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ABSTRACT

Multivariate statistical and geochemical modeling techniques were used to determine the
main factors and mechanisms controlling the chemistry of groundwaters in the El Eulma
area. Three major water groups resulted from the Q-mode cluster analysis. The samples from
the area were classified as low salinity (Group 1), moderate salinity (Group 2), and high
salinity waters (Group 3). Inverse geochemical models of the statistical groups were devel-
oped using PHREEQC to elucidate the chemical reactions controlling water chemistry. In a
broad sense, the reactions responsible for the hydrochemical evolution in the area fall into
three categories: (1) dissolution of evaporite minerals; (2) precipitation of carbonate minerals,
quartz, kaolinite, and Ca-smectite; and (3) ion exchange.

Keywords: Q-mode cluster analysis; Water-rock interaction; Geochemical modeling; El Eulma

area; Algeria

1. Introduction

Groundwater is one of the most important
resources for human life. The water quality depends
upon the geological environment, natural movement,
recovery, and utilization. The chemical quality of the
groundwater percolating through the soil zones of
anthropogenically polluted layers are significantly
reduced. Hence, understanding the groundwater qual-
ity changes, solute transport, and identifying recharge
areas in the groundwater zone have become important
in protecting human health. This is because ground-
water contains a wide variety of dissolved inorganic
species in various concentrations, as a result of chemi-
cal and biochemical interactions between groundwater
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and geological materials through which it flows; and
to a lesser extent because of contributions from the
atmosphere, surface water bodies, and anthropogenic
activities.

Multivariate techniques have been used to resolve
hydrological factors such as aquifer boundaries,
groundwater flow paths, and hydrochemical parame-
ters (e.g. [1-7]), to identify geochemical controls on
the composition [8,9] and to separate anomalies such
as anthropogenic impacts from background [10-13].
Hierarchical cluster analysis as a multivariate statisti-
cal tool has also been widely used to formulate geo-
chemical models on the basis of available data.

Inverse geochemical modeling in PHREEQC [14] is
based on a geochemical mole-balance model, which
calculates the phase mole transfers (the moles of
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minerals and gases that enter or leave a solution) to
account for the differences in an initial and a final
water composition along the flow path in a groundwa-
ter system. At least two chemical analyses of ground-
water at different points of the flow path and a set of
phases (minerals and/or gases) which potentially react
along this flow path are needed to populate the pro-
gram [15]. A number of assumptions are inherent in
the application of inverse geochemical modeling: (1)
the two groundwater analyses from the initial and
final water wells should represent groundwater that
flows along the same flow path, (2) dispersion and dif-
fusion do not significantly affect groundwater chemis-
try, (3) a chemical steady state prevails in the
groundwater system during the time considered, and
(4) the mineral phases used in the inverse calculation
are or were present in the aquifer [16]. The soundness
or validity of the results in the inverse modeling
depends on a valid conceptualization of the ground-
water system, validity of the basic hydrochemical con-
cepts and principles, accuracy of input data into the
model, and level of understanding of the geochemical
processes in the area [17]. This study intends to exam-
ine the variations of groundwater chemistry of the
study area as well as interpret the processes that con-
trol the groundwater chemistry.
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2. Study area

The area of study is located in the East of Algeria
(Fig. 1). The climate of the study area is considered to
be semi arid, the annual precipitation being approxi-
mately 421 mm. The rainy season extends from Octo-
ber to May, with a maximum during December and
March off each year. The mean monthly temperatures
vary between —3 and 38°C, the mean annual value
being 15°C. The vegetation of the study area is charac-
terized by grasses and herbs. Soils are generally sandy
to clayey in texture and mostly classified as Aridisol
and are calcareous. Mineralogically, most of the soils
are dominated by kaolinite, illite, smectite, and chlo-
rite—typical for most arid and semi-arid soils. The
presence of smectite suggests specific sites for sodium
adsorption. Most of its inhabitants are concentrated in
the town of El Eulma with more than 30,000 working
mainly in the production of cereals (barley and corn).

