 has the highest value of 3'0 (+4.22) among
all irrigation waters and drainage waters (Table 2). The 5'80 is concentrated in water as a
result of evaporative concentration (Gat 1996).

According to the spatial distribution of TDS values of Fayoum surface waters, it was
found that water salinity increases with increasing proximity to Lake Qarun (Fig. 4). In
Lake Qarun, it is noted that the TDS of the lake water is low at the eastern part and
gradually increases north-westward. This could be due to the dilution effect of drainage
water discharging into the lake from the southeastern side rather than the northwestern. The
effect of dilution is observed near the outlet mouths of El-Bats and El-Wadi drains which
have lower TDS than the other sites in the lake (Fig. 4).

3.1 Hydrochemical Water Types
Chadha (1999) developed a new diagram for geochemical classification of natural waters
and interpretation of chemical data. In this diagram, the difference in milliequivalent

percentage between alkaline earth (Ca 4+ Mg) and alkali metals (Na + K) is plotted on the
X axis, and the difference in milliequivalent percentage between weak acidic anions

N

30730" T0S (/1)

29°130"

——— |rrigation canals
Drains
X Notsampled

I 02

Fig. 4 Spatial distribution of TDS on the studied area showing that salinity increases with increasing
proximity to Lake Qarun
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Fig. 5 Chadha diagram showing
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(CO3 + HCOs3) and strong acidic anions (Cl 4+ SOy) plotted on the Y axis. Plotting of the
studied water samples on the diagram revealed the presence of three hydrochemical water
facies: water type 1 (T1), water type 2 (T2) and water type 3 (T3) (Fig. 5).

3.1.1 Water Type 1 (T1): (Ca—Mg-HCOj3)

This type is mainly irrigation water, collected from sites 1-9 close to the head of Fayoum
irrigation system (Fig. 1). These waters are almost always fresh with minimum TDS
(248.52 mg/L) at sampling site 9 and maximum TDS (336.33 mg/L) at sampling site 8.
The waters of T1 type are slightly alkaline (pH 7.50-7.77, Table 2). This water type is
characterized by higher concentrations of weak acidic anions mainly HCOj; than strong
acidic anions (Cl + SO,) (Fig. 5). It also has higher concentrations of alkali earth elements
(Ca + Mg) than alkali metals (Na + K). All waters of T1 type are undersaturated with
respect to calcite except only one sample (sample 5) is just at saturation (Table 2; Fig. 6).
All T1 waters are undersaturated with respect to gypsum and halite (Fig. 6).

3.1.2 Water Type 2 (12): (Ca—Mg-SO/Cl)

This water type includes samples 10, 11, 12, 13, 14, 15, 16, 19, 21, and 22. These water
samples are characterized by higher concentrations of strong acidic anions (Cl + SQOy)
than weak acidic anions mainly HCO; and higher concentrations of alkali earth elements
(Ca + Mg) than alkali metals (K + Na) (Fig. 5). Water type (T2) includes both irriga-
tion waters (sampling sites 10-16) and drainage waters (sampling sites 19, 21 and 22)
(Fig. 1). The T2 waters are much closer to Lake Qarun than those of T1 (Fig. 1). The
TDS of T2 waters collected from irrigation canals ranges from 419.44 mg/L (sample 10)
to 676.54 mg/L (sample 16) while it ranges from 616.54 mg/L. (sample 19) to
1,064.14 mg/L (sample 22) for samples collected from drainage waters (Table 2). The
waters of type T2 have pH ranges 7.50-7.90 (Table 2). Most of T2 waters are super-
saturated with respect to calcite except two samples; samples 11 and 14 are still un-
dersaturated (Table 2; Fig. 6). All T2 waters still undersaturated with respect to gypsum
and halite (Fig. 6).
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3.1.3 Water Type 3 (T3): (Na—CI-SOy4)

This water type includes water samples collecting from sites 17, 18, 20, 23, 24, 25, 26, 27,
28, and 29. All of these water samples were taken from drains except sample 17 which was
taken from an irrigation canal. All drainage waters are conveyed into the two main drains,
El-Wadi and El-Bats. Water samples 23 and 29 were collected from the outlet mouths of
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El-Wadi and El-Bats drains, respectively, which represent the main inputs of drainage
water to Lake Qarun (Fig. 1). Samples 23 and 29 have the highest salinities among all
drainage waters (2,283.30 and 2,172.24 mg/L, respectively). On the other hand, sample 17
has the highest salinity (2,350.37 mg/L) between all irrigation and drainage waters that
were collected from Fayoum (Table 2; see also Sect. 3). All waters of T3 type are char-
acterized by higher concentrations of strong acidic anions (Cl + SQO,4) than weak acidic
anions mainly HCO; and higher concentrations of alkali metals (K + Na) than alkali earth
elements (Ca + Mg) (Fig. 5). The pH of T3 water type ranges from 7.50 to 7.70. All T3
waters are supersaturated with respect to calcite except only one sample (sample 18) is still
undersaturated (Table 2; Fig. 6). On the other hand, all T3 waters are undersaturated with
respect to gypsum and halite (Fig. 6).

3.1.4 Lake Qarun Water; (Na—CIl-SO,)

Lake Qarun water samples lie in the field of T3 water type. They are characterized by very
high TDS values and high pH values as compared to the irrigation and drainage waters
(Table 2). The highest TDS recorded at site Q11 with value 39,124.33 mg/L. and the
highest pH recorded at sites Q5 and Q12 with value 8.40 for both samples. The lake water
is supersaturated with respect to calcite at all locations (Fig. 6). On the other hand, only
two locations in Lake Qarun (Q4 and Q10) just reached the saturation state with respect to
gypsum while the other locations still undersaturation (Table 2; Fig. 6). The lake water
still undersaturation with respect to halite at all locations (Fig. 6).

3.2 Geochemical Evolution of Irrigation and Drainage Waters in the Fayoum
Depression

The geochemical alteration of the Nile water (main source of fresh water) through its course
along Fayoum Depression is the main concern of this section. As shown in Chadha diagram
(Fig. 5), the surface water in Fayoum Depression have evolved from Ca—-Mg-HCO; water
type (T1) at the head of Fayoum irrigation system to the Na—Cl-SO, water type (T3) close to
and at Lake Qarun passing through a transitional Ca-Mg—SO,/Cl water type (T2). The
HCO;~ decreases proportionally relative to Cl~ and SO,*~, and also Ca*" and Mg*"
decrease proportionally relative to Na® with increasing proximity to Lake Qarun (Fig. 5).

Yan et al. (2002) concluded that weathering of carbonate rocks leads to freshwaters low
in dissolved silica (<20 mg/L) with a SiO,/HCOj3; molar ratio 0.02. Also, ternary plots of
cations (Na + K — Mg — Ca) as well as anions (Cl + SO, — HCO3; — Si) could explore
the relative importance of different weathering regimes (Stallard and Edmond 1981).
Accordingly, the T1 waters have SiO, ranges 4.53-6.23 mg/L (Table 2) with an average
SiO,/HCO3 molar ratio equal to 0.04 (calculated from Table 2), and they fall in the cluster
toward HCO;3 and Ca apexes (Fig. 7). This suggests that weathering of carbonates is the
dominant process contributing to this water type. All T1 waters are undersaturated with
respect to calcite (Fig. 6a). Limestone which is composed mainly of calcite is abundant at
the studied area. Consequently, congruent dissolution of calcite should give Ca/HCOj3
molar ratio equals to 0.5 as shown in the following reaction:

CaCO; +H,0 + CO, — Ca®" 4 2HCO; (1)

Calcite

The plotting of Ca*" versus HCO; ™~ showed that all samples fall close to the 1:2 line
with some points having little excess of HCO3~ (Fig. 8). The influx of CO, that might be
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Fig. 7 Ternary diagram showing the chemical trends of the studied water samples (in mmol%). The points
have evolved from HCO;~ apex to Cl~ and SO,>~ apexes and from Ca®* and Mg>" apexes to Na™ + K*
apex as water flows toward Lake Qarun
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released by the decay of organic materials can be mobilized and takes part in chemical
reactions (Hem 1986). If it is assumed that each CO, molecule could react with solid CO;
to give two HCO;™ ions (Eq. 1), reactions with noncarbonate minerals would yield one
HCOj;™ ion for each participating CO, molecule which could contribute to the little excess
HCO;3;™ over Ca?* in T1 waters (Hem 1986).

As the surface water flows toward Lake Qarun, waters of T2 and T3 types have evolved
from T1 type with an increase of C1~ and SO,>~ relative to HCO; ™ along with an increase
of Na™ relative to Ca®* and Mg>" (Figs. 5, 7). The colocation of Na™, C1~, and SO,*~ can
be explained by the fact that various evaporites are present in the studied area (Huang et al.
2009). Gypsum is abundant in the current studied area (Fayoum Depression). Also, gypsum
is added to improve Fayoum soil productivity especially to the lands close to the southern
shore of Lake Qarun. These lands cover an area of 198 km? and are classified as highly
saline and poor productivity soils (Abdel Kawy and Belal 2013). In addition, most la-
custrine and alluvial-lacustrine soils in the Fayoum Depression are actually degraded by
salinization. Salts crusts on the soil surfaces are observed during hot and dry conditions in
summer. Most of the drainage and irrigation waters samples of T2 and T3 lie in the regions
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of lacustrine and alluvial-lacustrine soils which are rich in gypsum and soil salts. As a
result, congruent dissolution of soluble minerals such as gypsum (CaSO,4-2H,0) or halite
(NaCl) from these types of soils can lead to very high Na™, SO,*~, and CI~ concentrations
in T2 and T3 waters (Eugster 1980). Also, the subsequent leaching of readily soluble salts
(e.g., NaCl) from the soil surface progressively increases the salinity of the surface water
and raises the level of Na™ and C1™ in the agricultural returns.

Mineral equilibrium and saturation indices calculations could predict the reactive
mineralogy (Deutsch 1997). The SI of calcite, gypsum, and halite for all the studied water
samples is given in Fig. 6. The results showed that waters of T1 are undersaturated with
respect to calcite, gypsum, and halite. Close to Lake Qarun, most waters of T2 and T3
types became supersaturated with respect to calcite and still undersaturated with respect to
gypsum and halite (Fig. 6). Therefore, the dissolution of gypsum and halite is expected to
contribute to the solute budget of T2 and T3 waters. As the saturation state indicates the
direction of the process, precipitations of carbonate minerals accompanied by the disso-
lution of evaporites such as gypsum and halite possibly have influenced the chemical
evolution of water from Ca—-Mg-HCO5 at locations of T1 type to Na—SO4—Cl at locations
of T3 passing through a transitional Ca—Mg—SO,/Cl at locations of T2 (Figs. 5, 6, 7).

To verify the contribution of gypsum and halite dissolution to T2 and T3 waters, binary
plotting of [(Ca®" + Mg”>") — 0.5 HCO; ] against SO,>~ and also Na™ against CI~ were
studied. The contribution of gypsum to the concentration of Ca*" can be estimated by
studying the relationship between the noncarbonate mineral-derived Ca and Mg using the
formula [(Ca®" 4+ Mg®") — 0.5 HCO5 ] plotted against SO,*~ (Kimblin 1995). The bi-
nary plotting of [(Ca*" + Mg®>") — 0.5 HCO; "] against SO,>~ for all irrigation and
drainage waters showed strong positive correlations R* = 0.969 and R* = 0.785 for T2
and T3, respectively, while in the case of T1 showed a weak correlation R? = 0.039
(Fig. 9). As a result, the dissolution of gypsum probably influences the chemistry of T2 and
T3 waters and not influences T1 waters. In the presence of HCO5 ™, the Ca*" ion supplied
by gypsum dissolution increases the ion activity product (a&; + agos) and subsequently

6
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R?=0,7856 (T3)

S 3
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Q X
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Fig. 9 Binary Plot of (Ca>" + Mg>") —0.5 HCO; ™~ against SO,>~ of irrigation and drainage waters in
Fayoum Depression shows the contribution of gypsum dissolution to T2 and T3 waters
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Fig. 10 Binary plot of Na™ versus CI~ of irrigation and drainage waters showing the significant dissolution
effect of NaCl salt on T2 and T3 waters

increases the saturation index of calcite (Dargam and Depetris 1996). This process may
explain why the saturation state with respect to calcite changed from undersaturation in the
case of T1 to supersaturation for T2 and T3 waters (Fig. 6).

The binary plotting of Na™ against Cl1~ for all irrigation and drainage waters showed
strong positive correlations in the case of T2 waters (R* = 0.957) and T3 waters
(R* = 0.968) while in the case of T1 showed a weak correlation (R* = 0.480) (Fig. 10).
This indicates that halite dissolution has significantly impacted the chemical composition
of T2 and T3 waters.

The contribution of evaporite dissolution to T2 and T3 waters is also evidenced in the
ternary plot where the irrigation and drainage waters of T2 and T3 fall in the cluster toward
Na + K apex and Cl + SO, apex (Fig. 7).

3.3 Hydrogeochemical Evolution of Lake Qarun

Lake Qarun water has a Na-SO4—Cl water type (Fig. 5). T3 waters specially samples 23
and 29, which represent the outlet mouths of El-Wadi and El-Bats drains, respectively,
have the same Na—-SO,—Cl water type like Lake Qarun (Fig. 5). As mentioned previously,
El-Bats and El-Wadi drains represent the main sources of drainage water recharge to Lake
Qarun (Fig. 1). Thus, Lake Qarun as a closed system seems to be evolved geochemically
from drainage water inflow as a result of progressive evaporation. Gibbs (1970) suggested
a simple plot of TDS versus the weight ratio of Na™/(Na®™ 4+ Ca®") could provide infor-
mation on the relative importance of the major natural mechanisms controlling surface
water chemistry (Fig. 11). In the present study, a Gibbs plot of data indicates that T1 and
T2 water chemistry are mainly controlled by rock weathering. Some of T3 waters lie in the
rock weathering domain while others are controlled by evaporation-crystallization process.
This supports the earlier suggestions that weathering of carbonates controls the chemistry
of T1 waters while T2 and T3 waters are controlled by weathering of evaporites. Some
waters of T3 lie on the field of evaporation crystallization perhaps due to the fact that much
of the evaporation can be ascribed to the use of water for irrigation, where a greater surface
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Fig. 11 Gibbs plot showing the mechanisms controlling the major ion composition of the surface water in
Fayoum Depression. Lake Qarun water is mainly controlled by evaporation-crystallization process

area of water is made available for evaporation before the remaining water is returned to
drains as drainage waters (agriculture returns). Also, intensive agriculture practicing can
increase the weathering and erosion of soil salts resulting in a higher TDS of the agriculture
returns. Lake Qarun water is characterized by a high Na/(Na + Ca) ratio and a high TDS
concentration, suggesting that it is mainly controlled by an evaporation-crystallization
process (Fig. 11). The chemical composition of surface water in Fayoum Depression
evolves (in a sequence of water samples taken in a Lake Qarun direction) from rock-
weathering-type waters found in headwaters to more concentrated sodic waters found in
Lake Qarun as a result of evaporation and concentration of salts accompanied by the
crystallization of CaCOs. This is most likely because the saturation index of calcite evolves
from undersaturation state in headwaters (T1) to supersaturation state in Lake Qarun
(Fig. 6). The hot and dry climatic conditions prevailed throughout the area strengthen the
evaporation trend from head waters to Lake Qarun that clearly obvious on Gibbs’s model
(Fig. 11). Thus, under arid conditions, the continuous evaporation under a very long span
of time leads to a dramatic effect in the water chemistry of Lake Qarun, resulting in the
higher levels of Na™ and C1~ than those found in the transition and upstream areas as well
as a drastic increase in the TDS of the lake water (Fig. 11). In the ternary plot (Fig. 7),
Lake Qarun waters plotted very close to the Na 4+ K and Cl + SO, apexes. In Lake Qarun,
HCO;™ decreases proportionally relative to CI™ and SO4>~ while Ca** and Mg2+ decrease
proportionally relative to Na™ (Figs. 5, 7). The increase of Na*, CI~, and SO,>~ in Lake
Qarun is mainly due to solute accumulation by evaporation while the depletion of Ca®*
and HCO3;™ could be due to carbonate mineral precipitation.
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All saturation indices of calcite, gypsum, and halite increase with increasing proximity
to Lake Qarun and the highest values recorded in the lake itself (Fig. 6). This indicates that
continuous water loss by evaporation in Lake Qarun causes the increase in concentration of
these minerals.

3.4 Application of Hardie and Eugster’s Model

Hardie and Eugster (1970) suggested a model that interprets the chemistry of waters
undergoing evaporation in terms of a succession of chemical divides. A chemical divide is
a point in the evolution sequence of brine in which precipitation of a mineral depletes the
water in certain cations or anions with further evaporation moves the solution along a
distinct pathway. This was called “fractionation by mineral precipitation” (Eugster 1980)
or principle of chemical divide as described by Drever (1982) and is now popularized
under the name of “chemical divide” (Babel and Schreiber 2014). The main idea of the
principal of chemical divide is that the molar ratio of the component ions of precipitated
salt must change, unless it is exactly equal to one in the initial solution at the beginning of
evaporation process (Babel and Schreiber 2014; Drever 1982). Therefore, the ion with the
lower concentration at the onset of evaporitic precipitation will progressively decrease in
concentration, whereas the other ion showing initially higher concentration will build up in
solution. The Hardie and Eugster’s model has been simply modified by Drever (1982)
(Fig. 12). This modified model is obviously very simple, and it is generalized to cover a
wide range of starting compositions of the water to be evaporated. With almost of natural
waters, the first mineral to precipitate, and hence to cause the first chemical divide, is
calcite (Drever 1982). Further evaporation moves the solution along path I or path II
depends on whether the calcium concentration (in equivalents) is greater or less than the
carbonate alkalinity (in equivalents) (Fig. 12). In almost of natural waters, the alkalinity is
mainly expressed as HCO;~ (Eugster 1980; Eugster and Hardie 1978). In the present case,
close to the head of the Fayoum irrigation system, the waters of type T1 (samples 1-9)
have 2mCa®>" < mHCO;~ on average. The total average of mHCOs;~ of T1 waters is

Na, Ca, Mg, HCOs3, SO, Cl

Calcite precipitates

2mea’* > Alkalinity Alkalinity > 2mc,>*

Na, Ca, Mg, SO,, Cl Na, Mg, CO3, SOy, CI

Gypsum precipitates Sepiolite precipitates

Alkalinity > 2mpg>"

Na, Ca, Mg, Cl | Na, Mg, SO, Cl || Na, Mg, SO, Cl | | Na, COs, SO4, Cl

Fig. 12 Some possible paths during evaporation of natural water (a model modified from Hardie and
Eugster 1970 by Drever 1982). Lake Qarun water should evolve along the path II-1IB

2+ 2+
Mea >Mgoz- 1A 1-B~s03-> M ca 2myg”" > Alkalinity
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Fig. 13 Suggested flow chart shows the possible path for the geochemical evolution of surface water in
Fayoum Depression

2.14 mmol/L. while the total average of 2mCa*" is 1.77 mmol/L (calculated from data in
Table 2). This initial composition, during evaporation, should force the solution to follow path I
(Fig. 12). But, along the flow path of surface water toward Lake Qarun, the Ca**" supplied by
gypsum dissolution produced a significant increasing of the 2mCa**/mHCO; ™ ratio (Fig. 13).
As a result, the average composition of water turned from 2mCa”*" < mHCO; ™ at the head of
the Fayoum irrigation system (T1 waters) to 2mCa®" > mHCO;™ in low lands at T2 and T3
waters (Fig. 13). The calculated average of 2mCa" for all T2 and T3 waters became 4 mmol/L
while mHCO;™~ became 3.1 mmol/L (calculated from data in Table 2).

