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he objective of this paper, is to evaluate the

hydrechemical data of groundwater in the alluvium
aquifer of wadi Watir basin and its delta and to assess the
hydrochemical processes affecting water quality in this
area. Genesis, origin of mineralization and geochemical
evolution have also been discussed in this study.

The obtained results of water salinity of alluvium
aquifer reveal the dominance of fresh water in wadi Watir
and brackish water in its delta. Based on ion
relationships, the chemical composition of most
groundwater from the wadi Watir shows a great
resemblance to that of the inland rain water while most
groundwater samples of delta Watir show a great
resemblance to sea water,

The genetic diagrams show that most groundwater
of wadi Watir is dominated by alkaline earth’s and strong
acid (secondary salinity) while most groundwater of its
delta is dominated by alkalis and strong acid (primary
salinity). On the other hand, most groundwater of wadi
Watir is plotted on the sub-square sulfate-magnesium
water while most groundwater of its delta is located near
the end of the trend of major metasomatic changes of
water quality {halite and bischofite subquadrants). This
may confirm that the general flow of groundwater is from
West to East, i.e. from the wadi to the delta and it is of
meteoric origin.

* Examination of Q-mode dendrogram reveals one
groundwater facies in wadi Watir basin, which is affected
by continental condition (three clusters} while two
groundwater facies are found in delta wadi Watir; one
affected by marine condition (three clusters) and the
other is affected by continental condition (four clusters).

From the R-mode dendrograms in wadi Watir and
its delta, it can be concluded that TDS (Total dissolved
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solids) is very highly significant, positively correlated
with most major ions while being insignificantly
correlated with most soluble minor elements. Highly
significant positive correlations are also between (CI,
Br, (CI, I and (B, I).

The correlations indicate that the groundwater
acquires its quality from leaching and dissolution of salts
in the aquifer matrix.

The main changes in groundwater chemistry in
wadi Watir according to Back and Hanshaw (1979) are
only of one reaction pathway R (recharge area) —D
(down-gradient movement of groundwater) while in the
delta, it is characterized by two pathways R—D and
D—M (marine water type), the latter pathway (D—M)
showed more influence by marine sediments in the delta
than in the wadi.

Keywords: groundwater quality, Watir basin, Q-mode dendrogram, R-mode
dendrogram.

Wadi Watir basin and its delta (3512 km’) are located between long. 33 53
and 34 42 E. and lat. 28 16 and 29 03 N. The delta occupies an area of
about 36 km” on the western side of the Guif of Aqaba (Fig. 1). The local
mean precipitation in the area is about 25.3mm/year, all of which falls within
just few days, mainly during spring and autumn months. So. considerable
temporary floods are noticeable during both seasons. The RIWR (1989)
calculated seasonal floods through wadi Watir basin to be between 5 and 45
million m’ per each period of flood.

MATERIALS AND METHODS

The present study depends on a number of 7 drilled wells to a depth of
80m, located at the outlet of wadi Watir; and a number of 29 hand dug wells
to a depth of 3-13m located at the northern, western and southern parts of
delta Watir, beside 17 hand-dug wells (total depth from § to 14 m) located at
different subbasins of the wadi. Consequently, in this study, 17 hand dug
wells and 36 wells tapping the alluvium aquifer in wadi Watir and its delta,
respectively. are sampled during the year 2002 and investigated both
hydrogeochemically and statistically, through the following:

1} Measurement of the depth to water during September (2002) for 29 weils
and 17 wells representing the alluvium aquifer within the wadi and its
delta, respectively.

2) Seventeen and thirty six groundwater samples of wadi Watir and its delta,
respectively, as well as one sample of Ain Fortaga, two samples of rain
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water (coastal and inland) one sample of Sea water at Nuweiba harbour
were collected durmg September (2002) (Flg l)
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Fig. (1). Well Iocatlon map of the groundwater samples of alluvium
aguifer in wadi Watir and its delta.
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3) The chemical analyses of groundwater samples were carried out
according to the methods adopted by ASTM (2002).These analyses
include the determination of total dissolved solids (TDS}), pH, EC,
cations (Ca®’, Mg2+, Na’, K, Fe’", Mn®") and anions (CO;" HCOy,
SO4™, CI, F', Br, I') as well as SiO,, (Table 1).

4) The cluster analysis is carried out via statistical computer program
“Statisical for Windows™  (Statistics Multivariate  Exploratory
Techniques, 1984-2003) for 56 water samples (cases) of wadi Watir and
its delta and 19 hydrochemical compositions (variables). The rain and sea
water are used in the multivariate statistics, cluster and correlation
analyses to classify the groundwater samples.

5) The saturation indices of carbonate minerals were computed by WATEQ
program, (Plummer er al., 1984) for 56 water sampies of wadi Watir and
its delta,

RESULTS AND DISCUSSION

Aquifer System

The Quaternary alluvium aquifer represents the main source of water
in wadi Watir and its delta. The mountainous range bounding its
southeastern part which is formed of highly fractured granites and
granodiorites are dissected at some places by acidic and basic dykes.

Wadi Watir basin consists of twelve main hydrographic subbasins and
several smaller ones that join the trunk channel from East and West at high
acute angles. The main geologic units outcropping in wadi Watir range form
highly permeable alluvium deposits, sandstone, clay, shale and fractured
limestone which overly the basement rocks, (Et Shazly et al., 1974). The
basement igneous rocks build up the wadi sides, while the main channel is
filled with loose coarse sands mixed with pebbles and boulders of
Quaternary ages, (Pavlov and El Ayuty, 1962). The rainfall passing through
branches of this wadi has infiltrates through the permeable geologic units,
open fractures and joints existed in the drainage area of the wadi.

The alluvium aquifer of wadi Watir and its delta is essentially
composed of gravels, sand, boulders of carbonates and basement rock
fragments embedded in silt and clayey matrix (El Refaei, 1992; Shalaby,
1997). The thickness of the clay and silt layers in the alluvium aquifer of
delta Watir increases towards the southeastern part and the coastal area . In
front of the outlet of wadi Watir, wadi El Saada and wadi El Samra, the
alluvium deposits have a thickness varying between 35m(at the outlet of the
southern wadi) and 60m (at the outlet of wadi Watir), while they are
wedging out in the northern and southern directions. In wadi Watir basin, the
alluvium deposits have a thickness changing between 30 and 90m. The depth
to water in Watir delta ranges between 1.79m (well No. 4) and 40.10m (well
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No.29) while the depth to water of wadi Watir basin changes from 6.7m
(well No.81) to 12.6m(well No.71} from the ground surface due to local
lithologic and topographic reasons.