Rocks and unconsolidated deposits in the area can
be divided into three geologic units [18-21]: (1) upper
Cretaceous (Senonian); (2) Eocene; and (3) Mio-Plio-
Quaternary. Senonian (upper Cretaceous) is generally
found in the northern part of the study area. Senonian
units are composed of Santonian-Campanian forma-
tion and upper Senonian formation. These formations
consist of various rocks with differing compositions
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Fig. 1. Map showing water sampling locations and geology of the studied area.
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Fig. 2. Dendogram of Q-mode CA.

including limestone and marl of about 550m thick.
Eocene units are composed of Ypresian-Lutetian
formation (Fig. 1). Eocene rocks consist of a succession
of marine, limestone, and silt of about 80 m thick. The
Mio-Plio-Quaternary is a heterogeneous continental
detrital sedimentation.

The studied area is situated in the alluvial plain of
the Mio-Plio-Quaternary. Shallow groundwater mainly
forms 5-80m below the surface. Groundwater is
recharged by vertical infiltration meteoric water in the
basin and by stream water coming from different
reliefs surrounding the depression intermountainous
of El Eulma. Evapotranspiration and artificial abstrac-
tion are the major processes of shallow groundwater
discharge. The direction of groundwater flow around
El Eulma plain is from south to NE-SW in east and
from north to NW-SE in west. In general, the ground-
water flows toward the center of the plain (Fig. 2).
The pumping tests on different wells showed high
transmissivity (10~>m?/s) indicating high yields.

3. Materials and methods
3.1. Water samples

For this study, a set of 38 groundwater samples
was analyzed for 11 physical and chemical parameters
comprising major ion concentrations (Ca**, Mg>*, Na*,
K*, ClI-, SO;", HCO;, NO;3), electrical conductivity
(EO), pH, and the temperature (T). The samples were
taken from wells located in the El Eulma aquifer, East
Algeria (Fig. 1). The samples were collected after
pumping for 10min. This was done to remove

groundwater stored in the well. These samples were
collected using 4-1 acid-washed polypropylene con-
tainers. Each sample was immediately filtered on site
through 0.45 pm filters on acetate cellulose. Filtrate for
metals analyses was transferred into 100-cm® polyeth-
ylene bottles and immediately acidified to pH<2 by
the addition of Merck™ ultrapure nitric acid (5ml 6 N
HNOj3). Samples for anions analyses were collected
into 250-cm® polyethylene bottles without preserva-
tion. All the samples were stored in an ice chest at a
temperature <4°C and later transferred to the labora-
tory and stored in a refrigerator at a temperature <4°C
until analyzed (within 1week). Immediately after sam-
pling, temperature, pH, and EC were measured in the
field using a multi-parameter WTW (P3 MultiLine
pH/LF-SET). Subsequently, the samples were ana-
lyzed in the laboratory for their chemical constituents
such as calcium, magnesium, sodium, potassium,
chloride, bicarbonate, sulfate, and nitrate. This was
achieved using standard methods as suggested by the
American Public Health Association [22-24]. Ca?*,
Mg”*, HCO;, and Cl~ were analyzed by volumetric
titrations. Concentrations of Ca®* and Mg** were esti-
mated titrimetrically using 0.05N EDTA and 0.01N,
and those of HCO3; and ClI™ were estimated by H,SO,
and AgNO; titration, respectively. Concentrations of
Na® and K" were measured using a flame photometer
(Model: Systronics Flame Photometer 128) and that of
sulfate (SO37) by turbidimetric method [25]. Nitrate
(NO;3) was analyzed by colorimetry with a UV-visible
spectrophotometer [26]. Standard solutions for the
above analysis were prepared from the respective
salts of analytical reagents grade. The accuracy of the
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chemical analysis was verified by calculating ion bal-
ance errors, where the errors were generally within
10%.

3.2. Data treatment and multivariate statistical method

Groundwater quality data-sets were subjected to
the multivariate technique (cluster analysis [CA]). CA
is the name given to an assortment of techniques
designed to perform classification by assigning obser-
vations to groups, so each is more-or-less homoge-
neous and distinct from other groups [27]. As an
exploratory technique with graphic output, CA does
not require the assumptions that other statistical meth-
ods do, except that the data were heterogeneous. It
provided a self-explanatory graphic display (dendro-
gram), and was a method used frequently in the geo-
logical sciences to help classify or group samples/
variables of a data-set. It helped to identify natural
groupings for samples (Q-mode), and in turn, reduced
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numbers of groups. Hydrochemical results of all sam-
ples were statistically analyzed by using the software
[28].

