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Introduction 
The most famous works devoted to the study of the mineral /

solutions interactions and the geochemical evolutions of salt and the 
brines in lakes’ ecosystems, chotts and sebkhas, are the works of Ref. [1-
15] about the geochemistry and mineralogy of brine in chott Merouane 
located in Algerian northeastern Sahara, and the work of Ref. [16] about 
the application of the Pitzer equation in the geochemistry of brine in
chott El Jerid located in southern Tunisia. The thermodynamic models 
used in this work are applicable for brines where the ionic strength is
less than 1 mol/l, which is not the case for our region where the ionic
strength of the brines is greater than 1 mol/l. Therefore, a simulation of 
the geochemical evolution of brine using mathematical models will be
necessary to verify the applicability of these models. For these purposes, 
databases of the thermodynamic model PHREEQC v3 (version 3.0
recently issued by the US Geological Survey) [17] have been used to
determine the activity coefficients and the saturated state of the brines
from the main chemical species. Considering the high concentration
of the dissolved salt in the brines, the treatment of the results of the
chemical analysis acquired during this research requires significant
work. In order to evaluate the quality of the analysis results, a simple
method based on the calculation of the ionic balance [18], is used. The
results are therefore corrected by accepting an error of imbalances
of an ionic balance lower than 10%. Nevertheless, this ionic balance
provides information on the analytical quality only for the dominant
chemical species in the solution. The chemical nature of the brines is
influenced by the chemical properties of the drainage water, the severe
climatic conditions, and by the human impact that can influence or
accelerate the natural processes.

Materials and Methods 
Study site 

The Algerian Northeastern Sahara is a vast depression (-37 to 300 
m above the sea level), partly occupied by the Gran Erg Oriental. It is 
defined by the boundary: the Saharan Atlas in the North; Saharan ridge 
and the Grand Erg Occidental in the West; the plateaux of Tademaït 
and Tinrhert in the South. This depression is opened in the North East 
over the Gulf of Gabes. It extends between 34° or 35° lat. N (of Chott) 
and 28° or 29° lat. N (the Tademaït) and for the longitude, 3°E (the 
Saharan Ridge) at 10° or 11°E (Figure 1). Chotts and sebkhas constitute 

the lowest level. The chott that corresponds to the edge of the sebkha 
is composed of siliceous and/or gypseous sand and gypseous soils with 
gypseous crust at surface and subsurface. The shallow is characterized 
by the presence of a permanent water table, very little deep (1 to 5 m) 
in the chott, which is flush with the surface in the center of the sebkha.

Sampling protocol for solutions 

The choice of sampling site is based on: 

- their situation in the chott (1 to 3 m from the periphery)

- their contact with discharges (drainage water, for example)

- their depth with respect to the surface (without contact with the air)

Water samples were collected and analyzed per the protocol
developed by A. Probst at the Laboratory of Mechanisms and Transfers 
in Geology (LMTG) in Toulouse [19]. The polypropylene sampling 
bottles were cleaned with hydrochloric acid (HCl) and then rinsed 
with distilled water and dried at 45°C in an oven. During sampling, the 
sample bottles were rinsed with a little sample before filling. The amount 
required for the analysis of the anions is taken without acidification. 
But, the dosage of the cations requires acidification beforehand. All 
samples once collected are stored in a cooler, and within a maximum of 
12 hours placed in a fridge at 5°C. All manipulations are systematically 
performed with sterilized gloves (Figure 1).

Thermodynamic modelling 

In the development of geochemical models, we can distinguish, 
with Ref. [20], the models that calculate the speciation of aqueous 
solutions and minerals. The theory of the thermodynamic equilibria 

Abstract

The Brines of chotts in Algerian Northeastern Sahara are highly concentrated solutions of mineral salts with a 
salinity that far exceeds that of the sea water (120 to 440 g/l). The first interpretation of data allows to specify the 
chemical facies of these brines form their chemical compositions. They have mainly a very marked sodic chlorinated 
character. Databases of the thermodynamic model PHREEQC v3 were used to determine the saturated state of the 
brines with respect to principal chemical species. They are more oversaturated with calcite than with gypsum. The 
saturated state compared to the halite is no longer reached. Indeed, we use the thermodynamic model PHREEQC 
v3 to calculate the mineral/solutions equilibria on the basis of different assumptions. The test of these assumptions 
shows that each one has its limits to simulate and control the thermodynamic behaviour of the brines.



