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Abstract: In arid areas, with rivers functioning episodigalalluvial resources are the main source of water.
Considering the intensified regulation of dischargenontane catchments, supplying the intermittertrs, in the
nearest future alluvial aquifers will gain key inmamce for the functioning of people in arid zonElse research
aimed to investigate the diversified chemistry lifivaal waters typical of large intermittent rivealleys in hot
arid zones as well as to analyse processes detamiire water chemistry and affecting its diversitiie detailed
study, carried out in October 2015, covered theaDiger valley (1100 km total length) in the regioh the
Mhamid Oasis. The examined water was sampled fibmvedls found in the study area. Concentrations e
main cations: C4, Mg?, K*, Na’, NH,", and L{, anions: Cl, SQ, HCO;s", and NQ, as well as trace elements:
Al, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sr, and Zwvere identified. Results were analysed with diati§
hydrochemical, and geochemical modelling methodisivial waters of the eastern and western partefdasis
differed in concentrations of numerous componemsat resulted from the regulation of irrigation.egific
electrical conductivity showed a 3.5-fold increaBem 3800 to 1380@S/cm, consistent with the direction of
water flow in the oasis, from east to west. Evagreater rise was observed for ions? @), N& (5.5x), Md¢*
(5.0x), C&", and SGF (3.5x). Such a composition indicated multiionic lychemical type of waters dominated
by Na and CI. Additionally, high Pearson correlation coeffidienvere recorded for Nand Ct (0.98) as well as
Mg?* and Ct (0.97). The saturation index suggested that thia mater components originated from dissolving of
minerals such as halite, anhydrite, sylvite, angsgyn. Groundwater chemistry in the Mhamid Oasis was
determined mainly by geogenic processes, suchsaslding of evaporates, precipitation of carbomateerals,
and ion exchange.
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Introduction

The groundwater chemistry is determined mainly ggenic substances, namely ones
originating from the rock medium. Water-bearingdisvare also supplied by anthropogenic
substances, affecting water chemistry to a vareasnt, both in a local and regional scale.

However, not only man-made substances dischargedaters can be harmful to
human organism, natural ones impose such a theeatedl. This issue is of particular
importance in hot arid areas, groundwater of wistlows high salinity resulting from
geogenic processes [1, 2]. An increasing numbestadies also points to high nitrate
concentration caused by human activity [3-7]. Tfae it is crucial to investigate the
variations, often observed even on small areaghenchemistry of waters to assess their
suitability for irrigation [5, 6, 8, 9] and drinkinpurposes [5, 10]. Such analyses are most
important for regions with strongly limited resoescof high-quality waters [11-13], where
human impact, including intensive exploitation aiters [14], should involve protection of
the groundwater threatened with contamination.

Hydrochemistry of the Draa river catchment area lbesn previously studied i.a. by
[15, 16], who already noticed that its water s#jimmcreases from north to south, according
to the direction of river flow. Similarly as in @hMoroccan catchments, catchment area of
the Draa river is also marked by high concentratidmitrates, locally exceeding the
allowable limit set for drinking water by WHO (WdrHealth Organization) at 50 mg/dm
[16]. According to [16], the three most distant @gsFezouata, Ktaoua, and Mhamid,
located in the lower part of the middle Draa rivane particularly affected by implications
of high water salinity. The decrease in water resesi of this region is strictly associated
not only with droughts, recorded here during thet &everal years, but also with regulation
of water outflow and its storage in reservoir Mams&d Dahbi in the upper part of the
river. Considering the environmental vulnerabilihdex [14] classifying this region as
prone to climate changes and anthropogenic acdomphasized the lack of sustainable
water and agriculture management in the area,tneguh lower water quality and crop
yield and consequently worse life conditions fardbresidents.

The present paper aimed to present the diversifieanistry of alluvial waters typical
of large intermittent rivers in hot arid zones, @sserved in small scale, as well as to
investigate processes determining water chemisinyirgflluencing its diversity.

Study area

The study was carried out in the Mhamid Oasis (@ouldi Draa region), the
southernmost of 6 oases of the Middle Draa vallgyg.(1). The Draa is Morocco's longest
river, 1100 km and the drainage basin covers 13860 This intermittent river is formed
by the confluence of two large rivers: Imini Ouaraee and Dades, supplied by rain and
meltwater flowing from the High Atlas Mountains.n§é building the Mansour Ed Dahbi
dam in 1972, water flow in the Draa river has besgulated. At the time of construction,
the total volume of the reservoir was 560 & but decreased to 460°1° in 1998 [17].
The reservoir covers an area of 5 ha. The maximepthdvaries from 63 to 70 m.
On average, inflows into the reservoir amount tpragimately 340- 10m?year, whereas
average releases are 225 hff/year [17]. Both have a large variability and thenaal
trend of inflows and outflows is declining duriniget last years. However, during floods,
release may reach 300°1®°/year [15]. Evaporation above the surface of treemeoir
varies according to meteorological conditions botaverage is 63- 2an’/year. Surface
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water is the largest resource for water use irMittlle Draa valley. Only one tenth of the
total exploitable resource is provided by groundwat normal years.

