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Abstract Agricultural reclamation activities during the last few
decades in the Western Nile Delta have led to great changes in
the groundwater levels and quality. In Egypt, changing the de-
sert land into agricultural land has been done using transferred
Nile water (through irrigation canal systems) or/and groundwa-
ter. This research investigates the hydrogeochemical changes
accompanying the reclamation processes in the small basin of
Abu Mina, which is part of the Western Nile Delta region. In
summer 2008, 23 groundwater samples were collected and
groundwater levels were measured in 40 observation wells.
Comparing the groundwater data of the pre-reclamation
(1974) and the post-reclamation (2008) periods, groundwater
seems to have been subjected to many changes: rise in water
level, modification of the flow system, improvement of water
quality, and addition of new salts through dissolution processes.
Generally, Abu Mina basin is subdivided into two areas, re-
charge and discharge. The dissolution and mixing were recog-
nized in the recharge areas, while the groundwater of the dis-
charge region carries the signature of the diluted pre-reclamation
groundwater. The salts of soil and aquifer deposits play an im-
portant role in the salt content of the post and pre-reclamation
groundwater. NaCl was the predominant water type in the pre-
reclamation groundwater, while CaSO,4, NaCl and MgSO, are
the common chemical facies in the post-reclamation groundwa-
ter. The post-reclamation groundwater mostly indicates mixing
between the pre-reclamation groundwater and the infiltrated
freshwater with addition of some ions due to interaction with
soil and sediments.
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Introduction

Increasing water demands in semiarid and arid regions which
have limited water supplies result in a critical status of ground-
water recharge. (Semi-) arid regions are expanding and repre-
sent 30 % of the global terrestrial surface area (Dregne 1991).
Currently, an estimated 1.1 billion of the 6 billion world pop-
ulation lack access to sources of clean drinking water (WHO
2003). Water scarcity will become more critical in the future
as population growth in (semi-) arid regions surpasses that in
more humid settings.

Impacts of land use/land cover changes on recharge are
most obvious in Australia. Recharge rates in native mallee
eucalyptus vegetation in Australia range from 0.1 to 1 mm/
year, whereas recharge in deforested areas is up to about two
orders of magnitude higher (1-50 mm/year). Water tables in
remnant eucalyptus vegetation are about 2—7 m deeper than
those under adjacent cleared areas (McFarlane and George
1992; Le Maitre et al. 1999). Increased recharge related to
deforestation in Australia has resulted in large increases in
groundwater salinity.

If irrigation water is derived from surface-water sources, in-
creases in recharge can result in shallower water tables and water
logging of soils. In groundwater-fed irrigation systems, increased
irrigation pumpage can greatly outweigh increased recharge
rates, resulting in great decline in groundwater level, e.g. 20—
30 m in China; <25 m in southern High Plains (US); 20-30 m in
Spain (Bromley et al. 2001; Foster et al. 2004; Liu and Xia 2004;
Scanlon et al. 2005). The mobilization of unsaturated-zone salts
is critical for groundwater quality in many areas, particularly in
Australia, where extensive groundwater and surface-water
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salinization has resulted from dryland agriculture (Allison et al.
1990; Cook et al. 2001). Nitrate mobilization is critical in the US
High Plains, where a large fraction of the wells exceed the max-
imum contaminant level of 10 ppm NO3;—N. Therefore, if con-
version of rangeland to dryland agriculture is being considered to
increase recharge, the reservoir of stored salts in the rangeland
setting should be characterized to assess potential impacts on
groundwater quality.

