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ABSTRACT: Uncertainty and calibration are major challenges in hydrologic and hydraulic analysis,
especially in watershed applications involving groundwater flow and contaminant transport. This study
presents an integrated modeling framework for comprehensive simulation of groundwater flow and
contaminant transport, with automated calibration and sensitivity analysis capabilities. The framework
extends traditional Fortran-based modeling by incorporating the statistical, numerical, and visualization
strengths of the R environment. In the proposed approach, the Fortran code is executed within R, while the
Fortran program employs a finite-volume time-splitting method to discretize the governing equations of
groundwater flow and contaminant transport. Integration with R statistical packages improves model
calibration, sensitivity evaluation, and visualization of groundwater contamination results. To illustrate the
applicability of the framework, two test cases of groundwater flow and contaminant transport through
porous media were conducted. Results demonstrate the accuracy, efficiency, and enhanced visualization
capabilities of the integrated system. Ultimately, the framework is intended to support three-dimensional
analysis of pollution plume evolution in heterogeneous media and to investigate interactions among
multiple contaminant sources in watershed systems.
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1. Introduction

Groundwater is one of the most important freshwater resources worldwide and is widely used to meet
drinking water and irrigation demands [1]. Approximately one-third of the global population depends on
groundwater as a source of drinking water [2]. Groundwater quality is increasingly threatened by a wide
range of contamination sources, including leaching from landfills [3,4], infiltration of pesticides and
fertilizers [5], groundwater salinization [6—8], and leakage of pollutants from pipelines and refineries [9].
Therefore, over the past decades, groundwater vulnerability to pollution has become a major concern
worldwide, and groundwater quality management has become an integral component of sustainable
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development [10]. Effective groundwater management greatly depends on accurate prediction of the fate
and impacts of pollutants in aquifers [11,12].

Groundwater flow and contaminant transport are important components of watershed systems because
subsurface processes directly affect baseflow contributions, stream—aquifer interactions, and water quality
[13,14]. In many watersheds, pollutants introduced at the land surface may migrate through porous media
and eventually impact streams, wetlands, reservoirs, and other receiving waters. Therefore, accurate and
reproducible simulation of groundwater processes is essential for watershed assessment, water-quality
management, and remediation planning [15-17].

In recent decades, numerous numerical models have been developed to assess groundwater quality and
provide deeper insight into groundwater contamination processes. Numerical simulation employs
mathematical equations to describe and predict the behavior of physical processes under specified
conditions. In groundwater flow modeling, these mathematical formulations are used to determine
hydraulic heads, free-surface seepage faces, and velocity fields within porous media [18]. In contaminant
transport modeling, the mathematical model describes the distribution and movement of pollutant
concentrations through a porous medium [19].

Classical numerical methods for solving partial differential equations include the Finite Difference
Method (FDM) [20,21], Finite Element Method (FEM) [22,23], and Finite Volume Method (FVM) [24,25].
Several studies have applied these numerical techniques to simulate groundwater flow and contaminant
transport through porous media. In addition, more recent numerical approaches, such as the mesh-free
method [26], Element-Free Galerkin method [27], and Smoothed Particle Hydrodynamics (SPH) [28], have
also been developed.

Among the available numerical techniques, the Finite Volume Method has been widely applied in
Computational Fluid Dynamics (CFD) due to its key advantages, including strict conservation of mass,
momentum, and energy. In addition, this method can take advantage of unstructured meshes to represent
complex geometries more effectively [29]. Many numerical groundwater models are developed in Fortran
because this programming language offers several notable advantages. Fortran is specifically designed for
high-performance computing (HPC), making it well suited for solving complex hydrologic and hydraulic
problems [30]. However, it has limitations in its visualization capabilities and lacks modern data structures.
In contrast, R is not as computationally efficient for large-scale numerical simulations. Running complex
code with many variables, subroutines, and loops in R can require substantial computational effort, which
may significantly increase computational cost. Therefore, integrating Fortran with R can provide an
efficient and practical framework for large-scale computation.

R provides a flexible programming environment for interfacing with external Fortran subroutines and
functions [31]. By leveraging this capability, partial differential equations can be solved efficiently in
Fortran, while R allows the Fortran-based code to operate within a modern computational framework that
offers extensive statistical packages, advanced graphical visualization tools, and simplified compilation and
linking procedures.