The hot arid climate of the Middle Draa valley igpified by mean annual air
temperature of 22.8 °C. Maximum temperature, readrih July, attains 50.2 °C, while
minimum temperature, recorded in January amount$id °C (Tagounite meteorological
station - southernmost station in the region, rstate the research area). The annual
amount of rainfall attains a mean of ca. 117 mm®@adrzazate near the reservoir, 60 mm at
Zagora and 50 mm at Tagounite. However, in thedsgmeteorological station in the Draa
river basin (Tichka pass - 2100 m a.s.l.) the adirdttains a mean of ca. 562.5 mm/year.
The highest monthly precipitations are noted in &mber and December. The second
maximum is noted in February and March. Evaporatfoestimated between 2000 and
3500 mm/year [18].
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Fig. 1. Location map of the Draa river and Mhamidsfd (study area) in Morocco. Adapted from the
map of Quarzazate, 1:500 000

Mhamid is the southernmost oasis in the Middle Draldey, ca. 200 km to the south
of Mansour Eddahbi reservoir. It has an area 0638 but among them only 2231 ha are
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cultivated. Approximately 131 000 date palms growthhe Mhamid Oasis. The oasis is
situated in a large latitudinal depression betwéeipel Bani in the North and Hamada du
Dra in the South. The depression is filled by fieeels of Quaternary alluvial fans, recent
alluvial deposits, lacustrine deposits and sancdlgposits [19]. The study is conducted on
a flat lower river terrace in the Mhamid Oasis. Téeace is composed of alluvial deposits,
dominated by gravels and cobbles, which origin freamious igneous (granite, rhyolite),
metamorphic (gneiss, schist) and sedimentary rdsksdstones, quartzite sandstones,
limestone). Water discharged from Mansour Eddakkenvoir flows 4-5 times a year,
primarily to the Mhamid Oasis. It is retained a Bounou dam above the oasis where it is
distributed for irrigation through a major open chal system calledeguias. The main
channels of the system are concrete, whereas safissgd are mainly mud channels.
The remaining waters (about 50 %) supply the aldwing the Draa river channel. Water,
infiltrating the alluvia, supplies wells within th®lhamid Oasis. The total area of the
aquifers in the Mhamid part of the Middle Draa esgllis 70 kmi. The aquifers store
16.8 Mn? of natural water reserves. Roughly 60 wells withtan pumps are located within
the oasis, however due to economic reasons monehtiifof them are not in use.

Research methods

Fieldwork was carried out in October 2015 in thesaof the Mhamid Oasis, situated in
the Draa river valley. All 47 (Fig. 2) wells of tlmasis were subjected to measurements of
the depth of groundwater level and well bottom. iBgshysicochemical parameters of
groundwater, such as temperatufe,specific electrical conductivityeC, and pH, were
measured in sittEC andT were measured with a conductivity meter (CC-4dinefron),
with automatic compensation to a reference temperatf 25 °C and accuracy of +1 % and
+1 °C, respectively. The pH was measured with anpéter (CP-411, Elmetron), with an
accuracy of 0.01 pH units. From active wells, 42evasamples were taken for further
laboratory analyses. All the samples were colleatadyht capped polyethylene bottles and
stored under lowW conditions.

Prior to analyses, the samples were filtered thnotige Whatman glass microfiber
filter (filter size: 25 mm, pore size: 0.45 pum).tdas (C&", Mg*, K*, Na’, NH,", and Li)
and anions (C|] SQ, and NQ") were identified by ion chromatography with ICS080
(Dionex), including 3 x 250 mm lonPac CS16 and Zx2B6m lonPac AS18 analytical
columns for cations and anions, respectively. Teleeents (Al, As, Cd, Co, Cr, Cu, Fe,
Mn, Ni, Pb, Sr, and Zn) were determined by indwiicoupled plasma time-of-flight mass
spectrometry (ICP-MS-TOF) with GBC OptiMass 9500icaBbonates (HC®) were
analysed by titration. Detection limits amounted @+ mg/dm for C&*, 0.2 mg/dm for
Mg?*, Na', NH,", and Li", 0.1 mg/dm for K*, and 0.01ug/dn? for trace elements.

Hydrochemical results for all samples were staidly analysed [20, 21] with the
STATISTICA 9.0 software. Since the data showed radrdistribution, the Pearson linear
correlation coefficientr) was calculated to evaluate correlations betwéenvariables.
Cluster analysis was used to search for patternghén data set by grouping the
(multivariate) observations into clusters. The gedb find an optimal grouping for which
the observations or objects within each clustersarelar, but the clusters are dissimilar to
each other. Clustering was based on the Ward meihddEuclidean distance. Structures
and factors affecting the chemistry of waters wielentified with the exploratory factor
analysis EFA).
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The water quality of each sample was plotted olassical Piper diagram, referring to
the concentrations [meg/dhof hydrochemical components [22]. This diagrarovides
a convenient method to classify and compare wgpsstbased on the ionic composition of
different water samples [23].