The studied area is called Abu Mina Basin which is a part
of the Western Nile Delta region (Fig. 1). Western Nile Delta

was the first region in Egypt where land reclamation projects
started in the 1950s. The reclamation of the northern (
Nubaria, Bustan, Bustan extension and El Tahrir areas) and
northwestern parts (Burg El arab, and Abu Mina Basin) de-
pends mainly on River Nile water derived from a set of main
and secondary canals. In the southern parts including Wadi
El-Natrun, Sadat City, South Khattaba and Wadi El Farigh,
the reclamation depends mainly on groundwater (Fig. 1c).
The rise in groundwater level and its quality improvement
were noticed in the areas irrigated by surface water. In some
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Fig. 1 a Map showing the location of the study, b land cover map
derived from the enhanced thematic mapper (ETM) image in June 2000
(El-Horiny 2012), and ¢ Western Nile Delta map showing newly
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reclaimed areas and the constructed irrigation drainages. The yellow
quadrangle in b indicates the location of Marmina Monastery
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locations, water logging and increase in soil salinity were
detected (Ahmed 2002 and Fekry 2004). Compared to 1960
groundwater level data, 2010 data show a 30-m rise in the
Nubaria area (Osman 2014). On the other hand, the
groundwater-irrigated areas suffered from water level decline
and salinity increases. 2010 data show up to 25-m decline in
the water level in south Khataba area compared to 1960 data
(Bayumy 2014). Therefore, it is important to study the chang-
es in groundwater condition at a small closed basin with
saline soil due to reclamation effects, such as seen regarding
the situation at Abu Mina. As will be discussed in the next
sections, although there is saline soil, water level rise is ac-
companied by reduction in groundwater salinity. Water level
rise has occurred due to excessive irrigation and seepage from
the irrigation channels. Soils and host rocks have added new
salts to the groundwater, but without much effect in salinity
modification of the post-reclamation groundwater.

Site description

The present study concerns the Abu Mina basin, which is locat-
ed in the northwestern Nile Delta, just to the southwest of
Alexandria and bounded from the north by Burg Al-Arab area
and from the south by latitude 30° 45’ N (Fig. 1). The area of

Fig. 2 Trrigation channel system 29° 30
in Abu Mina basin, with the
location of the groundwater
samples (red circles with
numbers) and the water level
piezometers (blue circles) used in
2008. 1974 piezometers are
plotted in Figs. 6a,b and 8. Green
quadrangle indicates the location
of Marmina Monastery
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study was considered as a target for reclamation programs by
the Egyptian government, which required evaluation of the
water-resource sustainability and potentiality in order to cope
with prospective development. Abdel Daiem (1976) reported
that there was no agriculture activity in Abu Mina basin in the
1970s but now it is fully cultivated (Fig. 1b). The surface water
in the study area is supplied by El-Nasr canal and its channel
system (Fig. 2). A flood-irrigation system has been employed in
the study area since reclamation. A continuous increase of
flood-irrigation using different water wells and channels in this
area has led to rapid rising of the groundwater levels. This area
traverses the Mariut Tableland and slopes gradually towards the
NE direction where the ground-surface elevation ranges be-
tween 70 m above sea level (asl) to the west and 20 m asl to
the east (Fig. 3). Compared to the surroundings, the Marmina
Monastery is located in a lowland area, a sink that was formed
due to an erosional effect (Mohamed et al. 1979).

The targeted area is characterized by semiarid climatic con-
ditions that are closely related to the Mediterranean climate,
where it is moderate to warm, sometimes hot in summer, and
cold to moderate in winter. In general, it is characterized by a
short rainy season with low and infrequent rainfall, high an-
nual temperature variations, high evaporation rate, high rela-
tive humidity and frequent dew formation. The rainiest
months are January and February with a mean value of
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Fig. 3 A topographic contour
map of the study area. Units are in
meters above the sea level (m asl)

37.6 mm for each of the 2 months (Egyptian Meteorological
Authority, EMA 1994).

Geology

Geologically, Abu Mina basin belongs to the Burg El-Arab
area (Fig. 4). This area is generally covered by sedimentary
sediments belonging to the Holocene, Pleistocene and late
Neogene; however, the depression areas may be occupied
largely by alluvial deposits.

The Pleistocene sediments can be tentatively differentiated
into two lateral units. The first one is the oolitic limestones
which have a wide exposure in the coastal strip of the
Mediterranean Sea. These sediments are composed of detrital
limestone associated with calcareous clayey soil (Abdel
Mogheeth 1968). The second unit (40—60 m thickness) is
exposed mainly in the Abu-Mina basin and composed of
fluviomarine facies of sands, clays and gypsiferous clays
(Mohamed et al. 1979).