Integrated modeling represents a state-of-the-art approach in simulation and modeling, in which the
major features of different software platforms are combined within a unified framework. Linking R with
programming languages such as Fortran and C++ has attracted increasing attention in recent years, as
researchers seek to take advantage of R for simulating complex problems [32-35].

In the present study, Fortran is integrated with R to provide a practical and efficient tool for three-
dimensional simulation of groundwater flow and contaminant transport through porous media, with
relevance to watershed-scale applications. Beyond the integration of Fortran with R itself, the novelty of
this study lies in the development of a reproducible and application-oriented framework for coupled three-
dimensional groundwater flow and contaminant transport modeling, with enhanced capabilities for
calibration, sensitivity analysis, and visualization within a unified workflow. The developed computational
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code was written in Fortran and interfaced with R to improve computational efficiency while enhancing
flexibility for integrating external packages, calibration routines, and visualization tools. The Fortran-based
code performs a three-dimensional simulation of groundwater flow and contaminant transport using a finite-
volume time-splitting method, whereas R is used for data analysis, calibration, reproducibility, and
visualization. The developed framework is intended to support the investigation of contaminant transport in
heterogeneous media and to explore the interaction of multiple pollution sources within watershed systems.

2. Methodology

In the present study, an integrated framework combining Fortran and R is proposed. The following
sections briefly describe these programming languages and their integration.

2.1. Fortran

Fortran is a programming language designed for high-performance computing and is widely used to
solve complex scientific and engineering problems [31]. Although Fortran has undergone major revisions
in recent decades, it still has limitations in visualization capabilities and interoperability with modern
analytical tools. To address these limitations, external software packages such as MATFOR and Tecplot
are commonly used for post-processing and visualization; however, reliance on separate programs can
increase workflow complexity, processing time, and computational inefficiency.

2.2. The R Project

R is an open-source programming environment that has become increasingly popular for statistical
computing, mathematical analysis, and graphical visualization. A large number of user-developed packages
for statistics, computation, data analysis, and visualization can be readily installed and implemented in R.
These packages make R highly flexible for processing data, performing numerical analysis, and presenting
results. In addition, R is a powerful platform that can easily interface with other programming languages,
including Fortran. This capability makes R useful for combining advanced analysis and visualization with
efficient numerical computation.

2.3. Integration of R and Fortran

Interoperability between R and Fortran can be achieved by calling Fortran code compiled as dynamic-
link libraries (DLLs) from within R. This DLL-based approach is practical and has long been used by
software developers to efficiently distribute compiled code. The R environment further provides a
convenient platform for integrating Fortran programs with a broad and continuously expanding set of
statistical, numerical, and visualization packages.

3. Development of Fortran Code

To develop a numerical model for simulating groundwater flow and contaminant transport, a Fortran
code was implemented to solve the governing equations of groundwater flow and solute transport. These
equations are described in the following sections.

3.1. Groundwater Flow

Groundwater flow in the saturated zone is governed by a partial differential equation commonly
referred to as the Boussinesq equation [36]:
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where the parameters are defined as follows: kyy, ky,y, k,,: hydraulic conductivity in the x, y, and z

directions, respectively (LT ~1); S: specific storage coefficient (L™1).

3.2. Contaminant Transport

The transport of dissolved contaminants in groundwater is governed by the Advection—Dispersion—
Reaction (ADR) equation [36]:
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where C is the contaminant concentration (ML™3), D; ; are the dispersion coefficients in the three principal
directions (L?T~1), and v,; are the seepage velocities in the principal directions (LT ~1). In addition, 4 is
the contaminant decay rate, and R is the retardation factor used to account for the physical, biological, and
chemical processes affecting contaminant transport through porous media.

3.3. Numerical Scheme

The developed Fortran code applies a finite-volume time-splitting method to solve the groundwater
flow and contaminant transport equations. This method ensures mass conservation throughout the
computational domain. Using the finite volume method, the groundwater flow flux for each control volume
can be expressed as:
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where Fluxs,, represents the groundwater flow flux across a given portion of the boundary surface. ¢; is
wetness index is the ratio of water height to total cell height.