Citation: Abdelaziz B, Messaoud H (2016) Thermodynamic Models: Application to the Brines of Chotts in Algerian North-Eastern Sahara. J Thermodyn 
Catal 7: 178. doi: 10.4178/2160-7544.1000178

Page 2 of 6

Volume 7 • Issue 4 • 1000178
J Thermodyn Catal, an open access journal
ISSN: 2160-7544

is the most adequate concept to facilitate the identification of several 
variables in the determination of the relationship between the solution 
and the minerals [21]. The work of Debye and Hückel [22] is a major 
opening in the evolution of the thermodynamics of the electrolyte 
solutions. Indeed, we use the model PHREEQC v3 to calculate the 
activity coefficients and the mineral/solutions equilibria based on 
various assumptions:

1) The ion association model based on the extended Debye-Hückel 
function: the extent expression of the Debye-Hückel law is
written for union i solution (Equation 1):

Log γi=-(A zi2 √I)/(1+ai° B√I)+bγI   (1)

With: bγ=0.2 or 0.3: constant of error from the Debye-Hückel law; 
ai°: the hard-core diameter, which is specific to each aqueous 
species i (in cm); z: the electric charge of i; I: ionic strength; 
A=0.5092 and B=0.3283 in t=25°C: universal constants of the 
Debye-Hückel law [22].

2) The Ion-specific interaction model based on Pitzer’s equations
where the term bγI is replaced by the sum of: Σβij mj; where
mj: the molality of the ion j; βij: the characteristic coefficient of
species pair i and j [23-25].

3) The Specific-ion Interaction Theory (SIT): The expression for a
SIT parameter is the same as for a Pitzer’s parameter [26].

In the case of the brines, the activity coefficients that take into 
account the influence of the concentration of various species in 

the solution are easily calculated by the model of the specific ion 
interaction drawn up by Ref. [27]. In the conception of this model, ions 
remain unassociated and the ionic strength I of the solution is directly 
calculated from the molality of salt (Equation 2).

I=0.5 Σ [Ei] zi2   (2)

Where [Ei] is the molality of the constituent Ei in the solution 
and zi is the electric charge of Ei. The saturated state of the solution 
with respect to the minerals is expressed by the Saturation Index (SI) 
defined as the logarithm of the ratio between the Ionic Activity Product 
(IAP) and the solubility constant of the solid phase considered (Ks) 
(Equation 3):

SI=Log (Ω)=Log (IAP/Ks)   (3)

The sub-saturation of the solution relative to the mineral is 
characterized by a ratio less than 1 and therefore the mineral tends 
to dissolve. The saturation (or thermodynamic equilibrium) is 
characterized by a ratio equal to 1 and no change in the net quantity 
of the dissolved mineral precipitated and is therefore expected. 
Oversaturation is characterized by a ratio greater than 1, and 
consequently, the mineral tends to precipitate.

Results and Discussion
Chemical composition and facies 

The Chemical analysis of the different ions allows to specify the 
geochemical facies of the brines. They generally include simple ions in 

Figure 1: Study site localisation. Document opened: Geological Map of Northwestern Africa with 1/5.000.000 [29].
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(Table 2). Regarding the effect of the ionic strength on the solubility 
of the mineral salt, there is a slight increase in the solubility of calcite, 
gypsum and anhydrite because the ionic strengths are less than 6 mol/l. 
Apart from this ionic strength, the solubility of these minerals will 
augment with the increase of the ionic strength. Contrary to the halite 
and thenardite, the increase in the solubility of these two mineral salts is 
directly proportional with the ionic strength, except for the sylvite which 
has more than an ionic strength superior to 6 mol/l where the solubility 
becomes inversely proportional with the increase of the ionic strength. 
The results of the calculation of the mineral saturation indexes presented 
by the above three thermodynamic models are almost identical. The 
Thermodynamic modelling indicates that the brines are substantially 
saturated with respect to calcite than with respect to gypsum. Indeed, 
the calcite precipitation is controlled by the concentration of calcium 
ions. In the case of low concentrations of Ca, the precipitation kinetics 
of calcite control the concentration of the brines in Ca. In addition to 
this, when the gypsum dissolution is important, the precipitation of the 
kinetics of calcite has no significant influence on the concentrations 
of Ca. The state of thermodynamic equilibrium observed with halite 
is not reached. For the other minerals, the brines are more or less 
under-saturated with respect to sylvite and thenardite. The databases 
of three thermodynamic models used in the calculations show more or 
less significant differences between the measured values of the mineral 
saturation indexes. Taking into account the limited applicability of the 