The Pliocene sediments are not exposed at the surface.
Pliocene sediments underlie the oolitic calcareous bars of the
Pleistocene sediments in the coastal zone and are overlain by
clastic sediments of the Pleistocene age in Abu Mina basin.
The Pliocene sediments overlie Moghra Formation (Miocene)
along the western Mediterranean coastal area. A simplified
geological section for the study area is presented in Fig. 4.

The Pleistocene clastic aquifer in Abu Mina basin is mostly
built up of fluviomarine facies of sands, clays and gypsiferous
clays. Groundwater occurs in this aquifer under semi-confined
conditions due to covering of the clastic sediments by alluvial
deposits of Holocene age. The clastic sediments have a thickness
varying between 40 and 60 m, and transmissivity ranges from
less than 500 m*/day to about 5,000 m*/day (CEDARE 2009).

The geological sequence from the surface downwards in
Abu Mina basin (Water Resources Laboratory 1975) is as fol-
lows: 1-15 m Holocene loamy deposits; 5-30 m Pleistocene
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lagoonal deposits consisting of salt rich sand and sandy clay;
15-40 m Pleistocene deltaic deposits consisting of gravelly
sand; 300 m Pliocene clay (water barrier). Recharge takes place
through infiltration of rainwater, lateral seepage from El-Nasr
Canal and its branches, and downward percolation of excess
irrigation water. It is discharged by evaporation, evapotranspi-
ration, and through a number of production wells.

Soil properties

According to Erian and Yacoub (2000), soil salinity of the study
area (Fig. 5) falls into the following classes: slightly saline soils
(2—4 dS/m), moderately saline soils (4-8 dS/m), strongly saline
soils (8—16 dS/m), and the very strong saline soils ( >16 dS/m).
The mentioned soils exhibit calcium carbonate content that
varies from 28 to 51 %, which permits the formation of calcic
horizons. The gypsum content ranges from 0 to 25 %, and is
mainly concentrated at the subsurface layers, which permits the
formation of a gypsic horizon. With respect to the composition
of saturated soil extract (standard soil and water mixture), Ca>"
is the dominant cation followed by Na” and Mg**, whereas the
anions are dominated by SO,%", then CI” and HCO;~ (Moustafa
et al. 2005). The soil texture for the surface horizons of Abu
Mina basin is generally of median grain size and varies from
sandy loam to sandy clay loam, while the clay content varies
from 0 % to more than 40 % (the clay is formed essentially by
calcium carbonate). The hydraulic conductivity is low and
ranges from 1.3 to 6.2 cm/h. These low values are attributed
to the presence of high amounts of both calcium carbonate and
gypsum (Mousli 1980; Keren et al. 1980).

Materials and methods

To investigate the groundwater levels and flow regime in
2008, data from 40 piezometers were used (Fig. 2). These
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Fig. 4 a Hydrogeological map of Burg El-Arab and Abu Mina Basin and b hydrogeological cross-section across the two areas (modified after RIGW

Research Institute for Groundwater 1991)

piezometers range in depth from 30 to 50 m and are mostly
screened in the last 6 m. Twenty-three groundwater samples
from production wells and another one from El Nasr Canal
were collected for the present study during the summer of
2008 (Fig. 2). All the production wells tap the Quaternary
aquifer with the same average screen depth as the piezometers.
To interpret the spatiotemporal change in groundwater levels,

flow regime and chemistry, data from seven piezometers (av-
erage depth 45-60 m) were taken from Abdel Daiem (1976) to
represent the groundwater condition of 1974 in the study area.
Hydrogen ion activity (pH), electrical conductance, tempera-
ture, total dissolved solids (TDS), alkalinity, Ca and Mg con-
centrations had been measured in the field. The last three
parameters were measured by titration. Chloride
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Fig. 5 Soil salinity map of Abu
Mina area (after Erian and Yacoub
2000)

concentrations were determined in the laboratory by titration;
Na and K ions were measured by flame photometer, whereas
SO, and NO3 were measured by spectrophotometer. The re-
sults of the hydrochemical analysis are shown in Table 1. The
ion-charge-balance error for 2008 data is less than 5 %. All the
contour maps used were made by a kriging method using
surfer software.