The saturation indeXd, for the measured chemical composition of watenas was
calculated using PHREEQC Interactive (USGS, 3.8482%) asS = log (AP/Ks), where
IAP is the ionic activity product ands is the mineral solubility equilibrium constant [24
The calculation ofS was carried out to understand the thermodynamigliequm
between the dissolved and solid phases in the dreater. Equilibrium is indicated when
S = 0. If 9 > 0, groundwater is considered supersaturated,fafid< 0, groundwater is
undersaturated. Due to analytical errors and niatliveersity in mineral properties, the
water-phase equilibrium is assumed $bwvalues oscillating aroundl = 0, most commonly
+5 % logKs.

To validate the possibility of using the water iigigation, the sodium adsorption ratio
(SAR) was calculated, with the following formula:

Na

,(Ca + Mg) 1)
2

where chemical concentrations are reported in [dretj/[25].

Hydrochemical indices were used to indirectly emédu processes affecting the
groundwater. Proportions between the ions resoithfprocesses determining the chemistry
of waters, depending on their origin and reactaecsompanying water flow. The following
hydrochemical indices (ratios in [mval/dnwere analysed:

rHCO3 rNat rCa?* rNa® rNa* + rK* rS03%™ - 100

SAR =

2
rCl- ' rCl- 'rMg2*’ rK* ' rCl- °  rCI- @
Below stated mass relationships between the iomns established as well:
Nat Ca** SO%~ F
a a b e 3)

The type of ion exchange was deduced from the baslkeange indexBEl), given by
the following formula:BEI = ([CI] — [Na+K])/[CI] [meq/dnT]. BEI < 0 indicates fixation of
cd&" and Md" and solublisation of Naand K. BEI > 0 indicates fixation of Naand K
and solublisation of GAand Md".

Quality assurance and control

The ionic (charge) balance error, expressed aditfezence between cation and anion
charges divided by their sum and multiplied by ¥90did not exceed 10 %.

Table 1 presents concentrations of heavy metalsrm@ied in the CLMS-2AN
certified reference material (SPEX CertiPrep, USWjth the ICP-MS-TOF mass
spectrometer. Table 2 includes concentrations ahrens identified in the KEIJM-02
certified material (Environment Canada) with th&I8000 (Dionex) ion chromatograph.
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Table 1
Comparison of measured and certified concentrafiod.MS-2AN
Certified Obtained .
Analyte Concentration | +Uncertainty Concentration | +SD Diff.
[Hg/dm’] [%0]
Mn 10.1 0.05 9.91 2.3 -1.9
Fe 10.1 0.05 9.79 1.1 -0.4
Cu 10.1 0.05 9.85 15 2.5
n 10.1 0.05 9.88 1.1 —2.2
Cd 10.1 0.05 9.89 0.9 -2.1
Pb 10.1 0.05 9.91 1.4 -2.1
Cr 10.2 0.05 10.41 2.1 3.0
Co 10.1 0.05 9.93 0.4 -1.7
Ni 9.98 0.05 10.21 1.9 1.1
As 10.1 0.05 9.88 2.1 2.2
Sr 10.1 0.05 10.22 1.7 1.2

D - standard deviatiomiff. - relative difference between measured and ceditifoncentration; 100 ¢6,—Cc)/Cc

Table 2
Comparison of measured and certified concentrafiok&EIIM-02
Certified Obtained .
Analyte Concentration | +Uncertainty Concentration | +SD Diff.
[mg/dm’] [%]

Ca 0.852 0.085 0.812 1.4 —4.9
Mg 0.467 0.038 0.458 1.1 -2.0
K 0.224 0.032 0.234 0.9 4.3
Na 3.800 0.321 3.720 1.3 2.2
Cl 5.790 0.411 5.680 0.8 -1.9
SO, 2.420 0.038 2.350 2.2 -3.0

D - standard deviatioliff. - relative difference between measured and ceditifoncentration; 100%6,—Cc)/Cc

Results

Results obtained in the study showed that the ghwater level varied between
6.5 and 14.0 m below ground level. Height of theewaolumn in wells ranged from 0.5 to
11.0 m, attaining a mean of 3.0 m. Different valuese obtained for the newly drilled well

No. 57, with a 15.0 m high water column and grouatsw level recorded at the greatest

depth of 17.0 m below ground level. Groundwater gerature in wells, amounting to

24.2 °C on average, was similar to the mean aip&atiure in the region, as recorded in

October, 23.5 °C, and annually, 22.8 °C.

Descriptive statistics for physicochemical varighilevestigated in the study area were
provided in Table 3 while the spatial distributiohselected parameters within the Mhamid
Oasis was presented in Figure 2. For most parasje@ncentration increased according to
the direction of water flow in alluvia (see Fig., flom east to west. Only occasionally,
when the channel was filled with water, the flowcéme east to south-west oriented.