Similarly, using the finite volume formulation, the flux terms for the advection and dispersion steps
can be written as:
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where, a;, ary, and apy are longitudinal dispersivity, horizontal transverse dispersivity, and vertical
transverse dispersivity, respectively. D* is molecular diffusion.
In porous media, the longitudinal dispersivity along the direction of flow can be estimated using [36]:

a; = 0.2 [04 ®)

+D" (6)

where L[L] denotes the flow path length. The transverse dispersivity is typically lower than the longitudinal
dispersivity and is commonly taken to be about one-hundredth of its value [36].

The governing equations are discretized in time using an implicit time-splitting scheme, while spatial
discretization is performed using a finite-volume formulation that ensures mass conservation. For
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groundwater flow, upstream boundary conditions are implemented as specified-head (Dirichlet) or
specified-flux (Neumann) conditions, depending on the physical configuration. At the downstream
boundary, a free-surface seepage condition is applied, meaning that seepage is allowed only when the
hydraulic head exceeds the boundary elevation; otherwise, no outflow is permitted. To represent drying and
rewetting conditions, computational cells are classified as wet, partially wet, or dry. In fully wet cells, the
flux is transferred through the entire cell, whereas in partially wet cells the flux is adjusted using a wetness
index. The wetness index is defined as the ratio of water height to total cell height and is used to scale the
flux accordingly. Dry cells are assigned zero mobile flux. For contaminant transport, the advection—
dispersion equation is discretized using an implicit time-splitting scheme and solved based on the computed
flow field. The dispersion tensor is formulated using the longitudinal and transverse dispersivities.
Numerical stability is maintained through the appropriate selection of the time step in relation to the seepage
velocity and dispersion coefficients.

More details regarding the numerical scheme used to solve the groundwater flow and contaminant
transport equations can be found in [24,37].

4. Integration of Fortran with R

The process of linking Fortran code with R consists of four main steps:
Prepare and compile the Fortran subroutine

Compile the program to generate a shared library

Load the shared library in R

Run the R script to call the subroutine

el S

Each of these steps is described in the following sections.

4.1. Preparation of the Fortran Subroutine

To interface Fortran code with R, the Fortran program must first be prepared as a subroutine rather
than a function. For this purpose, the Fortran code developed for groundwater flow and contaminant
transport was organized as a general subroutine that couples the simulation of groundwater flow and
contaminant transport through porous media.

It should be noted that the variable types declared within the Fortran subroutine must be consistent
with the corresponding variable types defined in R.

The main subroutine includes four internal subroutines that handle geometry input, definition of the
initial and boundary conditions for groundwater flow, definition of the initial and boundary conditions for
contaminant transport, and solution of the coupled groundwater flow and contaminant transport system.
The fortran subroutine for groundwater flow contaminant transport is listed in Box 1.
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Box 1. Fortran Subroutine for Groundwater Flow Contaminant Transport.

! THIS SUBROUTINE SOLVES THE 3D GROUNDWATER FLOW & CONTAMINANT TRANSPORT

SUBROUTINE FLTR (NRO, NCO, NTC, IB, IE, JBEI, KBEI, IBB, IEB, JB, JE, IBEJ, KBEJ, JBB, JEB, KB, KE, IBEK, JBEK, KBB, KEB, DELTAX, DELTAY,
\DELTAZ, dt, nt, NRO, NCO, NTC, IB, IE, JBEI, KBEI, IBB, IEB, JB, JE, IBEJ, KBEJ, JBB, JEB, KB, KE, IBEK, JBEK, KBB, KEB, B, BCP, BCT, KX, KY,
KZ, SS, H3D, C3D, X, Y, Z, TEL, Dm, ALFAL, ALFATV, ALFATH, GAMA, Rd, POR, D3D, TETA)
IMPLICIT NONE
INTEGER, PARAMETER: mx = 100

DOUBLE PRECISION H3D (mx, mx, mx), C3D (mx, mx, mx), BCP (mx), BCT (mx), X (mx, mx, mx), Y (mx, mx, mx), Z (mx, mx, mx), DELTAX (mx, mx, mx),
IDELTAY (mx, mx, mx), DELTAZ (mx, mx, mx)