Results and discussion
Flow regime

Depth to groundwater in 1974 (Fig.6a) varied from >51 m in the
southwest to 33 m in the northeast. In contrast, the 2008 depth to
groundwater (Fig. 6¢) ranged between <1 m at Marmina
Monastery to 11 m in the northeast at the periphery of the
Mariut Tableland, with a general decrease towards the central
part of the area. Groundwater in 1974 was recharged from
Mariut Tableland in the northwest direction; it flowed to the
south and southeast and discharged locally at Marmina
Monastery (Fig. 6b). The general distribution of the water-
table contour lines in 2008 (Fig. 6d) indicates different condi-
tions compared to 1974 (Fig. 6b). The recharge area has become
related to the El Nasr Canal and its branches, and the main
direction of flow is now towards the central part of Abu Mina
basin (Marmina Monastery). Other minor flow directions are
detected in 2008 to the eastern and western parts of this aquifer.

Hydrochemical characteristics and ion spatial
distributions

The pre-reclamation groundwater (1974) showed higher
values of TDS and total hardness (Fig. 7a,b; Table 1).
The enrichment trend of both parameters followed the wa-
ter level depth and flow regime (Fig. 6a,b) where they
increased from northeast (shallower groundwater) to

@ Springer

l

i

)
0 15 km

Legend
[ slightly saline soil (18,050 feddan)

|:| Strongly saline soil (25,051 feddan) - Very strong saline soil (2034 feddan)

[ Moderately saline soil (27, 002 feddan)

southwest (deeper groundwater) from 8,350 to 31,550
mg/L (for TDS) and from 1,182 to 5,554 mg/l (for TH)
respectively. The local discharge area in Marmina
Monastery showed abnormal total hardness distribution
(Fig. 7b), where Ca and Mg are derived from the north-
ward carbonate rock (Fig. 3).

Most of the 2008 water samples range from slightly saline
to moderately saline. The salinity values of the studied
groundwater samples vary from 1,260 to 7,070 mg/I at wells
4 and 11, respectively, with an average of 2,947.4 mg/l
(Table 1). The areal distribution of salinity (Fig. 7¢) shows
that the TDS increases from all directions towards the central
part of the aquifer (>5,000 mg/1), where Marmina Monastery
is located in the lowland areas. Noteworthy, the areal distribu-
tion of TDS in the study area follows, more or less, the general
pattern of the water level depth map (Fig. 6¢), i.e. the higher
the water salinity the shallower the water level depth. The total
hardness of water samples ranges from 750 to 3,462.3 mg/l at
wells 17 and 1, respectively (Table 1; Fig. 7d). The total hard-
ness distribution map follows, more or less, the total salinity
distribution.

As shown in Fig.8, the spatial distribution of ion concen-
trations (except alkalinity) of the pre-reclamation groundwa-
ter (1974) showed a similar enrichment trend to TDS. Total
alkalinity had a reverse trend with zero value at the deeper
groundwater in the southwest. Mg and Na had abnormal
distribution trends in the Marmina Monastery area where
the groundwater locally discharged. Post-reclamation
groundwater data (2008) are spatially presented in Fig. 9.
Calcium content varies from 140 to 672 mg/l at wells 5
and 3, respectively, with a mean value of 385 mg/l
(Table 1). The distribution of calcium ion concentration in-
creases away from the central part (natural discharge area)
towards the east and west directions (Fig. 9a). The magne-
sium ion concentration ranges from 9.8 to 448.1 mg/l at
wells 3 and 1, respectively, with an average of 124.6 mg/I
(Table 1). Magnesium areal distribution does not follow that
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of calcium where it shows alternative parallel high and low
concentration zones, which may be related to soil

composition or discharge of the deeper old water (Fig. 9b).
The sodium ion concentration ranges in 2008 from 138.4 to
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the location of Marmina Monastery and concentration values are in ppm

1,750 mg/l at wells 6 and 11, respectively, with an average
of 474 mg/I (Table 1). The iso-sodium contour map (Fig. 9¢c)
reveals that the dominating trend is an increase from all
directions towards the central part. The highest values of

@ Springer

sodium are encountered in the areas of Marmina
Monastery, where the groundwater discharges. The distribu-
tion pattern of the Na ion is relatively comparable with that
of the Mg ion, except in the southeastern part. It is thought
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that the marine salt and the carbonate rocks in the area are
the main source of both Na and Mg ions respectively.
Potassium concentrations vary from 15.8 to 51.9 mg/l and
have no definite areal distribution trend but in general it
increases towards the east and the south (Fig. 9d).