The concentration increased with the direction afew flow for cations of calcium (3.5x),

magnesium (5.0x) and sodium (5.5x), anions of @tdo(6.0x) and sulphate (3.5x), as well

as trace elements such as copper and lithium (3if@x) and nickel (5.0x), arsenic (6.0x),
strontium (8.0x), cobalt (20.0x), and chromium (B§.
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Table 3
Descriptive statistics for physicochemical varigbd¢ groundwater samples £ 42)
Parameter Unit Min. Max Mean SD
Water temperature [°C] 20.2 26.3 24.2 1.2
EC [uS/cm] 3800 13 766 7988 2741
pH [] 6.8 7.9 7.3 0.3
TDS [mg/dni] 1900 6 883 3994 1370
Na' [mg/dnT] 459 2438 1182 500
ca’ [mg/dnT] 313 908 560 168
Mg* [mg/dnT] 162 528 321 99
K* [mg/dnT] 4 55 14 10
NH,* [mg/dnT] bdl 20.8 1.7 3.4
SQ* [mg/dnT] 946 3487 2088 686
Cr [mg/dn7] 734 3313 1739 727
HCOy [mg/dnT] 215 769 394 109
NO; [mg/dnT] 0.1 41.3 5.8 8.8
Al [ug/dnT] bdl 6.46 0.15 0.99
As [ug/dnt] 12 70 34 16
Cd [ug/dnT] bd| 0.32 0.05 0.09
Co [ug/dnT] 0.08 2.03 0.77 0.46
Cr [ug/dnT] 0.57 21.12 10.10 6.30
Cu [ug/dnT] 11 32 20 6
Fe [ug/dnT] 637 3365 1744 744
Li [ug/dnT] 57 263 131 50
Mn [ug/dnT] bdl 191 33 49
Ni [ug/dnt] 6 27 16 7
Pb [ug/dn] bdl 1.67 0.33 0.30
Sr [ug/dnt] 306 2427 1060 595
Zn [ug/dn] 16 321 64 72

D - standard deviationEC - electrical conductivity compensated at 25 QS - total dissolved solids,
bdl - below detection limit (0.2 mg/dhfior NH,", 0.01pg/dn? for Al, Cd, Mn, and Pb)

Other parameters displayed a mosaic distributiod arere recorded in higher
concentrations only in several wells. Such an okEm was made mainly for trace
elements, such as cadmium, zinc, lead, and mangaassvell as nitrogen forms, namely
ammonium ions and nitrates. The greatest concemeabf manganese, potassium, lead,
and zinc, amounting to 0.2 mg/dm55.0 mg/dm, 1.7 pg/dn?, and 321 pg/dnt,
respectively, were determined in the centre of dlasis, while the highest content of
ammonium nitrogen, up to 21.0 mg/drwas reported for the eastern part. Nitratesragthi
highest concentrations, up to 41 mgfdin the south-western and central areas of this.oas

Water pH values, falling within the range of 6.8,7indicated neutral to weak alkaline
reaction. Specific electrical conductivity of thgaenined waters varied between 3800 to
13766uS/cm, pointing to salt water, with a 3.5-fold inase in salinity from the eastern to
western part of the oasis (Fig. 3).

The calculated hydrochemical indicesrN&+rK")/rClI~ and rSO~-100tCl,
amounted respectively to 0.9-1.2 and 66-166, tbeeefvaters supplying the wells most
likely originated from shallow circulation. Thé&la'/rK™ ratio, ranging between 76 and 566,
was also typical to shallow groundwater, howeveseareral wells (19, 49, and 57) did not
exceed 70, what may evidence limited inflow of @l waters to these sites.



88 Anna Szczudiska, Maciej Dhzewski, Rafat Koztowski and Przemystaw Niedzielski

Z e
3500 [mg/dmY
250
3000
2750 \
2500 %
2250
000

1000 0__500 1000 2000(m] 500 500_1000 2000(m]
e —— e ———

a__ 500 1000 20000m] 00 0 500 1000 2000(m]
- e ——

2500 [ugfdm*]
2250

g
'@”‘m‘r@
9570 ualad Mhaya
: p
1750

o4 N 052 .‘/

1250
I

©_ 500 1000 2000im]

] 0 500 1000 2000(m]
e ——
20

Fig. 2. Spatial distribution of chemical elemente@entrations in the study area. a) sodium, b)ricidp
c¢) calcium, d) magnesium, e) sulphur, f) strontilNambers refer to studied wells

The saturation index calculated for selected miseira particular wells (Table 4)
attained the following values: 0.4 8 < 1.4 for calcite, 0.8 9 < 2.9 for dolomite,
0.2 <9 < 1.3 for aragonite, —0.5 8l < 0.1 for gypsum, —0.8 & < -0.2 for anhydrite,
-5.1 <9 < -3.9 for halite, and —6.7 Sl < -5.2 for sylvite. Such values of the saturation
index indicate dissolving of minerals with chemicamposition including sodium chloride,
potassium chloride, and calcium sulphate, as welracipitation of minerals comprising
calcium and magnesium carbonates.
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Table 4
Saturation index calculated for groundwater samfotea the alluvial aquifer (Mhamid Oasis)
Well No.* | Aragonite Calcite Dolomite Anhydrite Gypsum Halite Sylvite