DOUBLE PRECISION dt, TEL, WELLC1, WELLC2, Dm, ALFAL, ALFATV, ALFATH, GAMA, DENS, Kd, Rd, SS, POR, D3D, KX, KY, KZ, TETA

INTEGER IB (mx, mx), IE (mx, mx), JBEI (mx, mx), KBEI (mx, mx), IBB (mx, mx), [EB (mx, mx), JB (mx, mx),JE (mx, mx), IBEJ (mx, mx), KBEJ (mx, mx),
UBB (mx, mx), JEB (mx, mx), KB (mx, mx), KE (mx, mx), IBEK (mx, mx), JBEK (mx, mx), KBB (mx, mx), KEB (mx, mx), B (mx)

INTEGER nt, NRO, NCO, NTC
! MAIN SUBROUTINES
CALL GEO (NRO, NCO, NTC, IB, IE, JBEI, KBEI, IBB, IEB, JB, JE, IBEJ, KBEJ, JBB, JEB, KB, KE, IBEK, JBEK, KBB, KEB)

CALL PHTRDATA (DELTAX, DELTAY, DELTAZ, dt, nt, B, BCP, BCT, KX, KY, KZ, SS, NRO, NCO, NTC, X, Y, Z, TEL, Dm, ALFAL, ALFATV, ALFATH,
GAMA, Rd, POR, D3D, TETA)

CALL ICPHL (NRO, NCO, NTC, H3D, C3D, X, Y, Z)

CALL PHTR (DELTAX, DELTAY, DELTAZ, dt, nt, NRO, NCO, NTC, IB, IE, JBEI, KBEI, IBB, IEB, JB, JE, IBEJ, KBEJ, JBB, JEB, KB, KE, IBEK, JBEK,
IKBB, KEB, B, BCP, BCT, KX, KY, KZ, SS, H3D, C3D, X, Y, Z, TEL, Dm, ALFAL, ALFATV, ALFATH, GAMA, Rd, POR, D3D, TETA)

RETURN

END SUBROUTINE

4.2. Compile and Load the Shared Library in R

Once the Fortran code has been prepared in the required format, it must be compiled into a shared
object file before being executed within R, thereby allowing dynamic linking at runtime. In the present
study, the Fortran code was compiled into a shared object file (.so), which enables direct linking and
execution from the R environment. The compile and load fortran library in R is listed in Box 2.

Box 2. Compile and Load Fortran Library in R.

#INTEL FORTRAN COMPILER
ifort -fpic -shared FLTR.f90 -o FLTR.so
dyn.load("FLTR.s0")

Before the Fortran subroutines can be utilized in R, the compiled shared library must first be loaded.
In this study, the dyn.load command is used to load the Fortran code into the R environment. This command
allows shared object files, also referred to as dynamically loadable libraries (DLLs), to be loaded and
unloaded as needed.

4.3. Run the R Program to Call the Subroutine

In the final step, the Fortran subroutine is called directly from within R using the .Fortran() function,
which is specifically designed to invoke Fortran subroutines. When using this function, the name of the
Fortran subroutine must be specified, and the input arguments must be provided in a format consistent with
the corresponding Fortran data types. The call fortran subroutine from R is listed in Box 3.
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Box 3. Call Fortran Subroutine from R.

Result <- .Fortran ("FLTR", NRO, NCO, NTC, IB, IE, JBEI, KBEI, IBB, IEB, JB, JE, IBEJ, KBEJ, JBB, JEB, KB, KE, IBEK, JBEK, KBB, KEB, DELTAX,
DELTAY, DELTAZ, dt, nt, NRO, NCO, NTC, IB, IE, JBEI, KBEI, IBB, IEB, JB, JE, IBEJ, KBEJ, JBB, JEB, KB, KE, IBEK, JBEK, KBB, KEB, B, BCP, BCT,
KX, KY, KZ, SS, H3D, C3D, X, Y, Z, TEL, Dm, ALFAL, ALFATV, ALFATH, GAMA, Rd, POR, D3D, TETA)

For clarity, the input variables are grouped into categories representing grid configuration, hydraulic
properties, boundary conditions, and transport parameters. The input and output parameters used in the
Fortran subroutine are summarized in Table 1.

Table 1. Description of input arguments used in the Fortran subroutine.