Furthermore, the drainage waters at E1-Wadi and El-Bats drains outlets (samples 23 and
29, respectively), which represent the main sources of surface water to Lake Qarun, have
also an average 2mCa*" > mHCO;~ with an average 2mCa*" equal to 5.6 mmol/L and an
average mHCO;™~ of 3.3 mmol/L (calculated from data in Table 2).

As discussed above, the drainage waters at El-Wadi and El-Bats drains outlets, as the
main inflow to Lake Qarun, have a 2mCa’* > mHCO;". During evaporation, this solution
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should follow path II (Fig. 12). In Lake Qarun, calcite precipitation (the first chemical
divide) causes Ca>" to build up in solution while HCO3™ diminishes and the lake water
progressively evolved to 2mCa** > mHCO;~ (Fig. 13; Table 2). On path II, the next
mineral that is most likely to precipitate is gypsum, which causes the second chemical
divide (Fig. 12). Further evaporation will force the solution to move along path IIA or path
IIB depends on whether the Ca®" concentration is greater or lesser than the concentration
of SO42’ (Fig. 12). The current status of Lake Qarun water is mSO427 > mCa** with an
average mS0,>~/mCa>" ratio of lake water is ~ 11 (calculated from data in Table 2). This
means the solution will follow path IIB (Fig. 12). The precipitation of gypsum will pro-
duce mSO427 > mCa®* because of the initial excess of SO427 over Ca in lake water
(Fig. 13). Continuous precipitation of gypsum will remove Ca”* while SO,>~ will build up
in solution until lake water reaches the final composition “Na-Mg-SO,—C1” (Figs. 12, 13).
At some locations of Lake Qarun, the water reached saturation state with respect to
gypsum (Fig. 6). This suggests that gypsum divide is coming next to calcite divide in Lake
Qarun water which supported that the lake water will be evolved along the path II-1IB.
Gypsum never appears along path I (Eugster 1980). This also supports our hypothesis that
the lake water during its evolution should follow path II rather than path I. Gypsum
precipitation will not greatly affect the SO,*~ concentration due to the huge initial excess
of SO, over Ca®" in Lake Qarun.

3.5 Behavior of Major Ions During Evaporation of Lake Qarun Water

Water in endorheic lakes in arid and semiarid areas often becomes saline or hypersaline as
a result of evaporative enrichment (Fritz 1990). To study the behavior of major solutes
during lake water evolution, the concentrations of the major ions (in meq/L) are plotted
against chloride (Fig. 14). In most cases, species concentrations are plotted against Cl
because chloride once dissolved is assumed to act conservatively until halite precipitation
and also to indicate the degree of up-concentration of solutes in the waters, either due to
evaporite dissolution or to evapotranspiration (Banks et al. 2004; Smith and Compton
2004). It appears that concentrations of major ions such as Na™, Mg”, and Ca®>" and
SO4>~ as a function of CI~ are building up in solution by evapoconcentration (Fig. 14).
Only HCO;3;™ shows depletion against ClI~ during evaporation (Fig. 14a). The HCO;™
might be removed from Lake Qarun due to precipitation of calcite. The Ca*" concentration
in lake water does not show depletion against CI~ throughout calcite precipitation
(Fig. 14b). This is due to the relative initial excess of Ca®* over HCO; ™ in the lake water.
Thus, calcite precipitation in Lake Qarun is limited by HCO; ™. Additionally, removal of
Ca”" through gypsum precipitation is possibly not observably achieved. This is due to the
fact that only few locations in Lake Qarun just reached saturation with respect to gypsum
(Fig. 6). This means gypsum is currently not precipitating in Lake Qarun with huge
amounts because it did not reach the supersatuartion state yet. Also, waters do not start to
precipitate gypsum until they are nearly free of HCO;~ (Hardie and Eugster 1970).

3.6 Simulation Model of Evaporation Trend of Lake Qarun Water

The concept of this model is to predict the changes in lake water chemistry by any further
evaporation. If the rate of evaporation at the area of Lake Qarun will be constant like the
present time, the predicted decreasing of water flow from Nile River to Lake Qarun after
construction of the Ethiopian Dam can cause a negative value in the lake water storage.
However, the predicted climatic changes via global warming can led to higher rates of
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evaporation than the current situation. So, in future, a further evaporation of lake water is
expected, and this will modify the geochemical behavior of lake water. Abdel Wahed et al.
(2014) studied a simulated evaporation model of drainage water inflow toward Lake
Qarun. They stated that the lake water has been evolved from the surface drainage water
mainly by evapoconcentration process through which HCO;~ removed by calcite pre-
cipitation and lake water just reached saturation state with respect to gypsum and still
undersaturated with respect to halite. These findings by were correlated very well with the
real composition of Lake Qarun water (Abdel Wahed et al. 2014).

Currently, Lake Qarun water is supersaturated with respect to calcite, saturated with
respect to gypsum at some locations, and undersaturated with respect to halite at all
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locations (Fig. 6). Also, HCO;~ depleted during calcite precipitation (Fig. 14). What is the
expected evolution of Lake Qarun water under further evaporation? To answer this
question, a simulated evaporation model was carried out. In the present study, the
simulated evaporation model was carried out at a constant partial CO, pressure of 1073
and temperature of 25 °C. Also, whenever the water became saturated with respect to
calcite, gypsum, or halite, these solid phases will precipitate and the solution will remain in
equilibrium with them. The model was simulated using PHREEQC-3 software program
with Pitzer database (Parkhurst and Appelo 2013). The simulated model was designed to
simulate the evaporative concentration of the 1 L of water by the removal of 52.5 mol of
water in 20 steps (i.e., 94.6 % of water removed). The output results of the simulated
model will be compared with the Hardie and Eugster’s model that was described earlier.
As it is mentioned earlier, Lake Qarun water during evaporation should follow the path II-
IIB (Figs. 12, 13) along which calcite and gypsum should precipitate and the water reaches
the final composition “Na-Mg-SO,—C1” (neutral brine). Along the path II-IIB, calcite
precipitation is limited by HCO;~ while gypsum precipitation is limited by Ca*". Calcite
precipitation is already observed in Lake Qarun. On the other hand, the lake water did not
show depletion of Ca®" as a result of gypsum precipitation. This is because only few
locations in the lake are just reached the saturation state with respect to gypsum. However,
because the lake water reached the saturation state with respect to gypsum, this means that
any further evaporation of lake water should force gypsum to precipitate. Thus, during
further evaporation through the simulated evaporation model, removal of Ca*" from so-
lution is expected due to precipitation of gypsum.

The simulated evolution of major ions species (in mol/kgy..;) and also saturation
indices of calcite, gypsum, and halite plotted against C1~ are shown in Fig. 15. During
further evaporation of Lake Qarun water, major species such as Mg2+, Nat, SO42_, and
C1™ should build up in solution, while Ca”*" should be removed due to gypsum pre-
cipitation (Fig. 15a). Also, the simulated saturation indices results showed that calcite and
gypsum are precipitated and became in equilibrium with the solution during the further
evaporation of lake water (Fig. 15b). Calcite precipitation is limited by HCO3;™ while
gypsum precipitation is limited by Ca”". On the other hand, the solution reached super-
saturation with respect to halite only at the last step of evaporation (Fig. 15b). So, removal
of Ca** and accumulation of SO, during the simulated evaporation as a result of gypsum
precipitation is achieved. These findings agreed well with the Hardie and Eugster’s model
(Figs. 12, 13), in which gypsum divide coming next to calcite divide during evolution of
Lake Qarun water by evaporation. Accordingly, by using this simulated model, it is pos-
sible to expect the evolution of Lake Qarun water through time. This can be done by
monitoring of climate changes and also the changes in the ionic composition of the lake
with time and input these data to the PHREEQC software and carry out the simulated
model.

3.7 Stable Oxygen Isotope

Variation in the oxygen isotope composition of water is expected to be a function of
evaporative enrichment. Increasing evaporative concentration is reflected by increasing
3'%0 (Gat 1996). In the present study, the lowest 8'%0 of value +3.09 %o was recorded for
water sample from sampling location 1, which was taken at Lahun at the head of Fayoum
irrigation system (see Fig. 1), and the highest surface water value (5'%0 = 47.95 %o) was
recorded from the open water of Lake Qarun (Table 2). Water samples collected from the
irrigation canals and drains and from the lake close to El-Bats and El-Wadi drains inflows
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had intermediate values. This suggests that the water is subjected to evaporative concen-
tration as it flows from Lahun to Lake Qarun as evidenced by the resulting §'*0 values.
Jusserand et al. (1988) determined the values of 8'%0 in the waters of Lake Qarun (sampled
in March and August 1984) and discussed their significance and origin. The obtained
isotopic values coincide and support the results of the present study.

Given that §'®0 and TDS are largely expected to reflect the degree of evaporation, the
rise in the electrical conductivity values of water, from Lahun to the lake, along with the
increasing of 5'®0, suggests that the water in the Fayoum has been subjected to
evaporative concentration. There is a strong positive correlation (R* = 0.99) between 3'*0
and conductivity (Fig. 16), indicating that the rise in 8'%0 can be attributed to evaporative
concentration. These findings are in good agreement with those of Gibbs’s model (Fig. 11),
which suggests that the water in Fayoum Depression have been geochemically evolved as a
result of evaporative concentration through its course from Lahun toward Lake Qarun.
However, the dissolution of preexisting evaporites can contribute to the high TDS con-
centrations of drainage waters, particularly those collected close to the Lake Qarun. This
indicates that the high TDS of drainage waters in Fayoum Depression is possibly due to
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Fig. 16 Relation between 3'®0 and conductivity of surface water samples collected from Fayoum
Depression. The positive strong correlation reflects the evaporation effect on both TDS and 8'%0 values of
the surface water in Fayoum Depression

evaporites weathering as well as evapoconcentration process. In some cases of surface
runoff with high TDS, it is difficult to distinguish between dissolution of evaporites and
evaporation effect on Gibbs’s model (Baca and Threlkeld 2000). This is because Gibbs’s
model (Gibbs 1970) always suggested that the high TDS of surface runoff is controlled
only by evaporation. However, both results of 3'®0 and Gibbs’s model indicate that the
Lake Qarun water is mainly controlled by the evaporation-crystallization process (Figs. 11,
16).

4 Conclusion

The geochemical evolution of Lake Qarun water was studied using a number of samples
collected from the lake and its surroundings. The sampling plan covered the area’s main
source of Nile water (water from the Bahr Yousef channel), irrigation waters, drainage
water, and lake water. The water evolved along its flow path from Ca—-Mg-HCO; fresh
water at the main source, Bahr Yousef, to higher salinity Na—Cl-SO, drainage waters
reaching Lake Qarun. The more saline drainage waters evolve from the initial Bahr Yousef
water through processes dominated by the dissolution of evaporite minerals such as
gypsum and halite from the Fayoum area and also by evapoconcentration. The dissolution
of gypsum leads to increased SO,*~ and Ca®" levels but the high activity of Ca”" in the
presence of HCO;~ forces calcite precipitation, while SO~ continues to increase. In
contrast, the dissolution of halite increases the Na™ and C1™ content of the drainage surface
water. Drainage surface waters conveyed by El-Wadi and E-Bats drains represent the main
inflow into Lake Qarun. The lake water composition indicates that water in the lake
evolved from surface drainage water through progressive evapoconcentration. The appli-
cation of Hardie and Eugster’s model as well as the simulated evaporation model showed
that lake water should follow the path on which 2mCa*" > mHCO;~ and then
mS04>~ > mCa®". Along this path, HCO;™ is removed through calcite precipitation fol-
lowed by removing of Ca*" through gypsum precipitation and the solution should reach
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the final composition “Na-Mg-SO,~CL” Oxygen isotopes (8'°0) results and Gibbs’s
model (Gibbs 1970) demonstrated that evaporation crystallization is the main process
controlling the evolution of Lake Qarun water chemistry. A simulated evaporation model
was carried out to predict the impact of any further evaporation for Lake Qarun water. The
model showed that by further evaporation of lake water due to the decrease in water flow to
the lake as well as increasing of the rate of evaporation, calcite and gypsum will precipitate
within the lake and keep in equilibrium with solution. In addition, lake water reaches
supersaturation with respect halite at the latest stages of evaporation. The output results of
the simulated model agreed well with the Hardie and Eugster’s model and also with the
observed ionic composition observed in the water of Lake Qarun.
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Lake Qarun is an inland closed saline lake. It lies within the Fayoum Depression in the Western Desert of
Egypt. Evaporation modeling has been carried out using PHREEQC to simulate the geochemical evolution
of surface drainage waters inflow towards lake water. In the case of Lake Qarun, it is the first attempt to
carry out such kind of modeling. Performance of this model helped to address the different sources of dis-
solved major ions to Lake Qarun and to identify the mechanisms control the lake’s water chemistry. The
model demonstrated that evaporation-crystallization process is the main mechanism controlling the
evolution of lake water chemistry where major ions Na*, Mg?*, CI~ and SO3~ have been built up in the
lake by evaporation while Ca?* and HCO3 are depleted by calcite precipitation. Moreover, the simulated
model reproduced the real data observed in Lake Qarun except in the case of SO~ which is in real more
enriched in the lake than the model output. The additional source of SO is reported to be from ground-
water. The models result agreed well with the modified evolutionary Hardie and Eugster’s scheme (1970)
in which the final major composition of Lake Qarun water is Na-Mg-S0,4-Cl type. In future, the monitor-
ing of Lake Qarun chemistry with detection of any other sources of elements and/or local reactions inside
the lake can be detected by performing the simulated evaporation model reported by the present study.
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1. Introduction

Closed lakes are exclusive features of the arid and semiarid
zones where annual evaporation exceeds rainfall. Closed lakes
are salty with varying degrees. This is caused by evaporation
exceeding inflow, by the inflow being saline or both (Eugster and
Hardie, 1978). Based on major ions such as Na*, K*, Mg?*, Ca?*,
S0%~, Cl-, and HCO3, Hardie and Eugster (1970) generalized an
evolutionary model that interprets the chemistry of waters under-
going evaporation in terms of a succession of chemical divides. A
chemical divide is a point in the evolution sequence of brine at
which precipitation of a mineral depletes the water in certain cat-
ions or anions and further evaporation moves the solution along a
distinct pathway. The main concept of chemical divide is that
whenever a binary salt is precipitated during evaporation, and
the effective ratio of the two ions in the salt is different from the
ratio of the concentrations of these ions in solution, further
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evaporation will result in an increase in the concentration of the
ion present in greater relative concentration in solution, and a
decrease in the concentration of the ion present in lower relative
concentration (Drever, 1982). Although there are many modifica-
tions of the basic Hardie-Eugster evolutionary model, this study
will only be based on the modification proposed by Drever (1982).

Simulated evaporation of natural waters by PHREEQC is widely
used because of its capability of removing moles of water from the
solution (Parkhurst and Appelo, 1999; Smith and Compton, 2004).
PHREEQC is publicly available, expandable, and well documented
geochemical modeling code with an extensive thermodynamic
database. Also, the capabilities of PHREEQC include simulating
the chemical behavior of aqueous solutions composed of all major
solutes.

Lake Qarun, the object of the present study, is one of the largest
inland saline closed lakes in the North African Great Sahara. This
lake is the deepest area in the River Nile flood plain, making it
the final destination of both natural (subsurface flow) and artificial
(agricultural) drainage in the Fayoum Depression (Fig. 1). Since the
lake has no natural outlet (Wolters et al., 1989), the drainage water
impounded is subject to concentration by evaporation. An average
of about 385 x 10°kg of salts are washed out annually from
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Fig. 1. Location map of Fayoum with sampling sites (triangles) and sampling codes (numbers inside the lake).

cultivated land and conveyed to the lake (Meshal, 1977). A volume
of fresh water nearly equal to that of the inflowing water is lost
annually from the lake through evaporation while the dissolved
salts are left in the lake (Meshal, 1977). The lake brine is subjected
to gradual evaporation resulting in an increase in its salinity
(Gorgy, 1959). The current salinity of Lake Qarun is ~35 g/kg on
average. The increase in salinity has been attributed mainly to
the evaporative concentration of drainage water within the lake
(Ball, 1939; Meshal, 1977; Rasmy and Estefan, 1983).

The aim of the present work is to simulate an evaporation
model using PHREEQC software along with the Hardie-Eugster
evolutionary model to assess the geochemical evolution of Lake
Qarun water. To test the validity of the simulated PHREEQC model,
its output results will be compared with the real and experimental
data of the lake water. The studying of this simulated model will be
useful in different ways such as (1) to identify the geochemical
processes controlling Lake Qarun chemistry, (2) to define the dif-
ferent sources of elements to the lake, and (3) to anticipate future
evolution of the lake water composition with any change in the
chemistry and inflow rate of drainage water to the lake, as well
as changes in the evaporation rate.

2. Study area and methods
2.1. Site description

Lake Qarun is a closed saline basin located between the longi-
tudes of 30° 24’ & 30° 49’ E and latitudes of 29° 24’ & 29° 33' N
in the lowest northern part of the Fayoum Depression, about
95 km south west of Cairo (Fig. 1). The lake is at 43 m below sea
level. It has an irregular elongated shape of about 45 km length
and 6 km mean width with an average area of about 240 km?2.

The water depth ranges from 5 to 8 m, decreasing toward the lake
shores. The River Nile is the main source of fresh water, reaching
the Fayoum region via Bahr Yousef (Fig. 1). Agricultural returns
are collected as drainage water and passed into Lake Qarun from
the south and southeast through two main drains, EI-Wadi and
El-Bats, with other minor drains between them (Fig. 1). To the
north, the area is completely covered by sand and rock with several
exposures of diatomite (Aleem, 1958).

Lake Qarun water is currently alkaline, saline and turbid. The
lake comprises two main basins. The western basin has a maxi-
mum depth of 8.4 m whereas the eastern basin is shallower with
a maximum depth of less than 5 m (Flower et al., 2006). The water
temperature ranges seasonally between about 15 and 33 °C (Ball,
1939; El Sayed and Guindy, 1999).

2.2. Climate

The studied area lies in Egypt’s arid belt characterized by hot
long dry summer and mild short winter, in addition to low sea-
sonal rainfall and a high evaporation rate. Fayoum district climac-
tic data shows that the mean annual rainfall is 7.2 mm/year (Ali
and Abdel Kawy, 2012). Currently, the mean minimum and maxi-
mum annual temperatures are 14.5°C and 31 °C, respectively.
The lowest evaporation rate (1.9 mm/day) is recorded in January
while the highest value (7.3 mm/day) is recorded in June and the
annual mean relative humidity varies between 50% and 62% (Ali
and Abdel Kawy, 2012). The climate in the Lake Qarun region is
generally dry (Baioumy et al., 2010).

2.3. Hydrology

The irrigation and agricultural system in the Fayoum region
depends mainly on Nile water. Fayoum City, the principal town
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in the area, is a water distribution center for the Fayoum (domestic
demands) and a network of canals and small pumping stations
deliver water to the agricultural regions. The lake is surrounded
to the south and southeast by cultivated land which slopes steeply
towards the lake, forming a sink for drainage water (Fig. 1). The
lake is used now as a general reservoir for agricultural drainage
wastewater as well as sewage waters. It is known that agriculture
returns and excess water are passed to Lake Qarun by two principal
drains named El-Wadi and El-Bats drains (El-Shabrawy and
Dumont, 2009). El-Bats drain receives agricultural drainage water
as well as crude sewage water from the eastern and northeastern
part of the Fayoum Depression while EI-Wadi drain receives drain-
age water from the middle region of the Fayoum Depression, which
is discharged into the middle part of the lake (Fig. 1). The lake gains
drainage water about 338 x 10° m?/year from El-Bats and El-Wadi
drains and about 67.8 x 10° m?/year from groundwater while it
losses about 415 x 106 m®/year by evaporation (Meshal, 1977;
Abd Ellah, 1999; Keatings et al., 2007; El-Shabrawy and Dumont,
2009). So, the net water budget is negative by 9.2 x 10° m?|year.
A volume of fresh water nearly equal to that of the inflowing water
is lost annually from the lake through evaporation (Meshal, 1977).