Chloride ion concentration for 2008 varies from 140 to 2,
100 mg/1 at wells 4 and 11, respectively, with an average of
537 mg/l (Table 1). The highest values of chloride (>2,500
mg/l) are also encountered near Marmina Monastery (Fig. 9e).
The distribution of CI ion concentration follows, more or less,
that of the Na, Mg and sulfate ions reflecting the same source.
Sulfate concentrations increase from 700 mg/l at well 15-3,
200 mg/l at well 11, with an average of 1,647 mg/I (Table 1).
The sulfate ion represents between 24 and 83 % of the total
dissolved anions in the groundwater and this is attributed to
the occurrence of lagoonal deposits and saline soils in the area
(Fig. 91). Sulfate ion concentration increases from all direc-
tions toward the central part. The highest values of sulfate (>2,
500 mg/l) are encountered in the Marmina Monastery low
relief discharge area (Fig. 6d).

The bicarbonate ion concentration for 2008 ranges between
18 and 286 mg/l at wells 2 and 4, respectively, with a mean
value of 104 mg/1 (Table 1). The majority of the samples have
bicarbonate content of less than 100 mg/l. The bicarbonate
iso-concentration map (Fig. 9g) shows a decreasing trend
from north and northwest to south and southeast. Such a trend
is lithological controlled where the carbonate rocks of the
Mariut Tableland is closer to the high concentration zones.
Nitrate content ranges widely from 4.9 mg/l at well 15 to
66.9 mg/l at well 6, with a mean value of 33.4 mg/l
(Table 1). In contrast to bicarbonate, the high values of nitrate
are encountered in the southern part of the area towards the
extension of El-Nasr Canal and away from both the tableland
and the central area, where the large-scale irrigation and inten-
sive use of fertilizers are known to occur leading to such high
values of nitrate (Fig. 9h).

From the spatial distribution of the chemical parameters
shown in Figs. 7, 8 and 9, it is concluded that the excessive
irrigation and water seepage from the intensive channel sys-
tem led to a great change in the groundwater chemistry.
Generally, the TDS, TH and ion concentrations (except bicar-
bonate) become lower in 2008 compared with the pre-
reclamation time (1974). It could be said that the Abu Mina
basin groundwater has been subjected to freshening and dis-
solution processes. Groundwater flow direction and water-
level depths were the main factors controlling the groundwater
chemistry in 1974 where the TDS, TH and ion concentrations
(except alkalinity) increased along the flow path. Marmina
Monastery area is considered the main discharge area in
2008 where the highest salinity and ion concentrations are
represented. Channel locations, use of fertilizers, presence of
carbonate rocks, soil salinity and flow systems are the factors
controlling the hydrochemistry of the groundwater in 2008.

Hydrochemical coefficients (ionic ratios)

The relationships between TDS and different major ion con-
centrations are shown in Fig. 10. Generally, TDS data of the
2008 groundwater set show a strong direct relation with Na +
K, SO, and Cl where the correlation coefficients (R”) are higher
than 0.85 (Fig 10a,b,f,g). Calcium and bicarbonate have a weak
inverse relation with TDS (Fig. 10c,e, respectively). TDS
shows an intermediate direct relation with Mg (Fig. 10d) where
R? equals 0.59. Moreover, samples points in the NO;-TDS plot
(Fig. 10h) are scattered with no definite trend (R* = 0.1). The
distribution of the plotted samples reflects that the high concen-
trations of Na, Mg, Cl and SOy in the 1974 groundwater are
responsible for the salinity of the 2008 groundwater. On the
other hand, recently infiltrated fresh water is responsible for
salinity modifications through dilution of the 1974 groundwater
and dissolution of the carbonate and sulfate minerals.