Variable Description Unit
NRO, NCO, NTC Number of grid cells in x, y, z directions -

KX, KY,KZ Hydraulic conductivity in x, y, z directions m/s

SS Specific storage coefficient 1/m
POR Porosity of the medium —
H3D Hydraulic head distribution m

C3D Contaminant concentration mg/L
DELTAX, DELTAY, DELTAZ Grid spacing m
dt Time step s
nt Number of time steps —

Dm Molecular diffusion coefficient m?*/s
ALFAL, ALFATV, ALFATH Dispersivity coefficients m

5. Validation

In this section, two test cases are presented to evaluate the performance of the integrated model. The
first test case is used to verify the groundwater flow simulation, while the second test case assesses the
model’s capability to simulate contaminant transport.

5.1. Validation of Groundwater Flow Model

The performance of the integrated model for the simulation of groundwater flow and free surface
seepages, assessed by the first test case, and the results of the integrated model are compared with the
analytical solution. The sketch layout of the first test case with dimensions of 24 m x 15 m X 7 m is depicted
in Figure 1. As shown, constant head boundary conditions are applied at the upstream and downstream
boundaries. The upstream and downstream boundary conditions are 6 m and 3 m, respectively. The
hydraulic conductivity of the homogeneous porous media is considered as 2 x 107> m/s.

Figure 2 presents the phreatic surface predicted by the numerical model in both two-dimensional (2D)
and three-dimensional (3D) representations. As shown, the groundwater hydraulic head decreases gradually
from upstream to downstream within the homogeneous porous medium. This progressive reduction in
hydraulic head results in an approximately constant hydraulic gradient and a uniform velocity field
throughout the domain.
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Figure 1. Configuration Domain of the first test case.
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Figure 2. Numerical results of groundwater flow. (a) Three-dimensional view; (b) two-dimensional view.

To validate the integrated numerical model, its results were compared with the analytical solution. The
analytical solution for predicting the water table in porous media was adopted from [38]. Figure 3 compares the
integrated numerical model results with the analytical solution. The comparison plot was produced in the R
environment, and several statistical indices were also calculated to assess model performance.

6.0 1 —e— Analytical Solution
=8 Numerical Model
5.6 MAE = 0.181
2 RMSE = 0.037

Es0/
O
©
-
I 4.5 1
=
©
—
2 a0
I

3.5

3.0 1

0 ] 10 15 20
X (m)

Figure 3. Comparison of the numerical model and the analytical solution.
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Figure 3 shows good agreement between the numerical and analytical solutions, with mean absolute
error (MAE) and root mean square error (RMSE) values of 0.181 and 0.037, respectively. These results
confirm the satisfactory performance of the groundwater flow model.

5.2. Validation of Contaminant Transport Model

To assess the validity and reliability of the integrated model for contaminant transport simulation, a
second test case was considered. The contaminant transport results generated by the developed model were
compared with an analytical solution. The analytical solution for predicting the pollutant transport through
saturated porous media was adopted from [39]. In this test case, the porous medium had a length of 100 m
(L =100 m), and the velocity field consisted only of a horizontal velocity component (V) of 0.005 m/s. A
point-source contaminant with a constant concentration of 100 mg/L (C, = 100) was injected into the
porous medium at location (10, 50, 50) in the Cartesian coordinate system. The dispersion coefficient was
assumed to be 1077 m?%/s, and the retardation factor was set to 1.0.

The analytical and numerical solutions for contaminant transport were compared using an R script.
Figure 4 compares the numerical and analytical solutions for solute transport, showing (a) the concentration
profile after 1 h at y =30 m, and (b) the temporal variation of contaminant concentration at the coordinate
(40, 50, 50).

Figure 4 shows good agreement between the numerical results and the analytical approximation,
indicating that the contaminant transport model can accurately predict the temporal and spatial distribution
of contaminant concentrations in porous media.

Since the groundwater flow and contaminant transport components were verified separately through
the test cases, the integrated model is demonstrated to be capable of simulating groundwater flow and
contaminant transport through porous media.

