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Abstract: Ca Mau Peninsula (CMP), the southernmost region of the Mekong Delta, is facing a severe loss of 

land and freshwater. Particularly, the groundwater resources in the complex multilayered aquifer system of 

CMP are subject to salinization processes, which are not yet fully understood. In this study, an existing 

groundwater flow model for the CMP was enhanced to a density-dependent transient transport model using 

the FEFLOW software package, which is based on the finite element method. The study focuses on simulating 

groundwater salinity in order to better understand the dynamics of groundwater salinization and potential 

saltwater intrusion pathways in the study area. Time series of Total Dissolved Solids (TDS) concentrations at 

observation wells were used to compare simulated and observed salinity data in different aquifers. The model 

allows a multi-factorial evaluation of the spatial groundwater salinity and could also confirm significant inter-

annual variability, particularly in the case of shallow aquifers due to the influence of tides and seasonal 

rainy/dry seasons. Using sensitivity analysis, leakage from upper saline aquifers into lower freshwater aquifers 

through natural hydrogeological windows and poorly sealed boreholes was identified as a potential major 

cause for groundwater salinization occurring in the region. The results obtained can serve as an important basis 

for developing decision-making tools to promote the sustainable use of water resources on the CMP in the 

future. 

Keywords: salinity modeling; groundwater transport modeling; hydrogeology; aquifers system;  

Ca Mau; Kien Giang; Soc Trang; Hau Giang; Bac Lieu 

 

1. Introduction 

The salinization of groundwater in the southernmost region of the Mekong Delta poses a 

significant challenge to the local population (UN VIETNAM, 2020). Groundwater is a crucial resource 

that is used for domestic, agricultural, aquacultural, and commercial purposes (Nhan et al., 2007; 

Pham et al., 2023). It is predominantly relied upon as the primary freshwater source due to the limited 

availability of alternative water sources, particularly in remote areas on the Ca Mau Peninsula (CMP) 

and areas with increased surface water salinity, particularly during the dry season (Bauer et al., 2022). 

Consequently, excessive exploitation of groundwater has resulted in a decline in groundwater levels 

(Figure 1). 
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The hydrogeological setup of the CMP covers seven aquifers and seven aquitards ( Hoan et al., 

2022; Vuong et al., 2014), and plays a crucial role in understanding groundwater dynamics as well as 

saline intrusion. In previous studies, aquitards have often been regarded as continuous formations 

that act as effective sealing layers. However, recent studies suggest that heterogeneities should be 

considered (Minderhoud et al., 2017; Wagner et al., 2012). In addition, geochemical signatures across 

several aquifers indicate a non-neglectable aquifer mixing (Bauer et al., 2023). An evaluation of water 

levels at monitoring sites with several wells in different aquifers shows that the dynamics of water 

levels in different aquifers seem to be linked to each other, which suggests that the aquifers may not 

be separated from each other, but may rather be interconnected. However, also loading effects could 

explain this synchronized dynamics of groundwater levels in the confined aquifers, as shown for 

example in the Bengal Basin (Burgess et al., 2017). 

 

Figure 1. Trend of groundwater level decline in monitoring well groups Q597 and Q401, located in 

the Ca Mau Peninsula (sources of data: NAWAPI). 

Since the beginning of the 21st century, countries upstream of the Mekong River constructed a 

large number of hydropower dams (Van Khanh Triet et al., 2017) to serve the energy and water 

demand of agricultural production and other economic activities. This has led to a decrease in water 

flow from upstream (Allison et al., 2017; Binh et al., 2020; Karlsrud et al., 2017), affecting the 

livelihoods of people downstream. In addition to the lack of freshwater in the dry season, under the 

influence of tides, seawater penetrates the surface water bodies inland, leading to saline intrusion in 

rivers, lakes, and channels, as well as shrimp and rice farming areas. 