The Na/Cl parameter expresses the sodium—chloride im-
balance in the water. It differs greatly according to the total
concentration of the dissolved solids. The values of Na/Cl
ratio for the collected samples range between 0.46 and 3.83
(samples 1 and 21 respectively, Table 1). Most water samples
are above the unit value. In Fig. 11a, the Na/Cl relationship is
strong (R* = 0.78) and the majority of the samples are clus-
tered around the 2008-channel-water/1974-groundwater
mixing line. Five samples deviate above the mixing lines.
These results suggest two processes: (1) simple mixing be-
tween the 1974 groundwater and the 2008 channel water, as
the general case, and (2) addition of sodium of terrestrial ori-
gin to the water, which is probably due to ion exchange where
Na replaces Ca of the dissolved soil salts.

The Ca/Mg ratio helps in tracing seawater intrusion or rain-
water recharge where it equals 0.25 and 5.63 (Table 1), re-
spectively. Thus, higher values of this ratio may indicate sur-
face water mixing (Ca/Mg = 10.62). However, the Ca/Mg
ratio is highly influenced by the activity of the base-
exchange process. The value of the Ca/Mg ratio is higher than
unity in most of the samples (Table 1; Fig. 11b) where calcium
exceeds magnesium (R? = 0.25) with ratios ranging from 0.58
to 41.7. Higher values of this ratio and distribution above and
away from the mixing lines indicate a surface water (El-Nasr
Canal) effect, which dissolves the calcium-rich minerals.
Samples with Ca/Mg ratio of less than unity are located in
the discharge area and are characterized by high TDS due to
little mixing and higher percentage of pre-reclamation (1974)
groundwater.

The Na/Cl ratio and relationship indicate cation exchange
reaction (Edet and Okereke 2001). In Fig. 11c, the relationship
shows a reverse trend (R* = —0.36). Such relation could be
related to an ion exchange process where sodium replaces
calcium. The Ca/SOy ratio (Table 1) has mean values of less
than unity for all 2008 samples (except sample 19) indicating
Ca removal possibly by calcite precipitation or ion exchange
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with Na. Figure 11d shows a weak relationship between Ca
and SO4 (R* = 0.1). Most of the samples are clustered around
the rain—seawater mixing line, indicating that most of dis-
solved CaSOy are related to dissolution of soil and aquifer
marine salts by rainwater before reclamation.

The Ca/Cl ratio is useful in studying the modification of
groundwater composition due to leaching and dissolution of
dolomite, limestone, gypsum, and anhydrite. The Ca/Cl ratio
ranges from 0.34 to 7.92 (Table 1) and most of the samples
have a ratio over the unit value. There is no definite trend (R> =
—0.004) in the relation shown in Fig. 11e and the samples are
located over the mixing lines, reflecting the addition of calci-
um by freshwater dissolution of the calcium rich minerals. On
the other hand, the recorded lower values of this ratio repre-
sent the discharge area where salinities have their highest
values and calcium addition is minimal.

The CI/Mg ratio ranges from 0.33 to 14.04 and their relation
(Fig. 11f) shows a direct trend (R* = 0.7), indicating the same

@ Springer

source. The relation of the two elements is not affected, neither
by rain—seawater mixing nor by 2008-channel-water/1974
groundwater mixing. The SO,4/Cl ratio could be taken as a guide
for detecting any increase of sulfate in groundwater due to
CaSO, dissolution or CaCOj; precipitation. The values of this
ratio are high and range from 1.12 to 9.35, which are higher than
that of seawater (Table 1). There is a direct relation (R* = 0.72)
between the two parameters (Fig. 11g) and the samples have no
relation with the mixing lines. Such a high ratio and direct
relation reflect the same terrestrial source and high concentration
of sulfate soluble salts which are easily dissolved by freshwater.