Based on the results of several pumping tests in delta wadi Watir, the
storativity of the water bearing horizon varies between 3.16 x 107 to 1x107
(Himida, 1997), which means that the aquifer is confined to unconfined. On
the other hand, the results of several pumping tests in wadi Watir at El-
Sheikh Attia and El-Ain subbasin, reveals that the storativity of the water
bearing horizon is of the order of 4 x 107, i.e. it lies within the limit of the
unconfined aquifer (Ismail, 1998). The general groundwater flow is from
west to east, i.e., towards the Aqaba Gulf. The recharging of alluvium aquifer
in wadi Watir basin is from the subsurface infiltration of the runoff water
(flash flood) as well as from the direct precipitation. Ain Fortaga is located at
about 20km west Nuweiba town issues from the fractured granitic rocks and
controlled by nearly vertical north-south dykes (El Ghazawi, 1999). The
discharge of this spring was estimated as more than 3600m"/day (Issar and
Gilad, 1982) while being 1644m’/day by RIWR (1989). El Ghazawi (1999)
and El Sayed et al. (2002) mentioned that the aquifer in the concerned deita
is recharged directly from the outlet of wadi Watir and the overflow water
from Ain Fortaga spring.

El-Kiki e al. (1992) distinguished four hydrogeologic zones within the
Quaternary aquifer of delta Waiir, namely: Zone A is dry with an average
thickness of about 30m; Zone B is saturated with groundwater (maximum
2.3m. thickness) and lies above the mean sea level. This zone produces the
best water quality (900 mg/!) in the Quaternary aquifer; Zone C lies below
the mean sea level where the groundwater salinity ranges from 900 to 6000
mg/t, Zone D is characterized by the high groundwater salinity.

The selected wells for the present study penetrate different zones of
variable salinity. The pumped water from the alluvium in the delta is actually
a mixture between the waters of zone B and the underlying zones C and D
(Table 1). With regard to the present groundwater extraction rate from the
alluvium aquifer at wadi Watir delta, it is estimated as 2460m’/day (El
Refaei. 1992} and 3054m’/day (Shalaby, 1997). Worthmentioning, the
estimated annual recharge to groundwater aquifer within the delta from the
surface is 2212m'/day (Ismail, 1998). However, this estimated recharge does
not include the amount of direct infiltration of seasonal surface water flows
over the delta region.
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TABILE(1). Basic information and chemical results of groundwater samples of the alluvinm aquifer in wadi Watir basin and its
delta (mg/l).
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TABLE {1). Cont.

Well § Total | Bepih § Ground- pH EC } Total " » . _+1 - o . N
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TABLE (1). Cont.

wen| ool | "0 Groung. pl | EC Tatal .. W TR IR NS I N o w { Ma® |
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(m)
Delta wadi Watir
Saline to extremely saline water classes (TDS >5000 =1000 mg/ and u >0.1 >0.2)
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Rain I = Coastal rain, Rain 2 = |nland rain. Groundwater,
Zone (A or B or C or D according to the ¢lassification of EI-Kiki et a/., 1992),
Class = Assemblage of hypothetical salt combinations. where assemblage,

11: NaCl MgCl,, MgSO,, CaS0,, Ca {HCO),.

Zone = Groundwater,

I: NaCl. Ne;50, , MgS0,, Cas80,, Ca (HCOs)..
111: NaCl. MgCl,, CaCly, CaS0,, Ca(HCO,),.
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Hydrochemical Aspects

A-Water salinity

According to Chebotarev (1955), the natural water is classified into
three main categories of total salinity; fresh water (TDS up to 1500 mg/1);
brackish water (1500 to 5000 mg/f) and saline water (TDS more than 5000
mg/1).

The frequency distribution of water salinity in wadi Watir basin (559
— 1833 mg/l), is characterized by the abundance of fresh water which
constitutes about §2% of the investigated samples while the brackish water is
less pronounced and the saline water is absent, (Table 2). The relatively low
water salinity values are true reflection of flushing of the integrated recharge
of surface and subsurface runoff waters to the basin, indicating the meteoric
origin of groundwater. The presence of slightly brackish water is due to
moderately low infiltration of surface runoff water of the middle part at El-
Sheikh Attia locality (Ismail, 1998).

In the delta, there are two water salinity zones, one is the brackish
water (75%. zone C) which occupies the western parts of delta and the
second is the saline to extremely saling water (25%, zone D) which
dominates the coastal plain and southeastern part. The salinity ranges
between 1467mg/l to 12733mg/l with a mean value of 4640 mg/l. The two
drilled wells of samples Nos. 31 and 32 that exist at the apex of the fan
have salinities, from 11999 to 23691 mg/l, higher than the surrounding hand
dug and drilled wells. This is attributed to over-pumping processes and depth
of pumping where these water points reached the hydrogeologic zone D of
extremely saline water. The low salinity values (brackish water, zone C)
encountered at the west parts are true reflection of the integrated recharge of
subsurface infiltration of the runoff water through a bypass along the dense
fracture system crossing the basement rocks. This 1s in agreement with the
main recharge sources, since the groundwater flow is from west to east, i.e.,
towards the Aqaba Gulf. The high values of water salinity (extremely saline
water, zone D) in the coastal area and southeastern part are due to the
following reasons:

1- Salt water intrusion due to over-pumping activities.

2- The evaporation from the shallow water table (less than 2m near the sea)
leads to an increase in water salinity.

3- The presence of some saline deposits such as sabkhas and carbonate
deposits in the catchment area and within the aquifer matrix, where the
saline depaosits in water zone D) is more than that in water zone C leads to
an increase in water salinity of zone D (Said, 2004).

Egyptian J. Desert Res., 56, No.1 (2006)



26 El-Sayed. M. H.

TABLE (2). Frequency distribution of water salinity of the alluvium
aguifer in wadi Watir and its delfa.