1 0.27 0.41 0.94 -0.70 -0.39 -4.84 —6.27]
2 0.29 0.43 0.95 —0.68 -0.37 -4.85 -6.32
3 0.26 0.40 0.89 -0.64 -0.34 —-4.74 —6.23
4 0.77 0.91 1.82 -0.49 -0.15 —4.62 —6.13
5 0.79 0.94 1.88 -0.50 -0.18 —4.61 —6.08
6 0.25 0.39 0.85 -0.36 -0.07 -4.33 —6.26
7 0.60 0.74 1.57 -0.26 0.05 -4.01 -5.94
8 1.15 1.29 2.63 -0.44 -0.08 —4.39 —5.87|
9 0.74 0.89 1.82 -0.50 -0.15 -4.43 —-6.05
10 0.27 0.41 0.95 -0.26 0.04 -3.95 -5.94
11 0.47 0.62 1.30 —-0.46 -0.13 -4.41 —5.95
12 0.48 0.62 1.34 -0.42 -0.11 -4.29 -5.85
13 0.66 0.80 1.68 -0.32 -0.01 -4.15 -5.7¢
14 0.47 0.61 1.34 -0.24 0.07 -3.88 -5.74
15 0.83 0.98 2.10 -0.40 -0.09 —4.08 -5.81
16 0.41 0.55 1.23 -0.29 0.01 —4.06 -5.99
17 0.52 0.67 1.41 -0.23 0.07 -3.99 —5.22
18 0.77 0.92 1.94 -0.25 0.07 -3.86 —5.65
19 0.51 0.66 1.37 -0.28 0.02 —4.04 -5.16
20 0.55 0.69 1.42 -0.43 -0.13 —4.60 —6.19
21 0.88 1.03 2.08 -0.41 —-0.09 -4.50 —6.04
22 0.49 0.64 1.39 -0.50 -0.19 -4.57 -5.84
23 1.30 1.44 2.90 —-0.45 -0.13 —4.56 -5.81
24 1.21 1.35 2.76 —-0.60 -0.29 —-4.54 -5.92
25 0.55 0.69 1.50 -0.74 -0.42 -4.89 —6.25
26 0.41 0.56 1.15 -0.82 —-0.50 -5.14 —6.41
27 0.82 0.96 1.92 -0.56 -0.25 -4.79 —6.3Q
28 0.67 0.81 1.70 -0.52 -0.22 —4.61 —6.14
29 0.57 0.71 1.54 -0.53 -0.22 —4.24 —5.74
34 0.26 0.40 0.89 -0.51 -0.22 —4.65 —6.19
35 0.29 0.43 0.97 -0.71 -0.40 —4.80 —6.19
46 0.24 0.39 0.89 -0.71 -0.42 -4.84 —6.68
a7 0.22 0.36 0.83 —-0.60 -0.30 -4.76 —6.39
48 0.36 0.50 1.09 -0.36 —-0.06 -4.26 —6.07
49 0.73 0.87 1.82 -0.34 -0.01 -4.13 -5.33
50 0.66 0.81 1.70 -0.39 —-0.09 -4.38 -5.91
52 0.86 1.00 2.12 —-0.69 —-0.40 -4.92 —6.5§
53 0.56 0.71 1.55 —-0.40 -0.11 -4.29 —6.42
54 0.55 0.70 1.51 -0.70 -0.41 -4.81 —6.26
55 0.68 0.83 1.78 -0.61 -0.30 4.7 —6.19
57 0.76 0.91 1.89 -0.60 -0.30 —4.76 -5.94
58 0.62 0.76 1.64 -0.63 -0.32 —4.67 —6.12

*Well No. corresponds to Figure 1
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Fig. 3. Spatial distribution of groundwate€ in the study area

The calculateR coefficients (Table 5) showed strong correlatibesveen the main
water components, with highest values obtained\f@rand CT or SQ? (0.98 and 0.94,
respectively), M§" and C&", SO, or CI (0.92, 0.95, and 0.97, respectively), as well as
SO, and C&" or CI (0.94 in both cases).

Table 5
Correlation coefficient matrix for particular iorentified in groundwater samples from the alluaquifer
(Mhamid Oasis)

Li [Na*|[Mg¥| K* [ca®|[cCl[sOZ|[Pb|[Cr[CofCulMn| Ni |[Sr] As]| Fe

HCO; | 0.51|0.69]| 0.72 | 0.54 0.68| 0.71| 0.62 | 0.60 0.63| 0.51| 0.66 0.61]0.64| 0.72] 0.61
Li 0.80( 0.80 0.84]|0.76| 0.87 0.66| 0.68 0.71|0.83|0.76| 0.76

Na" 0.97 0.88]0.98| 0.95 0.63| 0.70| 0.85 0.78|0.91| 0.92]| 0.82
Mg2+ 0.92| 0.97| 0.95 0.60| 0.71| 0.85 0.80( 0.90| 0.90| 0.83
ca’ 0.89| 0.95 0.57|0.76| 0.84 0.88( 0.90| 0.84| 0.89
Cl 0.94 0.65|0.72| 0.87 0.82]|0.94| 0.95]| 0.84