4. Results and discussion
4.1. General water chemistry

The pH value of groundwater in the study area
ranges from 7.8 to 8.5, indicating an alkaline type of
groundwater (Table 1). The EC of groundwater sam-
ples ranges from 608 to 3,577puS/cm with a mean
value of 1,431 pS/cm. The mean temperature of water
was 11.16°C. The relative abundance of the ions is
Ca**>Na®">Mg**>K* (on molar basis) and Cl™ >
HCO; >S0O3™ >NOj (Table 1). The maximum concen-
tration of Ca®* and Mg®*—288.6 and 74.13mg/],
respectively—are, however, higher than their respec-
tive [29] standards of 75 and 30mg/l. The mean
sodium and potassium concentrations in the ground-
water are 105.69 and 4.54 mg/1, respectively. Bicarbon-

the size of the samples/variables into smaller .o jon represents the second dominance anion in the
Table 1
Chemical summary of shallow groundwater in the study area

EC T pH Ca* Mg®>*  Na® K* cl SO2 HCO; NO;
Min 608 7.9 7.8 60.12 10.09 25.29 1.56 49.63 36.02 122 8.68
Max 3,577 14.9 8.5 288.6 74.13 451.7 9.38 753.7 278.6 366.1 161.2
Mean 1,431 11.16 8.13 141.71 33.1 105.69 4.54 219.65 152.98 228.32 73.59
SD 620 2.04 0.19 53.99 17.51 90.47 2.1 164.53 59.17 62.13 37.67
Cv 43 18.29 2.38 38.1 52.91 85.6 46.36 7491 38.68 27.21 51.19
Note: All values are in mg/1 except pH, T (°C) and EC (uS/cm). WHO (2006).
Table 2
Parameter values of the three principal water groups

Group 1 Group 2 Group 3
Min Max Mean SD Cv Min Max Mean SD Cv. Min Max Mean SD Cv

EC 608 1,072 937 132 14 1,255 1,764 1479 164 11 2016 3,577 2,403 518 22
T 850 1490 1136 226 1988 790 1370 11.05 1.94 17.54 8.30 13.50 1093 1.94 17.72
pH 790 850 817 019 232 780 840 818 017 207 780 830 799 019 236
Ca®*  60.12 2705 11956 48.76 40.78 76.15 2365 138.74 4257 30.69 130.3 288.6 193.58 50.84 26.27
Mg®* 1215 5870 25.06 12.36 49.34 10.09 70.85 37.09 1720 4638 17.01 7413 43.69 2120 48.52
Na* 2529 99.78 5321 18.61 34.97 59.77 23220 106.80 56.06 5249 10580 451.70 21540 128.99 59.89
K* 156 9.38 3.98 198 49.65 156 938 430 225 5222 391 782 611 146 2393
Clr 49.63 308.4 111.75 58.62 52.46 99.27 5559 233.51 109.95 47.08 2659 753.70 426.41 192.42 45.13
SO~ 36.02 2401 1341 514 38.33 5283 27380 140.63 57.85 41.14 1633 2786 213.19 3794 17.79
HCO; 122 366.1 24437 67.67 27.69 122 2807 2023 48.64 24.04 183.1 3356 23648 62.61 2648
NO; 868 1612 60.03 3557 59.26 434 1519 89.52 3537 3951 3286 155 7650 39.18 51.22
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study area. The concentration in most of the northern
part of the study reaches about 366.1 mg/l. The value
of the chloride in the study area ranges between 49.63

and 753.7mg/1. The value of SO?~ in the study area
ranges between 36.02 and 278.6mg/l. Almost 42% of
the samples exceeded the desirable limit of CI™
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Fig. 3. Relationships of well number vs. Ca>*/Mg** (a), Ca**+Mg>* vs. SO; +HCO; (b), Ca**+Mg”* vs. Cl™ (c), Na*/Cl~
vs. CI” (d) and [(Ca**+Mg**)/HCO;] vs. Cl~ (e) for waters from the study area.
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(250mg/1), but only 18.4% of them exceed that of
SOi~ (250mg/1) ([29]). Most samples exceeded the
desirable limit of NO; for drinking water (50 mg/1)
([29D).

