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Abstract: The Ca Mau Peninsula (CMP), the southernmost region of the Mekong Delta, is
increasingly threatened by groundwater salinization, posing severe risks to both the fresh-
water supply and land sustainability. This study develops a three-dimensional, density-
dependent groundwater flow and salinity transport model to investigate salinization
dynamics across the CMP’s complex multi-aquifer system. Unlike previous studies that
largely rely on model calibration, this research introduces a novel approach by system-
atically deriving the spatial distribution of longitudinal dispersivity based on sediment
characteristics. Moreover, detailed land use mapping is integrated to assign spatially and
temporally variable Total Dissolved Solids (TDS) values to the uppermost layers, thereby
enhancing the model realism in areas where monitoring data are limited. The model was
utilized not only to simulate the regional salinity evolution, but also to critically evalu-
ate conceptual hypotheses related to the mechanisms driving groundwater salinization.
Results reveal a strong influence of seasonal and land use factors on salinity variability
in the upper aquifers, while deeper aquifers remain largely stable, affected primarily by
paleosalinity and localized pumping. This integrated modeling approach contributes to a
better understanding of regional-scale groundwater salinization and highlights both the
potential and the limitations of numerical modeling under data-scarce conditions. The
findings provide a valuable scientific basis for adaptive water resource management in
vulnerable coastal zones.

Keywords: salinity modeling; groundwater transport modeling; hydrogeology; aquifers
system; Vietnam; saltwater intrusion; Ca Mau Peninsula; Kien Giang; Bac Lieu

1. Introduction

Groundwater salinization is increasingly recognized as a critical global issue, threat-
ening freshwater resources essential for domestic, agricultural, and economic activities in
coastal regions [1-4]. This phenomenon is exacerbated by multiple stressors, including
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climate change, rising sea levels, and intensive groundwater extraction [5,6], highlight-
ing the need for the improved understanding and management of coastal groundwater
resources [7].

The Ca Mau Peninsula (CMP), located at the southernmost region of the Mekong
Delta (MKD), is one of the regions most affected by groundwater salinization [8]. For local
communities who rely heavily on groundwater, particularly during the dry season [9], ex-
cessive groundwater extraction has led to notable declines in groundwater levels (Figure 1).
Additionally, upstream dam construction on the Mekong River significantly reduces fresh-
water inflow, intensifying dry season saltwater intrusion inland [10,11]. However, saltwater
intrusion pathways remain inadequately understood due to geological complexity and
data limitations, necessitating detailed hydrogeological modeling.

The hydrogeological structure of the CMP comprises seven aquifers and seven
aquitards [12,13]. While aquitards were traditionally viewed as continuous barriers, recent
studies highlight significant heterogeneity and interconnectedness among aquifers [6,14].
Observations show synchronized dynamics of the groundwater levels across multi-
ple aquifers, suggesting either hydraulic connectivity or loading effects from external
stresses [15].

To underscore the urgency of the situation, Figure 1 illustrates the decline in ground-
water levels across various aquifers in the CMP, providing direct visual context for the
modeling objectives that follow.
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Figure 1. Monthly averaged groundwater levels in monitoring well groups, Q597 and Q401, located in
the Ca Mau Peninsula; for the location see Figure 2, and for different aquifers (upper Pleistocene—qps;

Upper-Middle Pleistocene—qp,-3; Middle Pliocene—ny,2; Lower Pliocene—n5?) see Figure 3 (source
of data: the NAWAPI).

Over the past decades, groundwater flow and salinization models have been de-
veloped for Vietnam [16-18], as well as for the MKD in particular [13,19,20]. Modeling
approaches have primarily employed the MODFLOW software [21] and have mostly
covered large areas. However, a recent development includes a local high-resolution
groundwater model specifically designed for the CMP by [12].

Due to the limited availability of spatially distributed, continuous salinity measure-
ment data, we propose a salinity transport model based on the hydrogeological model
of [12] to assess potential salinity pathways.
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Figure 2. The location of the study area on the Ca Mau Peninsula showing the extent of the model
area and observation wells (sources of data: NAWAPI, Esri, HERE, Garmin, © OpenStreetMap

contributors, and the GIS user community).
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Figure 3. The hydrogeological structure of the Ca Mau Peninsula. Aquitards are shown in orange,
and aquifers range in color from blue to magenta (modified after [12]).

Based on the data analysis and the knowledge from the hydrogeological model, we
formulate and evaluate the following hypotheses based on observed salinity trends and
hydrogeological modeling:

(@) “There is no lateral saline intrusion from the ocean into the deeper aquifer”.

This hypothesis suggests no horizontal saltwater movement into the deeper aquifer,
depending on the geological and hydrological conditions such as the extent and continuity
of the aquitards.

(b) “Different land use classes impact the salinity in the gh aquifer and contribute to the
high spatial variability of the salinity in the gh aquifer”.

This hypothesis indicates spatial salinity variability driven by land use impacts on
infiltration, runoff, and recharge processes.
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(c) “Interannual variations in the surface water salinity in the river and channel system, as
well as in mangrove, rice, and shrimp farming areas, could cause the high variability
in the salinity in the gh aquifer”.

This hypothesis emphasizes climatic, precipitation, and anthropogenic influences on
salinity dynamics in shallow aquifers.

(d) “Salinity variations in the deeper aquifers might be caused by the extraction of water
during pumping”.

Based on recent field surveys conducted by the ViWaT research program [9,22] and
data collected in Ca Mau Province, there has been a noticeable rise in the groundwater
salinity levels over the past decade. This has led farmers and water suppliers to drill
deeper wells to access freshwater, as previously utilized sources no longer meet quality
standards (personal interviews with local farmers, 2022). However, monitoring data from
the Vietnamese national groundwater network show no significant increase in salinity
within the deeper aquifers [23]. This discrepancy suggests a need for further investigation
to identify whether local factors, such as over-extraction or well-drilling practices, could be
causing localized increases in salinity.

This study advances the understanding of saltwater intrusion by systematically de-
riving the spatial distribution of longitudinal dispersivity instead of relying solely on
calibration, as commonly practiced in previous groundwater salinity models. Rather than
focusing solely on optimizing the fit to available salinity measurements, our approach
prioritizes improving the physical understanding of salinity transport processes through a
hypothesis-driven methodology. While many studies traditionally adjust porosity to refine
model performance, we highlight the critical role of dispersivity in controlling salinity
patterns. A particularly notable contribution is the application of detailed land use maps
to assign variable TDS values for the uppermost aquifer layer, where direct monitoring
data are limited or unavailable. This method significantly enhances the spatial resolution
and accuracy of groundwater salinity characterization at regional scales, providing an
efficient and cost-effective alternative to traditional field-based measurements and interpo-
lation techniques. The findings offer valuable insights into interactions between aquifer
heterogeneity, dispersivity, and land use-driven salinity variations, establishing a refined
methodology highly applicable for regional groundwater salinity assessments.