VWater salinity
Lecality Total water TDS Fre:l: 1500 Brackish Saline to extremely saline
samples 8 n“"a ! (| 1500 <TDS up to 5000 5000 <TDS 10000 g1,
e ’0"03“1’ Y lmgl, 0,03 < up to 1.1 0.1<p’> 0.2
Ne, Y No. o No. %
Delta 36
27 75 9 23
Wadi 17 14 82 3 18

p*= lonic Strength,

Comparing the distribution of water salinity of alluvium aquifer, one
can find that fresh water dominates in wadi Watir basin while brackish water
dominates in its delta. This confirmed that the groundwater of wadi Watir is
more flushed by fresh runoff water than that of the delta.

B- Geachemical Classification Based on lon Relationships
B-1-Tons dominance

Based on ion relationships of the groundwater of aluvium aquiter in
wadi Watir basin, two main hydrochemical facies are distinguished, namely:
(1) SO* > CI">HCO; and Na', Ca™ or Mg™ (76 %); and (2} CV >SO," >
HCOy (24 %). The dominance of Na’, Ca’’ or Mg*" is a matter of cation
exchange activity on the surface of clays and fine materials. Such condition
has resulted in the formation of Ca-S0,. Mg-S0,, Na-SQ, Ca-Cl and Na-Ci
types (Table 3). The chemical composition of most groundwaters (76%.
hydrochemical facies 1) shows a great resemblance to the inland rain water
while the chemical composition of some groundwater (24%, hydrochemical
facies 2) shows a great resemblance to the sea water. These chemical
composition and water types reflect leaching and dissolution of terrestrial
{assemblage of hypothetical salts I) and marine salts (assemblage of
hypothetical salts 1) through downward infiltration of the surface and
subsurface runoff waters and within aquiter matrices.

On the other hand, one main hydrochemical facies is distinguished on
basis of ion relationships in the alluvium aquifer of delta Watir, namely: (2)
CI > SO > HCO: (97%) and Na' » Ca® or Mg™, Ca®” > Na” > Mg~ with
Na-Cl {94%) and Ca-C1 (3%) chemical types. The chemical composition of
most groundwaters (97%) shows a great resemblance to that of the sea water.
This is probably attributed 10 the metamorphism and development of
mineralization of the recharging water (surface runotf water) through the
dissolution of the soluble salts found in the basement and marine carbonate
rocks. This is confirmed by assemblages of hypothetical marine salts Il and
111.

Finally. based on ion relationships of the groundwater of alluviam
aquifer, it is clear that the hvdrochemical facies 1, characterize most
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groundwater samples (76%) of wadi Watir basin while the hydrochemical
facies 2 characterize most groundwater samples (97%) of wadi Watir delta.
Thus, the genesis and formation of groundwater mineralization in wadi
Watir is subjected to continental condition more than marine one and vice
versa in case of the groundwater of delta wadi Watir.

The hydro-chemical aspects of these hydrochemical facies in wadi
Watir and its delta dictate that, the groundwater is of meteoric origin,
affected by fterrestrial and marine salts contamination as well as cation-
exchange activities. This is confirmed by both assemblages of hypothetical
salt combinations [ (18%) and I (82%) in case of wadi Walir and 11 (78%)
and Tl (22%]) in case of delta Watir. Consequently, there is one main geo-
chemical class of groundwater in the alluvium aquifers of the study area,
viz.: - The groundwater which acquires its quality from leaching and
dissolution of soluble salts found in the catchment area of wadi Watir and
the aquifer sediments through the subsurface infiltration of the runoff water
(fiash flood) and the overflow water from Ain Fortaga spring as well as
cation exchange processes.

TABLE (3). Classification of groundwater of the alluvium aquifer in
wadi Watir basin and its delta based on ion relationships.

*Assemblages of
% of the | hypothetical salts and

Area Hydrochemical facies \-}’atcr water  pumber of water sample:
ype samples -
Assemblage: No. of
samples
(13 80,7 » CI =HCO; and |Ca, Mg, Na-S0, (64, 5476 [ 3
Nu™, Ca™* or Mg™ 6, 6%) " )| 19
Wadi Watir
basin {2y CI' >80, > HCO; and o
- i - “a- % 249
Na'or Ca¥™> Mg Na, Ca-Cl (18, 6%) 4% I 4
Delta wadi |(2): Cl' >80,” > HCO; and 1 1

Na, Ca-Cl (94, 3%) 97%

Watir Na'or Ca™"> Mg™ m 23
et i HCOSCE > 807 and Ca™ T
Coastal rain Na>Mg™ Ca- HCO, - n 1
Co (SO 1TCOCL and Ca™ N .
Inland rain > Na Mg’ Ca-S0y - 1 1
Seawater | O 250 ZHCU:and Na-Cl — 1 1

Na'>Mg' =Ca®
*Assemblages of hypothetical salts I: NaCl. Na,SQ,. MgSOJ, CaSO4 and Ca (HCO;).
I1: NaCl. MgClz_ MgSOJ CuSO4 and Ca (HCOs).
1 NaCl, MgCI:. (‘u(jlf (‘aSOI and Ca (HCO])2

B-2- Piper’s tri-linear diagram (1944)
The chemical data were plotted on Piper’s diagram (Fig.2) which
shows that:
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1- All water samples of wadi Watir and its delta are plotted in area 4 of the
diamond-shaped field where strong acids exceed weak acids, i.e(SO,”
+CI>(CO; ™ HHCOR).

2- Most groundwater samples (82%) of wadi Watir and some groundwater
samples (25%) of delta Watir lie in the sub-area 6 (secondary salinity,
alkaline earth’s and strong acid dominance). Therefore, such water is
shown to be more influenced by leaching and dissolution of non-
carbonate hardness salts (MgSO,, CasSO,, MgCl2 and CaClz).

3- Some groundwater samples of wadi Watir and its delta (18 and 31%,
respectively) and Ain Fortaga spring occupy the sub-area 9. This reflects
that such water is more atfected by meteoric water.

4- None of the groundwater samples of wadi Watir is enclosed in sub-area 7
while 44% of the groundwater samples of delta Watir are located within
the sub- area 7 (primary salinity, alkalis and strong acid dominance).
Consequently, such water of delta Watir are shown to be more influenced
by marine sediments than that of wadi Watir basin (Fig. 2).