4.2. Q-mode CA and water—rock interaction

In the present study, Q-mode CA was performed
on the water chemistry data to group the samples in
terms of water quality. The Word’s method was
applied and Euclidean distance was chosen as a mea-
sure of similarity. The output of the Q-mode CA is
given as a dendrogram. There are three major groups
shown in Fig. 2 and Table 2.

The EC of the first group of water samples (Group
1) ranges from 608 to 1,072 uS/cm, which is the char-
acteristic of low salinity of water. Group 2 is made up
of water samples of the cation composition which is
dominated by Ca** and Na**, with anion composition
varying from dominantly ClI- to dominantly HCOj
plus SO; . The mean of the Group 2 is 1,479 uS/cm.
The EC of the last group (Group 3) ranges from 2,016
to 3,577 uS/cm with a mean value of 2,403 uS/cm and
the abundance orders are Ca>Mg>Na>K and
HCO;>Cl>SO,.

The study of the Ca**/Mg*" ratio of groundwater
from these groups also supports the dissolution of
calcite and dolomite present in the aquifer (Fig. 3(a)).
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That is, if the ratio Ca>*/ Mg2+ =1, dissolution of dolo-
mite should occur, whereas a higher ratio is indicative
of greater calcite contribution [30]. In Fig. 3(a), the
points closer to the line (Ca**/Mg** =1) indicate the
dissolution of dolomite. All of the samples having a
ratio greater than 1 indicate the dissolution of calcite.
Those with values greater than 2 indicate the effect of
silicate minerals (Fig. 3(a)). Dissolved carbonates (cal-
cite and dolomite) occur predominantly in the form of
HCQO;, due to the pH range. The solubility of calcite
and dolomite is largely controlled by CO, fugacity
and pH, according to the reactions:

CaCO; + COy() + H,O = Ca** + 2HCO; (1)

Cal,ngxCO3 + COz(g) + HzO
= (1 —x)Ca®" 4+ xMg*" + 2HCO; (2)

The plot of Ca**+Mg”* vs. SO;” + HCO; will be close
to the 1:1 line if the dissolutions of calcite, dolomite,
and gypsum are the dominant reactions in a system.
Ion exchange tends to shift the points to the right due
to an excess of SO; +HCO; [31,32]. If reverse ion
exchange process take place , it will shift the points to
the left due to an increase in excess of Ca®*+Mg”*
over SO +HCO;. The plot of Ca®>*+Mg®" wvs.

SO;~ +HCO; (Fig. 3(b)) shows that the samples of the

Table 3
Statistical summary of thermodynamic speciation calculations using PHREEQC
Anhydrite Aragonite Calcite
Group 1
Min -2.33 0.45 0.60
Max -1.35 0.84 0.99
Mean —1.65 0.68 0.84
SD 0.24 0.13 0.13
Cv —14.72 19.29 15.80
Group 2
Min —2.05 0.31 0.46
Max -1.26 0.95 1.10
Mean —1.61 0.64 0.80
SD 0.20 0.18 0.18
Cv —12.59 27.65 22.33
Group 3
Min —1.47 0.20 0.36
Max -1.23 1.08 1.24
Mean -1.34 0.62 0.77
SD 0.08 0.29 0.29
Cv —5.88 46.60 37.21

COx Dolomite Gypsum Halite
—3.47 0.59 —2.08 —7.26
—2.45 1.81 -1.09 —6.47
—-2.92 1.13 —1.40 —6.88
0.30 0.31 0.24 0.23

-10.24 27.63 -17.39 -3.36
—-3.30 —0.09 —-1.80 —6.79
-2.70 1.79 -1.01 —5.50
-3.02 1.14 -1.35 —6.26
0.17 0.48 0.20 0.33

—5.71 42.50 —14.99 —5.33
-2.93 0.32 -1.22 —6.11
—2.61 2.08 —0.98 -5.09
—2.77 1.00 -1.09 —5.73
0.11 0.66 0.08 0.41

—4.08 65.43 —7.11 —7.11




1474

second and the last groups are distributed on both
sides, but reverse ion exchange process tends to
dominate over ion exchange. On the other hand, most
of the points of Group 1 are clustered around and
above the 1:1 line. An excess of calcium and magne-
sium in the groundwater of Mio-Plio-Quaternary
aquifer may be due to the exchange of sodium in the
water by calcium and magnesium in clay material.

