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Extended abstract

Introduction

Groundwater contamination, especially through saltwater intrusion into
freshwater aquifers, is a significant environmental issue affecting coastal
regions worldwide. This phenomenon threatens freshwater supplies, which
are crucial for drinking water, agriculture, and industry. Saltwater intrusion
is particularly concerning in areas where aquifers are the primary source of
water, such as many coastal cities and agricultural regions. To understand
and mitigate the effects of saltwater intrusion, numerical and analytical
models have become essential tools for simulating and predicting the
behavior of this process. These models help scientists and engineers make
informed decisions about water management and develop strategies to
protect and conserve freshwater resources. One of the widely studied
conceptual models for this phenomenon is Henry's problem, a simplified
representation of saltwater intrusion in coastal aquifers. Henry's problem has
become a benchmark for testing and validating computational methods,
offering a straightforward but effective means of studying the dynamics of
saltwater intrusion under controlled conditions. This study aims to compare
two advanced numerical methods: the local Petrov-Galerkin (MLPG)
meshless method and the finite element model FEFLOW, by applying them
to the Henry problem.
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Through this comparison, the study assesses the accuracy and effectiveness of both
methods in simulating saltwater intrusion dynamics and provides insights into their
practical applications for groundwater contamination studies.

Material and Method

The Henry problem models a vertical cross-section of a homogeneous aquifer that
is bounded by impermeable layers. Freshwater enters the aquifer at one boundary
with zero salinity, and saline water enters from the opposite boundary. The
simulation assumes a porosity of 0.35 for the aquifer material and a molecular
diffusion coefficient of 6.6x10—6 in SI system, with no longitudinal or transverse
dispersity. The problem is governed by the interaction between the hydraulic head
and the salinity concentration, with boundary conditions defined according to
Neumann and Dirichlet principles for the hydraulic head and concentration,
respectively. The initial salinity condition within the aquifer is assumed to be zero,
indicating no contamination at the start of the simulation.

To solve this problem numerically, the computational domain was discretized into
a grid with 200 cells and 231 nodes, ensuring sufficient resolution to accurately
capture the concentration gradients and fluid flow patterns within the aquifer. This
discretization is critical for modeling the complex interactions between freshwater
and saline water in the aquifer, as well as for resolving the steep concentration
gradients near the boundaries of the saltwater intrusion zone.

In terms of numerical methods, two advanced approaches were employed. The first
method is the local Petrov-Galerkin (MLPG) meshless method, which is
particularly advantageous in scenarios where high precision is required near
boundaries. This method eliminates the need for predefined connectivity between
nodes, offering greater flexibility and accuracy in capturing the behavior of
complex phenomena such as saltwater intrusion. The second method is the finite
element model FEFLOW, a widely used and robust tool for solving groundwater
flow and transport problems, particularly for complex geometries and variably
saturated flows. FEFLOW serves as a benchmark in this study, allowing for a
direct comparison between a traditional finite element approach and a more
modern meshless method.

Result and Discussion

The results of the simulations indicate that both methods—MLPG and FEFLOW—
generated comparable concentration contours, with saltwater intrusion extending
approximately halfway into the aquifer. Both methods showed similar patterns of
saltwater dispersion, with a progressive decrease in salinity concentration as the
distance from the saline boundary increased. The concentration contours were
evenly spaced, which suggests that the dispersion process was uniform, particularly
in the central regions of the aquifer. However, MLPG demonstrated superior
accuracy in capturing concentration gradients near the impermeable upper
boundary, owing to its meshless nature, which allows for finer resolution in regions
where traditional mesh-based methods may struggle.

In addition to concentration contours, the flow velocity vectors derived from the
MLPG method revealed significant vertical movement near the saline boundary.
These vertical flow paths are driven by hydraulic gradients that oppose gravity,
directing the flow upward towards the surface. In contrast, areas farther from the
saline boundary exhibited predominantly horizontal flow patterns, as expected in
regions where salinity has a minimal effect on flow dynamics. This observation
confirms the expected behavior of groundwater flow in coastal aquifers under
saltwater intrusion conditions, where the direction of flow is heavily influenced by
the concentration gradients and the relative density of the freshwater and saline
water.

A sensitivity analysis was also conducted to assess the influence of key aquifer
properties on the extent and shape of the saltwater intrusion. The results indicated
that hydraulic conductivity was the most significant parameter affecting the
intrusion pattern. Variations in hydraulic conductivity had a marked effect on the
predicted extent of saltwater intrusion, with higher conductivity leading to greater



penetration of saltwater into the aquifer. Other parameters, such as porosity and
boundary discretization, also affected the results, but to a lesser degree. This
finding underscores the importance of accurate parameter estimation in
groundwater modeling, as even small changes in hydraulic conductivity can
significantly impact the accuracy of predictions related to saltwater intrusion.

Conclusion

This comparative study demonstrates the effectiveness of the MLPG and FEFLOW
methods in simulating saltwater intrusion and modeling groundwater
contamination. Both methods provided reliable and consistent results, validating
their applicability in groundwater studies. The MLPG method proved to be
particularly advantageous in capturing high-precision concentration gradients near
boundaries, making it a valuable tool in situations where boundary resolution is
critical. On the other hand, FEFLOW remains a robust and reliable model for
solving groundwater flow and transport problems in more general applications,
particularly in complex geometries. The sensitivity analysis highlighted the critical
role of accurate parameter estimation, particularly hydraulic conductivity, in the
predictive modeling of saltwater intrusion. This study not only underscores the
value of advanced numerical methods like MLPG and FEFLOW for groundwater
contamination problems but also points to the need for further research to explore
three-dimensional geometries and incorporate anisotropic aquifer properties. These
future extensions could enhance the predictive capabilities of these models and
provide more accurate simulations for real-world groundwater systems, ultimately
helping to improve water management strategies and mitigate the impacts of
saltwater intrusion in coastal areas.
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Fig 2. Conceptual model of pollutant transfer due to diffusion phenomenon.
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Fig 3. Conceptual model of pollutant transfer due to displacement phenomenon.
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Fig 5. Networking of Henry aquifer with spacing of 0.1.
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Fig 7. Co-concentration curves of Henry problem by MLPG method for intervals of 0.1.
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Table 2. Position and value of isoconcentration curves at x=1.5m.
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Table 3. Position and value of isoconcentration curves at x=1.5m.
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Table 4. Comparison of relative concentration values in horizontal coordinates
x=1.5m by MLPG and FEFLOW methods
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Relative Vertical Relative . .
concentration coordinates concentration Vertical coordinates

___ m — m
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0.8 0.28 0.8 0.26
0.7 0.31 0.7 0.31
0.6 0.37 0.6 0.36
0.5 0.4 0.5 0.4
0.4 0.44 0.4 0.44
0.3 0.51 0.3 0.51
0.2 0.59 0.2 0.59
0.1 0.69 0.1 0.69
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.Table 5. Comparison of concentration values in horizontal coordinates x=1.4m
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.Table 6. Comparison of concentration values in horizontal coordinates x=1.6m
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