The primary objectives of this study are as follows: (1) to systematically derive the
spatial distribution of longitudinal dispersivity; (2) to integrate detailed land use mapping
to assign realistic TDS values in shallow aquifers; (3) to elucidate the dynamics and underly-
ing mechanisms of groundwater salinization within a complex multi-aquifer system at the
regional scale; and (4) to assess the practical limitations of applying the modeling approach.

2. Study Area

The study area aligns with that employed in our previous study [12]. It is located in
the southernmost region of the MKD, Vietnam, covering the provinces of Ca Mau, Bac
Lieu, and the lower part of Kien Giang (see Figure 2). The study area is located in a region
strongly affected by climate change [24]. The region faces major challenges, described by [9]
as the “loss of land and freshwater”, which includes processes such as coastal erosion, land
subsidence, and the salinization of the surface and groundwater bodies.

Geologically, there have been multiple transgression and regression periods, resulting
in several-hundred-meter-thick sequences of marine and fluvial sediment deposits [14].
In recent geological history, the area was created as a consequence of the uplift of the
Himalayan Mountains and the associated erosion. This eroded material was transported by
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the Mekong River and deposited in its delta, forming the CMP. These deposits also exhibit
a certain degree of salinity from former transgression/regression processes.

With an average elevation of approximately 0.8 m [25] above sea level, the CMP lies at
a relatively low altitude. The coastline of the model area is approximately 396 km long. The
maximum ocean depth within a range of 30 km beyond the coastline is approximately 80 m.
The salinity of the ocean water is 35 g/L on average [13,26]. The channel and river system
of the CMP is strongly influenced by the ocean tides. Tidal amplitudes in the western
sea reach a maximum of approximately 1 m, whereas in the eastern sea, amplitudes can
reach up to 4 m [27]. This causes saline inflow into the channel and river system, with a
maximum salinity of nearly 33 g/L in the river system [28]. The river system can be locally
connected to the gh aquifer, as described by [29]. However, the surface water—groundwater
interaction is considered to be limited in most areas, with the top aquitard being several
meters thick [12], Figure 3 (cross-section).

The surface water network comprises a dense system of interlinked channels used for
transportation and agricultural and aquacultural activities. However, the hydraulic interac-
tion between the surface water network and the aquifer system does not extend down to
gp2-3 [30]. The conceptual model of the groundwater system of the CMP consists of seven
aquifers (from top to bottom: Holocene—qh; Upper Pleistocene—qps; Upper—Middle
Pleistocene—qp,-3; Lower Pleistocene—qp1; Middle Pliocene—n,?%; Lower Pliocene—n,!;
and Upper Miocene—n;>; Figure 3). These aquifers are separated from each other by
aquitards. However, the continuity of these aquitards has not yet been fully clarified and is
therefore examined in this evaluation.

The groundwater in the deep aquifers in the MKD region consists of brackish, saline,
and fresh types. In previous studies, the determination of the groundwater age was
inconclusive, ranging from recent to older than 45 ka, but with an increasing trend from
the Pleistocene to Miocene aquifers [26,30]. The saline water in the deep aquifers could
result from the diffusion of saline pore water and/or past/present salt intrusion into the
freshwater resources. The interaction between the deeper aquifers might be caused by
the natural conditions (e.g., locally thin aquitard layer, hydrogeological windows, and
hydraulic gradients) or anthropogenic factors (e.g., number of production wells, leakage
along the well structure, and underground construction) [9].

This study focuses on qp,3 and ny? aquifers, as these are the most exploited
aquifers in the model area, as mentioned in [12]. The qp,-3 and ny? accounted for 63.7%
(361,580 m®/day in 2019) and 29.7% (168,600 m?/day in 2019) of the total pumping in 2011.
According to a survey conducted in 2019, residents in Ca Mau mainly use groundwater for
diverse domestic purposes. However, only 25.4% of the respondents in the survey used
groundwater from local household wells for drinking purposes [22]. The higher salinity
in the qpp-3 aquifer is one reason for the minor use of its groundwater for drinking. In
addition, high concentrations of other parameters (e.g., Fe, Mg, etc.) have been reported [4],
leading to a reduced use of water from qp,_3 for drinking. Therefore, this study emphasizes
the importance of qp,-3 and ny2.

Due to the presence of a thick clay layer at the top, the recharge to deeper aquifers in
the study area is severely restricted. Consequently, groundwater in deeper aquifers primar-
ily comprises paleowater, accumulated tens of thousands of years ago during historical
transgression and regression periods. Over thousands of years, variations in transgres-
sion and regression have shaped the current salinity patterns in deep aquifers, leading to
complex interactions between ancient saline water and present groundwater dynamics.
This characteristic strongly influences the groundwater salinity distribution and dynamics
within the system.
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3. Data Collection

Despite these modeling advancements, the available data for the evaluation of ground-
water salinity in the CMP remain limited. Groundwater salinity data in the CMP have been
collected primarily through two distinct approaches:

- Sampling campaigns at various observation wells in different aquifers, with the
laboratory analysis of Total Dissolved Solids (TDS) since 2011 with two measurements
per year (dry and rainy season);

- Electrical Conductivity (EC) measurements (data logging sensor) with a calibration
factor for TDS calculations, implemented since 2019, at various observation wells in
different aquifers.

To ensure comprehensive data coverage, salinity data were collected from multiple
sources, including the national groundwater monitoring network [31] and international
research cooperation projects, such as the ViWaT project (https://www.viwat.info/english/
21.php (accessed 20 August 2023)) and the IGPVN (https://igpvn.vn/ (accessed 20 August
2023)) project from 2013 to 2022, which cover key study areas, including Ca Mau, Kien
Giang, Soc Trang, and Bac Lieu.

For salinity measurements, two distinct methodologies were employed in the study
area. The first approach entailed the laboratory analysis of water samples utilizing standard
procedures. While some samples were collected biannually during both the dry and rainy
seasons [32], others were based on one-time sampling. In contrast, the second method
involved continuous measurements using Electrical Conductivity.

It should be noted that EC and TDS values obtained over long-term monitoring
periods can exhibit certain inaccuracies due to various factors, including the prolonged
observation of well operations, sampling technique, pumping duration, and analytical pro-
cedures [33,34]. These factors inherently increase uncertainty in EC and TDS measurements.
Nevertheless, this variability reflects the natural complexity and inherent uncertainty of real
groundwater systems, particularly in shallow aquifers (qh). Therefore, these discrepancies
are considered an inevitable component in the analysis and evaluation of modeling results.

These salinity measurements are crucial for assessing seawater intrusion in coastal
areas. The assessment of seawater intrusion into the groundwater in the coastal areas
of Vietnam relies predominantly on the TDS and EC measurements. However, our data
collection process revealed the existence of numerous conversion factors between the EC
and TDS across different studies, which creates a larger uncertainty in the data.