The plot of Ca**+Mg>" vs. Cl™ (Fig. 3(c)) indicates
that Ca®" and Mg”" increase with increasing salinity.
The plots of Na*/Cl~ vs. ClI~ (Fig. 3(d)) and Ca**+
Mg®* vs. ClI™ (Fig. 3(c)) clearly indicate that salinity
increases with the decrease in Na"/Cl™ and increase
in Ca®*+Mg**, which may be due to reverse ion
exchange in the clay/weathered layer. During this
process, the aquifer matrix may adsorb dissolved
sodium in exchange for bound Ca®" and Mg”*. The
sources of Ca®* and Mg*" in groundwater can be
deduced from the (Ca**+Mg”*)/HCO; ratio. As this
ratio increases with salinity (Fig. 3(e)), Mg”* and Ca**
are added to solution at a greater rate than HCO;.

Table 4
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4.3. Geochemical modeling

The saturation index (SI) of a given mineral is
defined in Eq. (1) as:

SI = logy,(IAP/Ksp) 3)

where IAP is the ion activity product and K, is the
solubility product at a given temperature. When the SI
is below 0, the water is undersaturated with respect to
the mineral in question. An SI of 0 means water is in
equilibrium with the mineral, whereas an SI greater
than 0 means a supersaturated solution with respect to
the mineral in question. The results of saturation show
that all groups are supersaturated with respect to ara-
gonite, calcite, and dolomite (carbonate minerals)
(Table 3). Anhydrite, gypsum, and halite (evaporate
minerals) are undersaturated in all groups suggesting
that their soluble component Na*, Cl~, Ca?*, and SOi*
concentrations are not limited by mineral equilibrium.

Results of inverse modeling using the means of each statistical group as input

Mineral phases

Phase mol transfers Group 1 — Group 2

Aragonite - - —1.37E-03 - —1.37E-03 —8.44E—-01
Calcite —1.37E—03 —1.37E—03 —9.81E—-04 —8.44E—-01 —9.81E—-04 —9.81E—-04
Dolomite 3.89E—04 3.89E—04 - 2.62E—04 - 4.96E—04
Anhydrite - 1.71E-04 - - 1.71E-04 -

Gypsum 1.71E-04 - 1.71E-04 - - -

Halite 3.81E-03 3.81E—-03 3.81E-03 3.41E-03 3.81E—-03 3.41E-03
COxg - - - 8.42E—-01 - 8.42E—-01
Kaolinite —2.13E-03 —2.13E-03 —2.13E-03 —5.95E + 00 —2.13E-03 —5.95E + 00
Quartz —2.45E—-03 —2.45E-03 —2.45E-03 —6.84E + 00 —2.45E-03 —6.84E + 00
Ca-smectite 1.83E—-03 1.83E—-03 1.83E—-03 5.11E+00 1.83E—-03 5.11E+00
Ca-ion exchange 8.98E—04 8.98E—04 8.98E—04 8.41E—04 8.98E—-04 8.41E—-04
Na-ion exchange —1.80E—03 —1.80E—-03 —1.80E—03 —1.68E—03 —1.80E—-03 —1.68E—03
Mineral phases Phase mol transfers Group 2 — Group 3

Aragonite - —2.89E-04 —2.89E-04 - —2.89E-04 —1.33E—-04
Calcite —9.66E—05 - —2.89E—-04 - - —2.89E—-04
Dolomite —3.30E—-04 - - —3.32E—-04 —3.32E—-04 —3.32E—-04
Anhydrite - 7.40E—04 - - 7.85E—04 4.80E—04
Gypsum 7.88E—04 7.81E—04 5.67E—03 5.67E—03
Halite 5.71E-03 2.57E-03 5.67E—03 5.67E—03 - 4.32E-03
COs 2.36E—05 - 2.36E—05 3.12E—-04 - 3.12E—-04
Kaolinite 1.97E-03 —2.17E+01 - —2.07E+01 —2.07E+01 -

Quartz - —2.50E+01 - —2.38E+01 —2.38E+01 -
Ca-smectite - —1.75E-03 —1.69E—-03 - —1.77E-03 -