2.4. Sampling and sample analysis

In summers (June 2010, June 2011 and June 2012), surface
water samples were collected from Lake Qarun, the main recharge
sources (El-Bats and EI-Wadi drains) and the Nile water (Bahr You-
sef) (Fig. 1). Samples locations were recorded with a handheld Gar-
min-GPS device. Measurements of electrical conductivity (EC), pH,
and temperature were carried out in the field using a SG78-
SevenGo Duo pro (pH/Ion/Conductivity) portable meter. TDS (Total
dissolved salts) was measured by the total summation of dissolved
major ions. Polythene bottles were cleaned by acid steam stripping
and left for 2 days followed by thorough rinsing with distilled
water. In situ, the polythene bottles were rinsed by the collected
water at each station and then filled with water, tightly sealed
without any air bubbles and labeled. The samples were transported
to the laboratory for analyses within 1 h of sample collection and
some analyses were conducted immediately (e.g. HCO3). Samples
were filtered through a 0.45 pm cellulose acetate membrane filter
for major ion analysis and kept in a refrigerator at 4 °C. All water
samples were analyzed for major ions (Na*, K*, Mg?*, Ca®*, SO3~,
Cl7, and HCO3) in accordance with approved analytic methods,
as summarized in Table 1 (APHA, 1998). All analyses were carried
out in the Water Quality Central Laboratory, Fayoum Drinking
Water and Sanitation Company, Fayoum, Egypt. This laboratory
was awarded the ISO/IEC 17025/2005. Saturation indices (SI) of
the studied water samples were calculated using the PHREEQC-2
(Parkhurst and Appelo, 1999).

3. Simulated evaporation model

Simulated geochemical modeling of evaporation process was
done using PHREEQC-2 (Parkhurst and Appelo, 1999; Smith and
Compton, 2004; Banks et al., 2004). Simulated evaporation of nat-
ural waters by PHREEQC is widely used because of its capability of

Table 1
Analytical methods of water samples, after APHA (1998).

Analytic parameter Method (APHA, 1998)

Nera 4500-504%" E
c- 4500-Cl B
HCO3 2320-B Titration method

Na*, K*, Mg?* and Ca®* 3120 B, ICP method by ICP-OES

removing moles of water from the solution (Parkhurst and Appelo,
1999; Smith and Compton, 2004). Merkel and Planer-Friedrich
(2005) offered a practical guide for modeling natural and contam-
inated aquatic systems. They reported some guide instructions
regarding PHREEQC software, which were useful in the present
study. The modeling hypothesis is that the Lake Qarun evolved
geochemically through the progressive evaporation of drainage
water inflow coupled with progressive removal of mineral phases
as saturation ceilings are reached. As mentioned earlier, the 20th
century’s increase in salinity was mainly attributed to evaporative
concentration of drainage water within the lake (Ball, 1939;
Meshal, 1977; Rasmy and Estefan, 1983). As a starting point of
the simulated hydrogeochemical model, water samples from the
two drains (El Bats and El Wadi) were selected that could poten-
tially be representative of inflow feeding Lake Qarun system. Tak-
ing the major ions composition in Table 2 of EI-Wadi and E-Bats
drains as two starting points, PHREEQC-2 Interactive version 2.18
was used for modeling. The models were designed to simulate
the evaporative concentration of 1L of water by the removal of
52.73 mol of water in 40 steps for both samples (i.e., 95% of water
removed). This concentration factor is regarded as plausible for rel-
atively closed systems (such as lakes), given that annual potential
evapotranspiration exceeds inflow (Parkhurst and Appelo, 1999;
Banks et al. 2004). At every step of the 40 steps, the solution was
equilibrated with a partial CO, pressure of 10~>° atmospheres
(i.e., approximately atmospheric). The following mineral phases
were allowed to precipitate out when (and if) they became over-
saturated: calcite, gypsum and halite.

4. Results and discussion

The mean values of major ions concentrations of the investi-
gated water samples collected from the three environmental
matrices during the period June 2010, 2011 and 2012 are given
in Table 2. The data showed that the concentrations of most ions
and TDS are in the following order: lake water > drainage water >
Bahr Yousef water (Nile water). Bahr Yousef has an order of cations
abundance (as meq%) as Ca®*>Na*>Mg?* > K" while the abun-
dance of anions is in the order HCO3 > SO%~ > Cl~. Drainage water
inflow showed that the order of cations dominance is Na* > Ca?*
> Mg?* > K* and the order of anions is CI~ > SO3~ > HCOj3. At the
last station (Lake Qarun), the order of cations dominance is Na*
> Mg?* > Ca?* > K* and the anions is CI~ > SO3~ > HCOs3.

4.1. Brine type and geochemical evolution of Lake Qarun water during
evaporation

Eugster and Hardie (1978) suggested a classification scheme for
lake brines based on the chemical composition of saline lakes (in
mol%) in terms of the major cations (Na*+K"), Ca®" and Mg?*;
and anions Cl-, SO~ and (HCO3 + CO%"). The same authors gave
a numerical expression for lake brines, namely the “brine type”,
according to the field in which the ionic composition of the lake
brine fits into the representative diagrams for cations and anions
respectively (Fig. 2). Based on the data given in Table 2, Lake Qarun
water has the brine type 4-5, the drainage water has 3-3 type, and
seawater has the type 4-1 (Fig. 2). Bahr Yousef water is not classi-
fied here in this diagram because it is a freshwater type (Risacher
and Fritz, 1991). The cation field being listed before the anion field
and the ions of higher concentrations before lower ones. Conse-
quently, Lake Qarun brine can be specified by the chemical label
Na-(Mg)-CI-SO,4, drainage water is labeled as Na-(Ca)-(Mg)-Cl-
(SO4)-(HCO3), and seawater is Na—-(Mg)-Cl. Parentheses indicate
that the mole ratio of the included ion is less than 25 mol%. lons
with mole ratios less than 5 are not included in such chemical
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Mean values of major ions concentrations (in mg/1) of surface water samples collected from Bahr Yousef (Nile water), from El-Wadi and El-Bats drains (drainage water inflow) and
from Lake Qarun during the periods June 2010, June 2011 and June 2012.

Sample code K* Na* Mg?* Ca?* cl- S03~ HCO3 pH TDS
Bahr Yousef (Nile water)
3.89 2345 9.63 33.36 24.44 37.10 126.93 7.77 258.8
Drainage water inflow
El-Wadi drain 17 481.67 65.89 188.03 73033 51031 277.47 7.6 2270.7
El-Bats drain 233 425 63.6 166.8 758.33 502 220.07 7.73 2158.77
Lake Qarun water samples
1 285.33 9360.6 969.87 418.8 11525.5 11808 179.53 8.19 34547.7
2 304.67 9601.67 1045.23 430.97 11822.67 11580 201 8.23 34986.2
3 250.33 7940.66 846.6 3579 10544.3 8704.8 175.73 8.2 28820.33
4 325.5 9458.33 1027.03 514.47 11695 11417.43 181.07 8.29 34618.83
5 480 9919.33 1147.67 523.53 12339.77 10695.33 184.37 8.38 35290
6 289 9549.65 1131.33 394 12305.67 10453 192.13 7.82 34314.8
7 282.67 10165.68 1238.73 453.33 12092 12392 159.9 823 36784.3
8 386.67 12124.7 1177.33 3294 12278.33 12387 156.45 8.29 38839.85
9 300 9949 1267.17 483.83 123171 12376 156.33 833 36849.43
10 296.67 10162.6 1237.5 496.97 12415.1 13461.33 166.1 832 38236.33
11 289.83 10887.67 1217.33 463.43 12472.37 13630 157.2 8.34 39117.83
12 362 12271 1203 453.2 12383.67 12207 157.13 8.37 39037
13 296 10158.5 1100.17 449.53 12509.37 12283.33 170.73 8.27 36967.63
Seawater (Rasmy and Estefan, 1983)
387 10760 1294 413 19353 2712 142 - 35136
Cl Na+K Mg

W Leke Qarun water

(O seawater nL 4 ] 14_Ay

A Drainage water inflow N\ a3 7 13

9
6 12

13

18 N9

HCO,+ CO, Ca

Fig. 2. Plot of the studied water samples on the brine classification scheme in mol%, after Eugster and Hardie (1978).

2mea?* > Alkalinity

Na, Ca, Mg, SO, CI

2+
mea” > Mgoz-

Gypsum precipitates

Na, Ca, Mg, HCO3, SO4, Cl

2+
I-A - 11-8™~Ms03-> M ca

2mug>* > Alkalinity

Calcite precipitates

Na, Ca, Mg, Cl l

I Na, Mg, SO, Cl ” Na, Mg, SO, Cl |

| Na,cos, 50,

Fig. 3. Some possible paths for the evaporation model of natural waters made by Hardie and Eugster (1970) and modified by Drever (1982). Noting that, during evaporation,
Lake Qarun evolves along the path Il — IIB.
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labels (Eugster and Hardie, 1978). It seems that the Lake Qarun
water evolved from the drainage water inflow by progressive evap-
oration and removal of Ca and HCOs;. Moreover, the lake water
composition is higher in SO3~ and lower in Cl~ than seawater.

Herczeg and Lyons (1991) showed that the main initial condi-
tions required for the formation of the Na*-Mg?*-Cl~-S0% "~ brines
are (1) 2mCa®*/HCO3 mole ratio > 1, allowing Ca?* to build up in
solution during calcite precipitation whilst HCO3 diminishes, and
(2) SO3/Ca%* mole ratio > 1, allowing SO3~ to build up in solution
during gypsum precipitation whilst Ca?* diminishes. Similarly,
Drever (1982) modified the evolutionary scheme made by Hardie
and Eugster (1970) as shown in Fig. 3. In this scheme, alkalinity
is represented by HCO3 (Eugster and Hardie, 1978; Eugster,
1980). Based on this scheme, after calcite precipitation, the solu-
tion will follow path I when mHCO3 >2mCa?* or follow path II
when the opposite is true (Fig. 3). In Qarun Lake, the initial drain-
age water inflow has 2mCa?*/HCO3 > 1 (see Table 2). During evap-
oration, calcite precipitation causes Ca®* to build up in solution
whilst HCO3 diminishes. This is due to the effects of chemical
divide principle (Drever, 1982). The result of this principle is that
the small differences in ionic ratios in the dilute starting composi-
tion can produce brines of different and diverse composition as the
water chemistry evolves during evaporation. Calcite precipitation
in Lake Qarun was reported by Baioumy et al. (2010) and also con-
firmed in the present study (Fig. 4). As a result, after calcite precip-
itation, Lake Qarun water has 2mCa?* > HCOj3 (see Table 2). Thus,
the solution should follow path II (Fig. 3). In the next step, Lake
Qarun has mS03~ > mCa?". So, during consequent evaporation,
gypsum should precipitate and then the solution will follow path
[I-B. At some locations of Lake Qarun, the lake water reached satu-
ration state with respect to gypsum (Fig. 4 and Table 2). In fact,
gypsum precipitation in Lake Qarun will not greatly affect the
SO%~ concentration due to the initial excess of SO~ over Ca**
where the average mS03Z /mCa®* is ~11. Therefore, the solution
should evolve until reaching the final composition “Na-Mg-SO4—
Cl” (Fig. 3).

4.2. Behavior of major ions during evaporation of Lake Qarun water
(real data)

Water in endorheic lakes in arid and semi-arid areas often
becomes saline or hypersaline as a result of evaporative enrich-
ment (Fritz, 1990). To study the behavior of major solutes during
lake water evolution, the concentrations of the major ions and sat-
uration indices (SI) are plotted against chloride. In most cases, spe-
cies concentrations or saturation indices are plotted against Cl~
because chloride once dissolved is assumed to act conservatively
until halite precipitation and also to indicate the degree of up-con-
centration of solutes in the waters, either due to evaporite dissolu-
tion or to evapotranspiration (Eugster and Jones, 1979; Banks et al.,
2004; Smith and Compton, 2004).

The Saturation Indices of calcite, gypsum and halite versus Cl~
for Bahr Yousef, drainage water inflow and Lake Qarun water sam-
ples are given in Fig. 4. All waters appear to be supersaturated with
respect to calcite and undersaturated with respect to halite. On the
other hand, Bahr Yousef water and drainage water inflow are
undersaturated with respect to gypsum while some locations in
Lake Qarun reached saturation state with respect to gypsum
(Fig. 4 and Table 2). It seems that the saturation indices of gypsum
and halite increase toward Lake Qarun due to the evaporite disso-
lution and/or evapoconcentration process (Fig. 4).

Using the mean concentrations of the major ions of all water
samples given in Table 2, all species (in meq/l) are plotted against
Cl~ (Fig. 5). The plotting of HCO3 versus Cl~ of the studied water
samples showed HCO3 depletion in Lake Qarun during progressive
evaporation (Fig. 5a). It seems that the HCO3is removed from Lake

Qarun due to precipitation of carbonate species. Calcite is the first
mineral to precipitate at earlier stage of brine evaporation. The
precipitation of CaCOs is evidenced by the supersaturation of lake
water with respect to calcite (Fig. 4). During evaporation of the sal-
ine lakes, the total carbonate (HCO3 + CO3 ) decreases for both CO,
degassing and mineral precipitation (Eugster and Jones, 1979).
Calcium concentration in lake water increases with Cl~ relative
to HCO3during evaporation because calcite precipitation is limited
by HCO5 (Fig. 5b). However, the concentration of Ca?* against Cl” is
much lower than other cations such as Na* and Mg. The average
maximum concentration of Ca?‘recorded in Lake Qarun is 22.1
(meq/1) while Na* and Mg?* recorded 440.15 and 92.45 (meq/l),
respectively. The Ca?* trend does not show depletion against Cl~
because gypsum may not heavily precipitate from Lake Qarun
water. This is due to the saturation index of gypsum showed that
gypsum has just closed to saturation state at some locations in
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Fig. 4. Saturation indices of (a) calcite, (b) gypsum and (d) halite of the studied
water samples.
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Qarun Lake (Fig. 4). In addition, the waters do not start to precipi-
tate gypsum until they are nearly free of HCO3 (Hardie and
Eugster, 1970).

Magnesium behaves conservatively during lake water evolution
(Fig. 5¢). The removal of Ca%* from the brine during calcite precip-
itation results in an increasing Mg:Ca ratio and, as a result, calcite
precipitating from brines evolves from low to high-Mg calcite
(Eugster, 1980). Because of the relatively low concentrations of
Ca?* and alkalinity in the lake water compared to Mg?*, uptake of
Mg?* into calcite does not noticeably affect the concentration of
Mg in the lake.

Potassium increases continuously throughout lake water evo-
lution during evaporation. The plotting of K* against ClI- shows
no depletion of K* throughout brine evolution and K* tend to
accumulate at late stages of evaporation (Fig. 5d). It seems that
K" is not significantly adsorbed by clay sediments in Lake Qarun.
But, K* concentration in Lake Qarun is too much low compared to
Na and Mg?*. The maximum K recorded 8.16 (megq/l) while Na*
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and Mg?* recorded 440.15 and 92.45 (meq/l), respectively. K*
concentration is the least dissolved cation in the drainage water
inflow. Consequently, during evaporation all cations should build
up proportionally in Qarun Lake based on their initial concentra-
tions in the inflowing drainage waters. Only one exception is that
Ca?* concentration is much more than K* in the drainage water
inflow, however, there is no big difference between these two
ions concentrations in Qarun Lake (see Table 2). This is due to
the depletion in Ca®* ion through precipitation of calcite in the
lake.

Sulfate steady increases versus Cl~ during lake water evolution
and shows no depletion during the different stages of evaporation
(Fig. 5e). As mentioned earlier, gypsum precipitation in the Lake
Qarun will not significantly affect the concentration of SO, due
to its initial great excess over Ca®*. Moreover, according to the
principle of the chemical divide discussed above, by gypsum pre-
cipitation SO3~ will accumulate during evaporation while Ca®* will
be removed.
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Fig. 5. Concentrations of (a) HCOs, (b) Ca, (c) Mg, (d) K, (e) SO4 and (f) Na plotted against Cl for sampled waters.
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Sodium behaves conservatively versus Cl- during the lake
water evolution (Fig. 5f). Na* and CI~ are the most dominant ions
in the drainage water inflow and also in Lake Qarun water. The
two ions act conservatively during evaporation until halite starts
to precipitate. Lake Qarun did not reach yet supersaturation with
respect to halite (Fig. 4).

4.3. Modeling evolution of Lake Qarun water from the surface drainage
water inflow (simulated data)

In this section, the validity of the simulated model has been
tested by comparing its output results with the real and experi-
mental data of Lake Qarun.

Selected modeling results for initial water compositions of the
two selected samples (EI-Wadi and El-Bats drains) are shown in
Fig. 6. In both models, during the first step, there is an initial abrupt
increase in pH of the model run. This is because of equilibration of
the selected water samples with the partial pressure of atmo-
spheric CO, gas by CO, degassing. This process affects pH but not
alkalinity, as pointed out by Appelo and Postma (1996) and
Banks et al. (2004);

HCO; =CO, + OH™

After that, in both models, pH shows a steady rise due to the rel-
ative excess of OH ™. During next steps, slightly lower pH values
were observed during precipitation of calcite. This is due to the
buffering effect of this reaction:

Ca®* + HCO; = CaCO; +H*

At the latest steps of evaporation, after calcite precipitation and
starting of gypsum precipitation, the pH starts gradually increase
again.

Both water samples gave similar results during the modeling
runs. Indeed, Na, Mg and SO3~ increase in proportion to Cl~
(Fig. 6a and b) and both samples have an initial Ca%* (as megq/l)
exceeding HCO3 concentration. During calcite precipitation, HCO3
decreases because calcite precipitation is limited by HCOs. Then,
according to the chemical divide rule, Ca?* concentration increases
until waters become in equilibrium with gypsum, at which Ca%*
concentration stabilizes and then decreases at the last step. Sulfate
seems not significantly affected by gypsum precipitation due to its
initial excess over Ca®*. So, when solution starts to precipitate gyp-
sum, the SO~ continues to build up in solution. The final solutions
in both models show steady increasing in Na, Mg and SO, against
Cl. The high level of Na*, CI- and SO3 is strongly controlled by
increased concentration due to evaporation (Huang et al., 2009).
According to the classification made by Eugster and Hardie
(1978) for lake brines (as mol%), in both models, the resultant sim-
ulated waters at step 40 (final step) are of Na-(Mg)-CI-(SO,) type.
This result is much similar to the real brine classification of Lake
Qarun water, which is Na-(Mg)-CI-SO,4 (see Fig. 2 and Section 4.1).
Parentheses indicate that the mole ratio of the included ion is less
than 25 mol%. So, the only difference is that the real lake water is
enriched in SO~ than the final step of the simulated model. This
means that there is other additional source of SO4 rather than
the surface drainage water. The main source of SO5~ ion in lake
water is probably groundwater (El Sayed and Guindy, 1999; Fathi
and Flower, 2005; Keatings et al., 2007).

It is noticed that, the modeling data (Fig. 6) reproduced the
trends seen in real hydrochemical data (see Fig. 5). Results indi-
cated that, calcite precipitation causes Na*, Mg?*, SO3~ and CI~ to
accumulate in the water preferentially over HCO3 and Ca?*. Addi-
tionally, the calculated saturation indices of calcite, gypsum and
halite evolved similarly in the modeled data (Fig. 7) and the real
data (Fig. 4). Indeed, both data showed (1) calcite precipitation,
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Fig. 6. Modeled evaporative concentration of selected water samples, (a) El-Wadi
drain and (b) El-Bats drain, in equilibrium with a partial CO, pressure of 10> atm.,
using PHREEQC-2 Interactive, in 40 steps. Calcite, gypsum and halite precipitation
are permitted.

but the saturation limit (SI = 0) used in the model to control calcite
precipitation, as opposed to the observed fact that real calcite SIs
exceed zero, presumably due to kinetic factors (Banks et al.,
2004), (2) Gypsum remains undersaturated at most salinities, but
at latest stages it reaches saturation state in Lake Qarun, and (3)
halite remains undersaturated in all waters.