To address this uncertainty and improve the spatial resolution of the salinity data,
various interpolation methods can be employed. Saline and freshwater areas can be distin-
guished using the interpolation method in space for point measurements. Alternatively,
regionalizing methods can be used, as presented by [35]. The dataset, available on a 1 km
by 1 km grid, incorporated groundwater points with TDS and wells with geophysical
logging via indicator kriging. An additional dataset for Ca Mau Province is from [23]. To
regionalize these data for each aquifer, a detailed data analysis and interpolation using
the “Ordinary kriging [36] in the ArcGIS geostatistical analyst toolbox, as the best linear
unbiased estimator” [23] was carried out. The result was a homogenized dataset of salin-
ity distributions for each aquifer. Therefore, in principle, two homogenized datasets are
available for the CMP.

The time series of the measured data from 2011 to 2021 did not reveal any significant
trend in the lower aquifers regarding salinization [23]. In Figure 4a, the measured TDS
data for aquifer gh are presented, illustrating the entire period of observation from 2011
to 2024. While the assessment focuses on the 2011-2021 period, some monitoring wells in
aquifer gh, such as Q177 and Q632, exhibited fluctuations in TDS concentrations over time;
however, no clear increasing or decreasing trend was evident, particularly for well Q401
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(Figure 4a). Overall, the available data do not suggest a long-term increase in salinity in
aquifer gh on a regional scale.
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Figure 4. Examples of TDS time series of groundwater monitoring wells from (a) the NAWAPI
(aquifer gh; period 2011-2024) and (b) the ViWaT project (well groups installed in 2022).

In Figure 4b, the automated EC monitoring data (converted to TDS) of groundwater
wells in the ViWaT projects at two monitoring locations, GW1 and GW2, are visualized. The
data showed that different levels of TDS were established at two sites in different aquifers
over time. However, the observed change in the TDS in the aquifers was not significant.

4. Methodology
4.1. Approach to Salinity Transport Modeling

An adapted method for the assessment of saline intrusion was employed, based
on numeric modeling but deviating from the conventional approach of calibrating the
parameters for a transport model, due to the limited data availability (Figure 5). The method
involves developing a simple model to calculate the longitudinal dispersion coefficient
using a global dataset and verifying it with regionally developed coefficients, which were
derived from the data collected in the study area. The main goal of our approach was to
improve the understanding of the physical processes involved, rather than achieving the
best fit for the few available salinity measurements.

Input Transport model Output/Quality check
Y Y
a) Initial condition )
b) Boundary condition Fixed regionalized
c) Different hypotheses for physical longitudinal Comparison of
processes (land-use-based interannual | EEEEEEp| dispersivity ) measured and
variation in salinity BCs in qh, variation coefficient (not modeled salinity
in offshore salinity BCs, and variation calibrated).
in vertical hydraulic conductivity
(leakage) near wells.
J \ _J

Process
identified

Process not yet
identified

Figure 5. Conceptual framework for evaluating longitudinal dispersion coefficients in saltwater
intrusion processes in the Ca Mau Peninsula. Note: The four processes outlined in the model include
additional mechanisms that may not fully correspond to the initial hypotheses but are considered relevant based
on field observations.
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Our aim was to assess the significance of these hypotheses and glean insights into the
dynamic processes governing groundwater salinization through the examination of various
hypotheses against both measured and calculated salinity data. This approach emphasizes
a more exploratory and hypothesis-driven analysis of salinity transport, allowing for the
identification of important processes. Such an approach is promising and potentially
insightful, particularly in situations with limited available salinity data.

Figure 5 illustrates the conceptual framework we used for evaluating salinity transport
in the study area. While the initial hypotheses provided a foundational framework for eval-
uating salinity transport processes, the model incorporates additional mechanisms based
on the field data and observed variability in the study area. These mechanisms, including
the mixing and dispersion along the flow path and leakage through hydraulic windows, are
considered essential for a comprehensive analysis of potential salinization pathways. The
conceptual framework also accounts for the historical context of the groundwater system.
Given the predominance of paleowater in deeper aquifers, initial salinity conditions in the
groundwater model reflect historical salinity patterns resulting from past marine trans-
gression and regression events. This assumption aligns with the field evidence showing
distinct salinity interfaces and mixing patterns, as detailed in the Section 4.2.2, which are
critical for understanding current salinity dynamics driven by hydraulic gradients from
intensive groundwater extraction.

The output of the transient transport model is the concentration at each node in the
model domain during the considered time period. The calculated concentration values can
be compared to observed concentrations as well as to qualitative information (e.g., reports
showing increasing salinity in some production wells). Our approach highlights the
iterative nature of model development and refinement. If the simulation results show a
good agreement between the measured and calculated salinity in terms of the trend and
the order of magnitude, it suggests that the identified processes and the model parameters
used could represent real-world conditions. This alignment provides confidence in our
model’s ability to predict salinity transport within the study area. The spatial discretization
of the model was designed to support large-scale and long-term salinity simulations. A
spatially variable mesh with local refinement was applied in sensitive areas; the details of
the mesh configuration are provided in Section 4.2.1.

In contrast, if the simulation results do not match the measured salinity well, it
signals the need for further investigation. This may involve the identification of additional
or alternative physical processes that impact salinity transport but were not adequately
considered in the initial model. It could also prompt a re-evaluation of the chosen model
parameters and assumptions.

The goal of this study was to continuously refine and improve the model by incor-
porating new insights, data, and adjustments to better capture the complexities of the
salinity transport system. This iterative process is common in scientific modeling, where
the feedback loop between model predictions and real-world observations helps enhance
the accuracy and reliability of the model over time.

4.2. Saline Intrusion Model Setup

Figure 6a illustrates the process of enhancing the existing flow model [12], trans-
forming it into a variable-density transient transport model with a subsequent sensitivity
analysis. Figure 6b provides a three-dimensional conceptual representation of the aquifer—
aquitard system used in the model, helping visualize the spatial structure and layering
relevant to salinity transport.
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Figure 6. (a) The flowchart of the integrated groundwater flow [12] and salinity modeling approach

for evaluating potential saltwater intrusion processes in the MKD. (b) A three-dimensional schematic
representation of the hydrogeological model, showing the spatial layering of aquifers and aquitards
with corresponding longitudinal dispersivity values assigned to each sediment type.
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The density-dependent transient transport model for the CMP was set up with the
software FEFLOW [37] for the time period from 2011 to 2024. The following salinization
processes in the CMP were considered in the model:

1.  Infiltration from saline surface water sources (rivers, canals, aquaculture ponds, salt
production, and tidal inundations) into the upper aquifers as identified by the land
use map;

2. Lateral saline intrusion from the offshore areas into the aquifer system induced by
pumping, assuming that freshwater/saline water in deep aquifers is extrapolated
from inland data up to 30 km offshore;

3. Salinization by mixing and dispersion from areas with higher salinity to areas with
lower salinity along the flow path;

4. Downward or upward leakage from one aquifer to another through hydraulic win-
dows in the aquitard, either naturally or from drilled wells. Although not included
in the current model, this process is considered relevant to understanding salinity
changes in the region.