In conclusion, alkaline earth’s and strong acid (secondary salinity)
dominate most groundwater samples of wadi Watir. This reflects the
dissolution of soluble salts by fresh water of surface and subsurface runoff
from the aquifer matrices and catchment area of wadi Watir, which is
characterized by the Cenomanian carbonate rocks (marine environment) and
the basement rocks (rich in mafic minerals). On the other hand, most
groundwater samples of delta Watir have dominant alkalis and strong acid
(primary salinity). This is due to dissolution of soluble salts especially
sodium chloride salt either derived from marine deposits or sali lagoon (dry—
wet) which is surely responsible for increasing salinity.

B-3- Modified Durov’s diagram (1948)

From the modified Durov’s diagram for groundwater samples (Fig.3),
it can be concluded that:

i- Almost all water samples (97%) of the alluvium aquifer in the delta is
related to the subsquares of bischofite (magnesium-chloride water, 35%
of total samples) and halite {(chloride-sodium water, 42%). In contrast,
some groundwater samples (6%) of the alluvium aquifer in wadi Watir is
located in the subsquare of bischofite (magnesium-chloride water).
Consequently, most of the plotted data of groundwater (97%) of delta
wadi Watir and some groundwater {6%) of wadi Watir are located near
the end of the trend of major metasomatic changes of water quality (halite
and bischofite subquadrants}. So, this means that these investigated
samples displayed chemically more developed stage of mineralization,
where the dominant anion is chloride, i.e. they are subdued to different
processes of metasomatism until they reach the present quality

ii- On the other hand, most water samples (94%) of the alluvium aquifer in
wadi Watir, very few water samples (3%) in delta wadi Watir and Ain
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Fortaga spring are plotted on the sub-square sulfate-magnesium water
which displays chemically less advanced stage of mineralization, where
the dominant anion, is sulfate. This indicates that the effect of dissolution
process of sulfate minerals is accompanied by cation exchange process.
Noteworthy to mention that the rainwater occupies the same position of
wadi samples, sub-square gypsum (calcium-sulfate water}, while the
normal seawater is plotted at the sub-square of halite (sodium chloride-
water) which reveals that of the delta.

In conclusion, most of water samples of wadi Watir basin showed that
chemically less developed stage of mineralization while most water samples
of wadi Watir delta displayed chemically more advanced stage of
mineralization. This confirms that the general flow of groundwater is from
west to east direction, which has been, hydrologically, proved by other
authors in previous studies. Consequently, ions deminance, Piper’s and
madified Durov’s diagrams suggest that the groundwater samples of
alluvium aquifers in the study area have meteoric origin of mineralization
and is possibly subjected to infiltration of pure meteoric water affected by
marine and continental deposits from the catchment area and aquifer
matrices. This conclusion is not in agreement with that achieved by Shalaby
(1997) and Ismail (1998) who stated that the groundwater has a mixed origin
between meteoric and paleowater while Abd Ef Hafez (2001) reporied that
the groundwater in the area has a mixed origin between meteoric and
seawaters.

4- Statistical analyses of the chemical data of groundwater in wadi
Watir and its delta

The analysis of variance (ANOVA) of the data sets with Alpha-level
of 0.05 was carried out. The multivariate statistics, cluster analysis {(Q-mode)
and correlation analysis (R-mode) were carried out using the computer
program {Statistics Multivariate Exploratory Techniques, 1984-2003).
According to the analysis of variance { Table 4) for Q-mode of wadi Watir
and its delta, the linear regression between variables is significant since the
critical values of F {1.63 and 4.59, respectively} are less than the estimated
values (6.24 and 4.59, respectively).

On the other hand, the analysis of variance for R- mode of wadi watir
and its delta, the linear regression between variables is significant since the
critical values of F (1.63 and 1.62, respectively) are less than the estimated
values (1.67 and 15.06, respectively).
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Fig. (2). Piper’s diagram for the groundwater samples of alluvium
aquifer in wadi Watir and its delta.

The cluster analysis was carried out on the non transformed input data
matrix of 39 water points (cases) of delta and 19 water points (cases) of wadi
Watir and 10 hydrochemical compositions (variables) for each of wadi and
its delta (Table 5). The rain and sea waters are used in the multivariate
statistics, cluster and correlation analyses to classify the groundwater
samples.

The results are given as Q-mode dendrogram and R-mode with
amalgamation rule of complete linkage and euclidean distance of [-Person
(ry method for both wadi and its delta. From the examination of Q-mode
dendrogram at similarity level with a distance of 0.068, it is clear that there
is one groundwater facies in wadi Watir basin, which is affected by
continental more than marine condition and the wadi exhibits three clusters
(groups) (Fig. 4).

The -mode dendrogram of the groundwater samples are discussed in
details as follows: -
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Fig. (3). Durov's diagram of the groundwater samples of alluvium
aguifer in wadi Watir and its delta.

TABLE (4). The results of regression statistics and analysis of variance
(ANOVA) of the groundwater samples of alluviom

aquifer in wadi Watir and its delta.
Cases of wadi ({}-mode)

Source of Variation sy [ MS F P-value F crit
Between Groups 1396923202 18 BE718066.8 6.24 28L-13 1.63
| Within Groups 4859342015 342 14208602 3%
Fotal 6456267217 360 ]
Cases of delta (Q-mode)
Source of Variation_| S8 if MS F P-valne Forit |
 Retween Groups | 21332043%7 38 56136957 36 458 TI9E-17 1.42
Within Groups 8594229795 702 12243492 59 n
Total 10727434183 | 740
Variable of wadi (R-mode)
Source of Varintign | S8 df MS | F P-vatine Ferit
Between Groups 3203920469 i 2892178038 1.66 4 35E-11 1.63
Within Groups 5933675170 342 1733377535
Tufal ! 0456267217 2360 _J
\'-.lringlc of delta (R-mode)
Sowurce of Variution ARy df My r P-valne Forit
Between Groups 2928190868 18 102677603 48 15.05 | 271E-39 1.61
Within Groups 7799237314 7224 10802207 ¥5
Total | 10727434185 | 740

SS=sum ol squares
MS=mean squares
di=degrees of frecdom
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Clusters (first class) affected by continental cendition in wadi Watir
basin at similarity level with a distance of 0.068.

The first cluster (1) domains four cases of water points (59, 65), (63,
67), (62, 68) and (66, 71). It reflects fairly fresh to slightly brackish water
salinity (739-1832 mg/l or 1030-2960 dSm™' at 25 °C), according to
Chebotarev (19553) and low bromide and iodide (0.73-1.63 and 0.005-0.009
mg/1).