SOZ 0.61|0.76| 0.87 0.86( 0.94| 0.89| 0.90
Cr 0.78] 0.83 0.79] 0.75| 0.76] 0.83

Co 0.78| 0.53|0.87|0.83|0.75| 0.88

Cu 0.93|0.91| 0.90| 0.94

Ni 0.91]| 0.84| 0.97

Sr 0.94| 0.95

As 0.87

Correlation coefficients below 0.50 were omittdte highest coefficients were highlighted

Significant correlations were also recorded for céraelements. However,
concentrations of HC®, NO;,, NH,", K", Pb, Cd, Mn, Zn, Al, Li, and Co were
independent from each other, what was additionatinfirmed by exploratory factor
analysis (Fig. 4).
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Fig. 4. Exploratory factor analysis for groundwatemponents in the Mhamid Oasis

Discussion

Groundwater chemistry

The Pearson correlation coefficient calculatedsamples collected in the oasis was
very high and ranged betwe&¥ 0.94 andR = 0.99. The chemical composition of waters
was not clearly dominated by any ions and incluskederal macrocomponents: N&&™,
and Md¢* as well as Cland SQ. Therefore, the hydrochemical type of water [23],
presented in the Piper diagram (Fig. 5), can becritei as multiionic with
Na-Ca-Mg-Cl-SQ dominance. Waters comprising macrocomponents iarlyneequal
proportions were also recorded in other alluvialuiteys of arid and semi-arid
zones [2, 5, 8]. Multiionic hydrochemistry resuftem several processes affecting the
chemical composition of waters. One of most impdrtdactors determining the
groundwater chemistry in arid climate is evaporati®6, 27], particularly capillary
evaporation. Groundwater rises towards the surtacmugh pore spaces and evaporates,
leading to precipitation of salts, afterwards digsd by alluvial waters supplying the wells.

Processes proceeding between the water and rockimezhd therefore influencing
groundwater chemistry can be deduced from the aidur index (Table 4)3 values
obtained in geochemical modelling evidence thatgtendwater was undersaturated with
respect to minerals such as halite, gypsum, angdaitd. However, when considering
gypsum and anhydrite, numerous samples were iamaiilibrium state§ between —0.5
and 0.5).9 values recorded for halite displayed a trend jmjnto this mineral as the
principal source of Naand CT supplied to groundwater. The mainly halite-distiolu
origin of these ions in alluvial waters was alspaed by [7] and [16]. Chloride ions may
have also derived from dissolving of sylvite, evided byS < 0, or weathering of
carbonate and clay rocks. Another ion determinimg liydrochemical type of water was
sodium. For the examined samples, its origin atsole linked to dissolving of evaporates,
primarily halite. TherNa'+rCI~ hydrochemical index, ranging from 1.0 to 1.2 in®lof
samples, as well &BEIl below 0 in 69 % of samples served as evidenceroEkchange of
Cd" to Nd. Replacement of calcium by sodium cations is tpif shallow circulation
waters, i.e. the zone of active exchange in groately
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The investigated alluvial waters were also abundantalcium and magnesium
cations, provided to groundwater by dissolving ofpbhate and carbonate minerals.
According to geochemical modelling, €avas supplied by gypsum and anhydrite, both
being also the source of $Q Dissolving of evaporates as the process givirigirorto
SO,* ions was also supported by the strong correldfio®i7) between S£rand St* (Fig.

6). In evaporates, strontium is frequently found the celestine mineral (SrQQ
accompanying gypsum deposits. Following [28], melamcentration of SP*/rC&* greater
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than or equal to 0.001 evidences evaporate-dissnlotigin of SQ*. The value of 0.001,
confirming the assumptions by [28], was recorde@5r% of the examined water samples
(40 wells). Such a source of sulphates and nm&fi/rCa* value of 0.0038 was also
observed by [29] in alluvial waters of the Maideteahment, ca. 200 km to the east of the
study area.

Similar concentrations of macrocomponents in growatdr were also established for
other Moroccan areas [3, 6, 30]. However, the \&lterorded in alluvial waters of the
Draa river were higher than in Oman [31] or Tun[3ip

Diversity of groundwater chemistry

The study results showed that concentrations of ciesidered parameters varied
within the oasis area. What is most important, toatent of ions determining the
hydrochemical type of water increased accordinthéeomain direction of flow in the Draa
river channel, from the east to west. This obs@aalvas supported by data on electrical
conductivity, highest value of which (nearly 14008/cm), recorded in the western part of
the Mhamid Oasis, was nearly 3.5-fold greater timathe eastern part. Salinity increased
primarily due to supply of sodium, chloride andphdte ions (Fig. 7), originating, as
already mentioned, from dissolving of halite angggyym. However, although the ions were
provided to alluvial waters of the Mhamid Oasis fgogenic processes, the spatial
variation in concentrations should be linked toutagion of flow in the Draa river channel.
High EC values recorded in the Mhamid Oasis resulted filmenfact that this most distant
among six oases in the middle Draa river valley aig® the first one to receive waters
discharged from reservoir Mansour Ed Dahbi. Tablgrésents minimum and maximum
EC measured in the area of all the oases and in misévlansour Ed Dahbi, following
[16]. In relation to the reservoiEC of alluvial waters displayed a 3-4-fold increasethe
first three oases, Mezguita, Tinzouline, and Texpnahd a 12-15-fold increase in the last
three oases, Fezouata, Ktaoua, and Mhamid.