4.2.1. Groundwater Flow Model

The groundwater flow model used as the basis for the salinity transport simulation
was originally developed for the CMP by [12]. The original model covers a total area of
approximately 19,900 km?, including Ca Mau Province and parts of adjacent provinces,
with approximately 9600 km? representing the land area. It was constructed using the
finite-element software FEFLOW with a triangular finite-element mesh, featuring a spatially
variable resolution. The mesh was refined to element sizes of 2-10 m near monitoring wells,
extraction wells, rivers, and channels. Elsewhere, element sizes were gradually increased
up to 2.5 km. Vertically, the model is structured into seven aquifers and seven interbedded
aquitards. The boundary conditions of the flow model consist of a Dirichlet boundary
condition (hydraulic head BC) at the northern boundary based on observed groundwater
levels, no-flow boundary conditions along offshore boundaries, and Cauchy-type boundary
conditions representing surface water—groundwater interactions in rivers and channels.
The groundwater recharge was applied at a rate of approximately 1% of the monthly
average precipitation. The flow model was simulated as a transient model from January
2011 to December 2020, using monthly time increments.

The understanding of the salinization process in the CMP is important for the model.
Salinization in the upper aquifers (qh, qp3) is influenced by the intrusion from the river
and channel system above and from the interaction between the sea and land beneath
the ground surface. Additionally, we assume an influence from shrimp and rice farming
practices, salt production, and groundwater abstraction. We also assume the presence of
freshwater below the sea floor. These processes are simulated with the model setup.

4.2.2. Mass Transport Model

For the mass transport model, the TDS was used to represent salinity, as it is a widely
accepted proxy in groundwater studies, particularly in coastal aquifers where detailed ionic
composition data may be limited. This approach follows previous studies [13,26,35], which
have demonstrated that the TDS provides a reliable spatial representation of salinity. During
the model validation period, the observed TDS values from a total of 14 well groups were
used for the period of 2011-2024. The transient transport model was run using monthly
time steps to capture seasonal and interannual variations throughout the simulation period.
For model comparison and analysis, observed TDS data were incorporated twice per
year (representing the dry and rainy seasons) at each monitoring location. This approach
enabled the model to effectively reflect seasonal salinity dynamics, particularly strongly
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expressed in the shallow aquifer (qh), while also capturing long-term salinization trends
observed in deeper aquifers (qps, qp2-3, qP1, ny2, and ny1).

Model Boundary Conditions

@

@

®)

4)

The following boundary conditions (BCs) were considered:

Seawater intrusion was implemented as Dirichlet BCs with defined concentrations.
For Layer 1-Layer 5, representing aquifers gh and qpj3, this was set to 35 g/L (similar
to the current TDS of seawater), while for Layer 6-Layer 14, which represent the main
exploited aquifers (freshwater to slightly brackish water), this was set to 3 g/L [38] at
the model boundary offshore.

No boundary conditions for salinity were defined at the northern model boundary.
As there is a flow boundary condition defined at the northern model boundary, the
FEFLOW software automatically generates a salinity boundary condition to adapt the
concentration of the inflowing water to maintain the concentration near the boundary.
The land use-based estimation of human activities influencing the salinity in the gh
aquifer was determined using land use maps [39] ( Figure 7, left side). For most land
use classifications, a constant salinity concentration BC was used (see Figure 7, right
side) for the top layer and the gh aquifer depending on the predominant land use class
in each region. At selected locations, these boundary conditions were refined to time-
varying fixed-concentration BCs according to the interannual dynamics illustrated in
Figure 8 with monthly data.

Surface water—groundwater interaction: The channel and river system in the CMP is
strongly influenced by the tidal system of the ocean as well as seasonal (dry/rainy)
interactions. The water levels in the river and channel system were interpolated from
measurements based on the mean monthly change in the water level. In addition, we
used the measured mean monthly salinity data (Ca Mau and Song Doc stations) to
interpolate the interannual variation in the surface water bodies, mangrove, and semi-
intensive shrimp and salt production zones and implemented them as time-varying
fixed-concentration BCs (shown in Figure 8).
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Figure 7. Land use-dependent salinity initialization (a) based on [39] and TDS classification based on
land use (b).
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Figure 8. Mean monthly salinity for different land use types applied for model boundary conditions
in aquifer gh and the top layer (derived from the salinity of surface water monitoring stations of Song
Doc and Ca Mau, period 2012-2020).

Initial Conditions

At the beginning of the simulation (January 2011), the initial TDS concentration had to
be defined for every node in the model. The initial conditions were determined based on
the limited information available, specifically the salinity data collected simultaneously
across different locations. All the salinity data available in different locations were utilized
to establish the initial horizontal salinity values.

A combined dataset was established from the regionalized data of the IGPVN
project [23] for the aquifers qps, qp2-3, qp1, n2?, and n,! inside Ca Mau Province and
interpolated values outside of Ca Mau Province based on the values measured during our
data collection.

One of the challenges was determining the initial TDS concentration for the upper
layers. There are many lakes, ponds, and rivers/channels, covering approximately 60% of
the study area. However, their common feature is that the salinity varies seasonally. Data
on these changing salinity levels are not available.

Therefore, the salinity in Layer 1 and Layer 2 (qh) was determined according to the
zoning of the land use types, combined with survey data from some specific point groups.
For the upper aquitards, the same initial conditions as in the upper aquifer were applied.
For areas controlled by sluice gates, salinity measurements vary within a relatively small
range. Consequently, the TDS value is considered to be a boundary condition that is
constant over time for areas controlled by sluice gates. As for the remaining regions and
land use types, their salinity variations were estimated through interpolation based on
seasonal changes throughout the year (as depicted in Figure 8). The initial conditions for
the aquifers are illustrated in Figure 9.

Dispersivity Parameter Adaptation

Flow velocities and hydrodynamic dispersion coefficients are key parameters for the
description of fluid and solute transport in porous media. The topic of dispersivity has been
of great interest in the scientific community, particularly among those studying hydrology
and contaminants and flow through porous media (e.g., [40-43]). Hydrodynamic disper-
sion includes both mechanical (advective) dispersion and molecular diffusion. For low
fluid velocities, solute dispersion is dominated by molecular diffusion; for high velocities,
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advection becomes dominant, but the contribution of diffusion cannot be neglected. In this
study, we did not calibrate the longitudinal dispersion coefficient but instead derived the
spatial distribution of the longitudinal dispersion coefficient.

aps apz3

TDSing/L
30

ap,

LS

Figure 9. The spatial distribution of the initial salinity (January 2011) for the aquifers qh, qps, qp>-3,
2 dn,!
CJP1 , N7, andny-.

The following dependencies of the longitudinal dispersion on the soil and sediment
are known from the literature:

1.  The longitudinal dispersivity coefficients for homogeneous soil and layered het-
erogeneous sediments show that stratification affects the longitudinal dispersivity
coefficient, and the longitudinal dispersivity coefficients for layered heterogeneous
sediments are nearly half than those in homogeneous sediments [44—47].