The independent cases invelve the water points 70 (with respect to the
second case 63.67) and 74 and 69 (with respect fo the third case 62, 68). The
independent case 70 shows the highest values of water salinity (1776 mg/l or
2190 dSm™) with respect to the second case (1296 — 1338 mg/] or 1770 —
1797 dSm™). The independent case 74 has water salinity (936 mg/l or 1289
dSm™) less than the third case (1279 — 1322 mg/l or 1793 — 1870 dSm™'} and
vice versa in the bromide content {1.55 mg/l} with respect to the same case
{1.35- 1.36 mg/l). On the other hand, the independent case 69 has water
salinity (1392 mg/l or 2110 dSm™") more than the third case and vice versa in
the bromide and iodide contents (0.87 and 0.005 mg/l) with respect to the
same case (1.35-1.36 and 0.008 — 0.009mg/l). Also, the water points of
independent case 69 is characterized by cations dominance in the descending
order: Na’ > Ca™> Mg®" and continental facies (assemblage of hypothetical
salts I) where rNa / rCl is more than unity.

The second cluster (I1) involves one case of water points (64, 73),
which exhibit the low values of water salinity (804-1155mg/l or 1305-1880
dSm™), fairly fresh water, and low bromide and iodide contents (1.1-1.4 and
0.006-0.008 mg/1).

The independent cases involve the water points 61, 72 and 81 (with
respect to the case 64, 73). This case (61) has water salinity, bromide and
iodide contents (1412, 1.57, 0.011 mg/l, respectively) more than that such
case while the independent case 72 has water salinity, bromide and todide
(769, 0.75 and 0.005 mg/l, respectively) less than such case. On the other
hand, the independent case &1 is considered as the average values of water
salinity (995 mg/l or 1496 dSm™) in respect to such case while this
independent case has the highest values of bromide and iodide contents (2.45
and 0.014 mg/l) with respect to the same case. Also, both independent cases
61 and 81 have more advanced stage of mineralization where the dominant
anion is chloride (C1" > SO, > HCOy) and the dominant cation is sodium.

Most water points of these clusters are characterized by less advanced
stage of mineralization where the dominant anion is sulfate ($Q4” > CI >
HCOs)and the dominant cation is calcium. This is rendered to the integrated
recharge of subsurface infiltration of the runoff water from the hydrographic
basin of wadi Watir. The majority of water points of these clusters have
marine facies {assemblages of hypothetical salts Tf and I11).
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The third cluster (111} contains one case (77, rainwater) which exhibit
the lowest values of water salinity {30-554 mg/l or 50-1040 dSm™"), ultra-
fresh water to fresh water, and low bromide and iodide contents (0.08-1.52
and 0.002 -0.048 mg/l). This cluster i1s characterized by cations dominance in
the descending order: Na~ > Mg®" >Ca®" and has less advanced stage of
mineralization (CI' > HCOy >S0,7).

Generally, the water points of cluster 111 is affected by meteoric water
more than the water points of clusters 11 and | in a descending order. On the
other hand, the independent case involves marine water (sea water} with
respect to all clusters considered as independent case when interpreted at
similarity level with a distance 0.15 (Fig. 4). This reflects the metamorphism
and development of mineralization of the recharging water (surface runoff
water) through the dissolution of the marine soluble salts found in the
catchment area and aquifer matrices.

The Q-mode dendrogram of delia wadi Watir exhibits seven clusters
{groups) when interpreted at similarity level with a distance 0.15 (Fig. 4).
Examination of this dendrogram revealed two groundwater facies, one
affected by marine condition and the other is affected by continental
condition. The Q-mode dendrogram of the groundwater samples are further
discussed in details as follows: -

Clusters (first class) affected by marine condition in delta wadi Watir
basin at similarity level with a distance 0.035,

The Q-mode dendrogram of wadi Watir delta exhibits groundwater
which is affected by marine condition (first class) containing three clusters
{groups) when interpreted at similarity level with a distance of 0.035.

The first cluster (1) domains four cases of water points (1, 33), (4, 3),
(8, 25) and (6, 29). This cluster reflects slightly brackish to brackish water
salinity, (2454-3492mg/l or 3900-3250 dSm™) and relatively low bromide
and iodide (11-17 and 0.02-0.06 mg/1}. The independent case involves water
point 35 with respect to case (6, 29), which shows the highest values of
water salinity and iodide content (3567mg/l or 5190 dSm™' and 0.04mg/1}
relative to case of water pionts (6, 29).

The second cluster (11) domains two cases of water points (7, 24) and
{22, 23, representing saline water zone D). It is characterized by definitely
brackish to extremely saline water, (3569-12733 mg/l or 4190-19150 dSm™),
and high bromide and iodide (19.2-69.2 and 0.035-0.245 mg/l). The
independent cases involve water points 9, 26 (with respect to case 7, 24) and
32 (with respect to case 22, 23).

The independent case 9 has water salinity, bromide and iodide less
than that of (7, 24) and vice versa in the independent case of 26 with respect
to the same case. The independent case 32 has water salinity, bromide and
iodide more than that of (22, 23).
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The third cluster (II1) involves one case of water points (31 and sea)
representing saline water. Extreme water salinity (13128 -~ 42232 mg/l) or
(28200 — 51700 dSm-1) and high bromide and iodide (172 -0.55 mg/l)
characterize this cluster.

Generally, the water points of cluster IH is affected by marine
conditions more than that of the water points of both clusters I and 11. On the
other hand, the case involves 31, sea water with respect to clusters T and 11
which are considered as dependent cases, i.e. the chemical composition of
water samples of cluster one and two depends on the variation in chemical
composition of water sample No.31 and sea water (independent case)} when
interpreted at a similarity level with a distance of 0.035 (Fig. 4). This
independent case (cluster 11, 31 and sea) shows very high values of water
salinity. bromide and iodide. The chemical similarities between the different
zones of groundwater of clusters [, 11, HI and the Gulf water (sea water) are
probably attributed to the metamorphism and development of mineralization
of the recharging water (surface runoff water) through the dissolution of the
marine soluble salts found in the catchment area and aquifer matrices.
However, the sea water intrusion is not confirmed. Therefore, the water
points of clusters 1, 1l and [T are affected by marine conditions more than
continental conditions.