The modeling runs demonstrate the Hardie and Eugster (1970)
concept of saline surface water evolution that invokes the common
ion effect to explain how initial water compositions during each
evapoconcentration step controlling the next one and the solution
is eventually gravitating towards a limited number of final compo-
sitions. It appears that the results of the modeling runs agree with
the hydrochemical evolution path of Lake Qarun as shown in Fig. 3.
Both results showed that Lake Qarun water has Na, Mg, SO,4, and Cl
as final major constituents.

Table 3 demonstrated that modeling not only reproduces the
trends seen in real hydrochemical data, but also yields final con-
centrations of major ions which are consistent with those observed
in Lake Qarun. Only minor differences are noted. For example, SO~
concentration was higher in Lake Qarun than the simulated results,
which means that there is another additional source of SO4 rather
than the surface drainage water. The main source of SO5~ ion in
lake water is probably groundwater (El Sayed and Guindy, 1999;
Fathi and Flower, 2005). Another observation revealed that maxi-
mum alkalinities in Lake Qarun are higher than those predicted
by the models. This observation reflects the effect of continuous
drainage water inflow with higher HCO3 to the lake and/or because
calcite precipitates more slowly in Lake Qarun than the increase in
concentration of Ca?* and HCOs as evaporation proceeds (Smith
and Compton, 2004).
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Fig. 7. Evolution of mineral saturation indices during evaporation model by
PHREEQC-2 Interactive, in 40 steps. (a) EI-Wadi drain and (b) El-Bats drain.

Table 3

The evaporated end-product (at Step 40) of PHREEQC-2 modeling of evaporative
concentration of initial surface drainage water inflow from El-Wadi and El-Bats
drains, with calcite, gypsum and halite precipitation allowed, compared with the real
composition of Lake Qarun water.

Modeled El-Bats
drain at step 40

lon Modeled El-Wadi
(mg/ drain at step 40
1)

Real Lake Qarun water data
MIN-MAX (see Table 1)

Ca 564.02 547.39 329.4-523.53

Na 9313.71 8211.34 7940.67-12271
Mg 909.91 869.97 846.6-1267.17
HCO5 2733 27.63 156.33-201

SO, 3828.58 3876.58 8704.8-13630

cl 14637.31 15198.83 10544.3-12509.37
pH 7.81 7.81 7.82-8.38

5. Conclusion

El-Wadi and El-Bats drains conveying most of the drainage sur-
face waters to Lake Qarun, representing therefore the main inflow.
Simple evaporation modeling has been carried out using PHREEQC
to simulate the evolution of surface drainage waters inflow
towards Lake Qarun. The modeling data showed good agreements
with the real hydrochemical trends and major ion concentrations
seen in Lake Qarun. The most important findings established by
the simulated evaporation model during this study can be listed
as follows:

e Currently, the model demonstrated that evaporation-crystalli-
zation process is the main mechanism controlling the geochem-
ical evolution of Qarun Lake. Evaporation makes ions such as

Na*, Mg?*, SO3~, and CI" to build up in solution while crystalli-
zation of CaCOj5 causes depletion of HCO3 and Ca?" relatively to
the other dissolved ions.

The model also showed that the lake composition depends lar-
gely on the composition of the inflowing drainage waters.

As well, the model managed to differentiate between the differ-
ent sources of elements to Qarun Lake. This is illustrated in the
case of SO, where its concentration by the evaporation model
was lower than the real concentration in the lake. This means
that there is an additional source of SO, originating from
groundwater source.

In the future, after verification of the simulated model in pre-
dicting the real concentrations of elements in Qarun Lake made
by evaporation during this study, it will be easier to monitor
any change in the chemistry of Qarun Lake with time. This mon-
itoring can be performed by following up the changes in the
composition and rate of inflow of the surface drainage water
as well as the rate of evaporation in the area of the lake.

Now, it is known that Egypt will suffer from decreasing of water
inflows from upstream after the construction of Ethiopian Dam.
Consequently, this will affect negatively the amount of inflow-
ing water to Qarun Lake. So, the rate of evaporation in Qarun
Lake is expected to increase specially with the predicted climate
change via global warming. Therefore, the good agreement
between the experimental results and the theoretical data pre-
dicted by the model validate its applicability to predict future
development of the lake through high rates of evaporation.
These changes can be simulated and expected by applying the
simulated evaporation model described by this study.
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Abstract This paper presents the first assessment study
of the surface water quality in the Egyptian Fayoum
Governorate (Province). A total of 42 water samples from
irrigation and drainage canals as well as Lake Qarun were
collected. Major ions, (semi-)metals, nutrients, salinity and
microbiological parameters were examined. The results
showed that the highest salinities and highest concentra-
tions of Na™, K*, Ca**, Mg?*, SO2~, CI~ and 8'%0 were
recorded in Lake Qarun due to up-concentration by
evaporation. The highest concentrations of Al, Ba, Cr, Co,
Cu, Ni, Fe and Mn were recorded in drainage waters.
Tracking the fate of contaminants through sources—sink
pathways helped to determine the potential sources of
pollution. The highly impacted sites were located close to
point sources of pollution such as sewage water treatment
plants. Water used as drinking water supply has higher
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levels of Al and it can be harmful. High levels of micro-
biological contamination were recorded in irrigation and
drainage waters, which therefore might cause water-borne
diseases. Improper disposal of sewage or on-site sanitation
tank overflowing into these waters is the main cause of
microbiological contamination. Drainage and irrigation
waters generally have high salinities resulting in soil
salinization and degradation. Lake Qarun, a closed saline
and alkaline lake, acts as the reservoir for left-over drai-
nage waters. The results show that the lake has a self-
cleaning system where most of the (semi-)metals carried by
drainage waters are totally adsorbed on the lake sediments.
Therefore, Lake Qarun is playing an important role in the
environmental balancing in the Fayoum Governorate.

Keywords Water quality - Surface waters -
Fayoum watershed - Lake Qarun - Drinking water -
Microbiological contamination

Introduction

Egypt has been suffering from severe water scarcity in
recent years. The per capita share of water has dropped
substantially to less than 1000 m*/year, which is classified
as the “Water poverty limit” and it is projected that the
value decreases to 500 m3/capita in the year 2025 (Abdel
Wahaab 2003). The current water budget in Egypt shows
that the annual water demand exceeds the available fresh
water by 6 Gm>/year. Meanwhile, the water demand is
continually increasing due to population growth, industrial
development and the rise in living standards.

Water quality deterioration is one of the major factors
playing havoc with water security and public health in
Egypt. The declining water quality has become a global
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issue of concern as human population grows, industrial and
agricultural activities expand and potential changes in cli-
mate might threaten the hydrological cycle (WWAP 2009).
Poor water quality has a direct impact on the water quantity
in a number of ways: polluted water that cannot be used for
drinking, bathing, industry or agriculture effectively re-
duces the amount of useable water within a given area.
Generally, the water crisis tends to be regarded as a water
quantity problem; however, water quality is documented in
many countries as a major factor (Ongley 1999). In recent
years, the contribution of degraded water to the water crisis
is also measured in loss of beneficial use: that is, water lost
for beneficial human, agricultural, and ecological uses
through excessive pollution by pathogens, nutrients,
(semi-)metals, organic matter, salinity and other toxic
wastes. Poor water quality has been mainly linked with
public health concerns through transmission of water-borne
diseases. This problem is well known in Africa and in many
other developing countries (Ongley 1999).

The River Nile is the lifeline of Egypt as it services the
country’s industrial and agricultural demand and is the
primary source of drinking water for the population. Be-
cause of the critical situation of water insufficiency in
Egypt, water quality monitoring of the River Nile is
essential to maximize the utilization of every drop of water.

Fayoum, which means “The Lake” (Piacentini 1997),
and its catchment have a unique character: although it is
considered as oasis, it is mainly fed by Nile water that
enters the Fayoum depression via a waterway called Bahr
Yousef (Fig. 1). Fayoum is a closed basin in an arid region
with an internal drainage resulting in no water outflow
except by evaporation (Abdel Wahed et al. 2014). This
means that all dissolved constituents will stay and con-
centrate in the depression either in the water or in the
sediments. The irrigation and agricultural system in the
Fayoum region depend on this water. However, due to
water scarcity, the secondary source of irrigation water in
Fayoum is the reuse of drainage water. Reusing of drainage
waters in agriculture has some general limitations because
of the potentially high (semi-)metal and pathogen content
(FAO 2003). Consequently, water-borne diseases are a
particular concern in the Fayoum Governorate due to this
extensive irrigation by low quality water as well as
inadequate sanitation arrangements. This is an indication
that the water quality not only has a direct impact on the
water quantity but also on the human health.

Lake Qarun, a closed saline lake, is acting as a natural
sink for agricultural drainage water in the Fayoum De-
pression. It is playing an important role in the environ-
mental balancing because it is collecting all excess waters
from the Fayoum region. Additionally, it is a wetland of
international importance for waterbirds and it is the main
source of fish in Fayoum (Fathi and Flower 2005). Some
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copepod species are endemic to Lake Qarun (Paracartia
latisetosa, Apocyclops panamensis and Mesochra holdeti)
(Mageed 1998). Because of the biological diversity and
archaeological and geological importance of the lake eco-
system, it was declared as a nature reserve in 1989.

Previous studies in the Fayoum watershed mainly fo-
cused on Lake Qarun. Mansour and Sidky (2002, 2003) and
Gupta and Abd El-Hamid (2003) for example investigated
the influence of those waters on the lake water quality
while Abdel Kawy and Belal (2012) studied the concen-
trations of selected (semi-)metals in the irrigation and
drainage waters in the watershed [the term (semi-)metals is
used as a substitute for the longer term “metals and semi-
metals”]. Yet, those investigations focused only on single
aspects of the watershed and did not conduct a holistic
approach for all of the watershed’s water types and lake
sediments. In addition, the data in these publications show
a lack of detailed information about the applied method-
ology as well as inconsistencies in their interpretation of
the results.

The evaluation of surface water quality in the Fayoum
Governorate was tackled throughout the current work.
Water from irrigation canals is used as a water supply for
drinking and irrigation. In rural areas of developing
countries, surface water is susceptible to pollution due to
the lack of awareness and education of people living in
these regions. Consequently, this study aims to present an
integrated monitoring and evaluation of the water quality in
the Fayoum Governorate against the criteria of the World
Health Organization (WHO) guidelines for drinking water
quality and the Food and Agriculture Organization of the
United Nations (FAO) guidelines for irrigation water
quality. Moreover, determination of the potential sources
of pollution and tracking the fate of contaminants through
sources—sink pathways are considered. Concentrations of
metals in both water and sediments of Lake Qarun are also
investigated.

Materials and methods
Site and Lake Qarun catchment description

The Fayoum Governorate with a population of 2.48 million
(January 2005 census) and Fayoum City as the principal
town is occupying a natural closed depression in the
Western Desert of Egypt between 29°02' and 29°35'N and
30°23’ and 31°05'E. It extends over 6068 km? and is si-
tuated about 95 km southwest of Cairo (Fig. 1). The Nile
River, on which the irrigation and agricultural system
mainly depend, is the main source of water and the pro-
vince has an internal drainage with Lake Qarun as the
general receiver for agricultural wastewater. The studied
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Fig. 1 Location map showing
the study area and sampling
sites
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catchment lies in Egypt’s arid belt with a hot long dry
summer and a mild short winter and consequently, the
climate is generally warm and dry (Baioumy et al. 2010).
In addition, it is characterized by low seasonal rainfall and
a high evaporation rate. Fayoum City is a water distribution
center for domestic demands in the province and a network
of canals and small pumping stations delivers water also to
the agricultural regions. While all other Egyptian Gover-
norates are conveyed to the Nile River, the Fayoum
Governorate is unique in such as all its drainage water
flows to Lake Qarun.

Lake Qarun is the deepest part in the Fayoum Depres-
sion with an elevation of ~43 m below sea level (Figs. 1,
2). It is a closed, saline and alkaline lake with no outflow
except evaporation. About 67 % of the lake has a water
depth between 2 and 5 m, while 18 % of the lake is deeper
than 5 m. The deepest region (&8 m) is located in the
middle while the shallowest region lies in the eastern
portion of the lake (Baioumy et al. 2010). To the north, the
area is completely covered by sand and rock exposures
without any vegetation while in the south and southeast,
cultivated land slopes steeply towards the lake “a natural
sink for agricultural drainage water”.

To track the concentration of (semi-)metals and ions in
the studied catchment, it is important to follow the course
of the Nile water once it enters the catchment area for

irrigation and domestic uses. Within the catchment, all
studied water samples can be categorized into irrigation
waters, drainage waters and Lake Qarun waters (Fig. 1).
Agricultural returns and all excess waters including treated
and untreated domestic sewage are usually collected in the
drains. However, in some parts, the effluents from sewage
treatment plants discharge directly into the irrigation
canals. Subsequently, most waters flow into two major
drains: El-Wadi and El-Bats, which, together with minor
drains, finally drain into Lake Qarun (Fig. 1).

Sampling and analysis
Water

In June 2010, 2011 and 2012, surface water samples at
Lake Qarun were collected regularly from 13 sites (Q1-
Q13). In June 2012, additional surface water samples from
irrigation canals and the drainage network were collected
from 29 sites (samples 1-29) (Fig. 1). All samples were
analyzed for Na*, Ca’*, Mg2+, K", SOZ‘, CI” and HCO3 .
In June 2012, the water from these sites was also analyzed
for Cu, Pb, Zn, Mo, Cd, Co, Cr, Ni, Li, Mn, Al, Fe, Se, Be,
As, Ba, PO?[, NOj and oxygen isotopes (3'%0). In April
2013, water samples from all previous sites were collected
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Fig. 2 Digital elevation map
showing the land slopes from
Lahun to Lake Qarun. The lake
occupies the deepest part in the
Fayoum Depression

for microbiological analysis of total coliform (TC), fecal
(thermotolerant) coliform (FC) and Fecal streptococcus
(FS).

At all sampling locations, measurements of electrical
conductivity (EC), pH and temperature were carried out in
the field using a SG78-SevenGo Duo pro (pH/ion/con-
ductivity) portable meter. After in situ measurements, the
water samples for major ions and (semi-)metals analyses
were filtered through a 0.45 um disposable cellulose ac-
etate syringe membrane filter (white rim, Whatman GmbH,
Germany). The filtered samples were transferred into pre-
acid-washed polyethylene containers which divided into
three portions: (1) acidified to pH < 2 for all (semi-)metals
analysis; (2) for main anion analysis and (3) for oxygen
isotopes analysis. Water samples for microbiological ana-
lysis were collected using sterilized dark glass bottles.
Then, the water samples were kept at 4 °C and transported
to the laboratory very soon after sampling. Micro-
biological, HCO3 and NOj analyses were conducted im-
mediately after samples reached the laboratory and the
remaining analyses within the next 24 h. Total dissolved
solids (TDS) were calculated using the sum of the major
ions (Na™, K, Ca®*, Mg>*, HCOj, SO, CI7, SiO, and
NO3), assuming that the fraction below 0.45 pm can be
considered “dissolved”, which is not exactly true, as
constituents commonly attach to (nano-)particles. Major
ions, (semi-)metals and microbiological analyses were
carried out at the Water Quality Central Laboratory, Fay-
oum Drinking Water and Sanitation Company, Fayoum,
Egypt which accredited according to ISO/IEC 17025. The
analyses were done in accordance with approved analytic
methods (APHA 1998, see the electronic supplementary
appendix 1 for more details).

Water samples were analyzed for oxygen isotope com-
position (8'0) using a Gas Bench II system (Thermo
Finnigan, Bremen, Germany) coupled with a Thermo
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Finnigan Delta plus XP isotope ratio mass spectrometer in
the stable isotopologues laboratory at McMaster Univer-
sity, Canada. The details of the analytical procedures are
described in Klein Gebbinck et al. (2014). All oxygen
isotope results were obtained by calculating the mean of
the last 10 measurements and normalized by using two
inter-laboratory water standards (i.e. MRSI-1 and MRSI-2).
The 880 values of the samples were reported normalized
to V-SMOW and the precision for replicate sample ana-
lyses is <0.08 %.

Sediments

As Lake Qarun is a sink for the drainage waters in the
Fayoum Governorate, the (semi-)metal contents in the
Lake sediments were also investigated. For this purpose,
surficial lake sediment samples were collected in June
2010 from the 13 sites Q1-Q13 (Fig. 1). The upper 15 cm
of the sediments was taken with a grab sampler, collected
in acid-rinsed polyethylene plastic bags and kept at 4 °C.
These samples were air dried at room temperature and
sieved through a 2 mm nylon sieve to remove coarse
debris and fragments of shells. Afterwards, the samples
were squashed and mildly ground to pass a 63 pm nylon
mesh using a set of agate mortar and pestle. Subsequent
analysis of (semi-)metal contents was conducted for
the <63 pum grain size fraction. For analysis, the sediment
samples were digested using aqua regia and the extrac-
tions were analyzed for Cu, Pb, Zn, Mo, Cd, Co, Cr, Ni,
Mn, Al, Fe, As, Hg and Sb. The (semi-)metal analysis
were conducted at Viljavuuspalvelu Oy (Soil Analysis
Service Ltd), Mikkeli, Finland. Cu, Mn, Al, Fe, Co, V,
Mo and Zn were detected with a Thermo Scientific ICAP
6000, while As, Ni, Pb, Sb, Cr and Cd were detected with
a PerkinElmer SIMAA6100 GAAS. Hg was measured
with a PerkinElmer AAnalyst 100 and FIMS 100
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instrument. All analytical procedures are accredited by
FINAS according to ISO/IEC 17025.

In addition to chemical analyses, grain size analyses
were conducted. After the sediments were air dried at room
temperature, 50 g of the sample was taken and treated with
35 % H,0, and 1 N HCI to remove organic matter and
carbonate, respectively. After treatment, sediment samples
were wet sieved through a 63 pum nylon mesh and the sand
fraction (>63 um) dried and weighted. The remaining
fraction of silt and clay (<63 um) was determined by the
pipette method based on the method described in Kroetsch
and Wang (2008) at Viljavuuspalvelu Oy (Soil Analysis
Service Ltd), Mikkeli, Finland.

Results

Electrical conductivity (EC) and total dissolved solids
(TDS)

Water salinity, expressed by the electrical conductivity
(EC) and total dissolved solids (TDS), is an important
parameter to evaluate the suitability of irrigation and
drainage waters for agriculture because they are an alter-
native source for irrigation water in the Fayoum Gover-
norate. The EC and TDS results show that the salinity of
water increases in the order: irrigation waters < drainage
waters <<< lake waters (Fig. 3). In general, electrical
conductivities of drainage waters are higher than those of
irrigation waters. One exception is sample 17 from an ir-
rigation canal (3.76 mS/cm), which has the maximum of
all irrigation and drainage waters (Table 1).

Major ions and nutrients

The results for the major ions show that the mean con-
centrations of Nat, K¥, Ca’*, MgH, SOi_ and CI™
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Fig. 3 Means plot showing increasing concentrations of Nat, K™,
Ca®*, Mg?*, CI™ and SO2~, EC, TDS, 8'%0 and pH as waters flow
towards Lake Qarun

increase in the order irrigation waters < drainage wa-
ters <<< lake waters (Fig. 3) and follows the trend of the
EC. On the other hand, the mean concentration of HCO3
decreased in in the order drainage waters > lake wa-
ter > irrigation water while the mean concentration of SiO,
decreased from drainage waters > lake water > irrigation
water (Fig. 4). As can be seen from the Piper plot (Fig. 5),
during the course of the water from its source at Lahun
towards Lake Qarun, the relative equivalents of Na* in-
crease compared to Ca>t + Mg?*, while the relative
equivalents of SO;~ and Cl~ proportionally increase
compared to HCO3. This means that the surface water
during its SE-NW course through the Fayoum watershed
changes from a Ca—Mg-HCOj; type to a transitional Ca—
Mg—C1-SO, type and ends up as a Na—Cl type (Fig. 5). The
mean concentrations of NO3 and PO;’{‘ of the studied
different waters showed that they are increasing in the
order drainage waters > irrigation waters > lake water
(Fig. 4).