the solution, complex aqueous species and mineral species. The Table 
1 summarizes the concentration of the dissolved salt in these brines 
under natural conditions. At average, they typically contain both 
chloride (6.04 mol/kgw) as the dominant anion and sodium (5.36 mol/
kgw) as the dominant cation. The other dissolved elements have less 
significant concentrations relative to sodium and chloride; they are at 
average about 0.53 mol/kgw for sulphate and magnesium, 0.26 mol/
kgw for calcium and of about 0.41 mol/kgw for potassium. The sulphate 
concentration is associated with evaporated formations (gypseous 
soils with gypseous crust). The total concentration of the dissolved 
elements can sometimes approach many hundreds of grams per liter (400 
g/l); however, the water of the sea contains only 19 g/l of chlorides and an 
average of salinity of about 35 g/l. The Chemical facies of these brines are 
mainly chlorinated-sodium and rarely sodic-sulfated: (Equation 4 and 5)

r%Cl>r%SO4>r%HCO3=r%Na>r%Mg>r%Ca>r%K                          (4) 

r%Cl>r%SO4>r%HCO3=r%Na>r%Ca>r%Mg>r%K                          (5)

r%: quantity in reaction in percent as milliequivalents per liter 
(meq/l).

Saturated state 

Indexes of saturation in calcite, gypsum, anhydrite, sylvite and 
thenardite were calculated by using three thermodynamic models 

Sample t (°C) pH Density Ca (mol/kgw) Mg Na K Cl SO4 HCO3

1 29.3 8.3 1.37 0.04 0.21 4.48 1.11 4.12 0.68 0.001
2 30.8 8.43 1.36 0.04 0.2 4.38 1.16 4.24 0.57 0.001
3 24.1 7.68 1.46 0.03 0.53 5.3 1.24 5.49 0.88 0.003
4 30.1 7.79 1.5 0.11 0.95 5.24 0.83 5.25 1.37 0.01
5 13.5 8.07 1.65 0.68 0.47 8.17 0.06 10.42 0.51 0.02
6 14 8.13 1.67 0.74 0.84 8.23 0.12 10.12 0.69 0.03
7 16 8.38 1.17 0.15 0.52 1.39 0.13 1.79 0.52 0.02
8 23.7 7.28 1.46 0.04 0.65 4.75 1.88 6.37 0.3 0.003
9 20.3 7.25 1.39 0.02 1.2 3.85 0.55 5.81 0.46 0.003

10 19.4 7.88 1.2 0.07 0.08 2.61 0.54 3.08 0.08 /
11 21.4 7.36 1.37 0.02 0.56 4.57 0.59 5.61 0.3 0.003
12 22.4 7.25 1.44 0.04 0.64 4.82 1.52 6.32 0.32 0.003
13 17.4 7.45 1.47 0.04 0.83 4.98 1.8 6.38 0.35 0.003
14 16.5 7.6 1.27 0.03 0.32 3.22 0.55 3.96 0.24 0.005
15 16 7.85 1.54 0.01 0.96 6.86 0.13 9.03 0.37 0.02
16 18 7.95 1.52 0.01 0.82 6.74 0.11 8.84 0.3 0.01
17 19 8.04 1.44 0.51 0.5 5.98 0.04 5.75 0.65 0.01
18 19.7 8.26 1.69 0.89 0.48 8.39 0.12 10.2 0.82 0.02
19 19.8 8.12 1.79 1 0.84 8.94 0.12 9.48 1.87 0.02
20 19.9 8.74 1.14 0.33 0.17 1.31 0.02 1.31 0.42 0.02
21 20 8.76 1.24 0.45 0.46 2 0.27 1.53 1.04 0.02
22 19 9.4 1.06 0.03 0.08 0.77 0.01 0.53 0.24 0.004
23 13.7 8.3 1.54 0.1 0.58 7.79 0.09 7.18 0.92 0.02
24 14.3 8.36 1.3 0.07 0.44 4.06 0.05 3.07 0.86 0.02
25 14.4 9.04 1.34 0.07 0.97 3.33 0.29 3.14 1.2 0.03
26 20 8.22 1.15 0.21 0.27 1.48 0.06 1.53 0.41 0.02
27 14 7.89 1.46 0.55 0.44 6.15 0.07 7.35 0.22 0.01
28 15 7.81 1.5 0.56 0.53 6.74 0.07 8.13 0.22 0.01
29 20.8 8.02 1.5 0.68 0.46 6.62 0.07 8.02 0.26 0.01
30 21.2 8.07 1.52 0.76 0.51 6.88 0.08 8.39 0.23 0.01
31 15.7 7.85 1.46 0.11 0.48 7.01 0.07 7.08 0.27 0.01
32 15.9 8.01 1.46 0.11 0.48 7.1 0.07 7.32 0.15 0.01
33 19 7.35 1.56 0.53 0.64 7.25 0.11 9.13 0.28 0.01