1.00 A - === Numerical Model 80 1
—e— Analytical Solution
I
0.75 1 : 60
I
1
I
[ e
I =
= | 5
E'-"}._ 0.50 4 I E 40 4
o 1 —
| Q
]
1
I
I
0.25 4 : 20 -
1
|
|
|
J : ——- Numerical Model
0.00 4=~ o —e— Analytical Solution
0.00 0.25 0.50 0.75 1.00 2 4 6
X/L Time (hr)
(a) (b)

Figure 4. Comparison of numerical and analytical solutions of solute transport (a) after 1 h at y =30 m, (b) pollution distribution
at the (40, 50, 50) coordinate at different times.
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6. Model Application

To demonstrate the practical applicability of the developed model, two illustrative examples are
presented in this section. The first example examines the effect of porous-medium heterogeneity on
groundwater flow and contaminant transport, while the second investigates the interaction among multiple
pollution sources.

A three-dimensional porous medium with dimensions of 20 m X 10 m x 10 m is considered for this
purpose. The upstream and downstream boundary heads are prescribed as 10 m and 1 m, respectively. The
computational domain is shown in Figure 5. The developed Fortran model for groundwater flow and
contaminant transport simulation requires several input parameters describing the porous medium,
including hydraulic conductivity, effective porosity, and specific yield, as well as contaminant-related
parameters such as the dispersion coefficient and the locations of pollution sources.

Since model inputs play a critical role in parameter estimation, particularly in regional- or watershed-
scale applications, all input values were selected based on a review of the relevant literature on groundwater
flow and contaminant transport modeling. The corresponding parameters are listed in Table 2.

_j_:— e
- 1 H‘*ﬂ-\.
— il '*-HR
Y| T
L I 20m
I L
—] -H-‘-\-_\_ ‘““"*--_H_
M.L_k“‘_“ ] )|
H-H“-m [t
|
10 m =108

Figure 5. Computational domain of the model.

Table 2. Input parameter.

Parameter Value Unit

Hydraulic Conductivity 1x1073 m/s
Effective Porosity 0.294

Molecular Dispersion Coefficient 4 x107° m?/s

6.1. Effect of Heterogenous Layers

In this example, groundwater flow and contaminant plume evolution in homogeneous and
heterogeneous porous media are compared. A heterogeneous zone composed of two layers with contrasting
permeabilities is considered. The ratio of the hydraulic conductivity of the low-permeability layer to that
of the high-permeability layer is 0.1 (k»/k; = 0.1), and the effective porosity of the low-permeability zone
is taken as 0.341.
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Each low-permeability layer has a length of 10 m and a width of 2 m and is located along the right and
left sides of the porous medium. The layers begin at the midpoint of the computational domain (x = 10 m)
and extend toward the downstream boundary, as shown in Figure 6. In the implementation of R, the
heterogeneous soil layers are defined as a vector. Two contaminant sources, each with a concentration of
10 mg/L, are introduced into the porous medium for 5 min at coordinates (1, 3, 2) and (1, 3, 5).

DETAIL: Cross-section
of Heterogeneous Zone
(X=10m to 20m)

[l
2m  6m 2m

IHdS = 2

=lem—

—— A= ION "

MODEL PARAMETERS

Upstream Hydraulic Head (H,;), 10 m

Downstream Hydraulic Head (H,), 2m
Permeability (k,), High-Permeability Zone
Permeability (k,), Low-Permeability Zone
Permeability Ratio (k,/k), 0.1

Figure 6. Three-dimensional domain of examples.

The effects of the low permeability layer on groundwater flow and contaminant transport are shown in
Figures 7 and 8.
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(b)

(c)

Figure 7. Groundwater flow. (a) Three-dimensional model; (b) heterogeneous zone; (¢) homogeneous zone.

C(mgl/L)

5.5
5.0
4.5
4.0
3.5
3.0
25
2.0
1.5
1.0
0.5

Figure 8. Pollution plume. (a) Heterogeneous zone; (b) homogeneous zone.

The groundwater flow simulation results indicate that the permeability distribution within the porous
medium has a direct effect on seepage flow. In the homogeneous zone, the hydraulic gradient remains
nearly constant, and the velocity field is approximately uniform. By contrast, the heterogeneous zone

exhibits a pronounced change in hydraulic gradient.
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Within the heterogeneous zone, the low-permeability layers act as semi-impermeable barriers that
restrict groundwater flow and seepage. Flow velocities are higher in layers with greater hydraulic
conductivity. Consequently, the low-permeability layers impede seepage, resulting in an increase in
hydraulic head within the adjacent high-permeability layer and saturation of the upstream region.