“Dissolved” (semi-)metals

As shown in Table 1, the metals Al, Ba, Cr, Co, Cu, Ni, Fe,
Li and Mn were detected with different concentrations in
all waters with the highest mean concentrations in drainage
waters and lowest in Lake Qarun. One exception is Li,
which has the highest mean concentration in Lake Qarun
(Table 1; Fig. 4). Mo was measured below the detection
limit in the irrigation waters, detected in some drainage
waters and detected in lower concentrations in the lake
water. All the other (semi-)metals (As, Be, Cd, Pb, Zn, Se)
are below their respective detection limits. In general, the
mean concentrations of the metals Al, Ba, Cr, Co, Cu, Ni,
Fe and Mn are in the order drainage waters > irrigation
waters > lake water (Fig. 4). In the irrigation water sam-
ples, the highest concentrations of Al, Ba, Cr, Co, Fe and
Ni were observed at sampling site 13. Yet, drainage water
sampling site 22 has the highest concentrations of Al, Cr,
Co and Fe.

Microbiological results

Out of all waters, the highest levels of total coliforms (TC)
and fecal coliforms (FC) were observed in water sample 25
(1.85 x 10" CFU/100 mL and 2.6 x 10° CFU/100 mL,
respectively; Table 1) and the highest concentration of F.
streptococcus (FS) in irrigation water sample 11 (9 x 10°
CFU/100 mL). The highest levels of TC and FC in irri-
gation waters were also recorded in sample 11 (9.25 x 10°
CFU/100 mL and 1.29 x 10° CFU/100 mL, respectively).
In all waters, the lowest levels of TC, FC and FS were
generally recorded in Lake Qarun.
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Table 1 Physiochemical and microbiological parameters measured in surface waters in the Fayoum Catchment, Egypt

Water system Sitt  PH EC Ca®t  Mg*t Na® K" HCO; so03 CI Si0,  TDS 3'%0° %o
mS/cm  mg/L mg/L  mg/L mg/L  mg/L mg/L mg/L mg/L  mg/L
Irrigation waters 1 770 038 3616 943 1978 321 1200 3820 23.18 511 25507  +3.09
2 770 045 3610 10.60 3020 390 1328 5232 37.68 506 308.66  +3.12
3 770 039 3620 9.89  19.58  3.04 1228 3990 2575 473 26189 4321
4 7.60 044 3190 930 2200 390 1288 51.90 3379 453 28612  +3.19
5 7.80 042 3810 1030 2240 331 1224 4780 2872 623 27926 4322
6 7.60 040 3400 990 2470 3.80 1368 3943 2538 507 279.08 4322
7 753 045 3710 1080 3840 430 1356 4850 3372 598 31440 +3.13
8 750 050 3770 11.60 3580 450 1448 5690 39.32 571 33633  +3.26
9 7.60 036 3210 9.60 2190 3.80 130.8 2890 16.68 474 24852  +3.19
10 760 065 4330 1616 4720 822 1652 7270 5606 1060 419.44  +3.33
11 750 068 4632 1522 4520 472 1740 7590 61.60 9.87  432.83 4324
12 750 076 4791 1596 46.10 517 1824 7334  57.10 1073 43871  43.27
13 777 087 5420 1979 7140 553 1848 11800 8220 11.82 54774  43.30
14 750 060 4632 1522 4520 472 1740 7590 61.60 9.87  432.83  +3.24
15 750 091 4791 1596 4610 517 1824 7334  57.10 1073 43871  +3.27
16 790 1.1 6200 2049 100.10 6.13 1732 15490 151.10 8.62 676.54 +3.37
17 770 376 14440 3773 50620 39.10 2124  593.60 807.80 9.14  2350.37 +4.22
Mean 7.61 077 4775 1459  67.19 662 15431 9656  94.05 7.56  488.62  +3.29
SD 0.12 080 2623 7.01 11502 846 2821 131.83 186.62 2.66 493.66  +0.25
Drainage water 18 750 1.01 4920 1930 11260 7.00 1988  147.80 11696 887  660.53  +3.39
19 760 097 7327 1573 8550 6.3 1540 154.10 11928 853 61654  +3.49
20 7.60 138 7790 2349 139.60 7.78 1832  207.90 19030 1247 842.64  +3.56
21 7.60 160  93.09 2655 14240 8.67 1928 27680 241.50 14.15 99596  +3.57
22 780 173 10020 28.60 15650 6.95 2044 29230 260.50 14.69 1064.14 +3.62
23 770  1.84  188.00 6589 481.60 17.10 2775 51030 73030 12.61 228330 +3.62
24 750 110 5333 2220 11720 8.63 2244 14160 11647 10.84 69467 +3.24
25 770 191 8230 3251 18240 1510 2952  291.10 303.90 1514 1217.65 +3.34
26 7.60 198 12000 27.58 20490 1025 190.8  380.80 308.60 1326 1256.19 +3.61
27 750 194 10630 2656 193.80 1049 196.0  361.60 308.60 13.52 1216.87 +3.49
28 750 210  106.00 30.52 20330 11.90 186.4 39330 33214 1172 127528 +3.48
29 750 240 16680 63.60 42500 2330 220.1 50200 75830 13.14 217224 +3.50
Mean 758 166 10137 31.88 203.73 11.11 21030 30497 31557 1241 119133 43.49
SD 0.10 046 4154 1605 123.07 508 3995 12879 21540 2.10  539.52 0.12
Lake Qarun waters QI 820 34.10 419 970 9361 285 180 11808 11526 9 34557 +7.54
Q2 820 3230 431 1045 9602 305 201 11580 11823 8 34994  +7.29
Q3 820 3250 358 847 7941 250 176 8705 10544 10 28830  +7.14
Q4 830 3410 514 1027 9458 326 181 11417 11695 8 34627  +7.60
Q5 840 3670 524 1148 9919 480 184 10695 12340 7 35297  +7.86
Q6 7.80 3480 394 1131 9550 289 192 10453 12306 19 34333 +7.62
Q7 820 3440 453 1239 10166 283 160 12392 12092 8 36792 +7.67
Q8 830 3540 329 1177 12125 387 157 12387 12278 6 38846  +7.81
Q9 830 3670 484 1267 9949 300 156 12376 12317 6 36855  +7.95
Q0 830 3680 497 1238 10163 297 166 13461 12415 6 38243 +7.93
Qll 830 37.00 463 1217 10888 290 157 13630 12472 7 39124 +7.93
QI2 840 3690 453 1203 12271 362 157 12207 12384 6 39042 +7.89
QI3 830 36.60 450 1100 10159 296 171 12283 12509 10 36977 +7.79
Mean 822 3525 444 1124 10119 319 172 11800 12054 8 36040  +7.69
SD 0.15 169 58 123 1143 60 15 1302 550 3 2800 0.25
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Table 1 continued

Water system Site  Alp Ba Cr Co Cu Fe Li Mn Ni Mo PO;~ NOj
g/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L ng/L pg/ll mg/.  mg/L
Irrigation waters 1 1980 38.3 3.11 1.165 >5 1840 1.97 63.97 1.91 <2.1  0.02 11.98
2 340 3223 231 <1 7.42 420 1.09 38.12 2.58 <2.1 0.06 18.08
3 1990 38.5 3.28 1.48 <5 2310 1.81 674 2.07 <2.1 0.03 11.01
4 200 4211 <19 <1 6.43 200 1.02 68.4 1.59 <21 0.09 21.83
5 2050 3943 441 1.33 <5 2410 2.05 69.5 2.72 <21 0.06 10.87
6 2500 39.01  3.47 <1 5.83 2700 1.99 66.74 3.96 <2.1  0.12 14.72
7 1200 3672 <19 <1 6.32 1400 1.39 45.04 4.52 <2.1 0.14 16.88
8 800 39.04 1.94 <1 7 1100 1 101.2 1.96 <2.1 0.15 17.72
9 3210 44.07 <19 <1 8.03 3740 <1 80.2 2.96 <2.1 0.3 18.08
10 3060 48.76 4.6 222 <5 3440 2.1 127.1 3.09 <21 0.12 35.67
11 1800 4471 256 1.164 <5 1840 1.95 132.1 1.57 <21 039 55.96
12 1410 48.74 371 <1 6.76 1820 2.03 149.5 2.37 <21 033 81.15
13 8350 69.73  11.88 4.72 6.73 9340 4.45 233.6 7.31 <21 0.5 55.21
14 3800 4571  5.89 2.14 6.07 3970 2.95 104.9 3.95 <21 0.06 39.03
15 1770 49.23 557 1.12 1479 2470 2.33 188.1 3.79 <21 052 45.04
16 3590 4638  6.88 1.57 9.45 3770 2.41 241.04 537 <2.1 024 52.95
17 4500  65.7 <1.9 <1 11.15 530 25.5 213.8 3.42 <2.1 055 46.54
Mean 25029 452 4.6 1.9 8.0 25471 35 117.1 32 NA 0.19 32.5
SD 1926.7 9.7 2.6 1.1 2.6 2107.0 59 66.3 1.5 NA 0.16 20.8
WHO (2008)° 200 - 50 - 2000 - - 400 70 70 - -
FAO (1992, 2003)" 5000 - 100 50 200 5000 2500 200 200 10 - -
Drainage water 18 1400 39.7 <1913 <1 6.83 1700 1.54 102.8 2.63 <21 027 26.17
19 4960 4419  7.89 2.36 <5 4650 6.52 68.7 3.84 <21 0.09 11.40
20 7030 59.98 11.24 2.76 10.22 6560 5.17 146.1 7.22 <21 031 69.31
21 9310 62.12  14.09 3.33 11.23 8320 6.008 1728 8.84 <21 033 49.02
22 12500  65.77  17.79 3.8 13.4 10410  8.36 1753 1051 5 0.33 56.93
23 9720 59.4 14.05 2.83 39.5 7850 7.52 156.2 13.6 537 036 5291
24 1150 529 4.09 1 14.3 1720 2.09 181.8 2.8 518  0.82 47.96
25 4460 64.6 6.9 1.6 38.8 4510 3.63 270.3 5.6 6.08  2.85 47.78
26 7290 51.6 10.85 3.13 6.38 6270 11.21 1115 5.51 <21  0.18 24.18
27 4240 46.8 6.73 2.09 4.08 3890 8.62 983 3.54 <21 039 22.76
28 6850 532 12.04 2.56 13.6 5890 11.06 294 7.32 582 052 53.48
29 10600  68.4 12.36 2.68 294 7190 11.09  238.1 7.17 533 0.67 50.74
Mean 6625.8  55.7 10.7 2.6 17.1 57467 6.9 241.7 6.5 5.5 0.59 42.7
SD 35443 9.1 4.0 0.8 12.8 26042 3.4 242.8 33 0.4 0.74 17.3
FAO (1992, 2003)" 5000 - 100 50 200 5000 2500 200 200 10 - -
Lake Qarun waters Q1 490 8.36 3.85 <1 <5 120 7.5 4.84 <1 277  0.03 19.20
Q2 180 7.65 4.55 <1 <5 90 8.83 6.79 <1 234 0.12 15.61
Q3 470 10.7 3.64 <1 <5 240 8.42 10.4 <1 256 0.18 19.43
Q4 70 8.1 3.17 <1 <5 <79 8.46 4.29 <1 237 012 20.39
Q5 50 7.46 2.87 <1 <5 <79 9.03 2.32 <1 223 0.12 20.61
Q6 1210 9.07 3.82 <1 <5 550 8.74 5.45 <1 248 039 23.90
Q7 190 7.42 2.74 <1 <5 83 7.7 4.23 <1 <2.1 003 19.28
Q8 400 5.6 445 <1 <5 <79 9.14 1.77 <1 <2.1 0.03 19.04
Q9 60 7.48 223 <1 <5 <79 797 4.13 <1 <2.1 003 19.27
Q10 60 7.33 <1913 <1 <5 <79 7.48 3.34 <1 222 0.03 18.96
Q11 770 8.17 2.73 <1 <5 410 7.59 4.61 <1 <2.1 0.03 18.22
Q12 240 7.98 2.07 <1 <5 <79 7.56 2.14 <1 222 0.09 19.09
Q13 90 10.1 3.64 <1 <5 <79 9.82 3.34 <1 2.16  0.03 20.30
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Table 1 continued

Water system Site Al p Ba Cr Co Li Mn Mo PO;~ NOy
g/L ng/L ng/L ng/L ng/L ng/L pg/l mg/.  mg/L
Mean 3292 8.1 3.3 NA 8.3 44 24 0.09  19.50
SD 3437 13 0.8 NA 0.8 23 0.2 010 1.8
Water system Sites Total Coliform Fecal Coliform Fecal Streptococcus
CFU/100 mL CFU/100 mL CFU/100 mL

Irrigation waters 1 22 x 10° 1.00 x 10* 1.00 x 10°

2 1.0 x 10* 1.00 x 10* 2.00 x 10°

3 1.43 x 10* 4.00 x 10° 233 x 10*

4 1.80 x 10° 1.00 x 10* 1.00 x 10

5 1.60 x 10 5.50 x 10° 223 x 10°

6 3.00 x 10° 2.00 x 10* 2.50 x 10*

7 1.00 x 10° 6.00 x 10* 1.80 x 10*

8 5.00 x 10° 5.00 x 10* 8.00 x 10°

9 3.80 x 10° 3.00 x 10* 1.40 x 10

10 4.00 x 10° 9.00 x 10* 3.00 x 10*

11 9.25 x 10° 1.29 x 10° 9.00 x 10°

12 445 x 10° 490 x 10° 3.00 x 10°

13 8.30 x 10* 4.00 x 10* 5.00 x 10°

14 5.00 x 10* 345 x 10° 7.00 x 10°

15 7.50 x 10* 1.70 x 10* 4.00 x 10*

16 3.80 x 10* 1.20 x 10* 220 x 10*

17 2.00 x 10* 9.00 x 10° 1.20 x 10°
WHO (2008)° Absent Absent Absent
FAO (1992, 2003)¢ - <1000 -
Drainage water 18 1.20 x 10° 2.00 x 10° 3.30 x 10*

19 2.05 x 10° 7.10 x 10* 6.40 x 10°

20 3.20 x 10° 230 x 10* 1.00 x 10

21 5.30 x 10° 8.20 x 10° 5.60 x 10

22 6.50 x 10* 1.20 x 10* 1.00 x 10

23 7.80 x 10* 1.90 x 10* 5.00 x 10*

24 2.95 x 10° 7.80 x 10° 3.00 x 10°

25 1.85 x 107 2.60 x 10° 1.00 x 10°

26 440 x 10° 1.25 x 10* 1.40 x 10*

27 2.60 x 10° 7.80 x 10* 5.80 x 10°

28 5.00 x 10° 7.90 x 10* 1.50 x 10*

29 1.16 x 10* 2.60 x 10° 230 x 10*
FAO (1992, 2003)¢ - <1000 -
Lake Qarun waters Ql 80 4 1

Q2 290 20 20

Q3 88 80 1

Q4 20 1 62

Q5 10 1 6

Q6 330 112 34

Q7 140 56 40

Q8 200 186 2

Q9 2 1 8

Q10 10 1 1

Qll 10 1 1
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Table 1 continued

Water system Sites Total Coliform Fecal Coliform Fecal Streptococcus
CFU/100 mL CFU/100 mL CFU/100 mL
Q12 2 1 2
QI3 2 1 54

NA not applicable, — no available data, SD standard deviation

% Mean values of the parameters measured in water samples collected during June 2010, 2011 and 2012 from Lake Qarun

® §'80 was only measured in June 2012

¢ Guidelines for drinking water quality according to World Health Organization (WHO 2008). The evaluation was applied only for waters from
irrigation canals which are used as drinking water supply in the Fayoum Governorate

¢ Recommended maximum concentrations for waters used in irrigation according to FAO (1992, 2003). This evaluation was applied for
irrigation and drainage waters. Note that drainage waters are reused for irrigation in the Fayoum Governorate

Grain size analysis

The results of grain size analyses from sediments in Lake
Qarun (Table 2; Fig. 6) show that the highest clay content
was recorded close to the El-Bats drain mouth outlet at
sampling site Q3 (62 % clay) and at sampling site Q9 (49 %
clay). In the middle of the lake, the highest silt content was
recorded at sampling sites Q5 and Q13 (60 % silt at both
sites) and the highest sand content at the north-western part
of the lake at sampling sites Q10 and Q11 (96 % sand at both
sites). In summary, the clay and silt fractions are concen-
trated in the eastern and middle parts of the lake while sand is
concentrated at the northern and western parts. In the western
part, high fractions of clay prevail only at sampling site Q9.

(Semi-)metals in Lake Qarun sediments

In the lake sediments, the highest concentrations of Al, Fe,
Co, Cr, Cu, Ni, Zn, Sb and V were recorded at site Q3
while their lowest concentrations are at sampling sites Q10
and Q11 (Table 2; Fig. 6). In regards to Mn, the highest
concentration was found at sampling site Q1 and the
lowest, as for the other (semi-)metals, at sampling sites
Q10 and Q11. The (semi-)metals As, Cd and Hg are below
the detection limits at all lake sediment sampling sites. The
spatial distribution of all (semi-)metals in Lake Qarun
correlates with the spatial distribution of the clay fraction
(Fig. 6). Hence, it is obvious that the sites with higher clay
and silt fractions have the higher concentrations of (semi-
)metals while the lowest concentrations of metals were
recorded at sites with higher sand fractions.

Discussion

Hydrochemical water types

Based on the Piper plot (Fig. 5), the studied waters can be
classified into three water types; Ca—Mg-HCO;, Ca—Mg—

Cl-SO, and Na-Cl. As described earlier, the waters
evolve from the Ca-Mg-HCO; type to the Ca-Mg—Cl-
SOy, type and eventually to the Na—Cl type downstream
and at Lake Qarun. This relative increase of SO4 and Cl
compared to HCO; as well as the relative increase of Na
compared to Ca and Mg towards Lake Qarun indicates
the presence of evaporites in the studied area. Since the
climate of the Fayoum catchment is always dry and hot,
dissolved Na, Mg, Cl and SO, concentrations continue to
build up in the Lake with the dominance of Na and CI,
while Ca and HCOj; precipitate as carbonates (Abdel
Wahed et al. 2014).

Behavior and sources of major ions and (semi-)metals
in the studied waters

Mechanisms governing the chemical composition and be-
havior of the studied waters were assessed by finding in-
terrelationships  and  identifying  co-variations  of
parameters, using a Principal Component Analysis (PCA)
with SPSS 21. PCA can provide a clarifying view of the
parameter interrelationships. Therefore, this analysis was
carried out with the complete set of the measured pa-
rameters of all samples (Table 1). Despite considerable
parameter variations among individual samples, the first
two principal components (PC1 and PC2) of the PCA
represent 77.9 % of the total variances in the irrigation,
drainage and lake waters (Fig. 7). Two intercorrelated
groups can be identified by the PCA. The first one consists
of the major ions Na®, K*, Ca*, Mg2+, Cl™ and SO?[ as
well as EC, TDS, 5'%0 and pH. The co-location of these
major ions with EC, TDS and 8'®0 indicates that they have
a similarly hydrogeochemical controlled which can be seen
by the evaporative concentration process. However, dis-
solution of evaporites can also contribute to the concen-
trations of these ions in the drainage waters.

