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1. Introduction 
 Water scarcity is among the most significant threats facing the world, and the Mediterranean regions 
in general, on all thresholds: socioeconomic, financial, governmental, and ecologic. Water scarcity 
becomes more acute when it is combined with the degradation of its quality, most notably by the 
phenomenon of salinization [1, 2]. 
 Numerous investigations on the issue of salinization have been carried out [3, 4, 5]. Even so, due to 
its complexity, there is still a substantial uncertainty about the prediction and evolution of salinization 
of water and soil resources in the medium and long term. Indeed, salinization of water resources is 
caused by a multitude of processes, including water and solute transfer processes as well as 
geochemical processes [6,7]. Although each of these processes has been studied extensively on its own, 
the understanding of their interactions is still limited. Furthermore, the aquifer's mass fluxes and 
chemical composition can shift radically over time and space. Hence, one method for overcoming these 
issues is to use numerical modelling [8, 9].  
Historically, a large number of geochemical efforts have been made. In these, equilibrium-based 
models use the local equilibrium assumption, which presumes that all chemical reactions will complete 
or reach equilibrium within each time step [10]. However, kinetic methods enable you to recognize the 
rates of all chemical reactions occurring [11]. The most advanced tools are reactive transport models. 
They can be used to estimate geochemical processes as well as dissolved species' future behavior [12].  
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The text is organized as follows: section 2 presents the mathematical formulation of reactive transport 
models; Section 3 describes the used method, including all steps of modeling approach as well as the 
input data. The results and discussion are presented in section 4. The summary is in the fourth section. 

2. Mathematical formulations of reactive-transport models 
The geochemical models of reactive transport are based on thermodynamic and kinetic concepts, 

which are combined with the mass transport effect that occurs within the system [13]. Indeed, numerous 
geochemical models developed in the literature are based on thermodynamic equilibrium relationships 
that require defining the state of evolution of an assembly composed of soil or rock and a solution. The 
law of mass action determines equilibrium relationships [14]. It is given by Eq .1. 

𝐊𝐓 =
{𝐂}𝛎𝐂 	{𝐃}𝛎𝐃
{𝐀}𝛎𝐀	 	{𝐁}𝛎𝐁	

           Eq.1 

Where KT: equilibrium constant, A, B, C and D: chemical species and νA, νB, νC and νD: 
stoichiometric coefficients of the reaction. 

The activity coefficient in Eq.1 is determinate by the interactions that exist between the various 
dissolved molecules in solution. As a result, in the case of a very dilute solution, the activity coefficient 
equals 1. For ionic strengths (I) less than 0.2 mol L-1, the activity coefficients are calculated using the 
[15] model, as shown in Equation 2. 

𝐥𝐨𝐠𝛂𝐢 = −	 𝐀	𝐙𝐞
𝟐	√𝐈

𝟏.𝐚𝐞	𝐁√𝐈
+ 𝑪	𝑰  Eq.2 

Where A and B are the solvent's characteristic constants, Z is the charge of the ion e, C is the ion's 
concentration, and ae is its ionic activity. 

Additionally, the ionic product (QT), defined by equation 3, is also another thermodynamic 
quantity characteristic of the evolution state of the chemical reaction. 

𝑸𝑻 =
{𝑪}𝝂𝑪 	{𝑫}𝝂𝑫
{𝑨}𝝂𝑨	 		{𝑩}𝝂𝑩	

  Eq.3 

The estimation of the ratio between the equilibrium constant and the ionic product reflects a 
solution's saturation, under saturation, and equilibrium towards a mineral. If the water sample is 
completely saturated with the dissolved mineral, SI equals zero. Positive values of SI indicate super-
saturation under which the mineral would tend to precipitate; negative values indicate undersaturation 
and mineral dissolution. The above-mentioned thermodynamic quantities make it possible to determine 
the evolution of geochemical processes. However, they could not provide any information about their 
dynamics. As a result, kinetic characterization of the various reactions occurring within the soil or 
water table is critical. Several studies have been conducted on the kinetics of calcites, carbonates, and 
evaporates [16]. The kinetics of mineral dissolution and precipitation reactions, as expressed by 
equations 4 and 5, are the primary focus of these works. 

𝐕𝐝 = 𝒌𝒅	𝐒𝐫𝐞𝐟𝐟	𝐚𝐇.
𝐧𝐫 [𝟏 − 𝐐𝐓

𝐊𝐓
]]  Eq.4 

Where Vd: dissolution rate of the mineral (mol yr-1 kg-1 H2O), kd: intrinsic dissolution constant 
(mol m-2 yr-1), Sreff: reactive surface of the mineral in contact with one kilogram of solution (m2 
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kg- 1H2O), anrH+: activity of the H+ ion in solution and nr: partial order of the reaction with respect to 
the H+ ion in solution. 