Ca-ion exchange 6.09E—04 - 5.70E—04 - 5.70E—-04 3.11E-04
Na-ion exchange —1.22E-03 - —1.14E-03 - —1.14E—-03 —6.23E—-04

Notes: Thermodynamic database used: phreeqc.dat values are in mol/kg H,O. Positive (mass entering water) and negative (mass leaving
water) phase mole transfers indicate dissolution and precipitation, respectively. — no mass transfer.
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Inverse modeling calculations were performed
using PHREEQC [14]. PHREEQC was also used to cal-
culate aqueous speciation and mineral saturation indi-
ces. Inverse modeling in PHREEQC uses the mass
balance approach to calculate all the stoichiometrically
available reactions that can produce the observed
chemical changes between end member of waters [33].
This mass balance technique has been used to quan-
tify reactions controlling water chemistry along flow
paths [34] and quantify mixing of end member com-
ponents in a flow system [35]. Minerals used in the
inverse geochemical models are limited to those pres-
ent in the study area [36]. The inverse model was con-
strained so that primary mineral phases including
gypsum, anhydrite, halite, and carbon dioxide (gas)
were set to dissolve until they reached saturation; and
calcite, aragonite, kaolinite, quartz. and Ca-smectite
were set to precipitate once they reached saturation.
Cation exchange reactions of Ca®* for Na' on
exchange sites were included in the model as a source
for excess Na* in groundwater.

The models in Table 3 were selected from all the
possible models based on the statistical measurements
calculated by PHREEQC (sum of residuals and maxi-
mum fractional error) and to represent different possi-
ble combinations of reactants and products that can
account for the change in water chemistry. An inverse
model describing the evolution of Group 1 to Group 2
waters (Model 1) and Group 2 to Group 3 waters
(Model 2) can be written as (Table 4):

Model 1: Group 1 waters + dolomite + anhydrite + gyp-
sum + halite + Ca-smectite+ Ca  from ion
exchange + CO, gas — Group 2 waters +ara-
gonite + calcite + kaolinite + quartz+ Na  loss
to ion exchange

Model 2: Group 2 waters +anhydrite + gypsum + halite +
Ca from ion exchange+CO, gas— Group 3

waters + aragonite +calcite + dolomite + kaolin-
ite + quartz + Ca-smectite+ Na loss to ion
exchange

In geochemical modeling, results are dependent
upon valid conceptualization of the system, validity of
basic concepts and principles, accuracy of input data,
and level of understanding of the geochemical pro-
cesses [17]. The mass balance modeling has shown
that relatively few phases are required to derive
observed changes in water chemistry and to account
for the hydrochemical evolution in the El Eulma plain.
In a broad sense, the reactions responsible for the
hydrochemical evolution in the area fall into three cat-
egories: (1) dissolution of evaporite minerals; (2) pre-
cipitation of carbonate minerals, quartz, kaolinite, and
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Ca-smectite; and (3) ion exchange. The mineral phases
were selected based on geologic descriptions, and
analysis of rocks and sediments from the area.

5. Conclusion

In this study, CA and geochemical modeling were
used to evaluate variations in groundwater quality of
the El Eulma area, East Algeria. Three main chemically
different water types were identified by Q-mode CA
based on major ion contents. Group 1 samples have a
low salinity EC of 937uS/cm. When a more effective
process of water-rock interaction occurs, the waters
acquire greater salinity, changing in composition
towards Cl —-HCO; -Ca** (Group 2) and ClI"-Ca**-Na*
(Group 3) types. The results of saturation calculations
show that all groups are supersaturated with respect to
carbonate minerals. Evaporite minerals are undersatu-
rated in all groups suggesting that their soluble compo-
nent Na*, Cl-, Ca®*, and SO3~ concentrations are not
limited by mineral equilibrium. The inverse geochemi-
cal modeling demonstrated that relatively few phases
are required to derive water chemistry in the area. In a
broad sense, the reactions responsible for the hydro-
chemical evolution in the area fall into three categories:
(1) dissolution of evaporite minerals; (2) precipitation
of carbonate minerals, quartz, kaolinite, and Ca-smec-
tite; and (3) ion exchange.
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