(mol/kgw: mole per kilogram of water)
Table 1: Chemical compositions of brines in Algerian Northeastern Sahara (2009-2010).
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Sample I 
(mol/l)

SI Calcite SI Gypsum SI Anhydrite SI Halite SI Sylvite SI Thenardite
IA M-Pitzer SIT IA M-Pitzer SIT IA M-Pitzer SIT IA M-Pitzer SIT IA M-Pitzer SIT M-Pitzer SIT

1 4.93 0.85 0.79 0.48 0.7 0.63 0.40 0.61 0.52 0.43 -0.42 -0.48 -0.71 -0.78 -0.67 -0.71 -0.48 -0.67
2 4.81 0.83 0.81 0.56 0.61 0.57 0.35 0.53 0.47 0.39 -0.41 -0.47 -0.69 -0.76 -0.64 -0.68 -0.55 -0.72
3 6.08 0.47 0.81 0.42 0.72 0.78 0.36 0.62 0.68 0.37 -0.08 -0.08 -0.48 -0.51 -0.35 -0.49 -0.13 -0.53
4 7.02 1.56 1.75 1.52 1.29 1.39 0.88 1.25 1.38 0.95 -0.12 -0.02 -0.61 -0.78 -0.57 -0.79 0.08 -0.49
5 7.68 2.62 2.76 2.69 1.92 2.69 1.38 1.85 2.78 1.47 0.83 1.08 0.36 -1.3 -0.96 -1.23 0.60 -0.56
6 8.26 2.64 2.12 2.87 2.04 2.73 1.46 1.98 2.87 1.55 0.87 1.17 0.30 -1.03 -0.65 -1 0.77 -0.46
7 3.46 2.39 2.36 2.20 1.23 1.06 1.09 0.89 0.66 0.89 -1.47 -1.49 -1.60 -1.96 -1.91 -1.87 -1.62 -1.47
8 5.83 -0.01 0.82 0.35 0.37 0.55 0.22 0.29 0.47 0.26 0.03 0.00 -0.40 -0.23 -0.05 -0.23 -0.62 -0.90
9 6.08 -0.76 0.17 -0.37 0.05 0.37 -0.05 -0.12 0.22 -0.09 -0.15 -0.08 -0.61 -0.78 -0.58 -0.82 -0.57 -0.82
10 2.97 / / / 0.24 0.17 0.23 -0.03 -0.15 0.10 -0.89 -0.96 -1.00 -1.11 -1.07 -1.01 -1.80 -1.65
11 5.21 -0.23 0.51 -0.03 0.01 0.25 -0.08 -0.15 0.09 -0.10 -0.15 -0.15 -0.48 -0.79 -0.64 -0.76 -0.67 -0.84
12 5.78 -0.08 0.77 0.25 0.37 0.57 0.22 0.26 0.47 0.23 0.02 0.01 -0.39 -0.32 -0.14 -0.31 -0.57 -0.84
13 6.15 -0.03 0.80 0.38 0.46 0.63 0.26 0.32 0.48 0.23 0.10 0.10 -0.37 -0.17 0.03 -0.18 -0.50 -0.83
14 3.98 0.57 0.94 0.49 0.21 0.23 0.14 -0.06 -0.09 0.01 -0.61 -0.66 -0.81 -0.95 -0.89 -0.89 -1.18 -1.09
15 6.92 0.02 0.42 0.65 -0.46 0.36 -0.62 -0.56 0.36 -0.59 0.54 0.71 0.04 -1.12 -0.83 -1.12 0.22 -0.51
16 6.64 0.15 0.45 0.73 -0.54 0.25 -0.65 -0.63 0.24 -0.61 0.48 0.63 0.02 -1.20 -0.93 -1.19 0.07 -0.58
17 6.4 2.38 2.81 2.30 1.78 1.91 1.38 1.63 1.77 1.37 0.07 0.16 -0.28 -1.90 -1.68 -1.82 -0.12 -0.59
18 8.16 2.85 / 2.83 2.20 2.78 1.56 2.20 2.96 1.72 0.84 1.10 0.33 -1.07 -0.73 -1.01 0.76 -0.42
19 9.34 2.57 / 2.62 2.53 2.86 1.76 2.54 3.10 1.89 0.82 1.22 0.18 -1.11 -0.72 -1.11 1.20 -0.21