2. The longitudinal dispersion coefficient is influenced by the distance of travel, and its
values undergo changes as the distance increases. In both homogeneous and layered
heterogeneous sediments, the dispersion coefficient’s values increase by a factor of 2.5
with the expansion of the horizontal travel distance [47-49].

3. Thereis also a dependency of the longitudinal dispersivity coefficient on the sediment
type. From sand to clay, the longitudinal dispersion coefficient decreases with the
smaller grain size of the material.

We set up a simple regionalized model for the calculation of the longitudinal dispersion
coefficient in terms of average parameters from the Waterloo Hydrologic Enviro-Base,
modified by the mentioned dependencies 1 and 2. We verified this regionalized longitudinal
dispersion coefficient with local literature values [50].

Therefore, in this study, the Waterloo Hydrogeologic Enviro-Base [50] was used to
calculate the average longitudinal dispersivity coefficients and average flow distances for
different sediment types in the multilayered aquifer system of the CMP.

These averaged longitudinal coefficients were normalized (i.e., normalized dispersion
coefficient) by dividing by the averaged flow distance (Figure 10a). The dependency of
the normalized dispersion coefficient was fitted by the regression shown in Figure 10a. To
recalculate the longitudinal dispersion coefficient for every soil type, an estimated flow
distance of about 50 m was selected.
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Figure 10. (a) The dependency of longitudinal dispersivity on the sediment class as demonstrated
by [26], based on flow meter data; (b) longitudinal dispersivity coefficient (m) for different sediment
classes based on a flow distance of 50 m for different sediment classes; and (c—f) sediment classes

for different aquifers, qp_3, qp1, ny2, and ny! [51], used for the regionalization of the longitudinal

dispersivity coefficient.
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According to point one, we assumed that the sediments were homogeneous within the
sediment classes presented in Figure 10, because detailed information about the sediment
structure was not available. Thus, the longitudinal dispersivity was multiplied by a factor
of 2.5 and by a 50 m flow distance. The regional distributions for the sediment type-based
coefficients for aquifers qpy_3, qp1, N2, and ny! are shown in Figure 10c—f.

To validate the derived longitudinal dispersivity coefficients for the study area, they
were compared to those in the previous literature. Ref. [52] described a groundwater
fieldwork pumping and tracer injection test in the Nghiem Xuyen commune, Thuong Tin
district, Hanoi, where a salinized and fresh groundwater boundary exists in the Pleistocene
aquifer. The tracer experiment was conducted during a 60 h pumping test. The result was
a longitudinal dispersivity value of 2.5 m, with an effective porosity of 0.32. In four other
reports [53-56] (Table 1), the longitudinal dispersivity was estimated from 20-day-long
tracer tests using 150 kg of salt. The salt was injected during pumping tests after the water
level reached a steady state (after 48-72 h). These longitudinal dispersivity coefficient results
differ significantly due to many influencing factors, such as the pump rate throughout the
pumping test, the pumping well not being cleaned before the experiment, the salt injection
process, and asynchronous machinery. In addition, there are natural factors such as the
heterogeneous nature of the sediment types.

Table 1. Overview of dispersivity coefficients from different reports in Vietnam.

Longitudinal Effective Specific Average Flow
Well Name Aquifer Dispersivity Porosity Storage Filtration Velocity Distance Location
oL (m) ne (%) u(m-1) V (m/min) m
CM2E @ ny?2 1.14 14.0 7.53 x 1074 454 x 1072 Ca Mau
BL4D @ ny? 0.02 16.0 458 x 1073 420 x 1073 8.0 Bac Lieu
BL2B ® qp2_3 0.12 19.4 558 x 104 8.90 x 104 8.0 Bac Lieu
IGPVN 1.4 4 ny? 0.09-1.1 11.5-29.50 4.0-9.9 x 107> 10.09 Ca Mau
CHN5 ©) qp1 2.5 32.00 Hanoi

Note: D [56], @ [54], @ [53], @ [57], and © [52].

The longitudinal dispersivity coefficient varied between 0.02 m and 2.5 m, with an
effective porosity between 11.5% and 32%. Thus, the aforementioned dispersion coefficients
were within the range of the derived sediment-based coefficient without applying the layer-
based factor (blue columns in Figure 10b). The transverse dispersivity in the model was
applied as 0.5 m.

In addition to dispersivity, porosity is another critical parameter influencing salinity
transport in groundwater systems. In this study, a uniform effective porosity value of 0.3
was applied to both aquifers and aquitards. This choice aligns with values commonly
reported for sandy aquifers [58,59] and is consistent with previous regional-scale ground-
water models in the Mekong Delta, which typically adopted effective porosity values in
the range of 0.25-0.30 without differentiating between aquifers and aquitards [6,13,26].
Although some studies, such as [35], assigned distinct porosity values to aquifers and
aquitards based on the sediment type, the application of a single representative value re-
mains a common and acceptable simplification in large-scale models aiming for consistency
and tractability.

We acknowledge, however, that the effective porosity of aquitard materials such as clay
is generally lower, typically ranging from 0.01 to 0.18 [60,61]. Nevertheless, as our model
focuses primarily on horizontal transport processes in sandy aquifers, the impact of this
simplification on the overall salinity distribution is expected to be limited. Future studies
may benefit from implementing spatially variable porosity fields derived from detailed
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lithological data to better capture vertical transport and retardation effects, particularly in
fine-grained aquitard layers.

4.3. Limitations of the Model

In order to evaluate the groundwater salinization processes in the CMP, the model
was adapted accordingly based on the available dataset. However, the model incorporates
some limitations due to the limited available data.

No private household wells are included in the model, since household wells operate
with very small flows. Instead, the water consumption for each commune is based on
the population and an average rural water demand of 34 L/person/day [12]. This water
consumption for each commune is implemented in the model by several wells with a total
flow rate equivalent to the derived water demand. With this method, the assumed amount
of the water extraction by a large number of private household wells is represented by
fewer wells in the model.

The drilling time of wells is not considered during the transient model calculation:
all wells are included in the model throughout the whole calculation period. However,
in reality, many of the deeper wells are drilled later than the shallow wells. This time
dependency could be considered in further evaluations.

Additionally, the use of a spatially uniform effective porosity value for both aquifers
and aquitards, while consistent with several previous regional studies, may not fully
represent the heterogeneity of fine-grained aquitard layers and their limited contribution to
advective transport. Furthermore, the use of uniform porosity values may underestimate
the effects of fine-scale heterogeneities, which are especially relevant in layered systems.

5. Salinity Model Results

The groundwater flow model validation was discussed in detail in [12]; thus, the
following discussion focuses on the aspects of the transport model only. The longitudinal
dispersivity parameters of the transport model are not calibrated. They have been estimated
by a regionalized method using representative literature values and correction methods.
According to the described validation criteria, salinity modeling can be performed for the
purposes of confidence building and scientific validation. As stated by Ref. [62], confidence
building “is a measure of the adequacy of the model structure (conceptual model and
mathematical model) in describing the system behavior” and “is a measure of the accuracy
of the model input parameters relative to experimental results and field observations”. For
regional validation at different time steps, the scientific view postulated by [63] demands
the validation of specific models “that one might reasonably expect someone with relevant
technical knowledge to consider the model acceptable”.