The mean values of CI/HCOj3 (Table 1) in the studied area
vary from 0.84 to 45.18 in 2008. This ratio may indicate a
higher control of freshwater in the formation of the present
groundwater. The reverse trend (R* = —0.1) shown in Fig. 11h
and the clustering of the samples around the 2008-channel-wa-
ter/1974-groundwater mixing line indicate that bicarbonate-rich
freshwater diluted a chloride-rich groundwater.
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Gibbs (1970) diagrams (Fig. 12) illustrate the distribution of
sample points, as shown as a cluster, suggesting that, ground-
water chemistry is controlled by rock weathering and evapora-
tion processes, leading to the poor quality of groundwater (Rao
2002). Pre-reclamation (1974) groundwater salinity, Na, Ca, Cl,
and HCOj; concentrations depend mainly on the evaporation
process. For 2008 groundwater, freshwater mixing with 1974
groundwater could be the main source of Na and Cl, whereas
soil and aquifer materials are the most reasonable source of Ca.

According to the afore-mentioned relations and ratios, the
following points could be predicted: (1) the salinity of the

2008 groundwater is affected by Na, SO,, Cl concentrations
that may relate to old groundwater; (2) dilution or mixing
between the recently infiltrated and the pre-reclamation
(1974) groundwater seemed to have occurred; (3) freshwater
interaction with soil and aquifer materials adds new salts of
Ca, HCO3, Na and SO, to the groundwater; (4) 1974-
groundwater salts content is mainly controlled by an evapora-
tion process, while the post-reclamation (2008) groundwater
hydrochemical composition is related to freshwater mixing
with the pre-reclamation groundwater and water—rock interac-
tion processes including dissolution and ion exchange.
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Hydrochemical classification

The distribution of the studied samples in Sulin’s (1946) dia-
gram (Fig. 13) shows that most of 2008 samples are of the
sulfate type (Na,SOy). In the current study, such a water type
could not be explained as it is of deep meteoric origin but it
might be related to dissolution of gypsum contained in the
soils followed by ion exchange with Na contained in the aqui-
fer sediments. A few of the 2008 samples (1, 6, 15, 19 and 23)
are similar to 1974 groundwater where they are of the chloride
type (MgCl,) of marine origin. This indicates the larger influ-
ence of the recent source of groundwater which dissolves the
marine salts of the soil and aquifer sediments.

A Piper diagram of 2008 and 1974 groundwater samples of
Abu Mina basin shows a change of the water’s ion content
over time (Fig. 14). Cl and SO, are the predominant anions in

1974 and 2008 groundwaters, respectively. Na is the most
predominant cation in the 1974 groundwater; the 2008
groundwater has variable content of Na, Ca and Mg; therefore,
1974 groundwater is characterized by NaCl chemical type,
while the 2008 samples are characterized by CaSO,, NaCl
and MgSO, types. Derivation of the latter three types from
NaCl old groundwater reflects the modification of the ground-
water chemistry through mixing, soil minerals dissolution and
water/aquifer-sediment interaction.

As an alternative to graphical methods, multivariate statis-
tical techniques such as hierarchical cluster analysis (HCA)
are now routinely used in groundwater studies as an effective
tool to analyse large data sets (e.g. Giiler et al. 2002;
Daughney and Reeves 2005; O’Shea and Jankowski
2006; Menci6 and Mas-Pla 2008; Woocay and Walton
2008). However, in order to understand the physical and
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Fig. 14 Hydrochemical classification of the studied groundwater using
piper diagram

chemical processes that control groundwater evolution, the
results of the multivariate statistical analysis have to be placed
in the spatial context (Thyne et al. 2004). The dendrogram
(Fig. 15) classified the 2008 water samples into two main
groups: group 1 includes all the samples, except samples 1,
5, 11 and 16, which belong to group 2. The spatial distribution
of the two groups is strongly correlated with the flow system
(Fig. 6d) and the spatial distributions of TDS and ions
concentrations (Figs. 7c and 9). Group 2 samples are located
in the discharge areas and have higher concentrations of TDS,
EC, Mg, Na, SO, and Cl compared to group 1. Group 1 has
higher Ca and HCO; than group 2 and characterizes the

DS EC Ca Mg Na
Group1 | 2368.42 4751.58 39411 94.45  310.39
Group2 | 5697.50 11415.00 342.00 267.99 1250.47

K HCO; SO cl NO;
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Fig. 15 Dendrogram classifying 2008 water samples according to their
chemical composition into two main groups. 7DS and element
concentrations are average values in ppm and £C is in uS/cm

recharge areas. Both groups have the same anionic con-
centration order similar to that of the soil, but for cations,
group 1 has the order Ca > Na > Mg > K, whereas group 2
has the order Na > Ca > Mg > K.