20 2.79 2.91 2.89 2.66 1.52 1.31 1.37 1.22 0.94 1.2 -1.67 -1.70 -1.74 -2.84 -2.80 -2.72 -1.72 -1.57
21 4.68 3.07 2.85 2.74 1.88 1.55 1.6 1.60 1.21 1.45 -1.39 -1.40 -1.55 -1.77 -1.69 -1.67 -1.17 -1.08
22 1.28 1.81 1.68 1.6 0.49 0.34 0.41 0.14 -0.08 0.2 -2.34 -2.38 -2.37 -3.55 -3.54 -3.44 -2.10 -1.94
23 6.95 2.11 2.09 2.11 1.24 1.62 0.76 1.08 1.53 0.73 0.38 0.54 -0.06 -1.38 -1.13 -1.34 0.52 -0.33
24 4.87 2.19 2.13 1.88 1.03 0.87 0.72 0.74 0.52 0.56 -0.65 -0.67 -0.89 -2.11 -2.04 -2.03 -0.55 -0.63
25 5.68 2.43 1.93 2.12 1.10 0.96 0.76 0.80 0.63 0.6 -0.71 -0.67 -1.03 -1.32 -1.21 -1.3 -0.57 -0.7
26 2.89 2.53 2.57 2.31 1.29 1.12 1.17 0.99 0.76 1 -1.54 -1.57 -1.63 -2.37 -2.33 -2.26 -1.62 -1.48
27 6.31 2.08 2.84 2.14 1.44 1.81 1.09 1.26 1.67 1.07 0.31 0.40 -0.04 -1.44 -1.21 -1.35 -0.43 -1
28 6.71 1.98 2.79 2.15 1.43 1.91 1.06 1.30 1.85 1.08 0.48 0.60 0.08 -1.38 -1.11 -1.29 -0.25 -0.99
29 6.75 2.32 2.88 2.41 1.56 1.99 1.16 1.48 1.99 1.24 0.45 0.56 0.06 -1.50 -1.22 -1.4 -0.22 -0.97
30 7 2.34 2.79 2.47 1.57 2.02 1.13 1.51 2.07 1.23 0.54 0.67 0.12 -1.41 -1.12 -1.31 -0.19 -1.03
31 6.04 1.48 2.10 1.69 0.76 1.21 0.52 0.61 1.08 0.51 0.30 0.39 -0.05 -1.50 -1.27 -1.43 -0.16 -0.72
32 6 1.65 2.19 1.91 0.51 1.01 0.32 0.37 0.90 0.32 0.35 0.43 -0.01 -1.48 -1.24 -1.4 -0.38 -0.94
33 7.14 1.59 2.72 1.92 1.49 2.13 1.12 1.43 2.19 1.22 0.63 0.79 0.17 -1.21 -0.90 -1.14 0.07 -0.83

IA: Ion-association method; M-Pitzer: Pitzer specific-ion-interaction model; SIT: Specific ion Interaction Theory; I: Ionic strength.
Table 2: Ionic strength and saturation indexes (SI) of mineral salts in brines of chotts and sebkhas in Algerian Northeastern Sahara (2009-2010). calculated by three 
thermodynamic models: IA. M-Pitzer and SIT.

ionic association model for the highly concentrated solutions [28]. It is 
estimated: 21, 24, 9 and 12% of aberantes values under or overestimated 
SI Calcite, SI Gypsum, SI Anhydrite and SI Sylvite calculated by the 
SIT method against respectively 45, 24, 57 and 63% calculated by the 
Pitzer’s method except for halite, where it is estimated that the values 
of aberantes are 0% under or overestimated SI Halite calculated by the 
method of Pitzer against 84% calculated by the SIT method. This leads 
us to deduce that the calculation with the specific ion interaction theory 
SIT is satisfactory.