As described in the Data Collection Section, there are only very limited continuous
salinity data available that could be used for a transient model calibration. Therefore, as an
alternative approach, the comparison of measured and modeled salinity concentrations
was used to validate the implemented salinization processes and assess their relevance. In
Figure 11, the values measured twice a year, as well as the modeled TDS concentrations,
for different aquifers are shown as time series.

Figure 11 illustrates that the modeled TDS concentrations at the presented monitoring
wells align closely with the observed values, both in terms of magnitude and temporal
trends. The modeled salinity concentrations at monitoring well Q199 gh (Figure 11a)
show seasonal variations as a result of the applied boundary conditions with interannual
variations (as shown in Figure 8). This indicates that part of the measured variability may
be caused by the interannual variation in salinity assumed in the rivers system. Thus,
we identify this process as a potential contributor to the salinization pathway, but other
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impacts on the variability remain unclear. This can also be observed in Figure 11b for well
Q177 gh, where the model simulates the general trend well but the observed variations in
the TDS concentrations are not reflected, indicating that a further consideration of locations
with interannual variations in the TDS boundary conditions in gh could improve the model
results, such as the Q177 site, where constant TDS boundary conditions are applied.

(a) Monitoring Site Q199 20 (b) Monitoring Sites Q177 and Q188
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Figure 11. Time-dependent comparison of measured and modeled salinity for different well groups
and aquifers. (a) Q199 (qh)—Seasonal and interannual variation captured; (b) Q177 (gh)—General
trend matched; short-term variability not reproduced; (c) Q629 (qp2-3, n22)—Stable salinity in-
dicates limited vertical transport; and (d) Q608 (deep)—Consistent salinity primarily driven by
initial conditions.

Figure 11c (monitoring site Q629) shows a more stable trend in the observed and
modeled TDS concentrations for the aquifer layers qp,_3 and ny2. The model captures the
general trend, with slight deviations observed during the period from 2020 to 2024. This
consistency suggests that vertical transport processes in deeper aquifers may be limited or
occur at a much slower rate. However, minor discrepancies, especially near the end of the
time series, may still arise from sampling conditions, laboratory handling, or other external
influences that require further investigation.

The salinity in the deeper aquifers qp; and n,? tends to be stable in the monitor-
ing wells, without interannual variation. Figure 11a—-d show that the simulated (Q199,
Q188, Q177, Q629, and Q608) TDS concentrations effectively depict the behavior of the
groundwater system over an extended validation period (from 2011 to 2024) in the complex
exploitation setting. This indicates that only the initial condition is responsible for the
well-simulated salinity in the deeper aquifers. It also suggests that during this extended
period, the vertical transport of salinity remains very slow, further confirming the stability
observed in deeper aquifer systems.

A common method for evaluating model performance in groundwater modeling is
through scatterplots. Figure 12 presents the scatterplot comparing modeled and measured
TDS concentrations at observation wells during various time intervals from 2011 to 2024.
The 1:1 line represents a perfect agreement between modeled and measured values, while
the £10% and 420% boundaries highlight regions of underestimation or overestimation
by the model. This scatterplot offers a qualitative assessment of the model’s performance.

It is important to note that the larger discrepancies seen in Figure 12 are primarily
associated with observation wells located in the shallow aquifer (gh), which were deliber-
ately separated from other wells for targeted evaluation. This is due to the high seasonal
variability and surface influence affecting TDS concentrations in gh, particularly given the
model’s reliance on land use data to estimate the recharge salinity in these shallow zones.
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In contrast, wells in deeper aquifers show a much closer match to observed values, with
the majority falling within the £10% or +20% deviation bands. This distinction highlights
both the complexity of modeling shallow systems and the overall robustness of the model
in representing deeper groundwater salinization processes. Despite some discrepancies
in absolute values in gh, as observed in Figure 11a,b, the model effectively captured the
overall trends and variability in the TDS at the shallow aquifer level.
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Figure 12. A comparison between measured versus modeled average TDS concentrations (g/L) at
observation wells during the simulation period (2011-2024). The solid black line represents a perfect
1:1 match, while dashed lines indicate +10% and +20% deviations. Green circles represent gh wells
affected by surface processes and land use variability, while blue triangles indicate deeper aquifers
with a generally closer agreement.

The salinity distribution in January 2011 served as the initial conditions for aquifers
gh and qp3, as outlined in the Section Initial Conditions. Subsequent simulations captured
changes in the TDS concentrations, with Figure 13 providing a visual representation of
these variations. In the top-right portion of Figure 13, the influence of the boundary
conditions with interannual variations is evident, resulting in a reduction in the salinity of
the gh aquifer during the rainy season. This reduction is likely attributed to the dilution
caused by the influx of freshwater from precipitation events. Conversely, for August
2022, the bottom-right portion of Figure 13 illustrates an increase in salinity in aquifer
qps. This increase is attributed to the substantial transport of salinity from aquifer gh to
qps. Furthermore, the long-term simulation uncovered additional dynamics in the salinity
distribution. In the top-right portion of Figure 13, there is an indication of salinity import
from the top, possibly influenced by external factors or processes affecting the upper part
of the aquifer. Simultaneously, the bottom-right portion shows ongoing salinity transport
from the top down, suggesting the continuous downward movement of saline water within
the aquifer system.

Figure 13 shows that the salinity transport was dominated by input from the surface,
and the modeled salinity in the two upper aquifers gh and qp3 shows a strong change over
the simulation between January 2011 and August 2022. In contrast, the lower aquifers qp;-3
and ny? show fewer changes in salinity over time (for comparison, see two lower maps in
Figure 14a—e). The scale is defined within an interval of 1.0 g/L. For the deeper aquifers
qp2-3 and ny? (Figure 14a—e), no significant lateral change in salinity can be obtained from
the model results for the simulation period. In the current model described above, only a
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small-scale variation in salinity due to pumping can be detected. However, this is consistent
with the time series measurement of the salinity, as no significant changes in salinity over
time could be observed (see Figure 11). Figure 14c,f show the modeled spatial changes in
the freshwater zones (<1 g/L) between 2011 and 2022. Both time steps include the 1 g/L
isolines to allow the direct comparison of the salinity extent between 2011 and 2022. In
qp2-3 (Figure 14c), region 1 shows an increase in salinity along the border of the original
salinity inflow from the ocean, while region 2 presents a northward expansion of salinity
from the northern boundary (Bac Lieu Province), likely induced by intensive groundwater
extraction. In regions 3 and 4, salinity levels exceed 1 g/L due to the lateral transport
of brackish water, rendering the groundwater unsuitable for drinking. In aquifer n,?
(Figure 14f), changes are less pronounced, but a local increase in salinity is noticeable in the
eastern parts (regions 5 and 6), following the direction of the horizontal groundwater flow.