According to the hydrochemical classification depending
on the main anions and cations, the pre-reclamation (1974)
groundwater is only of the NaCl type but the post-
reclamation (2008) water is of sulfate type with different pro-
portions of Na, Mg and Ca. According to the origin, some
samples of 2008 groundwater still carry the signature of
1974 groundwater, i.e. of marine origin (MgCl, type in
Sulin’s diagram). Most of 2008 groundwater samples have
Na,SO4 due to gypsum dissolution followed by ion exchange
with Na. Statistically, the 2008 groundwater is classified into
two groups depending on the cations concentration order.
Group 1 is of discharge type but group 2 is of recharge type.

Conclusions

The Abu Mina basin is a good example for monitoring the
effect of reclamation processes on the groundwater in a semi-
arid area environment. The excessive use of irrigation systems
and intensive channel networks in such areas (with saline soil
and a small basin topographic shape) led to great changes in the
groundwater environment. This is reflected by the groundwater
level rising especially in the lowland areas, together with great
changes in the flow regime and hydrochemistry. The water
table has become shallower; it changed from >50-30 m depth
to 11-<1 m deep. Groundwater flow direction has been
changed from northwest—south and northwest-southeast to
flow mainly towards the central part of the basin (Marmina
Monastery). Other minor flow directions could be detected in
2008 to the eastern and western parts of this aquifer.

The hydrochemical characteristics of the basin groundwater
have changed too—TDS, TH, Na, Ca, Mg, Cl and SO, in 1974
groundwater were enriched along the flow direction, while in
contrast, alkalinity reached zero concentration in the southwest
and increased to the northwest. Recently, in 2008, the distribu-
tion of all the chemical data became quite different where most
of the parameters increased toward the discharge area in the
central part reflecting different proportions of 1974 groundwa-
ter along the flow path, but bicarbonate increase close to Mariut
Tableland which consists of carbonate rock. On the other hand,
NOs for the 2008 groundwater distribution increases to the
south and carries the signature of irrigation processes.

Ionic ratios and relations reveal that 2008 groundwater is a
mixture of pre-reclamation (1974) and irrigation freshwater
where Na, SOy, CI are still controlling its salinity content.
Simple mixing and dissolution are the main chemical process-
es affecting the chemistry of 2008 groundwater, with a minor
effect of ion exchange. According to the Gibbs diagram, evap-
oration is the predominant chemical process influencing 1974
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groundwater but 2008 groundwater is affected by both mixing
and water—rock interaction.

Hydrochemically, the 1974 groundwater was only of the
NaCl type but the 2008 groundwater is classified as the SO4
dominant chemical type with different proportions of Na, Ca
and Mg. Most of 2008 groundwater samples are of the
Na,SO, type but some are similar to the 1974 groundwater
having marine origin (MgCl, type). Cluster analysis reflects
also the variation of salinity and ion content. The recognized
two main groups are simply comparable with the flow direc-
tion where the samples with high TDS and ion content are
located in the discharge area.

Generally, reclamation processes in Abu Mina basin cause
freshening of the old (1974) saline groundwater producing a
brackish groundwater. Mixing between 1974 groundwater
and the infiltrated freshwater is the main chemical process
which led to salinity reduction. The groundwater level in
Abu Mina basin rose by more than 30 m between 1974 and
2008; such a continuous rising of the water level in a small
basinal area may cause severe water logging. As the ground-
water level approaches the ground surface, soil salinity could
be increased due to evaporation processes; therefore, an effec-
tive management policy should be implemented and specific
crops might be cultivated to reduce the water consumption in
order to control the problem.
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