The saturation indexes of thenardite are not calculated by the ionic 
association model; however, in the activity diagrams, the equilibrium 
state simulated by different thermodynamic models shows that: 

i) For the saturation with respect to the gypsum and with respect
to calcite, points are organized, more or less in accordance
with the straight equilibrium solubility product of gypsum Ksp 
(gypsum) and of calcite Ksp (calcite) drawn up by the method 
of Pitzer against that of the other methods. When saturation is 
reached, the concentrations of Ca and SO4 are conditioned by 
their solubility products (Figures 2 and 3) [29-31]. 

ii) For the saturation with respect to halite, it will not be well
reached if the concentrations of sodium and chloride increase;

therefore, their precipitation can only be obtained for higher 
concentration factors (Figure 4).

The equilibrium straight line of the solubility product of gypsum:

Log Ksp (gypsum)=log aCa+log aSO4+2log aw=-4.58

The equilibrium straight line of the solubility product of calcite:

Log Ksp (calcite)=log aCa+log aCO3=-8.36

The equilibrium straight line of the solubility product of halite:

Log Ksp (halite)=log aNa+log aCl=1.56

Conclusion
The results obtained during this research project show that the 

brines of chotts and sebkhas in the Algerian Northeastern Sahara are 
characterized by a high concentration of about 290 g/l at average, a state 
of oversaturation with respect to calcite and more or less with respect 
to gypsum. Speciation and thermodynamic modelling of these brines 
differ according to the used model. This model depends mainly on the 
thermodynamic database with which the calculations are performed.

Taking into account the limited applicability of the ionic 
association model for highly concentrated solutions, the specific ionic 
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interaction model drawn up by Pitzer was compared with that of the 
Specific ion Interaction Theory. It is generally observed that the SIT 
model involves more parameters and it is more or less satisfactory, 
in its field of application, compared to that of Pitzer. However, the 
diagrams of the activity of halite show that there are points over the 
equilibrium straight line, which is important, i.e., none of these three 
models will work. This paragraph highlights the fact that there is no 
more ideal modelling tool. Each one has its advantages and limitations, 
but still modelling remains a valuable tool to simulate and control the 
thermodynamic behaviour of the brines. Therefore, the modeler should 

primarily select the best model relative to the study site, depending on 
the data available, the objectives of the modelling, etc.
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Figure 4: Brine equilibrium relative to halite.

 

Figure 2: Brine equilibrium relative to gypsum.
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http://www.sciencedirect.com/science/article/pii/S088329270400040X
http://www.sciencedirect.com/science/article/pii/S088329270400040X
http://www.sciencedirect.com/science/article/pii/S0012825203000370
http://www.sciencedirect.com/science/article/pii/S0012825203000370


Citation: Abdelaziz B, Messaoud H (2016) Thermodynamic Models: Application to the Brines of Chotts in Algerian North-Eastern Sahara. J Thermodyn 
Catal 7: 178. doi: 10.4178/2160-7544.1000178

Page 6 of 6

Volume 7 • Issue 4 • 1000178
J Thermodyn Catal, an open access journal
ISSN: 2160-7544

4. Risacher F, Clement A (2001) A computer program for the simulation
of evaporation of natural waters to high concentration. Computers and
Geosciences 27: 191-201. 

5. Garcés I (2000) Geochemistry of Huasco salar, Chile. Origin of solutes and
brine evolution. In: Geertman RM (ed.), Proceedings of the 8th World Salt
Symposium 2: 1159-1160. 

6. Bein A, Dutton LR (1993) Origin, distribution and movement of brine in the
Permian Basin (USA): a model for displacement of connate brine. Geol Soc
Am Bull 105: 695-707. 

7. Weare JH (1987) Models of mineral solubility in concentrated brines with
application to feild observations. Rev Mineral 17: 143-176.