Clusters (second class) affected by continental condition in delta wadi
Watir area at similarity level with a distance of 0.022,

The Q-mode dendrogram of wadi Watir delta when interpreted at
similarity level with a distance of 0.022 exhibits groundwater which is
affected by continental condition (second class, 4 cluster).

The fourth cluster {IV) consists of four cases of water points {2, 11,
37y, (13, 18), (15, 30) and (14, 17). This cluster is characterized by slightly
brackish to brackish water salinity. (1549-2924 mg/l or 2660-4250 dSm™)
and relatively low bromide and iodide (9-13 and 0.02-0.03mg/l). The
independent cases involve the water points 3, 12 and 20 (with respect to the
cases (2, 11, 37), (13. 18) and (four cases water points). respectively. The
independent case 3 has water salinity less than that of case (2, 11, 37) while
the independent case 12 has water salinity more than the case (13, 18). The
independent case 20 has water salinity (6030 mg/t or 7980 dSm™). bromide
and iodide (28 and 0.04 mg/l) more than the four cases water points.

The fifth cluster (V) involves one case water points (27, 28) and
represents saline water zone D which is characterized by very sally to
extremely salty water (9927-10523 mg/ or 11780-12520 dSm™) and high
bromide and iodide (35-36 and (.07mg/l}. The independent case involves
water point 19 which shows low value of jodide content (0.04 mg/I) with
respect to cluster case (27, 28).

The sixth cluster (V1) contains one case water points (16, 34) which
exhibit the low values of water salinity (1476-1861mg/l or 2460-2720
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dSm™"), fairly fresh to slightly brackish water and low bromide and iodide

contents (7-9 and 0.02 mg/l). The independent case involves water point 36

which shows very low value of iodide content (0.01mg/1} with respect to

cluster case (16, 34).

The seventh cluster (VII) is one case water points (10, Ain Fortaga)
which exhibit the minimum values of water salinity {1205-2460mg/! or
1840-3030 dSm™), fairly fresh to brackish water, and very low bromide and
iodide contents (2-6 and 0.01-0.02 mg/1). This cluster is characterized by less
advanced stage of mineralization where the dominant anion is sulfate (SO~
> CI" > HCOy"). This is rendered to the integrated recharge of subsurface
infiltration of the runoff water from the hydrographic basin of wadi Watir.

Generally, the water points of cluster VII are affected by continental
conditions more than the water points of clusters VI, V, IV. lll, Hand I in a
descending order. On the other hand, the water points of clusters VI, VI, V,
and 1V are affected by continental conditions rather than marine conditions
and vice versa in case of clusters TH, Il and I.

The independent case involves rain water with respect to all clusters
which are considered as dependent cases when interpreted at a similarity
level with a distance of 0.15 (Fig. 4), i.e. water samples of all clusters
depend on the variation in chemical composition of rain water (independent
case) which shows very low value of water salinity, bromide and iodide
contents (30 mg/l or 50 dSm™, 0.08 and 0.01mg/l). This reveals that the
groundwater samples have a meteoric origin affected, to an extent, by marine
conditions.

The areal distribution of water points of clusters on basis of Q-mode
dendrogram in delta wadi Waltir is shown on fig. (3).

In the apex of the fan of wadi Umm Grafa, wadi Watir and wadi Saada,

groundwater tvpes are influenced by continental and marine conditions in

the same time due to dissolution of the terrestrial and marine soluble salts
from the catchment area of wadi Watir, which represents the carbonate rocks

{marine environment}, the basement rocks (rich in mafic minerals) and halite

within alluvium aquifer matrices.

On the other hand, groundwater types are affected by meteoric
conditions more than marine ones in the coastal area. This confirmed that the
coastal part of the aquifer is more flushed than the apex of the fan of wadi
Umm Grata, wadi Watir and wadi Saada. From the R-mode dendrograms in
both delta and wadi Watir (56 cases and 19 hydrochemical compositions,
variables), table (5}, it can be concluded that:

a- EC or TDS is highly significant, positively correlated with most major
fons (Na", CI', Br. K. Mg’' T, SO,%, Ca™" ), regardless of magnitude,
indicating that these ions comprise a major bulk of the dissolved salts. On
the other hand, EC or TDS is insignificantly correlated with (CO;™
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+HCO;"), F and Si0,, indicating that these ions comprise a minor bulk of
the dissolved salts (Table 1).

Furthermore, the low content of bicarbonate ions (meanl15 and
183 mg/l at delta-and wadi Watir, respectively) is mainly ascribed to the
low solubility of solid carbonate in aquifers matrices and reversibility of
bicarbonate to carbonate equilibrium as well as to other factors
controlling Pz in the aquifers, where the bicarbonates were precipitated
as carbonates along the recharge route from E] Tih plateau to the basin of
wadi Watir and its delta as clarified in most groundwaters, supersaturated
with carbonate minerals (Table 6).
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Fig. (4). Vertical icicle plot of the studied water points of alfuvium
aquifer in wadi Watir basin and its delta (Q-mode).
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Fig. (5). Areal distribution of the groundwater samples of alluvium
aquifer according to clusters in delta of wadi Watir (Q- mode
dendrogram).

b- Concerning the high positive correlation between TDS and TH (Total
hardness) in both wadi and delta, the concomitance of Ca*" and Mg"™ ions
in the forms of CI” and 8O, leads 10 a corresponding increase in the total
soluble salts.

c-Total hardness (TH) is positively correlated and highly significant with
Ca’”, Mg’", Na', K7, SO,*". CI', Brand I" {except HCO). This confirms
the predominance of permanent hardness salts in both groundwater of
wadi and delta (78 and 94% of TH. respectively). Nevertheless. the
nositive correlation of TH with Na™ and CI” is mainly attributed to the
effect of leaching and dissolution of salts, especially NaCl concentration
(effect of ionic strength) on increasing solubility of Ca'” and Mg’ in
water (Freeze and Cherry, 1979; Hem. 1989). This does not exclude the
contribution of CO; and longer residence time.

d-Nevertheless, major cations and anions are insignificantly correlated with
pH, this is aftributed to the neutrality of most, if not all soluble saits, i.e.
the pH is principally affected by salt type rather than the salt content in
the natural waters.

e-Soluble cations are highly significant, positively correlated with each
other in both wadi and deita except for Fe’~ and Mn. respectively, which
exhibit insignificant correlation with some other cattons. This is due to
weathering of basement and El Tih tableland (catchment area) beside
leaching and dissolution of soluble cations found in the catchment area
and aquifer matrices.
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TABLE (5). Correlation coefficient matrices between different chemical variables of the groundwater of alluvium agquifer in
wadi Watir basin and its delta,

EC €Ca_ | Mg | Na | K _ [ HCO, | S0, 1 @ [ 1 | Br [ TDS | Fe | Ma | F_ ]| pH [ NatC) | Cat50, | 80, | TH

EC Lupg Wadi Watir basin

Ca 0,744 1,000

Mg 0.5%9 0763 1.000 ]

Na 0.999 0.721 6u97 | 1oon | .