𝐕𝐩 = 𝒌𝒑	𝐒𝐫𝐞𝐟𝐟	(5
𝑸𝑻
𝑲𝑻
6
𝒑
− 𝟏)𝒒  Eq. 5 

Where Vp denotes the mineral's precipitation rate (mol yr-1 kg-1H2O), kp the intrinsic precipitation 
constant (mol m-2 yr-1), and p and q the experimentally determined exponents describing the mineral's 
precipitation rate in the oversaturated state. 

Several studies have been conducted to estimate the reactive surface of the minerals reacting with 
the solution in the various kinetic formalisms. Some researchers used the Brunauer-Emmet-Teller 
method to physically measure the reactive surface, while others quantified it numerically such as [17]. 
They computed the reactive surface area from the geometry and particle arrangement expressed by 
Equation. 6, and from the volume fraction and porosity expressed by Equation 7. 

𝑺𝒓𝒆𝒇𝒇	𝒏 = 𝑺𝒓𝒆𝒇𝒇	𝒏G𝟏(
𝟏G𝝎𝒏

𝟏G𝝎𝒏2𝟏
)𝟐/𝟑  Eq. 6 

𝑺𝒓𝒆𝒇𝒇	𝒏 = 𝑺𝒓𝒆𝒇𝒇	𝒏G𝟏 5
𝝎𝒏2𝟏

𝝎𝒏
6 ( 𝑭𝒗𝒏

𝑭𝒗𝒏2𝟏
)𝟐/𝟑  Eq.7 

Where Sreff is the reactive surface area of a mineral, r, n, and n-1 are the time increments, ω: 
porosity, and Fv is the mineral's volume fraction. 

The three main mechanisms of dissolved chemical species migration in water are advection, 
kinematic dispersion, and molecular diffusion. The mass conservation equation for a reactive element 
(j) in a one-dimensional system makes it possible to create the model that governs its transport (Eq. 8). 

𝝏
𝝏𝒕
!𝝎𝜳𝒋$ = −𝑽 𝝏𝜳𝒋

𝝏𝒙
+𝝎𝑫∗ *𝝏

𝟐𝜳𝒋
𝝏𝒙𝟐

+ − ∑ 𝝂𝒋𝒓
𝝏
𝝏𝒕

𝑴
𝒓<𝟏 (𝑭𝒗𝑽𝒓)  Eq.8 

Where Ψj: generalized concentration of element j (j=1,..., N), t: transport time (yr), V: Darcy 
velocity (m yr-1), D*: hydrodynamic dispersion coefficient, M: primary species of reactive minerals, 
and Vr: molar volume of mineral. 

3. Methodology 
 Using the reactive-transport modeling method with the Kinetic Reaction and Mass Transport model 
(KIRMAT) entails a number of steps and decisions: First, an appropriate construction and 
discretization scheme is selected. The modelled section can be chosen according to the groundwater 
flow directions Then, it must be critiqued with horizontal meshes spacing of 300 m-long meshes that 
allow for a more accurate description of the shape of the study area. Following that, the modelled 
domain is divided into zones based on the number of wells located along the conceptualized domain. 
The initial and boundary conditions are then defined. In fact, the model's initial condition is based on 
the average chemical composition of all observed wells along each modelled section. The concentration 
of the upstream boundary is used as a fixed-concentration corresponding to a 1st or type, or Dirichlet 
boundary. The prescribed concentrations are based on the measured concentrations of the first 
observation well located upstream of the modelled section. The downstream boundary has been 
designated as a free flux boundary. Furthermore, the mineralogical compositions and reactive surfaces 
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of the minerals are identified for each zone of the modelled section. Sreff, the reactive surface, is 
calculated as follows: 

𝐒𝐫𝐞𝐟𝐟 = 𝑽𝒎 𝑺𝒄𝒖𝒃𝒆
𝑽𝒄𝒖𝒃𝒆

  Eq.9 

Where Vm: volume of mineral per kilogram of water (m3 kg-1), Scube and Vcube: area (m2) and volume 
(m3) of the cube, respectively. Vm is calculated as follows 

𝐕𝐦 = 𝑭𝒗
(𝟏G𝝎)∗𝟏𝟎𝟎𝟎/𝝆

𝝎
  Eq. 10 

Where Fv: volume fraction of mineral, ω: porosity, ρ: density of water (kg m-3). 
 The hydrodynamic, thermodynamic and kinetic data are also used as input parameters in the 
KIRMAT model. The hydrodynamic parameters used are hydraulic conductivity (K), Darcy velocity 
(U), total porosity (ρ) and effective porosity (η). For the thermodynamic constants for each mineral, 
they are obtained from the KIRMAT code's MIN.Dat data. The temperature chosen can be determined 
by the average temperature recorded in the various points of water taken from the groundwater. 
Equation 11 is used to calculate the kinetic dissolution rate of the minerals taken into account. 