8. Brantley SL, Crerar DA, Moller NE, Weare JH (1984) Geochemistry of a modern 
marine evaporate: Bocana De Virrila, Peru. J Sediment Petrol 54: 447-462.

9. Frape SK, Fritz P (1982) The chemistry and isotopic composition of saline
groundwaters from Sudbury Basin, Ontario. Can J Earth Sci 19: 645-661. 

10.	Land LS, Prezbindowski DR (1981) The origin and evolution of saline formation 
water, Lower Cretaceous carbonates, South-central Texas, USA. J Hydrol 54:
51-74.

11. Rettig SL, Jones BF, Risacher F (1980) Geochemical evolution of brines in the 
salar of Uyuni, Bolivia. Chemical Geology 30: 57-79.

12.	Eugster HP, Jones BF (1979) Behavior of major solutes during closed-basin
brine evolution. Am J Sci 279: 609-631.

13.	Clayton R, Friedman I, Graf D, Mayeda P, Meets W, et al. (1966) The origin of 
saline formation waters: isotopic composition. J Geophys Res 71: 3869-3882.

14.	Hacini M, Oelkers EH, Kherici N (2006) Retrieval and interpretation of
precipitation rates generated from the composition of the Merouane Chott
ephemeral lake. J Geochem Explor 88: 284-287.

15.	Hacini M, Oelkers EH, Kherici N (2008) Mineral precipitation rates during
the complete evaporation of the Merouane Chott ephemeral lake. Geochim
Cosmochim Acta 72: 1583-1597. 

16.	Gueddari M, Monnin C, Perret D, Fritz, B, Tardy Y (1983) Geochemistry
of brines of the Chott El Jerid in southern Tunisia–Application of Pitzer’s
equations. Chem Geol 39: 165-178. 

17.	Parkhurst DL, Appelo CAJ (2013) Description of input and examples for
PHREEQC version 3-A computer program for speciation, batch-reaction, one-
dimensional transport, and inverse geochemical calculations. US Geological
Survey Techniques and Methods A43: 497.

18.	Freeze RA, Cherry JA (1979) Groundwater. Prentice-Hall Inc., Englewood
Cliffs, NY, USA, p: 604. 

19.	Savary V (2002) Rapport de fin de contrat. LMTG-Université Paul Sabatier, 
Toulouse. 

20.	Coudrain-Ribstein A (1988) Transport d'éléments et réactions chimiques dans
les aquifères. Th. d'Etat, Univ. L. Pasteur, Strasbourg, p: 381.

21.	Stumm W, Morgan J (1970) Aquatic Chemistry. An introduction emphasizing
chemical equilibria in natural waters. Wiley Interscience, p: 583. 

22.	Helgeson HC, Kirkham DH (1974) Theoretical prediction of the thermodynamic 
behavior of aqueous electrolytes at high pressures and temperatures. II.
Debye-Hückel parameters for activity coefficients and relative partial molar 
properties. Am J Sci 274: 1199-1261. 

23.	Millero FJ (2001) The Physical Chemistry of Natural Waters. Wiley, NY, p: 654.

24.	Plummer LN, Parkhurst DL, Fleming GW, Dunkle SA (1988) A computer
program incorporating Pitzer’s equations for calculation of geochemical
reactions in brines: US Geological Survey Water-Resources Investigations
Report 88: 4153.

25.	Harvie CE, Weare JH, Hardie LA, Eugster HP (1980) Evaporation of seawater: 
calculated mineral sequences. Science 208: 498-500. 

26.	Grenthe I, Plyasunov AV, Kastriot S (1997) Estimations of medium effects on
thermodynamic data. In: Aquatic chemistry. Chapter IX: Paris, OECD Nuclear
Energy Agency, pp: 325-426. 

27.	Pitzer KS (1973) Thermodynamics of electrolytes -1. Theoretical basis and
general equations. Journal of Physical Chemistry 77: 268-277. 