The initial pH of the solution at equilibrium can be
calculated by the following equations (Stumm and Morgan
1996):
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COyy + H,0 = HCO; + H' KK,
KuKpco,

= Tico, )

where K is the dissociation constant of H,COs, Ky is the
equilibrium constant of the CO, solubility in water.

—O—Al
—A—Cr
—*%—Co
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—A—Fe
—©—Mn
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NO,
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Irrigatio‘n waters Drainag'e waters Lake‘Qarun

Fig. 4 Means plot showing the behavior of Al, Fe, Co, Ni, Cu, Mn,
NOy3, POi’, HCOj3 and SiO, with highest values in drainage waters
and lower in Lake Qarun. “<DL” means that Cu, Ni and Co are
below detection limits in Lake Qarun

Fig. 5 Piper plot of the
different water types. The water

evolves from a Ca-Mg-HCO;3 Water Types
type at the head waters to Na—Cl
downstream and at Lake Qarun 1. Ca-Mg-HC03
passing through the Ca-Mg—Cl— 2. Ca-Mg-CI-SO
SO, type 4
3. NaCl
4. Na-HCO,

Yet, during evaporation evolution, the co-existence of
pH with Na™, K™, Ca**, Mg?*, CI~, SO2~, EC, TDS and
3'%0 while HCOy is located on the opposite side of the PC
plot can be explained by the following equation (Eugster
and Jones 1979):

2HCO; — CO3™ + COy) T +H,0

This mechanism, where CO, is degassing from the lake,
explains the pH increase associated with the concentration of
evaporatives in alkaline lakes whereas the carbonate alka-
linity (HCO3 + 2CO§*) stays unaltered (Eugster and Jones
1979; Abdel Wahed et al. 2014; Banks et al. 2004). Total
carbonate (HCO3 + CO%’) decreases in closed saline lakes
due to degassing and carbonate minerals precipitation
(Eugster and Jones 1979). The presence of Ca*" independent
from HCO;3 is possibly due to the initial excess of Ca*"
relative to HCOj in the inflowing drainage waters to Lake
Qarun. In addition, through CaCO; precipitation, the HCO3
is depleted while unreacted Ca*" builds up in solution (Abdel
Wahed et al. 2014). The plotting of the mean concentrations
of Nat, K*, Ca>*, Mg?*, C1™ and SO?~ as well as EC, TDS,
3'%0 and pH for the different water types (irrigation waters,
drainage waters and Lake Qarun waters) showed similar

O Irrigation waters

/\ Drainage waters

[J Lake Qarun waters
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Table 2 (Semi-)metal concentrations (in mg/kg dry wt.) and percentages of sand, silt and clay in Lake Qarun sediments (sites Q1-Q13)

Site Mn Fe Co Cr Cu Ni Pb Zn Sb Al \% Clay % Silt % Sand %
Q1 1000 17000 112 24 10 14 25 27 0.83 11000 45 9 48 43
Q2 700 9400  6.07 14 7 10 <2 20 <0.5 6330 26 10 8 82
Q3 400 40000 177 60 41 36 45 91 2.07 35100 96 62 38 0
Q4 300 18000 829 25 20 19 42 40 0.67 16400 68 30 38 32
Q5 300 23000 105 36 25 25 55 50 0.98 21700 82 18 60 22
Q6 400 27000 137 37 20 24 39 4 13 20300 52 30 25 45
Q7 900 12000  9.32 18 6.9 93 26 21 <0.5 7210 23 10 7 83
Q8 600 17000  9.41 24 11 16 29 30 1 13300 36 18 26 56
Q9 600 38000 163 52 26 33 46 62 1.73 32200 74 49 50 1
Q10 0.1 1100 0.4 <3 <15 <3 <2 <5 <0.5 492 3.1 2 2 96
Ql1 0.1 2700 093 33 <15 <3 <2 56 <05 1880 8 4 96
Q12 200 17000  4.24 32 8 929 3 36 0.72 13800 39 2 91
Q13 100 19000 456 33 59 95 32 39 0.84 14900 39 30 60 10
Average shale® 850 47200 19 90 45 68 20 95 1.5 80000 130 NA NA NA

NA not applicable
@ Turekian and Wedepohl (1961)

trends where all these parameters increase on the way to Lake
Qarun (Fig. 3). This demonstrates why these parameters plot
together on the PC plot.

In the second assemblage, parameters that plot in the
same area of the PC plot are Al, Fe, Co, Ni, Cu, Mn, NOj,
PO?[, HCOj5 and SiO, (Fig. 7), which gives indication to a
similar geochemical development, processes or sources.
They increase from irrigation waters to drainage waters and
decrease in Lake Qarun (Fig. 4). The presence of NO3 and
PO?[ in this group indicates the contribution of fertilizers
to the water chemistry whilst SiO, and HCO3" most likely
indicate the weathering of clay and silicate minerals from
the soils. Lake Qarun is the main sink of all constituents
carried by the drainage water inlets. Adsorption of metals
on the surface of lake sediments under alkaline conditions
is possibly the main mechanism behind the depletion of
these metals in the lake water. In addition, the presence of
pH on the opposite side of metals on the PC plot reflects the
negative relationship between the mobility of these metals
and pH in Lake Qarun (Fig. 7).

Interrelations between the studied parameters can pro-
vide useful information on potential contamination sources.
For this purpose, correlation matrices (CM) with the dif-
ferent variables Nat, K*, Ca®*, Mg”*, CI~, SO?~, HCO;,
Si0,, Al, Fe, Co, Cr, Ni, Cu, Mn, Mo, Li, Ba, NO;, PO},
EC, TDS and 3'%0 were calculated with SPSS (Table 3).
As can be seen, Al, Fe, Cr, Co, Ni, Cu and Ba are statis-
tically significantly correlated. This association of Al and
Fe with the other metals indicates their common origin,
mainly from natural sources such as weathering processes
and is supported by the positive correlation between these

metals, SiO, and HCO5'. The statistically significant cor-
relation between PO}~ and NO; as well as PO3~, Cu and
Mo indicates the fertilizer inputs to the surface runoff. On
the other hand, NOj is also correlated with Al, Fe, Cr, Co,
Ni, and Cu indicating additional sources of NO5'. The pH is
negatively correlated with Al, Fe, Cr, Co, Ni, Cu, Mn and
Ba, which reflects the decreasing solubility of these metals
with increasing pH. This is supported by the depletion of
these metals in Lake Qarun, which has the highest pH
value among all studied waters. Major ions including Na™,
K, Ca**, Mg?", CI™ and SO2~ are significantly positively
correlated with EC, TDS and 8'®0. This indicates that
evaporative concentration is the main process behind the
concentration increase of these ions. Li was also positively
correlated with EC, TDS and 8'®0, indicating an increasing
Li concentration due to evapoconcentration. Consequently,
the CM results support the results obtained by PCA. Both
statistical analyses identified two distinctive variable
groups: Group A, which includes Na®, KT, Ca?™, Mg2+,
Cl, SO}", EC, TDS, §'®0 and pH. These variables are
statistically significantly correlated with each other and
were found in higher concentrations in Lake Qarun com-
pared to irrigation and drainage waters (Figs. 3, 7). Group
B, which includes Al, Fe, Cr, Co, Ni, Cu, Mn, SiO,,
HCOy, POZ’ and NOj, is statistically significantly asso-
ciated and shows lower concentrations in Lake Qarun as
compared to irrigation and drainage waters (Figs. 4 and 7).

Cluster analysis (CA) was applied to group the similar
water sampling sites (spatial variability) based on the
measured physiochemical parameters. Hierarchical ag-
glomerative CA was performed by SPSS® using between-
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Fig. 6 Spatial distribution of
selected (semi-)metals (in mg/
kg dry wt.) and grain size
fractions (in %) in the Lake
Qarun sediments

Clay%

ELWadi drainy

groups linkage with Euclidean distances as a measure of
similarity. The dendrogram of the sampling sites (Fig. 8)
shows that there are two distinct groups. Group 1 consists
of the Lake Qarun sampling sites (Q1-Q13). These are
sampling sites that have lower concentrations of Al, Fe, Cr,
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TDS, 5'®0 and pH. Group 2 consists of irrigation water
sites as well as drainage water sites which have higher
concentrations of Al, Fe, Cr, Co, Ni, Cu, Mn, SiO,, HCO3,
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PO?[ and NO; and lower concentrations of Na®, K¥,
Ca®t, Mg?*, CI7, SO%~, EC, TDS, 8'%0 and pH as com-
pared to sites of Group 1.

Group 2 can be further subdivided into the drainage
(Group 2A, except irrigation water site 13) and the irri-
gation waters sites (Group 2B, except drainage water sites
18, 19, 24, 25 and 27). The cluster classifications varied
with significance levels between Group 1, Sub-Group 2A
and Sub-Group 2B. This is also confirmed by the sig-
nificant differences in the mean values of the relevant pa-
rameters among irrigation waters, drainage waters and
Lake Qarun waters as shown by means plot (Figs. 3, 4).

The location of site 13 in Sub-Group 2A indicates that
this site has chemical characteristics similar to drainage
waters. In fact, the highest concentrations of Al, Cr, Co,
Cu, Fe and Ni out of all irrigation waters were recorded at
that site and those concentrations are similar to those of
drainage waters. This is an indication for location 13 being
impacted by pollution from the Sinnuris wastewater treat-
ment plant or from any other point sources. On the other
hand, the drainage waters (sites 18, 19, 24, 25 and 27)
plotting in the irrigation waters Sub-Group 2B are probably
due to: (1) locations of some sites such as 18, 19 and 24 at
the head of a drainage system (Fig. 1) having comparably
lower concentrations of Al, Fe, Cr, Co, and Ba. (2) At some
regions in Fayoum (e.g. sites 25 and 27), mixing of
brackish drainage waters with fresh irrigation waters is
used as irrigation water due to the water scarcity in the
catchment. This can cause dilution of the dissolved trace
metals and consequently a similar chemical fingerprint of
the samples.

In Group 1, sample Q3 differs from the other lake
samples, which might be due to the position of this site

close to the El-Bats drain mouth outlet and consequently a
drainage water influence (Fig. 1). In Sub-Group 2A, site 22
is different from the others, which is due to a substantial
enrichment of Al, Cr, Co, Fe and Ni (Table 1). In Sub-
Group 2B, site 17 is distinct from other sits in the same
group because this site has the highest TDS and EC among
all irrigation waters and drainage waters.

Microbiological criteria

Results of bacterial analysis are an indicator of water
quality in many aspects. Coliform bacteria (TC) in drinking
water can produce serious human illness, but their abun-
dance is primarily used to assess the potential for the
presence of other more virulent pathogens associated with
sewage. The presence of TC bacteria indicates the possible
presence of fecal and disease-causing bacteria (USEPA
1995). FC and FS are bacteria whose presence indicates
that the water may be contaminated with human or animal
wastes (USEPA 2009). Ideally, drinking water should not
contain any microorganisms known to be pathogenic or
any bacteria indicative of fecal pollution (WHO 1997).
However, all irrigation waters in the investigated area,
which are used as drinking water in rural regions without
treatment, contain total TC, FC and FS (Table 1). Effluents
from sewage and wastewater treatment plants as well as
agriculture fields result in elevated levels of bacteria in the
drainage waters. Drainage water sampling site 25 contains
the highest levels of TC and FC in this water type, which is
most likely due to its location near a sewage treatment
plant and receiving agriculture returns from nearby mead-
ows. However, also irrigation waters contain higher levels
of pathogens (Table 1) because some households discharge
their sewage directly into the irrigation canals. Moreover,
improper disposal of sewage or on-site sanitation tank
overflows into these canals is common in the investigation
area. Irrigation water sampling site 11, for example, has the
highest level of FS and was sampled very close to house-
hold pipe outlets. Most of the households discard their
garbage and dead animals in the drains and irrigation
canals, which consequently increase the contamination
levels of all bacterial species. This situation is very serious
regarding the health issues especially when untreated water
from these canals is used as drinking water. IOB (2010)
stated that most of the prevalent diseases in the Fayoum
watershed are water-borne diseases resulting from people
being exposed to contaminants by standing in the water
during irrigation or by swimming, which was quite often
observed in the course of the field work where even chil-
dren were swimming in these polluted canals. Furthermore,
indirect infection due to transferring disease-causing or-
ganisms (pathogens) into the crops and vegetables can
cause diseases.
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The lowest levels of TC, FC and FS were recorded in
Lake Qarun waters. This is probably due to the higher
salinity and alkalinity of the lake water, which is unfa-
vorable for the organisms.

Evaluation of water quality for drinking and irrigation
Introductory remark

Both irrigation and drainage waters are discussed in this
section. Lake Qarun water, because of its salinity, is neither
used for irrigation nor for drinking and therefore it is not
further considered in this section.

Due to water scarcity, the reuse of drainage waters for
irrigation is quite common in the Fayoum Governorate. In
addition, water in irrigation canals is used for both irriga-
tion and drinking as not all households are connected to tap
water networks. Moreover, a limited water pressure is still
a widespread problem throughout the water network and
the distribution system in Fayoum (IOB 2010). As a result,
some households continue to use water from canals, carts
with water tanks and, in a few cases, pumped groundwater
for domestic purposes. Accordingly, water quality
monitoring as well as the evaluation of all waters in irri-
gation canals against the world drinking water standards is
vital task in the Fayoum Governorate.

Drinking water quality

Irrigation water used as drinking water should be evaluated
against drinking water quality standards. Based on the
WHO (2008) guidelines (Table 1), the studied irrigation
waters (samples 1-17) were found to have acceptable
concentrations of Ba, Cr, Cu, Mn, Ni and Mo. In the case
of NOj3, most waters, except at sampling sites 11, 12, 13
and 16, were below the guideline concentrations. The
higher concentrations of NOj in the irrigation canals are
most likely due to anthropogenic sources.

Nearly all irrigation canal samples have higher concen-
trations of Al compared to the WHO’s guideline (Table 1).
Elevated concentrations of Al in drinking water can be
harmful in treated water of facilities using an Al sulfate
coagulant. Some epidemiological studies even suggest a
possible association between Al in drinking water and
Alzheimer disease (WHO 2010). The Nile water at site 1,
which represents the source water to the Fayoum watershed,
has an Al concentration of 1980 pg/L. This concentration
increases as the water runs through the watershed due to the
fact that Al sulfate salts are used as coagulants in drinking
water treatment plants causing increased Al concentrations
in public water supplies. Subsequently, this also increases
the Al concentrations in household sewage. Moreover, the
sludges from the coagulation process are disposed along the

banks of the irrigation canals, which are then eroded and
further increase the Al concentrations in the water. The high
Al concentration at sampling site 13 (8350 pg/L) is prob-
ably due to its location close to the effluents from a sewage
water treatment plant.

Regarding bacterial contamination, drinking water
should not contain any microorganisms known to be
pathogenic or any bacteria indicative of fecal pollution
(WHO 1997, 2008). Yet, the water in the irrigation canals
contains substantially elevated TC, FC and FS bacteria
which, for the first time, is presented in the current study.
Consequently, these waters are harmful and result in serious
health risks. IOB (2010) monitored the prevalence of water-
borne diseases such as enteritis or intestinal protozoans as
well as vectors such as bilharzia, malaria, viral encephalitis
and other viral diseases. This connection between diseases
and their causes is confirmed by the findings of the present
study. IOB (2010) also reports that in comparison to na-
tional means, the prevalence of infections and vector-borne
diseases in Fayoum shows the following characteristics:

Prevalence of viral encephalitis is higher,

e Prevalence of infectious hepatitis and of polio is equal
to the national means, but cause concern,

e Diphtheria, tuberculosis, rabies, bronchopneumonia
and tetanus are all present, and require vigilance to
keep outbreaks under control if village environmental
conditions continue to deteriorate.

Accordingly, we recommend the local and national
health organizations to further investigate the water quality
and health status in the Fayoum watershed, as our findings
clearly indicate the direct relationship between the two
issues. Installing a working sanitation network needs to
include all villages in the watershed and is seen as an
essential task. Raising the people’s awareness through
media or awareness campaigns can help to reduce the
discharge of untreated sewage into running waters.

Irrigation water quality

Due to the reuse of drainage waters for irrigation, irrigation
and drainage waters were evaluated for their suitability in
agriculture. The assessed parameters are salinity, trace
metals and microbiological criteria.

Allirrigation and drainage waters were plotted on a graph
in which the EC is taken as a salinity hazard and the sodium
adsorption ration (SAR) as an alkalinity hazard (Fig. 9; US
Salinity Laboratory 1954). All drainage waters and some
irrigation waters (samples 12, 13, 15 and 16) have a high EC
and low SAR. As can be seen, irrigation canal sample 17 has
very high EC and high SAR indicators, restricting it for
irrigation purposes. Because water of high salinity cannot be
used on soils with poor drainage, plants with a good salt
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tolerance should be selected (FAO 1992, 2003). Most of the
soils in the Fayoum watershed are characterized by poor
drainage and consequently, using high salinity waters for
irrigation can cause soil salinization under the prevailing hot
and arid conditions. In fact, the degradation of soil pro-
ductivity is a commonly observed feature in the watershed
(Ali and Abdel Kawy 2013; Abd-Elgawad et al. 2013; Abdel
Aal and Ibrahim 2013; Shendi et al. 2013).

@ Springer

The recommended limits of trace elements in irrigation
water are shown in Table 1. Accordingly, both irrigation
and drainage waters are suitable for agricultural purposes
except samples 13, 20, 21, 22, 23, 26, 28 and 29, which
contain concentrations higher than 5000 pg/L for Al and
Fe. Irrigation with water containing Al concentrations
above 5000 pg/L can cause non-productivity in acid soils
with pH < 5.5. Though irrigation with water having Fe
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Fig. 9 Salinity and alkalinity hazard applied for evaluating the
studied irrigation and drainage waters and their suitability for
agricultural purposes. Sample 17 (irrigation water) has the highest
salinity and alkalinity hazards

concentrations above 5000 pg/L is not toxic to plants in
aerated soils, it can contribute to soil acidification and re-
duces the bioavailability of essential phosphorus and Mo
(FAO 1992, 2003).

WHO (1989) and FAO (1992, 2003) recommend that
irrigation water for crops that are likely to be eaten un-
cooked should not exceed 1000 CFU/100 mL fecal coli-
forms (FC). Thus, as all irrigation and drainage waters in
the Fayoum watershed have FC > 1000 CFU/100 mL
(Table 1), they are not suitable for crops that are eaten
uncooked. Beside the coliform’s health risk in drinking
waters, this is a second health risk associated with the
bacterial contamination of surface waters and raises the
alert for the national and local health organizations to take
action towards this vital issue.

Spatial distribution of grain sizes in Lake Qarun sediments

The spatial distribution of grain sizes in the Lake Qarun
sediments (Fig. 6) is mainly influenced by the proximity of
sites close to drain outlets. Clay and silt, which is carried by
the major drains, is deposited in the lake’s south-eastern
side close to the El-Bats and El-Wadi drain mouths (Figs. 1
and 6). The high relative clay and silt contents at the eastern
side and the middle of the lake reflect the input of the El-
Bats and El-Wadi drain, while the high content of clay at the
western side of the lake is probably due to the low energy of
waves in this area resulting in calm conditions required for
clay deposition. On the other hand, the highest sand content
prevails in the northern and northern-western side and is
most likely due to the sand grains derived from sand and
rock exposures in the northern side of the lake and the fact
that the western side is only affected by minor drains.