Alluvial waters were supplied due to infiltratiory lvaters flowing in the Draa river
channel, during water discharge from reservoir Man&d Dahbi. At discharge, the waters
were easily enriched with salts, originating froissolving of evaporates precipitated in the
unsaturated zone. The evaporates were formed indsenf drying out of the channel, each
time the regulated flow was ceased. Waters flowinghe Draa river channel could be
additionally enriched with salts due to lateralwil@f external saline surface tributaries
and/or adjacent groundwater [16]. Such processes wlserved in the ca. 300 km long
river segment between reservoir Mansour Ed Dahttithke Mhamid Oasis. Consequently,
waters reaching the dam closing the channel abowevthamid Oasis showed very high
conductivity, up to 1400QS/cm, and included NaCI, SQ?, C&*, and Md* as main
components [32]. The waters supplied the alluvialigdwater of the Mhamid Oasis down
to its western end, consistently with the maint éasvest oriented direction of flow. In the
entire oasis area, water flew only in the alluaa,surface flow was blocked by the dam
above the oasis. Several hours after dischargen wiwst salts were already washed out
from the channel, waters reaching the dam abovéMitemid Oasis displayed low&cC,
ca. 250QuS/cm. The lowest recorded values attained ca. 1BJOm and were close to
ones reported for reservoir Mansour Ed Dahbi [16w salinity waters coming after the
high salinity ones did not reach the western pathe oasis. This may have resulted from
the fact that the flow of low salinity waters ladtfor a shorter time or was limited by the
presence of high salinity waters, with higher dignsi
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Waters discharged from the reservoir flew to thevédl waters for ca. 4-7 days. After
this supply was stopped, groundwater chemistryiwithe oasis was determined primarily
by geogenic processes. The chemistry was ratheaffextted by the lateral flow from the
Jebel Bani area, surrounding the Draa river vaflem the north, as the chemical
composition of alluvial waters was very similar kit the Mhamid Oasis, however

different from groundwater supplied from Jebel B@fig. 8).
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Fig. 8. Piper diagram presenting the compositiosarfipled groundwater from the Mhamid Oasis and
Jebel Bani area
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Table 6
Electrical conductivity measured in reservoir Mamsid Dahbi and groundwater of oases located iDtiaa
river valley (following [16])

Reservoir Mansour Ed Specific electrical conductivity pS/cm]
Dahbi (RME) 1100
QOasis Min. Max Increase in relation to RME
1. Mezguita 710 5460 4x
2. Tinzouline 460 4280 3X
3. Ternata 750 4600 3x
4. Fezouata 2210 12430 10x
5. Ktaoua 1085 16700 14x
6. Mhamid 2500 11600 10x

Chemometric analysis indicated that concentratioh&ICO,” and K differed from
other macrocomponents (Fig. 4). Correlation coigffit between the parameters attained
0.54 and both were not significantly correlatedhwather water components. Content of
HCOs7, varying between particular areas and also recomdealluvial waters of western
Morocco by [5], points to lack of a universal canbte buffer system (Fig. 9). Such waters
may be prone to pH changes and consequently, dpedobuffering capacity, vulnerable
to contamination. Bicarbonates found in groundwatéginated primarily from leaching of
carbonate rocks and dissolving of atmospheric ailccarbon dioxide in water. Occurrence
of the ions usually results from a natural facyr33, 34].

Presence of potassium (Fig. 10) in waters also ldhbe linked to natural factors.
In arid climate, the ion may be released by leagtoh evaporates, particularly sylvite
(KCI), being an easily soluble potassium salt, afdenced by its saturation index
(-6.0 on average).

a) b)
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Fig. 9. Variation of: a) (GA + Mg®), R = 0.58, and b) (Na+ K'), R = 0.43, versus HCP
concentrations. The spread of points indicates ¢ddarbonate equilibrium in groundwater

Groundwater may be supplied not only by substafroes the water-bearing level but
also by ones introduced in human activity. In thedg area, the potential influx of
agricultural and household contaminants to the mlag¢aring level was strongly limited due
to intensive evaporation and infiltration of waté@m the surface area only to the depth of
ca. 0.5 m. Nevertheless, despite of hindered riafitin of the water-bearing level, several
wells in the oasis displayed elevated concentratioh potassium, ammonium ion, and
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nitrates. The mean potassium content in shallowmgptwater of the terrestrial saline zone
is assumed at 18.4 mg/dnin 12 % of wells in the oasis, this value wasesded.
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Fig. 10. Distribution of potassium in the Draa riedluvial waters

Additionally, increased concentrations of Nkind NQ~ were recorded in some of the
wells, however strongly varied (up to 200 and 15Xc%NH," and NQ, respectively).
Diversified concentrations of nitrates in groundsvatresulting from agricultural activity
and penetration of household contaminants, wereadyr documented in numerous
Moroccan regions, e.g. the Essaouira Basin [3§],Tiliffa Plain [6], the Ziz Basin [3], and
the Figuig Oasis [36]. However, in the Mhamid Oaggdls showing high concentrations of
K*, NH,", and NQ may have been directly contaminated as the oasis ot have
a sewage system.