As shown, the water-table slope across the low-permeability layer decreases markedly. The velocity
field in the heterogeneous zone varies because the layers possess different hydraulic conductivities. Higher
velocities occur in the high-permeability layer, whereas velocities decrease substantially within the low-
permeability layer.

Figures 8 and 9 further indicate that the contaminant plume in the homogeneous zone experiences
faster advective transport than in the heterogeneous zone. Therefore, the contaminant arrival time in the
homogeneous porous medium is shorter than in the medium containing low-permeability layers.
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Figure 9. Breakthrough curve along x axis.

The heterogeneous case consists of two low-permeability zones located on the left and right sides of
the model, each occupying approximately half of the domain length, while the central part remains more
permeable. Compared with the homogeneous case, the heterogeneous configuration significantly affects
contaminant transport. The arrival time increases from 1050 to 7035, representing about a 570% increase,
or approximately 6.7 times. In addition, the contaminant mass passing the downstream control plane
decreases from 3.3 to 1.5, corresponding to a reduction of about 54.5%. These results demonstrate that the
presence of low-permeability zones delays plume migration and reduces the mass of contaminants reaching
the downstream boundary.

The contaminant transport results also demonstrate that the low-permeability layers significantly reduce
the velocity field in the heterogeneous zone, thereby decreasing the advective transport rate of the solute.
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6.2. Effect of Multi-Point Sources of Pollution

To evaluate the effect of multiple pollution sources on groundwater flow and contaminant transport,
two-point sources were considered. The Cartesian coordinates of the sources were Ci1 = (5, 7, 3) and C2 =

(3,3,4).

Each source was assigned a constant concentration of 10 mg/L and introduced into the homogeneous
porous medium for a duration of two minutes. The contaminant plumes produced by these multiple sources

are presented in Figures 10—12.
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Figure 11. Pollution plume at the final time at (a) X =4 m and (b) X =6 m.
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Figure 12. Pollution plume at the final time at (a) Z=3 mand (b) Z=4 m.

Figures 10—13 show that the pollutant plumes do not exhibit significant interaction in any direction;
therefore, the migration behavior of each point source can be evaluated independently. Since advection is
the dominant transport mechanism in this example, contaminant migration is governed primarily by
advective transport. In addition, the small dispersion coefficients result in limited plume spreading. These
results demonstrate that plume interaction depends strongly on the magnitude of dispersion. With increasing
dispersion, the plumes associated with the point sources interact more significantly.
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Figure 13. Breakthrough curve along y axis at =870 s.
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It should be noted that plume interaction is strongly dependent on source spacing, dispersivity, flow
velocity, and other porous media parameters; therefore, the observed limited interaction in this study is
specific to the selected conditions and should not be generalized.

7. Conclusions

Many numerical models and computational codes in hydrology and hydraulics have traditionally been
developed in Fortran. Although Fortran offers many advantages, particularly for high-performance
scientific computing, some limitations remain, especially in output visualization and interoperability with
modern analytical tools. To address these limitations, this study presented an approach for integrating R
and Fortran by loading and calling Fortran source code compiled as dynamic libraries within the R
environment. The proposed framework provides an integrated numerical platform for efficient data
preparation, calibration, analysis, and visualization. In this work, a three-dimensional Fortran code for
groundwater flow and solute transport was executed through R. The integrated framework demonstrated
the ability to simulate groundwater flow and contaminant transport through porous media while supporting
reproducible data processing, calibration, and visualization. This integrated, and reproducible framework
is particularly relevant to watershed applications, where groundwater flow and contaminant transport
influence stream—aquifer interactions, baseflow dynamics, and overall watershed water quality. Favorable
agreement between the numerical results and analytical solutions confirmed the satisfactory performance
of the developed model. In addition, the framework can interface with modern software environments and
leverage a wide range of R packages, including those for uncertainty analysis, inverse modeling, and
statistical graphics, to enhance the simulation of groundwater flow and contaminant transport. Application
of the model to heterogeneous porous media further showed that low-permeability layers strongly influence
the arrival time of pollutants and play a major role in controlling interactions among multiple point pollution
sources. Moreover, the results demonstrated that the dispersion rate significantly affects plume interaction.
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