28.	Michard G (1989) Equilibres chimiques dans les eaux naturelles. Paris, p: 357. 

29.	Bronner G, Fabre J (1978) Carte géologique du Nord-Ouest de l’Afrique au
1/5.000.000. SNED ed. Alger. 

30.	Lewis GN, Randall M (1921) The activity coefficient of strong electrolytes. J Am 
Chem Soc 43: 1112-1154. 

31.	Wolf M, Breitkopf O, Puk R (1989) Solubility of calcite in different electrolytes
at temperatures between 10 and 60°C and at CO2 partial pressures of about 1
kPa. Chemical Geology 76: 291-301.

http://www.sciencedirect.com/science/article/pii/S009830040000100X
http://www.sciencedirect.com/science/article/pii/S009830040000100X
http://www.sciencedirect.com/science/article/pii/S009830040000100X
http://gsabulletin.gsapubs.org/content/105/6/695.short
http://gsabulletin.gsapubs.org/content/105/6/695.short
http://gsabulletin.gsapubs.org/content/105/6/695.short
http://rimg.geoscienceworld.org/content/17/1/143.abstract
http://rimg.geoscienceworld.org/content/17/1/143.abstract
http://jsedres.sepmonline.org/content/54/2/447.short
http://jsedres.sepmonline.org/content/54/2/447.short
http://www.nrcresearchpress.com/doi/abs/10.1139/e82-053
http://www.nrcresearchpress.com/doi/abs/10.1139/e82-053
http://www.sciencedirect.com/science/article/pii/0022169481901529
http://www.sciencedirect.com/science/article/pii/0022169481901529
http://www.sciencedirect.com/science/article/pii/0022169481901529
http://www.sciencedirect.com/science/article/pii/0009254180901163
http://www.sciencedirect.com/science/article/pii/0009254180901163
http://www.ajsonline.org/content/279/6/609.short
http://www.ajsonline.org/content/279/6/609.short
http://onlinelibrary.wiley.com/doi/10.1029/JZ071i016p03869/full
http://onlinelibrary.wiley.com/doi/10.1029/JZ071i016p03869/full
http://www.sciencedirect.com/science/article/pii/S0375674205001524
http://www.sciencedirect.com/science/article/pii/S0375674205001524
http://www.sciencedirect.com/science/article/pii/S0375674205001524
http://www.sciencedirect.com/science/article/pii/S0016703708000410
http://www.sciencedirect.com/science/article/pii/S0016703708000410
http://www.sciencedirect.com/science/article/pii/S0016703708000410
http://www.sciencedirect.com/science/article/pii/0009254183900785
http://www.sciencedirect.com/science/article/pii/0009254183900785
http://www.sciencedirect.com/science/article/pii/0009254183900785
https://pubs.usgs.gov/tm/06/a43/
https://pubs.usgs.gov/tm/06/a43/
https://pubs.usgs.gov/tm/06/a43/
https://pubs.usgs.gov/tm/06/a43/
http://www.sidalc.net/cgi-bin/wxis.exe/?IsisScript=AGRIUAN.xis&method=post&formato=2&cantidad=1&expresion=mfn=026604
http://www.sidalc.net/cgi-bin/wxis.exe/?IsisScript=AGRIUAN.xis&method=post&formato=2&cantidad=1&expresion=mfn=026604
http://www.ajsonline.org/content/274/10/1199.short
http://www.ajsonline.org/content/274/10/1199.short
http://www.ajsonline.org/content/274/10/1199.short
http://www.ajsonline.org/content/274/10/1199.short
http://pubs.usgs.gov/wri/1988/4153/report.pdf
http://pubs.usgs.gov/wri/1988/4153/report.pdf
http://pubs.usgs.gov/wri/1988/4153/report.pdf
http://pubs.usgs.gov/wri/1988/4153/report.pdf
http://science.sciencemag.org/content/208/4443/498.short
http://science.sciencemag.org/content/208/4443/498.short
http://pubs.acs.org/doi/abs/10.1021/j100621a026
http://pubs.acs.org/doi/abs/10.1021/j100621a026
http://pubs.acs.org/doi/abs/10.1021/ja01438a014
http://pubs.acs.org/doi/abs/10.1021/ja01438a014
http://www.sciencedirect.com/science/article/pii/0009254189900971
http://www.sciencedirect.com/science/article/pii/0009254189900971
http://www.sciencedirect.com/science/article/pii/0009254189900971

	Title
	Corresponding author
	Abstract 
	Keywords
	Introduction
	Materials and Methods  
	Study site  
	Sampling protocol for solutions  
	Thermodynamic modelling  

	Results and Discussion 
	Chemical composition and facies  
	Saturated state  

	Conclusion
	Table 1
	Table 2
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	References