K 0.999 0.724 0398 Lono | jo0u |

HCQ, 0.0 £.331 002 007 | o047 1000

S0y 0970 0.879 0977 | BA61 | 6062 0,052 1,600

Cl 0.999 0.721 0997 | 1000 | 1000 | 0080 | o961 | r.0e0

1 0.995 0.6%0 0993 | 0857 | %997 | 0088 | 0947 | nowr | LOOO

Br 8,999 0716 8997 [ T000 | wono | nes3 | 050 | 1om | 0.987 | 1.000 )

™S 1.000 1742 0959 | 1Apo | 000 | 0s57 | 0969 | 0999 | 0.995 | 0999 | 1000

Fe -0.57 -0.26 .38 0,38 .37 0072 0.37 | -0.38 | 037 | 034 | 038 | 1000

Mn [ 0,700 0994 | 0998 | 0998 | a0z | 0950 [ o9e8 [ 0997 | 0.998 | 0997 | 33 | 1000

¥ 0444 0.666 GASK | 0426 | m433 0513 | 0533 | 0425 | 0.419 | 5422 | 0441 | 0.026 | 0419 | Laon

PH .27 -2 -0.26 .28 -0.27 0.31 022 | n2k | 027 | 028 | 027 | nes | 028 | w12 | L0

Na+Cl 0.999 0.721 0957 | LO0D | 1000 | -0.079 | 0.961 | 1.000 | 0997 | LODD | 999 | 038 | 6998 | 0425 | -0.28 | LO00
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f- With regard to anions in wadi Watir and its delta, the highly significant
positive correlation are between (CU, Br'), (CI, I') and (Br, I"). This can
be explained on the premise of halogen group but CI' is much more
abundant. Furthermore, the groundwater acquires its quality from
leaching and dissolution of marine salts which is supported by the highly
significant positive correfation of Br- and I with C” or EC (Table 5). The
insignificant correlation of CI' with F, is expected due to the fact that the
chemical behavior is different from that of other halogens as F~ is the
most electronegative among all halogens. On the other hand, the
significant positive correlation between CI” and SO4™ can be explained on
the basis of the ionic strength effect of the four ionic species Na*, Ca®’,
CI" and SO, In other words, when the salinity (Na' + CI') increases the
solubilities (Ca®+ SO,%) increase is caused by decreases in activity
coefficients of 8 Ca” and & SO, as a result of increased ionic strength
(Freeze and Cherry, 1979; Hem, 1989). Also, the highly significant
positive correlation between both Br” and T" with SO, is anticipated due
to marine deposits in aquifer matrices and catchment area.

Table (6). Mean saturation indices {SI) of the groundwater due to
chemical equilibrium with Quaternary aquifer in wadi Watir
basin and its delta.

Locality Aragonite ¥ Calcite —!— Dolomite | Magnesite | Chalk
Wadi Watir Fresh water (TDS up to 1500 mg/L, p up to 0.03)
Basin +0.52 | 066 | +L43 [ +o0a40 | +0.08
Brackish water(1500 <TDS up to 5000 mg/l, 6.03 <p up fo 0.1)
+65 +080 | +171 +0.53 +0.07
Aquifer +0.54 +068 [ +148 +0.42 +0.08
Delta wadi Brackish water(15300 <TDS up to 5000 mg/1, §.03 <p up to 0.1}
Walir +0.31 [ +0.45 [ +097 | 4045 | +0.03
Saline to Exiremely saline water (3008 <TDS >10000 mgA, 0.1<p> 0.2)
+0.34 +).48 +1.16 i 0,27 [ 10,06
Aquifer +0.46 +0.54 +118 | €3 [ +0a7
I-Aragonite (CaCO3) 2-Calcite (CaC0Oy)
3-Dolomite {CaMg {CO;)}, 4-Magnesite (MgC0;).5-Chalk (CaCO,).

g- Soluble cations and anions of both wadi and delta Watir display highly
significant correlation with each other except for HCOy, Fe’" and Si0,
which exhibit insignificant correlation with other cations and anions
(Table 5). In this accord, the magnitude of correlation coefficients is
strikingly strong between Na” and CI', K™ and CI', Mg*"and CI', Mg and
Br, Mg’*and SO,”, Ca**and SO,*", Mg*'and I". Na” and SO,*" as well as
Ca’" and CI". depending on whether water is su. "¢, brackish or fresh and
nature of recharge as well as the aquifer type (Table 5). The high
significant positive correlation of Na*- CI" follows Mg'*- CI, Ca’* - CI
and Na'- SOf' correlations in a descending order in wadi Watir,
indicating dissolution of the terrestrial and marine salts found in the
catchment area and aquifer matrix. These correlations are in harmony, to
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a great extent, with the following hypothetical salts of the groundwater in
the alluvium aquifer of wadi Watir:
Assemblage [: NaCl, Na,SOs, MgSQ,, CaSO, and Ca (HCQO;) (18 % of the

total samples).
Assemblage 11: NaCl, MgCl, MgSO,, CaSO, and Ca (HCO:) (82 % of the

total samples).
On the other hand, the highly significant positive correlation of Na'-
Cl follows Mg™'- CI" and Ca" - CI correlations in a descending order in
delta wadi Watir, indicating dissolution of the marine salts in the catchment
area and aquifer matrix. These correlations agree, to a great extent, with the
following hypothetical salts of the groundwater in the deita:
Assemblage II: NaCl, MgCl,, MgS0,, CaSO, and Ca (HCO:) (78 % of the

total samples).
Assemblage 111: NaCl, MgClz, CaC!z, CaSO,, and Ca (HCO})2 (22 % of the

total samples).