(Semi-)metal contents of Lake Qarun sediments

Lake Qarun shows a clear relationship between the spatial
distribution of (semi-)metals and the sediment’s grain sizes
(Fig. 6). All (semi-)metals except Mn follow the same
distribution of clay and silt in the lake sediments (Table 2;
Fig. 6). The enrichment of (semi-)metals in the fine silt and
clay fraction (<63 pm) is due to the large specific surface
area of this fraction and also to the strong adsorptive
properties of clay minerals and organic matters found in
clay (Bodur and Ergin 1994). The similar spatial distribu-
tion of Fe, Al, Cr, Co, Cu, Ni, Pb, Zn, Sb, and V (Fig. 6)
indicates either similar sources or similar mechanisms of
precipitation. The dissimilarity of the Mn distribution in
lake sediments possibly indicates different mechanism of
Mn precipitation in the lake. Spatial distributions of Cr, Co,
Cu, Ni, Pb, Zn, Sb, and V follow the distribution of Fe and
Al (Fig. 6), which may reflect the adsorption property of Fe
and Al oxides to other (semi-)metals.

It seems as if there is also a relationship between the
concentration of metals in the source water (EI-Wadi and
El-Bats drains) and the metal contents of the lake sedi-
ments. As and Cd were recorded below the detection
limits in the lake sediments as well as the source waters
and Pb was recorded below the detection limit in the
source water and was found in very low concentrations in
the lake sediments (Table 2). However, Zn was not de-
tected in the source waters but detected in the lake
sediments, which is most likely due to an analytical error
in the water samples, as Zn is ubiquitous due to its oc-
currence in galvanized steel and should have been found
in those samples. On the other hand, metals such as Fe,
Al, Cr, Co, Cu, Ni and Mn were detected in the lake
sediments and also in the source waters. For example, Fe
and Al were recorded in the first order of metal concen-
trations in the source waters and the same in lake sedi-
ments (Tables 1 and 2). This indicates that the El-Wadi
and El-Bats drains are the main sources of metals in the
lake. The location of sediment sites with higher metal
contents close to the drain’s mouths indicates that these
metals are transported by these drains into the lake either
as dissolved constituents or as particulate metals associ-
ated with suspended matter.

Conclusion

Assessment of surface water quality in the Fayoum
Governorate shows that the salinity and major ions in-
cluding Na*t, K, Ca**, Mg2+, SO?[ and Cl™ increase in
the order irrigation waters < drainage waters << lake
waters while metals such as Al, Ba, Cr, Co, Cu, Ni, Fe and
Mn increase in the order lake water < irrigation
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waters < drainage waters. Evaluation of drinking water
from irrigation canals against the standard guidelines of the
WHO showed higher concentrations of Al which can be
harmful. On the other hand, some irrigation waters and all
drainage waters have high salinities and therefore cannot
be used for direct irrigation. Especially in the view of the
poor drainage conditions of the soils, reusing saline drai-
nage waters causes soil salinization and consequently soil
degradation which finally negatively affects the soil pro-
ductivity. All drainage waters and agricultural returns are
conveyed to Lake Qarun. Compared to the other waters, the
lake water has relatively low (semi-)metal concentrations
due to their adsorption on the lake sediments. Results of the
(semi-)metal contents and grain size analysis of the sedi-
ments showed that high concentrations of elements are
observed at sites with higher clay contents.

The results show that irrigation and drainage water
suffer from high levels of TC, FC and FS. The highest
levels of TC and FC (1.85 x 107 CFU/100 mL and
2.6 x 10° CFU/100 mL, respectively) were recorded in
drainage waters while the highest level of FS (9 x 10°
CFU/100 mL) was recorded in irrigation waters. These
high levels of microbiological contaminations indicate
human and animal fecal sources. This is due to the fact that
some households have sewage pipes directly connected to
the irrigation canals. Moreover, improper disposal of
sewage or on-site sanitation tank overflows into these
canals is commonly observed. Consequently, these waters
cannot be used for drinking or agricultural purposes with-
out treatment, because of their high risks on the people’s
health. Yet, many people in the Fayoum watershed, espe-
cially in rural regions, use these untreated waters, which
causes the prevalence of water-borne diseases.

Recommendations

Egypt is suffering from water scarcity and thence needs
every drop of clean water. Therefore, it is recommended to
activate environmental protection laws in Egypt to save the
water resources. In addition, raising public awareness of
environmental protection by the environmental protection
agencies and media, especially in rural areas, is crucial
from a health perspective. Finally, the sanitation network
needs to be extended to all regions in the Fayoum water-
shed to minimize the pollution caused by unconfined septic
tanks and their negative impact on both the groundwater
and surface water quality.
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The crystallization sequence during evaporation of a high concentrated brine collected from the solar evaporation
ponds of Egyptian Salts and Minerals Company (EMISAL) was studied. The study included natural solar evapora-
tion in the field at EMISAL site and also experimental isothermal evaporation at 35 °C in the lab. A crystallization
path was simulated by the Janecke phase diagram at 35 °C involving the system Na*, K, Mg?*/Cl~, and SO3~//
H,0. The X-Ray Diffraction (XRD) and Scanning Electron Microscope (SEM) of the solid phases precipitated dur-
ing the lab and filed works showed similar results where halite and hexahydrite were the real main solid phases
precipitated from the brine. But, the crystallization sequence predicted by the Janecke diagram showed that ha-
lite, hexahydrite, kainite and kieserite solid phases should appear during evaporation of the brine. The absence of
kainite and kieserite from the real precipitated solid assemblage was attributed to the metastability of kainite and

Keywords:

Mineral crystallization
Solar evaporation
Janecke phase diagram

K-Mg salts the critical relative humidity conditions for kieserite. The precipitation of K-Mg salts from the studied brine was
Fayoum very sensitive to the climatic conditions. Economically, the present study proposed the optimum conditions at
which Na(l salt and magnesium sulfate salts can be produced at high quantity and quality from EMISAL concen-

tration ponds.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction agricultural activities in the Fayoum Depression depend mainly on Nile

water. The agriculture drainage water annually carries 470 x 10° kg of

Lake Qarun is one of the largest inland lakes in the North African
Great Sahara, about 95 km south west of Cairo (Fig. 1). It is an enclosed,
saline, alkaline, inland lake located between the longitudes of 30° 24’ &
30° 49’ E and latitudes of 29° 24’ & 29° 33’ N in the deepest part of the
Fayoum Depression. This provides a natural aid for using the lake as a
sink for drainage water of the cultivated lands of the whole Province of
Fayoum, where it is surrounded by cultivated lands from its southern
and south eastern sides which steeply incline toward the lake. The

* Corresponding author at: Lappeenranta University of Technology, LUT Chemistry
Department, Laboratory of Green Chemistry, Sammonkatu 12, FI-50130 Mikkeli, Finland.
E-mail addresses: mahmoud.abdel-wahed@lut.fi, m.abdelwahed80@yahoo.com
(M.S.M. Abdel Wahed).

http://dx.doi.org/10.1016/j.desal.2014.10.015
0011-9164/© 2014 Elsevier B.V. All rights reserved.

dissolved salts to Lake Qarun [16]. Since the lake has no outlet and the
climatic conditions are warm and dry almost all the year, the lake
brine gradually evaporates and its salinity increases. The total dissolved
salts (TDSs) of the lake have strongly increased with time in the course
of the twentieth century from 10.5 g L~ " in 1906 to the salinity of sea-
water (>35 g L™ !) in recent days [1]. A further increase in salinity in
the twenty-first century, will eventually lead to a biological “dead
waterbody” [17]. Salt extraction project was proposed as an economic
and environmental solution to stop the continuous increase in Lake
Qarun salinity. It was planned to keep the TDS level of the lake at
35 g L~ ! by extracting an amount of salts equal to those carried annually
by drainage water to the lake at sequential stages. The feasibility study
indicates the possible economic extraction of Na,SO,, NaCl and Mg? ™
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Fig. 1. Location map of the study area, (a and b) locations of Lake Qarun and EMISAL site, respectively, and (c) concentration ponds at EMISAL site.

salts from Lake Qarun water [7]. Since the execution of the approved fea-
sibility study, the Egyptian Salts and Minerals Company (EMISAL) was
the founder of this step as an industrial complex site (Fig. 1).

EMISAL was established as an environmental, ecological and eco-
nomical project on Lake Qarun. There is a zone that has been cutoff
from the lake and divided into a series of four successive concentration

ponds for economical salt extraction (Fig. 1). The salt-extraction pro-
cess is based on brine-concentration technology via evaporation-
precipitation cycles under solar energy. In ponds 1 and 2, Ca and HCO3
are removed by carbonate precipitation and the remaining Ca is subse-
quently removed by precipitation of gypsum (CaSO4-2H,0) in pond 3
[2] (Fig. 1).
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The brine from pond 4 is treated in the sodium sulfate plant to ex-
tract anhydrous sodium sulfate (thenardite). After the stage of anhy-
drous sodium sulfate production, the other dissolved salts remain in
solution. The effluent from anhydrous sodium sulfate plant is pumped
to storage auxiliary ponds where halite (NaCl) is crystallized (Fig. 1).
The main composition of the brine in these crystallization ponds is
Na-K-Mg-Cl-S0,. This brine is highly saline (~277.470 g L™ !) and it
is supersaturated with respect to halite [7]. After halite crystallization,
the residual brine (the bittern), which is rich in potassium-magnesium
salts (K-Mg salts), remains in between the halite deposits in the crystal-
lization ponds. Then, this residual bittern is pumped out from the NaCl
ponds as the raw brine feeds the third MgSO,4-7H,0 plant. The different

stages during the process of salt extraction at EMISAL are given in Fig. 2.

The present study aims to find out the crystallization borders be-
tween the different dissolved mineral salts in the studied pond. As
mentioned earlier, the residual bittern after crystallization of NaCl
salt is used as the raw material for extracting magnesium sulfate
(MgS04-7H;0). In modern seawater, during evaporation progress
magnesium sulfate salt is predicted to precipitate after halite [4,
13]. So, determination of the crystallization limit between NaCl and
the next magnesium sulfate salts will help to avoid any magnesium
sulfate salts to co-precipitate as contaminants with NaCl in the aux-
iliary crystallization ponds. On the other hand, this will also assist to
keep the magnesium sulfate salts as dissolved components at a desir-
able quantity in the residual bittern to produce its designed capacity.
Also, this study seeks to compare between the crystallization se-
quence predicted by the Jinecke phase diagram and the real precip-
itated salts during evaporation of the studied brine. The Jdnecke
phase diagram is a useful diagram that shows the crystallization
paths during evaporation of brines with five-component system
(Mg-Na-K-Cl-SO4-H,0) at different temperatures [4].

2. Methodology

This study includes field and lab works. In the field, at EMISAL site,
we started to follow-up the geochemical evolution of the effluent
brine under solar evaporation conditions at a starting density of 1.246

in pond 2/2 (Fig. 1). In the lab, a volume of 4 L of the brine sample
that has the same starting density (1.246) was selected and prepared

Lake Qarun water

Solar evaporation at EMISAL
(ponds 1, 2 and 3)

Pond 4
Cooling
Solar evaporation at -NaCI product
NaCl ponds

Removal of Ca-carbonates and
Ca-sulfates

Epsom salt plant Cooling

(MgS04.7H,0 product

Fig. 2. Flow chart shows the different stages during the process of salt extraction at
EMISAL.

for experimental isothermal evaporation at 35 °C. The concept was to
compare between the observations in the field site and those noticed
during the experimental work. Both results were correlated with the
crystallization path predicted by the Janecke phase diagram at 35 °C.

2.1. Field work

Brine samples and evaporite deposits (solid samples) were collected
during the period April-August 2011 from pond 2/2 at EMISAL site
(Fig. 1). The climate at the studied area was always dry and hot with
no rain fall during the studied period. The average highest temperatures
at the site of study during April, May, June, July and August 2011 were
30, 34,36.3,37.1 and 36.8 °C, respectively, while the averages of the rel-
ative humidity (RH%) were 47, 44, 45, 51 and 55, respectively (data
from EMISAL meteorological station). To follow-up the brine evolution,
brine samples from the studied pond were collected in sequence at dif-
ferent densities to determine their chemical constituents. The first sam-
ple was collected at a starting density of 1.246. Brine samples with
densities 1.246-1.301 were collected during April-June while others
with densities 1.318-1.330 were collected during July-August. Along
with brine sampling, solid samples in the closed pond 2/2 were also col-
lected at the same density values. The brine samples were collected in
clean polyethylene bottles without any air bubbles. The bottles were
tightly sealed and labeled in the field. The brine samples were diluted
two-fold with distilled water in order to avoid any further precipitation
due to evaporation. Samples were kept in an ice box at 4 °C and
transported to the laboratory for major ion analysis. Densities and tem-
peratures were measured in situ. Densities were measured in the field
by hydrometer (data were corrected for temperature) while tempera-
tures were measured by thermometer. On the other hand, the salt
(solid) samples were collected in small polyethylene plastic bags and
tightly sealed and labeled in the field for examination by X-Ray Diffrac-
tion (XRD) and Scanning Electron Microscope (SEM) techniques. The
salt samples were carefully kept away from any atmospheric conditions
until examinations.

2.2. Experimental work

A brine sample of density 1.246 obtained from the studied pond was
selected as a starting point for experimental isothermal evaporation at
35 4 0.1 °C and RH equals to 55%. The temperature and RH conditions,
at which the experimental work was done, were recorded at some pe-
riods during the field work (see Section 2.1). A volume of 4 L of the
brine sample was put in a crystallizer. After that, the crystallizer was
placed and fixed in a thermostatic water bath and then evaporation
was started. To ensure that the temperature of the solution is 35 +
0.1 °C, athermometer was placed in the solution to monitor any change
in the temperature. During evaporation process, brine samples were
taken in sequence at different densities for chemical analysis. Measure-
ment of densities in the lab was carried out by using a specific gravity
balance. For chemical analysis, the brine samples were diluted two-
fold with distilled water in order to avoid any further precipitation
due to evaporation. Samples were kept at 4 °C until analysis. Simulta-
neously, a minute sample of the precipitated salt in the saturated liquid
was slightly filtered and stocked in small plastic bags for examination by
XRD and SEM techniques. The XRD and SEM examinations were carried
out on the same day of solid sample collection to avoid any alteration
made by atmospheric conditions. The experimental work was done at
the Centre National de Recherche en Sciences des Matériaux,
Technopole Borj Cedria, Soliman, Tunisia.

2.3. Analytical methods
All brine samples were analyzed for major ions (Na™, K*, Mg?*, S03~

and CI7). Sodium and K* were analyzed by flame atomic absorption
spectrometry [3]. Magnesium ion was determined by complexometric
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titration with EDTA. The SO5~ was analyzed by gravimetric method
while CI~ was determined by potentiometric method [3]. For each
brine sample, the analysis for each ion was done triple and then takes
the average value.

Mineral identification of the collected sediments from pond 2/2
and also those precipitated during experimental evaporation was
done by XRD powder method using a PANalytical diffractometer,
model X'PERT PRO MPD (PW 3040/60), with a goniometer (PW
3050/60) equipped with a copper anode (PW 3373/00) and Cu-Ka
(45 kV, 40 mA). The instrument is electronically-controlled and
operates with expert data collector and “X'Pert HighScore Plus” iden-
tification software that runs with the ICDD database. On the other
hand, the morphology of all sediment samples was tested by “FEI
Quanta 200 ESEM”. The FEI Quanta 200 Environmental Scanning
Electron Microscope (ESEM) is capable of running at low vacuum,
thus reducing charging on insulating samples and allowing imaging
without applying a conductive coating.

3. Results and discussions

The mean values and standard errors of major ion analysis of the
studied brine at various densities measured during the experimental
isothermal evaporation at 35 °C in the lab and also during the solar
evaporation at the studied pond at EMISAL are given in Table 1.

3.1. Location of the initial studied brine on the Jinecke diagram at 35 °Cand
prediction of the crystallization path

Modeling of evaporation process in Lake Qarun by using PHREEQC
software showed that the lake has mainly evolved from surface drain-
age waters by evapoconcentration process [1]. Modeling of evaporation
process by using PHREEQC program has some limitations when it works
on brines with high ionic strength [15]. Accordingly, the Jdnecke phase
diagram involving the system (Na™, K*, Mg?*/Cl~, SO%~//H,0) is suit-
able for the present case.

In this study, the results showed that the studied brine at density
1.246 is mainly composed of Mg?*, Na*, K*, CI~, and SO~ (Table 1).
The crystallization paths and/or evaporation paths of such kind of brines
can be predicted by using the Janecke diagram at 35 °C (Fig. 3).

The graphical representation of the quinary system (Na*t, K™,
Mg?*/Cl~, S05~//H,0) on the Jinecke diagram, during brine evolution,
is based on the Jdnecke coordinates (mole Y_ K, + Mg + SO4 = 100)
[10,14]. In addition, the application of the Jinecke diagram assumed
that the solution is characterized by (1) halite saturation, which

Table 1

means that the solution will co-precipitate halite jointly with the
other salt phases separated during the evaporation progress and (2) cal-
cium and carbonates are thought to be unimportant constituents
because their concentrations in the saturated solution are low [4]. How-
ever, Ca-bearing phases such as gypsum (CaSO4-2H,0) or anhydrite
(CaS0,4) may be reacted back with the brines to produce glauberite
(NayS04-CaS04) and polyhalite (K,SO4-MgS04-2CaS04-2H,0), thus
profoundly affecting the subsequent evolution of the evaporation
brine [9]. In the present case, such kinds of back reactions at the studied
pond 2/2 or experimentally at the lab are not expected. This is due to the
fact that Ca-bearing phases (Ca-carbonates or Ca-sulfates) are removed
from the solution at earlier stages of evaporation in the concentration
ponds 1, 2 and 3 (Fig. 2). So, the brine under study is initially free
from Ca-bearing minerals.

In Fig. 3, the crystallization path of seawater is redrawn after
Usdowski and Dietzel [19] and Babel and Schreiber [4]. The Jdnecke di-
agram at temperature 35 °C was chosen rather than at 25 °C because
the field work was done during the summer season under hot and dry
conditions. The solid phases included in the Janecke diagram at 35 °C
are summarized in Table 2.

The prediction of crystallization path during evaporation of the
studied brine is mainly based on the location of the Jinecke coordi-
nates (mole Y K, + Mg + SO4 = 100) of the initial brine on the
Janecke diagram at 35 °C. As shown in Fig. 2, the initial studied
brine lies on the crystallization path of seawater but at more progres-
sive evaporation stage. This is because the initial concentration of the
studied brine is higher than the concentration of seawater. Along the
seawater crystallization path, further evaporation should make the
brine to evolve from its initial location at point “a” toward point
“Z” (Fig. 3). Point “Z” is a drying-up point at which the crystallization
process terminates [4]. Accordingly, if the solution will reach the
drying-up point, the predicted mineral phases along the segment
“a-Y-R-Z” should appear in sequences as follows:

“o”: halite

“oi-Y": halite + hexahydrite + kainite

“Y-R”: halite 4 kieserite + kainite

“R-Z": halite + kieserite 4 carnallite

“Z": halite + kieserite + carnallite 4 bischofite.

It is assumed that the position of the initial brine remains unchanged
during halite crystallization until the actual onset of precipitation of pot-
ash and MgSO4-bearing salts [11].

Tonic composition (in g L~) of the studied brine samples, measured at different densities. The concentrations of ions expressed as mean values =+ standard errors.