𝑉V = 𝑆WXYY 51 −
ZB
[B
6

⎣
⎢
⎢
⎢
⎢
⎡ 𝑘\]^_`V exp F

GaCDEFG

b
5c
d
− c

\ef,c]
6G 𝛼^_`Vh^_`V

+𝑘\]iXjkWX𝑒𝑥𝑝 F
GaCHIJKLI

b
5c
d
− c

\ff,c]
6G

+𝑘\]lmnX𝑒𝑥𝑝 F
GaCMCNI

b
5c
d
− c

\ef,c]
6G 𝛼lmnXhlmnX

⎦
⎥
⎥
⎥
⎥
⎤

  Eq.11 

Where Vd: dissolution rate controlled by the reactive surface (mol yr-1 kg-1H2O), k25acid, k25neutral, k25base: 
dissolution constants at 25°C; Sreff: reactive surface of the minerals, QT: ionic activity product, KT: 
thermodynamic equilibrium constant, Eaacid, Eaneutre, Eabase: activation energy coefficients (J mol-1); nacid 
and nbase: orders of the chemical reaction and R is the perfect gas constant (J K-1 mol-1) at temperature 
T (°C). 
Finally, the model must be calibrated and validated. Statistical indices such as the root-mean-square-
error (RMSE) between computed and observed concentrations of each monitoring point is used to 
assess the model's response (Eq. 12). 

𝐑𝐌𝐒𝐄 = R𝟏
𝒏
∑(𝑶𝒊 − 𝑪𝒊)𝟐  Eq.12 

Where Oi: measured values of the concentration C of the element i, Ci: calculated values of the 
concentration C of the element i in solution, and n: number of observations. 

4. Results and Discussion 
4.1 Application to predict chemical species in groundwater (50 and 100-years) 

Figure 1 depicts spatial and temporal changes in the dominant chemical elements in solution. Two 
time steps are used to simulate chemical concentrations (50 years, and 100 years). The spatial analysis 
of the different chemical profiles reveals an increase in chloride and sodium concentrations throughout 
T1. 
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Figure 1. Spatiotemporal evolution of chemical species along transects T1 and T2: (a) chlorides, (b) 
sodium, (c) sulphates, (d) calcium, and (e) magnesium. 

The levels of the latter chemical elements measured at the transect's end are in the order of 0.08 
mol kg-1 H2O and 0.09 mol kg-1 H2O, respectively. The shape of the chloride and sodium curves in 
transect 2 is similar to that observed in transect 1, but with lower contents due to halite deficiency in 
zones 1 and 2. 
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The predominance of halite (NaCl) dissolution kinetics over precipitation explains the gradual 
increase in chloride and sodium levels in the water table. After 100 years of changes, a slight decrease 
in Cl- and Na+ content was observed at x=6000 m, indicating a decrease in halite mass and, as a result, 
a decrease in the reactive surface of this mineral during the dissolution process [18]. Increased Cl and 
Na concentrations are found primarily in cells which contain the minerals halite. As a result, the contact 
between halite and groundwater has a significant impact on the spatiotemporal evolution. of dissolved 
sodium and chloride. 

As for the chemical profiles of sulfates, the concentrations are globally constant with an increasing 
trend, particularly in the last zones of transects T1 and T2 with a content of about 0.02 mol Kg-1H2O. 
At 100 years of alteration, the sulphate profile shows a similar evolution to that observed at 50 years 
resulting from the competition between the processes of dissolution and precipitation of sulphate 
minerals, namely gypsum and anhydrite. Calcium concentrations are gradually increasing until they 
reach 0.02 mol Kg-1 H2O. From the distance x=7000 m, both profiles show stable calcium contents. 
The calculated SO4 and Ca concentrations rise as one travels further. The dissolution of gypsum and 
anhydrite is the most logical source of these ions. 

In contrast to the previously mentioned chemical elements, the magnesium profiles show a 
decrease across transects 1 and 2 on the one hand, and over time on the other. This decrease could be 
explained by the contribution of these ions to calcite and/or dolomite precipitation.  

4.2 Calibration and validation of model 
Different numerical runs are performed to adjust the model. The best fit of the measured chemical 
compositions is obtained for the adjusted dissolution rates. The model provides a good estimate of 
chemical elements for the tow modelled transects T1 and T2 with a RMSE value of approximately 0.01 
for all of the chemical species. The numerical results were close to the field data. The obtained 
correlation coefficients show an acceptable correlation between measured and simulated chemical 
concentrations for T1 and T2 (Fig. 2). 

The model's sensitivity is investigated in three cases: I variation of the volume fraction of 
minerals up to 10%, ii) variation of the chemical compositions of the injected flows using the chemical 
concentrations of the first water point located upstream of the transect, and iii) variation of the Darcy 
velocity. The results show that the model is rather sensitive to the volume fraction variation. However, 
the chemical composition and the Darcy velocity are not sensitive model parameters. 

  

Figure 2. Correlation coefficient of chemical species between measured and computed values 

Conclusion 
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In this paper, we present a reactive transport model for simulating groundwater chemical species in 
order to find suitable management scenarios for deteriorated aquifers. The model was successfully 
calibrated and validated. It is only sensitive to the volume fraction of the minerals considered. We also 
recommend using this method in a saturated zone. 
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