When considering trace elements, the greatest hibitya was observed for
(in descending order): cadmium, zinc, and lead. €haments were recorded in low
concentrations in groundwater as their migrationwaters was limited by intensive
sorption to clay minerals and low permeability ¢dycrocks in the study area (filtration
coefficient of 10%-107° m/s).

Assessment of water suitability for irrigation anddrinking
Assessment of water suitability for irrigation

Suitability of alluvial waters for irrigation purges was assessed with the sodium
adsorption ratio $AR), an index commonly used for such evaluation mis&rid and arid
areas [8, 37]. Results of analysis carried outafauvial waters in the Mhamid Oasis were
presented in Figure 11. Similarly as in other Maaotregions [5, 29], the waters displayed
high and very high level of salinity for the plardad most samples presented an alkali
hazard to the soil. The higheSAR value (16) was recorded in the northern, while the
lowest (5) in the southern and eastern parts of Mimamid Oasis. Much loweBAR
(0.6-1.9) was observed in waters flowing from tebel Bani area, located ca. 10 km to the
north of the Mhamid Oasis.
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According to theSAR versustC plot, alluvial waters of the Mhamid Oasis shoutit n
be used for irrigation, particularly of plants ilgant to highly saline waters. These types
of waters are suitable only for salt tolerant ctofsother issue arises from the fact that if
irrigation water with high salinity hazard is apgalito soil for years, sodium from the water
can displace calcium and magnesium in the soils Teicreases the ability of soil to form
stable aggregates and therefore causes loss oftsodture and tilth. The consequent
decrease in soil infiltration and permeability tcater leads to problems with crop
production [38]. Although according to tI¥AR classification [39] 62 % of the waters can
be recognized as excellent and 38 % as good figafion, considering th&C values,
attaining a mean of 7 9885/cm, 100 % of the waters should be categorizepoas for
irrigation purposes.

Assessment of water suitability for drinking

Assessment of oasis waters suitability for drinkingposes should consider the time
variability of their particular components [40, 4Tjable 7 shows the percentage number of
samples with exceeded allowable limits set for kdrig water by the World Health
Organization (WHO) and European Union (EU) in iit®dtive.

The obtained results indicate that groundwatehefMhamid Oasis does not meet the
requirements defined by the WHO and/or EU for drigkwater. The limits were exceeded
in 100 % of samples for parameters suckE@sCa*, Na', Mg”*, CI', SQ7, Fe, and As, as
well as in 36 % of samples in case of Ni (EU stadfiaAlthough this contamination is of
geogenic origin, the waters are not suitable farsconption by people, what has been also
emphasized by e.g. [1]. The allowable limit for NHvas exceeded in 64 % of samples,
indicating local anthropogenic water pollution,triesed to several wells. However, oasis
groundwater was not typified by overnormative coriaions of N@, frequently
observed in other regions of Morocco [3-5, 42].
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Table 7
lonic concentrations in the Mhamid Oasis groundwexeeeding the maximum allowable limits set by Wai@
EU for drinking purposes

Parameter Unit Drinking water limits Samples W't[%'m't exceeded
WHO EU WHO EU

EC [uS/cm] 2500 2500 100 100
Na® [mg/dnT] 200 100

ca’ [mg/dnT] 200 100

Mg?* [mg/dnT] 150 100

SQ* [mg/dnT] 250 250 100 100
cr [mg/dnT] 250 250 100 100
Fe [mg/dmi] 0.2 100
As [ug/dnt] 10 10 100 100
Mn [mg/dnT] 0.05 23
Ni [ug/dnt] 70 20 0 36

NH,* [mg/dnT] 0.5 64

Conclusions

The aim of the present study was to identify preessdetermining the variations in
chemistry of groundwater alluvial waters used fgri@ulture within oasis in hot arid zone.
The study was conducted in relatively small Mhanadsis, in southern Morocco.
The applied statistical, hydrochemical, and geodbaimmodelling methods allowed
identification of the main processes determining tthemical composition of alluvial
waters in the Mhamid Oasis, namely: dissolving oBporates, particularly halite,
precipitation of carbonate minerals, particularBloite and dolomite, and ion exchange
involving replacement of Gaby Na. Despite the small surface of study area, alluvial
waters from the eastern and western part of thés oggpeared to strongly differ in
concentrations of investigated parameters. Withex®@asisEC values and concentrations
of main components in the alluvial waters displaggherally a several-fold (3.5-6.5x)
increase, with a maximum rise recorded for col2dlik] and chromium (35x). This resulted
from the east to west water flow in the alluvia aedulation of flow in the Draa river.
Several times higher concentration of ions respbasfor salinisation of water and
consequently of soils in the western part of theiohave significance for the agricultural
activity of inhabitants of these areas. There temnbobserved a steady decrease in water
recharge of alluvial deposits in the western pdrthe oasis, which leads to a further
increase in water salinity and may cause dramhtictage of water for agriculture purposes
in this part of the oasis.
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