Finally, these results of significant correlations indicate that the
groundwater acquires its quality from leaching and dissolution of salts.

5- Geachemical evolution of groundwater.

The main changes in groundwater chemistry ot alluvium aquifers in
wadi Watir basin and its delta during its movement from recharge area to
discharge area are discussed through Back and Hanshaw’s (1979) system.

Applying Back and Hanshaw’s (1979} groundwater evolution system,
the changes in groundwater chemistry of the alluvium aquifers in the study
area are discussed as follow (Fig.2):

a- In most groundwater samples (24%} of wadi Watir, there is one reaction
pathway for evolution, R----->D, indicating that runoff recharge
source(R) directly moves down- gradient to the saturated zone (R----->D,
beside dissolution of dolomite and gypsum). On the other hand, few
groundwater samples (6%) display less mineralization {pure meteoric
water, less advanced mineralized water) and did not undergo any
evolution processes, where the metasomatic sequence did not reach the
final sequence of more advanced stage (Cl > SO; > HCO;).

b- In the delta two reactions pathways for evolution are as follows:

Dissolution

i-R(recharge area) ------------ > D(down-gradient movement of groundwater)
Process
Marine salts
ii- D (down-gradient movement of groundwater) ==-----=m-mmm-momnu >
M(marine waler type) Encreoachment

During this process, some of the most profound mincralogical reaction
paths are shown in fig. (2). In recharge area (R}, groundwater is typically of
the Ca-HCQO; type (fresh water). During its movement down-gradient R—D,
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Mg increases owing 1o dissolved dolomite, while Ca’ remains relatively
constant, also SO,* increases as gvpswn is sparingly dissolved and HCOy
remains relatively constant. Another reaction pathway is also possible from
D—M: this involves marine salts encroachment into deeper parts of the
aquifer; leading to leaching and dissolution as well as dolomitization (Back
and Hanshaw,1979).

In brief, the changes in groundwater chemistry in wadi have a reaction
pathway R—>D while in delta they displayed two pathways R—D and
D—M. Consequently, the reaction pathway D—M in delta Watir is shown
to be more influenced by marine sediments than that wadi Watir basin. This
leads to abrupt increase in water salinity of delta Watir more than that of
wadi Watir,

CONCLUSION

This study reveals that two water salinity zones in wadi Watir basin,
one is the fresh water (82%.) which occupies most subbasins and, the second
is the brackish water in the subbasin El-Sheikh Attia. On the contrary, the
most dominant zone in delta Watir is the brackish water (75%, zone C)
which occupies the western parts and the rest is saline to extremely saline
water (25%, zone D). dominating the coastal plain and southeastern part.
Therefore. the dominance of fresh water is in wadi Watir and brackish water
in its delta.

Based on ion relationships, the chemical composition of most
groundwater from the wadi Watir shows a great resemblance to that of the
inland rain water while most groundwater samples of delta Watir show a
areat resemblance to sea water.

The genetic diagrams, show that most groundwater of wadi Watir is
dominated by alkaline earth’s and strong acid (secondary salinity) while
most groundwater of its delta is dominated by alkalis and strong acid
{primary salinity). On the other hand, most groundwater of wadi Watir is
plotted on the sub-square sulfate-magnesium water while most groundwater
of'its delta is lecated near the end of the trend of major metasomatic changes
of water quality (halite and bischofile subquadrants). This may confirm that
the general flow of groundwater is from west to east, i.e. from the wadi to
the delta and it is of meteoric origin.

The multivariate statistics, cluster and correlation analyses were
conducted using computer program “Statisical for Windows (Statistics
Multivariate Exploratory Techniques, 1984-2003) indicates:

- Examination of Q-mode dendrogram reveals one groundwater facies in
wadi Watir basin, which 1s affected by continental condition (three
clusters) while two groundwater facies are found in delta wadi Watir, one
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affected by marine condition (three clusters) and the other is affected by
continental condition {four clusters).

2- From the R-mode dendrograms in both delta and wadi, it can be
concluded that:

i~ EC or TDS is highly significant, positively correlated with most major
ions while being insignificantly correlated with most seluble minor
clements in both wadi and delta,

ii- Total hardness is highly significant positively correlated with Ca™". Mg,
Na", K, S0, ClI', Brand I {except HC(Oy') in both wadi and delta.

tii- Major calions and anions are insignificantly correlated with pH in both
wadi and delta.

iv- Soluble cations are highly significant, positively correlated with each
other in both wadi and delta except for Fe* and Mn*".

v- With regard to anions in wadi Watir and its delta, the highly significant
positive carrelations are between (CI, Br'), (CI, I') and (Br", I

vi- Soluble cations and anions of both wadi and defta Watir display highly
significant correlation with each other except for HCO;', Fe** and SiO-.

Finally, these results of significant correlations indicate that the
groundwater acquires its quality from leaching and dissolution of salts.

The main changes in groundwater chemistry in wadi Watir according
to Back and Hanshaw’s (1979} are only of one reaction pathway R (recharge
area) -»D (down-gradient movement of groundwater) while in the delta, it is
characterized by two pathways R—D and D—M (marine water type). the
latter pathway (D—M) showed more influence by marine sediments in the
deita than in the wadi.

RECOMMENDATIONS

In order to develop the groundwater in wadi Watir and its delta, the
following guidelines are recommended:

1- Exploration of drilled wells can be performed in the areas of decreasing
water salinity and increasing water level or limited fluctuation
(withdrawal, less than or equal to recharge), west of wadi Watir delta and
wadi Watir basin.

2- Establishment of new communities in the area of El-Sheikh Attia and the
peneplained area of the northern part of the wadi Watir basin where the
good water supplies are mainly extracted from the Quaternary wadi fill
aquifer.

3- The activities in the alluvial fan should be limited to agriculture, trading
and tourism while the inhabitants and emplovees should be transported
out of the fan to El Sheikh Attia and the area of the northern part of wadi
Watir basin where water quality is more suitable.
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4- Desalination of brackish groundwater using reverse osmosis membrane
technique for drinking purposes of delta (which occupies the western
patts, water zone C) is much cheaper than saline and Gulf water.

5- Full utilization of Ain Fortaga spring in Nuweiba town can partially
solve the water crisis in this area.
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