Density K* Na* Mg+

c- N T

Experimental isothermal evaporation at 35 + 0.1 °C

1.246 5501 £ 0.011 74.000 £ 0.190 46.086 + 0.139 174.873 £+ 0917 47.640 + 0.129 35+ 0.1
1.260 4.455 + 0.019 38.183 + 0.005 55.423 £+ 0.572 196.090 + 0.357 51.054 + 0.344 35+ 0.1
1.275 5.133 + 0.006 32.690 + 0.052 56.240 + 0.230 189.865 + 0.121 57.422 + 0.267 35+ 0.1
1.285 6.108 + 0.015 29435 + 0.397 64.902 + 0.229 195.420 + 0.219 63.242 + 0.204 35+ 0.1
1.297 6.794 + 0.004 23.950 + 0.058 79.590 + 0.367 191.094 + 0.025 78.333 £+ 0518 35+ 0.1
1.305 7.120 + 0.030 20.553 + 0.553 87.876 + 0.215 205.370 + 0.373 81.569 + 0.279 35+ 0.1
1321 7.205 + 0.008 10.396 + 0.332 96.064 + 0.281 215.270 + 0.583 78.367 + 0.197 35+ 0.1
1.343 7.666 + 0.038 7395 + 0.173 97.538 + 0.149 237311 + 0.164 74.214 £+ 0.380 35+ 0.1
Solar evaporation at pond 2/2 at EMISAL site

1.246 5.501 £+ 0.011 74.000 + 0.190 46.086 + 0.139 174.873 + 0917 47.640 + 0.129 231
1.253 4.804 + 0.153 56.550 + 0.554 45.680 + 0.527 197.000 + 0.241 48.200 + 0.175 24.7
1.281 5.954 + 0.275 30311 &+ 0.193 66.096 + 0.180 234.003 + 0.331 61.472 + 0.347 26.8
1.290 6.135 £ 0.541 26.415 + 0.402 80.000 + 0.224 226.912 + 0.086 66.000 + 0.447 343
1.301 6.136 + 0.100 25.000 + 0.502 85.690 + 0.291 228.000 + 0.265 75.156 + 0.153 348
1.320 6.431 + 0.224 15.074 + 0.169 93.555 + 0.369 262.367 + 1.323 61.250 + 0.253 353
1.330 6.903 + 0.487 9.650 + 0.142 97.190 + 0.152 287.895 + 460 56.200 + 0.152 35

2 Temperature values of the solutions.
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Fig. 3. Location of the studied initial brine on the Jinecke phase diagram at 35 °C involving the system Na*, K*, Mg?*/Cl~, and SO%~//H,0 with halite saturation throughout.

The diagram and the seawater crystallization path are redrawn from Usdowski and Dietzel [19] and Babel and Schreiber [4].

3.2. Experimental and solar evaporation crystallization paths

The brine evolution during evaporation was represented graphically
on the Janecke diagram at 35 °C. In this diagram the Janecke coordinates

Table 2

Solid phases appear in the Janecke diagram at 35 °C which involves the
system Na*t, K*, Mg?*/Cl~, and SO3~//H,0 with halite saturation

(mole )~ K, + Mg + SO4 = 100) for a considered solution are
expressed as follows:

Ko% = n [K>]/D « 100, Mg% = n [Mg]/D 100 and SO,%
= n[SO4]/D + 100

where, “n” is the mole number and D = n [K;] 4+ n [Mg] + n[SO4] [14].

throughout. The Jdnecke coordinates of K», Mg and SO, of the studied brine during its
Name Chemical composition experimental evaporation in the lab and also during solar evaporation at
Halite Nacl the studied pond at EMISAL were calculated from the data given in
Sylvite Kcl Table 1 and are shown in Table 3. As shown in Fig. 4, the experimental
Hexahydrite MgS0,-6H,0 crystallization path and also the solar crystallization path showed
Kieserite MgS04-H,0 good agreement with the predicted crystallization path. Both paths
%lla::;;eite gz’j;éio")z are overlapped on the predicted crystallization path along the segment
Bloedite NasMg(S04)2-4H>0 “o-Y-R-Z". But, in both cases, the evaporation process stopped at
Kainite KMgClSO,- 11/4H,0 points “X” and “X*” for experimental evaporation and solar evaporation,
Leonite K>Mg(S04)2-4H,0 respectively, and both of them did not reach point “Z” (Fig. 4). This is
Bischofite MgCl,-6H,0 perhaps due to some extremely high-salinity conditions and above a
Carnallite KMgCls-6H,0

certain concentration the brine becomes hygroscopic and adsorbs
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Table 3
Janecke coordinates of K,, Mg and SO, during the experimental isothermal evaporation at
35 °C and also during the solar evaporation at pond 2/2 at EMISAL site.

Density K% Mg% S04% Density K% Mg% S04%

Experimental isothermal evaporation  Solar evaporation at the studied pond at

at35 °C EMISAL

1.246 2.86% 76.99% 20.15% 1246 2.86%  76.99%  20.15%
1.260 1.99%  79.48% 18.54% 1.253 251%  76.93%  20.55%
1.275 220% 77.71%  20.09%  1.281 222%  79.15%  18.64%
1.285 229% 7837% 19.33%  1.290 1.93%  81.12%  16.94%
1.297 2.08% 7839% 19.53%  1.301 1.79%  80.37%  17.85%
1.305 2.00% 79.35% 18.65% 1320 1.80%  84.24%  13.96%
1321 1.90% 8131% 16.79% 1.330 1.89%  85.58%  12.53%
1.343 201% 82.17% 15.83%

humidity from the air rather than drying [4]. In both cases, the real min-
eral crystallization sequences should be precipitated according to the
obtained experimental path “o-Y-X" and/or the solar evaporation

Bischofite

Kieserite

Hexahydrite

Sylvite

path “a-Y-X*" (Fig. 4). Along both paths, the solid phases precipitated
from the solution should appear as follows:

“ou”: halite
“oi-Y": halite + hexahydrite + kainite
“Y-X" or “Y-X*": halite + kieserite 4 kainite.

3.3. Real crystallized sequences

The real sequences that were crystallized during the experimental
isothermal evaporation of the studied brine at 35 °C and also during
the solar evaporation at the studied pond at EMISAL can be investigated
by following-up the variation in the concentrations of the different ions
as a function of density as well as determination of the real collected
salts by XRD and SEM techniques.

[ | Experimental crystallization path

A Solar evaporation crystallization path
at the studied pond at EMISAL site

——) Seawater crystallization path
SW Seawater
a Initial brine

Carnallite

80, 20

Bischofite

Kieserite

Hexahydrite

Sylvite

80

60

SO, 20

[ 4
40 Kz

Fig. 4. Graphical representations of the Janecke coordinates (mole )_ K, + Mg + SO4 = 100) on the Jdnecke phase diagram at 35 °C showing (i) experimental crystallization path and

(i) solar evaporation crystallization path.
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3.3.1. Variation in the concentrations of the different ions as a function of
density

The concentrations of Na™, K™, Mg? ™, CI~ and SO3~, expressed in g
L™, atvarious densities of the brine samples collected in sequence from
the studied pond and also during experimental work are given in
Table 1. Major ion concentration represented as mol/1000 mol H,O is
recommended to study the brine evolution during evaporation [4,6].
Accordingly, the numbers of moles of ions per 1000 mol H,0 as a func-
tion of density can be calculated from the following equation given by
Zayani et al. [21]:

(c;);1000

M; (nHZO)j

(C); =

where,

(G)j is the concentration of the ion (i) in the sample (j), expressed in
moles per 1000 mol of water,

(c); is the concentration in g L~ of the ion (i) in the sample (j),
M; is the molar mass of the ion (i) and

(ng,0) is the number of moles of water in 1 L of the sample (j).

Plotting the numbers of moles of ions per 1000 mol H,0 as a function
of density during evaporation is given in Fig. 5. The evolution of major
ions during progressive evaporation is based on the initial concentra-
tions of these ions at the beginning of evaporation. In other words, it
is based on the principal of “chemical divide”. The basic idea of the
chemical divide rule is “whenever a binary salt is precipitated during
evaporation, and the initial molar proportion of the two ions forming
this salt is not equal in solution, further evaporation will result in an in-
crease in the concentration of the ion present in greater relative
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Fig. 5. Evolution of major ion concentrations during (a) experimental isothermal evapora-
tion at 35 °C and (b) solar evaporation at the studied pond (pond 2/2) at EMISAL site.

concentration in solution, and a decrease in the concentration of the
ion present in lower relative concentration” [8]. In view of that, at the
beginning of evaporation at the starting density 1.246, the C1~ ions are
initially greater than the Na* ions and Mg?™ is greater than SO3~
(Fig. 5). Therefore, during the evaporation of this brine, it is expected
that the precipitation of NaCl salt should cause an increase in the con-
centration of CI~ and depletion in Na™. The same effect will take place
when MgS0y salts start to precipitate where Mg? ™ should build up in
the solution with decreasing SO3~ during progressive evaporation.
We classified the evolution of the major ions during evaporation, and
during both experimental and field works, into two main sequences as
follows:

In the case of experimental work, the first sequence was observed at
densities 1.246-1.305 (Fig. 5a). In this sequence, the concentration
of Na™ decreases dramatically since the beginning of evaporation.
This is perhaps due to the precipitation of NaCl salt accompanied
with the effect of the principal of chemical divide where the concen-
tration of CI™ is initially greater than Na™. On the other hand, both
Mg?* and SO3~ were steadily increased with evaporation until
the SO7~ ion reached its maximum concentration at density 1.305
(Fig. 5a). The second sequence of the experimental evaporation
started at densities 1.305-1.343 (Fig. 5a). In this sequence, the
Na™ ions continued to decrease due to the precipitation of NaCl
while CI™ continued to increase. The SO~ concentration after
reaching its maximum value at a density of 1.305 started to decline
at the next densities, while the Mg?* concentration continued to
build up in solution (Fig. 5a). This is possibly attributable to the pre-
cipitation of MgSOy, salts. The K* ion showed a steady increase dur-
ing the evaporation progress in the two sequences without any
depletion.

In the case of solar evaporation, at the studied pond at EMISAL site,
the first mineral sequence appeared at densities 1.246-1.301 while
the second sequence was defined at densities 1.301-1.330 (Fig. 5b).
The general evolution trends of the major ions in the two sequences
observed during solar evaporation at the studied pond were similar
to those of the experimental results (Fig. 5). The Na™ ion depleted
due to precipitation of NaCl salt from the beginning of evaporation.
Both Mg?* and SO%~ were steadily increased with evaporation
until the SO7 ™~ ions reached their maximum concentration at density
1.301 (Fig. 5b). After that, at densities 1.301-1.330, the SO3~ concen-
tration starts to decline probably due to the precipitation of MgSO,4
salts. The K* concentration showed a steady increase during the
first and second sequences without any depletion.

3.3.2. XRD patterns of the real collected salts

The XRD patterns of the real solid samples of the first mineral se-
quence crystallized during the experimental isothermal evaporation
at 35 °C (at densities 1.246-1.305) and also those crystallized during
solar evaporation (at densities 1.246-1.30) showed that halite was
the main dominant phase precipitated from brine (Fig. 6). The lattice
spacing d (A) values and relative intensities (I/Io0) of the reflection
peaks as a function of 26 have been compared with the Joint Commit-
tee on Powder Diffraction Standards [12]. Halite was identified by its
characteristic peaks at 2.82, 1.99 and 1.63 A (JCPDS card number: 05-
0628). These results agreed well with the previous results of major
ion evolution during evaporation at the first sequences (see Fig. 5a
and b), where the removal of Na™ ions from the solution was attrib-
uted to NaCl precipitation.

The XRD pattern of the solid phases collected during the second se-
quence of mineral crystallization of both experimental evaporation and
solar evaporation at densities 1.305-1.343 and 1.301-1.330, respective-
ly, is given in Fig. 7. The XRD pattern showed that hexahydrite appeared
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Fig. 6. XRD pattern of halite salt precipitated throughout the first sequence of crystalliza-
tion (a) at densities 1.246-1.305 during experimental isothermal evaporation at 35 °Cand
(b) at densities 1.246-1.301 during solar evaporation at the studied pond (pond 2/2) at
EMISAL site.

with halite throughout the second sequence of crystallization during
the experimental evaporation (Fig. 7a) and also during the solar evapo-
ration at EMISAL site (Fig. 7b). The presence of hexahydrite was con-
firmed by its characteristic diffractions at 4.39, 5.45 and 5.10 A (JCPDS
card number 24-719). The precipitation of hexahydrite is also
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Fig. 7. XRD pattern of hexahydrite and halite salts that were precipitated throughout the
second sequence of crystallization (a) at densities 1.305-1.343 during experimental iso-
thermal evaporation at 35 °C and (b) at densities 1.301-1.330 during solar evaporation
at the studied pond (pond 2/2) at EMISAL site.

confirmed by the depletion of SO~ from the solutions during brine
evolution (see Fig. 5). The XRD pattern of the solid sample, which was
collected throughout the second sequence during solar evaporation at
EMISAL site showed the standard pattern of hexahydrite mineral as
the same pattern as in the JCPDS card number 24-719 (Fig. 7b).

3.3.3. SEM photographs of the real collected salts

The SEM photograph of the solid phases crystallized during the first
sequence of experimental evaporation, at densities 1.246-1.305, illus-
trates the presence of halite cubic crystals (Fig. 8a). Also, well developed
cubic crystals of halite were collected from the studied pond during
crystallization of the first sequence by solar evaporation, at densities
1.246-1.301 (Fig. 8b). These results of SEM agreed very well with the re-
sults of XRD pattern of halite (see Fig. 6).

The experimental precipitation of hexahydrite in the lab, during
the second sequence of crystallization, was confirmed by the pres-
ence of its characteristic euhedral and tabular pseudo-hexagonal
crystals collected at densities 1.305-1.343 (Fig. 9a). Similar euhedral
and tabular pseudo-hexagonal crystals were observed in the studied
pond 2/2, during the second sequence by solar evaporation, at densi-
ties 1.301-1.330 (Fig. 9b).

The agreement between the experimental and field results revealed
that the lab conditions during the experimental evaporation were quite
similar to the natural conditions in the field. Furthermore, all the results
of major ion evolution, XRD and SEM supported and confirmed each
other.

3.4. Differences between the real crystallized salts and those predicted by
the Janecke diagram at 35 °C

The crystallization paths “o-Y-X" and “oi-Y-X*” during the experi-
mental evaporation and solar evaporation, respectively, were shown
on the Jdnecke diagram at 35 °C (see Fig. 4). Based on these paths, the
solid phases such as halite, hexahydrite, kieserite and kainite should ap-
pear in ordered sequences (see Section 3.2). However, the real collected
salt phases during evaporation of the studied brine in both cases
showed the presence of halite and hexahydrite only while kainite and
kieserite phases disappeared.

The absence of kainite is almost referring to its metastability [9,14].
The absence of primary kainite has often been explained by difficulties
in nucleating kainite during evaporative concentration [9].

The absence of kieserite is attributed to the relative humidity
(RH) in the field and in the lab was higher than the RH required to
the formation of kieserite. According to the phase diagram of the
MgSO,4 + nH,0 system (Fig. 10), at 35 °C, hexahydrite is the only sta-
ble phase at RH ~ 50%-65% while kieserite is only stable at RH < 50%
at the same temperature [18]. In the present study, the RH in the lab
was adjusted at 55% during the experimental isothermal evaporation
at 35 °C. On the other hand, at EMISAL site, during July and August
2011, the RH was recorded 51% and 55% and the temperatures
were recorded 37.1 and 36.8, respectively (see Section 2.1). At
these periods, the crystallization of the second sequence by solar
evaporation (at densities 1.301-1.330) was achieved with precipita-
tion of hexahydrite (MgSO,4-6H,0) only rather than kieserite
(MgS04-H,0) or epsomite (MgSO4-7H,0). Kieserite is more stable
at lower RH and/or higher temperature (Fig. 10). In addition, it is
easily for kieserite to convert to hexahydrite as humidity increases
by hydration while hexahydrite does not easily revert to kieserite
on desiccation [20]. Furthermore, the supersaturation required for
crystallization of magnesium sulfate salts with water molecules less-
er than six molecules for each Mg?™* ion (i.e. kieserite) decreases
with increasing concentration of the solution [5]. Both kainite and
kieserite are found to crystallize from supersaturated solutions slow-
ly and with difficulty only when the rate of evaporation is sufficiently
slow [4].
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Fig. 8. (a) SEM photographs showing cubic crystals of halite salt precipitated throughout the first sequence of crystallization at densities 1.246-1.305 during experimental isothermal evap-
oration at 35 °C and (b) photographs showing halite cubic crystals collected from the studied pond throughout the first sequence of crystallization at densities 1.246-1.301 during solar

evaporation at the studied pond (pond 2/2) at EMISAL site.

4. Conclusion

The present work dealt with studying the mineral (salt) crystalliza-
tion sequences during the experimental and solar evaporation of a high
concentrate brine involving the system Na™, K™, Mg?*/Cl~, and SO~ //
H,0 collected from pond 2/2 at EMISAL site at Fayoum Province. The ex-
perimental isothermal evaporation in the lab results showed good
agreement with the solar evaporation at EMISAL site. In both cases,
major ion evolution, XRD and SEM results showed that the progressive
evaporation of the studied brine caused the crystallization of halite and
hexahydrite minerals through consequent two sequences. The first se-
quences involved mainly the precipitation of halite as the main solid
phase at densities 1.246-1.305 and 1.246-1.301, during the experimen-
tal evaporation and solar evaporation, respectively. On the other hand,
the second sequence included hexahydrite that appeared at densities
1.305-1.343 and at densities 1.301-1.330 during the experimental
evaporation and solar evaporation, respectively. The crystallization
path during the whole evaporation process was predicted by using the
Janecke phase diagram at 35 °C involving the system Na*, K*, Mg?*/
Cl~, and SOZ~//H,0. The predicted crystallization path of the studied
brine followed the same crystallization path of seawater along which

the phases such as halite, hexahydrite, kieserite, kainite, carnallite and
bischofite should be appear in ordered and consequent sequences.
The experimental evaporation path and also the solar evaporation
path shown agreed well and overlapped on the predicted crystallization
path. However, both paths did not reach the final stage at which the
brine should dry-up. The mineral phases thought to appear along both
paths were halite, hexahydrite, kainite and kieserite. But, the real col-
lected salts showed only the presence of halite and hexahydrite. The ab-
sence of kainite and kieserite was referred to metastability of kainite
and critical RH for kieserite precipitation. During this study, the precip-
itation of K-Mg salts from the studied brine pointed to the climatic con-
ditions prevailed at the studied area.

All results revealed that, the residual brine after halite crystallization
should be pumped from the halite crystallization storage pond (pond
2/2) at density = 1.300. This is because at this density value the
hexahydrite started to precipitate as contaminants with NaCl in crys-
tallization pond (pond 2/2). Prevention of hexahydrite precipitation
with halite will raise the purity of NaCl salt that will harvest from pond
2/2 and then will reduce the power needed for further washing or refin-
ing processes of the final NaCl product. Furthermore, pumping of the re-
sidual brine at this density value keeps most of the magnesium sulfate
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Fig. 9. (a) SEM photographs showing the start of precipitation of tabular pseudo-hexagonal crystals of hexahydrite salt with halite (white arrow) throughout the second sequence of crys-
tallization at densities 1.305-1.343 during experimental isothermal evaporation at 35 °C and (b) photographs showing the start of the tabular pseudo-hexagonal crystals of hexahydrite
salt to precipitate with halite throughout the second sequence of crystallization at densities 1.301-1.330 during solar evaporation at the studied pond (pond 2/2) at EMISAL site;
(i) photograph shows a massive crystal assemblage, (ii) photograph shows some tabular pseudo-hexagonal crystals of hexahydrite separated carefully from crystal assemblage as
shown in photo “i”, (iii) SEM photograph of crystal assemblage as shown in photo “i”, after slight grinding, shows the presence of tabular pseudo-hexagonal crystals of hexahydrite

and also the presence of cubic crystals of halite, and (iv and v) close-up view on some pseudo-hexagonal crystals of hexahydrite present in photo (iii).



M.S.M. Abdel Wahed et al. / Desalination 355 (2015) 11-21 21

Solution

Kieserite

0 | I 1
0 20 40 60 80

T/°C

Fig. 10. RH-T phase diagram of MgSO4 + H,0 with the deliquescence-crystallization
equilibria of epsomite, hexahydrite, and kieserite; dashed curves represent the metastable
deliquescence humidities of kieserite and hexahydrite (modified after [18]).

salts as dissolved components in the residual brine which allows pro-
ducing its designed capacity without any loss of its quantity in the
NacCl pond.
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