Dry period Rainy period
(January 2011) (August 2022)
\Q

= \

aps;

Figure 13. The modeled salinity distribution (TDS in g/L) in aquifers gh and qp3 during the dry
period (January 2011) and the rainy period (August 2022).

These patterns of lateral salinity increase—particularly in the northeast (Bac Lieu)
and west—may reflect the influence of anisotropic aquifer properties, where a horizon-
tal hydraulic conductivity dominates. In the Mekong Delta’s stratified aquifer systems,
interbedded clay or silt layers tend to impede vertical flow while allowing horizontal
movement. This likely limits the downward salt transport from qp3 to deeper units like
qp2-3 and ny?, despite pumping activity. However, due to the coarse resolution of the
model, such anisotropic behavior is not explicitly represented.

In the southern part of the CMP, the model also indicates vertical salinity transport
from qp3 to qp-3, originating from the mangrove regions in the upper layers (Figure 9). As
a result of the model, we only observe small influences on the vertical salinity movement in
qp2-3 and np?, which result from pumping. Exploitation is simulated based on area-wide
values rather than specific points. In regions with high pumping rates, such as Ca Mau City,
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the results therefore suggest a stable salinity as compared to other regions, as illustrated in
Figure 14de.

January 2011 August 2022 (Jan. 2011 - Aug. 2022)
(a) (b) (c)
TDS change-

TDS in g/L

Figure 14. The development of the salinity from 2011 up to 2022 for aquifer qp,-3 (a,b) and 2 (de);
(c,f) illustrate the difference between simulation results from 2011 to 2022.

In the study by [22] it was found, among 144 participants who completed question-
naires in Ca Mau, that the percentage of exploited groundwater allocated for cooking
purposes constituted 65.7% of the water usage, while 97% of respondents used ground-
water for washing purposes. These freshwater areas are depicted as dark-blue regions in
Figure 14a,b, representing the northeastern Ca Mau Province. In the future, the number
of areas with higher salinity is likely to increase due to similar pumping-induced effects,
as illustrated in Figure 14c. Thus, the possibility of pumping freshwater from qp,_3 will
decrease. In this area, freshwater has to be substituted from other sources, such as rain-
water harvesting or water diversion structures from other sites. In regions with brackish
groundwater, with a salinity exceeding 1 g/L but below 3 g/L, it will be possible to use
water from the qp,_3 aquifer for cleaning and washing in the near future.

For aquifer n,? (Figure 14d,e), the model showed a local increase in the saline water
area in the east from January 2011 to August 2022 (Figure 14f, red color), due to the
horizontal salinity movement along the direction of the groundwater flow.

6. Discussion
6.1. Key Controls on Salinity Dynamics

As previously mentioned in the Methodology Section, our approach was primarily
exploratory, aiming to elucidate dominant physical mechanisms rather than achieving a
perfect fit to limited observational data.

The complex interaction between surface water salinity and the upper aquifer gh in
the CMP remains inadequately characterized, despite its importance for regional water
management. Elevated salinity concentrations in both sediments and water bodies are
a ubiquitous problem in the CMP. The salinity varies at the local scale (5-10 m), but
the relative effects of land use and surface geology on the salinity variation in the near-
surface zone (<5 m) are still unclear. Reference [64] identified that “the influence of surface
water salinity (associated with different land uses) on the groundwater salinity regime is
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pervasive”. They found that areas underlying a shrimp farm/tidal flat displayed a higher
salinity regardless of the near-surface sediment characteristics, while areas underlying
drinking water ponds or inhabited areas had a relatively low salinity. In this study, the
impact of land use and the infiltration of surface water into the gh aquifer was implemented
in a numeric model to simulate the relationship between land use and groundwater salinity.
In addition to the spatial variability driven by land use patterns, temporal variations
in salinity also present significant complexity, particularly in the shallow aquifer system.
Our analysis indicated that significant fluctuations primarily occurred within the shallow
gh aquifer, which were strongly influenced by seasonal factors and surface activities such as
irrigation, aquaculture, and the tidal-induced salinity intrusion through rivers and canals.
Deeper aquifers generally exhibited stable salinity trends both in observational data and
model simulations. However, our model also revealed localized temporal variations at
certain production wells, where increasing or decreasing trends in TDS were observed (as
explicitly presented in Figure 15). These findings underscore the complexity of ground-
water salinity dynamics, which are driven by both natural hydrological processes and
anthropogenic activities. Beyond surface-driven influences, the internal structure and
connectivity of the aquifer system also play a crucial role in shaping salinity behavior.
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Figure 15. Modeled TDS variations at selected wells across aquifers (2011-2024) (upper Pleistocene—
qps; Upper-Middle Pleistocene—qp,_3; Middle Pliocene—nzz; and Lower Pliocene—nzl); see
Figure 3 (source of data: NAWAPI).

Other key factors influencing salinity dynamics are geological heterogeneity and
anisotropy. Variations in hydraulic conductivity, the presence of semi-permeable aquitards,
and preferential flow paths across layers may significantly influence saltwater migration
patterns. These physical features, combined with anthropogenic stresses such as intensive
groundwater abstraction, can alter vertical and lateral salinity gradients. In multi-aquifer
systems like Ca Mau, long-term pumping can enhance inter-aquifer leakage, mobilizing
deeper or trapped paleo-saline water towards abstraction zones. Consistent with this,
ref. [65] demonstrated through numerical modeling that the presence of preferential flow
pathways in heterogeneous aquifers significantly accelerates saltwater intrusion processes
under groundwater pumping conditions, emphasizing the combined impact of geological
heterogeneity and human-induced stresses.

However, a detailed quantitative assessment of individual parameters, such as the
hydraulic conductivity, porosity, and geological structure, was beyond the scope of this
exploratory study. In addition, due to the coarse spatial resolution of the regional-scale
model, preferential flow processes were not explicitly resolved. These mechanisms are often
better captured in high-resolution 2D or localized 3D models. For instance, [65] illustrated
the influence of preferential flow on pumping-induced salinity intrusion using a focused
modeling approach. Future research should aim to combine detailed vertical salinity
analyses, parameter sensitivity assessments, and high-resolution subregional models to
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better quantify the roles of aquifer heterogeneity, anisotropy, and preferential pathways in
salinity dynamics across the CMP.

6.2. Model Representation and Applicability

As shown in the scatterplot (Figure 12), the modeled salinity values generally align well
with the measured data. However, discrepancies are evident, particularly in the gh aquifer,
where the errors are more pronounced. These deviations suggest that while the model
effectively captures general trends, it does not accurately replicate localized variations in
salinity. This limitation can be attributed to the scarcity of detailed observational data for
the upper layer, regionalized longitudinal dispersivity parameters, and potential unknown
local factors that remain beyond the scope of the current model.

Interannual variations in the TDS concentrations at observation wells are most evident
for the qh aquifer. Nevertheless, even in deep aquifers (e.g., in ny! at Q199 (Figure 11a)),
such interannual variations are observed. In order to model these dynamics, interannually
variable TDS boundary conditions were applied at selected locations in the model for the
gh aquifer. Nonetheless, these dynamics in the TDS concentration did not propagate to the
lower aquifers in a sufficient magnitude in the model.

To address this, the model’s intent is not to focus on the detailed representation of
the uppermost layer but to propose a conceptual framework. This framework leverages
land use maps with varying salinity levels for the surface layer, combined with seasonal
salinity variations, to simulate broader regional patterns effectively. Such an approach
is a pragmatic solution for a wide-scale analysis, especially when high-resolution data
are unavailable.

As highlighted by ref. [64], the distance from rivers can influence groundwater salinity,
but the presence of saline water within the rivers themselves often plays a more signifi-
cant role. Their study identified that areas located approximately 400-500 m from rivers
exhibited groundwater salinity levels ranging from 2.8 to 3.8 g/L (4100-5500 uS/cm, with
a conversion factor EC to TDS of k = 0.7). In this study, we observed similar patterns at
well Q199010 in the gh aquifer, where interannual salinity levels varied between 6 and
10 g/L (Figure 9, top left). This well, located approximately 100 m from the nearest river,
experiences a significant influence from the tidal system and seasonal variations, including
rainy and dry periods. The modeled interannual variability in the TDS at this location
(4-8 g/L, as shown by the green dashed line in Figure 11a) aligns closely with Rahman
et al.’s observations, reinforcing the critical role of river proximity and tidal influences in
shaping groundwater salinity dynamics.

6.3. Management Strategies and Research Priorities

Effective groundwater salinity management requires a nuanced understanding of
both regional and local dynamics. In this context, Figure 15 below illustrates modeled TDS
variations across selected representative wells, helping to visualize localized salinity trends
across aquifers. For these wells, salinity increases when pumping induces the movement
of saline water from the surrounding areas toward the well due to a steeper hydraulic
gradient. Conversely, salinity decreases where freshwater inflow dominates, diluting the
salinity in the pumping wells. These localized trends reflect the complexity of salinity
dynamics, driven by the interplay between groundwater exploitation, hydrogeological
conditions, and the spatial distribution of freshwater and saline water lenses. Field surveys
further confirmed that these changes align with the influence of paleowater mixing and
extraction-induced hydraulic gradients, emphasizing the need to consider ancient trapped
saline water in evaluating long-term salinization risks.
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Additionally, Figure 15 demonstrates that among the 1101 pumping wells in the
model, salinity fluctuations—both increases and decreases—are observed at many locations,
depending on local conditions. These dynamics emphasize the need for site-specific
strategies to effectively manage groundwater resources in areas impacted by saltwater
intrusion. Such strategies should consider localized variations and the broader regional
dynamics to ensure sustainable groundwater use.

Moreover, data resolution plays a crucial role in shaping the observed salinity patterns.
According to the ref. [23], salinity maps with higher point densities—such as in the qp;-3
aquifer—exhibited greater spatial complexity compared to deeper aquifers like n,!, where
fewer data points were available. This suggests that some apparent homogeneity may
result from data scarcity rather than actual aquifer uniformity. The report recommends
acquiring at least 50 spatially distributed sampling points per aquifer for provinces with
areas exceeding 5000 km?. Implementing such monitoring strategies would enhance
our ability to characterize heterogeneity and improve model reliability for groundwater
salinization assessments.

Based on the criteria detailed in Section 4.2.2, the system’s salinization behavior is
reasonably well represented in the model from a confidence-building perspective. The
calculated salinity was validated against point-measured data, with the simulated results
showing a reasonable agreement in terms of magnitude and temporal evolution. This aligns
with the operational aspect of model validation, i.e., “that a good, correct, or sufficient
representation of reality” in time and space can be achieved with the model. Moreover, the
model can be considered acceptable as it incorporates knowledge of the hydrogeological
and salinity context in the CMP for its setup.

Ref. [66] obtained salinity forecasts covering the period up to 2026, focusing on a
1.5 g/L shift (below 1.5 g/L and above 1.5 g/L) in the saline boundary line in two different
regions. The work described in this study presents a salinity distribution with improved
detail. Due to the initialization dataset used for each aquifer, more monitoring data would
be needed for a more accurate salinity forecast model. Our model indicated that the
salinity movement in the deeper aquifers appeared to be slow, which is consistent with the
predictions made by ref. [66].

As illustrated in the cross-section in Figure 3, the aquitard thicknesses vary signifi-
cantly in the southernmost region of the MKD. This variation in thickness, along with the
small number of available drilling logs upon which the layer interpolation is based, can
be considered an indicator that hydrogeological windows may indeed exist in different
aquitards, even though they have not yet been identified in drilling logs. This observation
points to the need for further investigation into the potential salinization pathways in
this area.

Building on this finding, as neither the observed TDS concentrations in the monitoring
wells nor the modeled concentrations showed a significant increase in salinity during the
simulation period from 2011 to 2024, it becomes evident that further potential pathways of
groundwater salinization need to be evaluated. To achieve this, a sensitivity analysis of the
vertical hydraulic conductivity interaction between the aquifers should be conducted to
better understand the dynamics of salinity movement.

Further an investigation regarding the comparison of the TDS concentrations of moni-
toring wells, active production wells, and abandoned production wells is necessary to better
understand the impact of pumping and well construction on the local groundwater salinity.

7. Conclusions

Building on the groundwater flow model of [12], this study developed an enhanced 3D
density-dependent transport model to investigate the understanding of saltwater dynamics
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and salinization processes in the CMP. The model incorporated new approaches, including
the determination of longitudinal dispersivity as a function of sediment type and the
inclusion of interannual salinity impacts driven by land use, infiltration from river systems,
and mangrove areas.

These advancements enabled the detailed identification of high-salinity regions in
aquifer gh and their influence on the salinity dynamics in qps and parts of qpy_3. The
deeper aquifers predominantly contained freshwater (TDS below 1.0 g/L) with a minimal
temporal variation over the analyzed timeframe (2011-2024). However, localized regions
in northeast Ca Mau (Bac Lieu) exhibited higher salinity, highlighting potential pathways
of salinization through hydrological windows or lateral flow.

Notably, the model results showed a fair correlation between simulated and measured
salinity values across different aquifers, validating its reliability in capturing broad salinity
trends. The surface salinization from various land use types significantly impacted the gh
aquifer, while deeper layers did not exhibit clear top-down salinization trends during the
observed period.

Although monitoring wells did not show a clear increase in salinity, the model demon-
strated that, based on the analysis of production wells, localized salinity increases were
evident in areas impacted by groundwater extraction.

This study confirms that land use-related salinity inputs significantly affect the shallow
aquifer, while deeper aquifers remain relatively stable. Model outputs aligned with field
observations, indicating the effectiveness of the approach in representing salinization trends
across aquifers.

Overall, this study contributes to a nuanced understanding of salinity intrusion path-
ways and provides valuable insights for managing groundwater resources in regions
affected by saltwater intrusion.
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