In response, the Vietnamese government has developed adaptation policies on water resource 

planning and management (MONRE, 2022). Many dams and sluice gates have been built to prevent 

saltwater intrusion during the dry season or to store rainwater in channels during the rainy season 

in order to reduce the amount of groundwater exploitation. 

In the past, groundwater flow and salinization models have been developed for Vietnam (H. 

Van Hoan et al., 2018; Jusseret et al., 2009; Lam et al., 2021), as well as for the Mekong Delta (MKD), 

in particular (Gunnink et al., 2021; Hung et al., 2019; Minderhoud et al., 2020; Nam et al., 2019; Vuong 

et al., 2014). Modeling approaches have primarily employed the MODFLOW software package and 

have mostly covered large areas. A local high-resolution groundwater model for the CMP was 

developed by Hoan et al. (2022). The National Center for Water Resources Planning and Investigation 

(NAWAPI) also developed a model of saline groundwater intrusion in the Mekong Delta using the 

Groundwater Modeling System (GMS) based on a simplified two-zone evaluation: water resources 

with a salinity below 1.5 g/L were defined as freshwater, while water bodies with higher salinities 

were defined as brackish and saline waters (MONRE, 2015).  
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According to recent field surveys conducted by KIT as part of the ViWaT research program and 

data collected in Ca Mau Province, there has been a noticeable rise in groundwater salinity levels 

over the past decade. This escalation of salinization has forced farmers and water suppliers to drill 

deeper wells in order to access freshwater, as their previously used wells could no longer provide 

water of sufficient freshness after a certain period of operation. At the same time, data from the few 

monitoring wells of the Vietnamese national monitoring network in the study area indicate no 

progressive trend of increasing groundwater salinity for the majority of the available wells (Manh 

and Steinel, 2021). Base on this fact, it is hypothesized that the increased groundwater salinity in 

pumping wells is not solely caused by lateral saline intrusion from sea water, but rather is a locally 

driven phenomenon resulting from natural and artificial heterogeneities of the sealing clay layer 

aquitards between the aquifers that cause vertical migration of saline groundwater. In particular, the 

commonly applied drilling process could cause such local heterogeneities, as most wells in Ca Mau 

are usually drilled without any refilling of the well annulus, apart from the gravel pack at screen 

casing depth. The resealing of the overlaying aquifers and aquitards that were disrupted during 

drilling is only given by natural borehole collapse and clay closure. These processes are difficult to 

control, and backfalling aquifer material can result in locally increased hydraulic conductivity in the 

aquitards. 

This hypothesis of vertical groundwater salinization aligns with the conceptual geochemical 

presented in Bauer et al. (2022), which indicates that the vertical intrusion of saline water from upper 

aquifers could be responsible for the salinization of deeper aquifers rather than lateral saline inflow 

from the ocean. 

In this study, we evaluate this hypothesis by scenario calculations and sensitivity analysis using 

a density respecting saline groundwater transport model, which is based on the groundwater flow 

model presented in Hoan et al. (2022). 

To reflect local disruptions to the clay layer caused by the drilling process of pumping wells and 

observation wells, the hydraulic conductivity (Kf) of aquitards is increased in the vicinity of each well 

in the model. This includes 1,100 pumping wells and 14 monitoring well groups with a total number 

of 39 observation wells which are not being pumped in the model.  

A sensitivity analysis was conducted on the basis of variations in the increased Kf value. 

Moreover, a sensitivity analysis for saline inflow boundary conditions from the sea was performed 

to evaluate the possible impact of lateral groundwater inflow from the ocean. 

In addition, hydrogeological windows near the exploitation wells were implemented in the 

model to assess the influence of non-anthropogenic factors on saline intrusion. 

2. Study Area 

The study area aligns with the study area employed in our previous study (Hoan et al., 2022). 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 (Li et al., 2017). The region faces major challenges, described by Bauer et 

al. (2022) as “loss of land and freshwater”, and which include processes like costal erosion, land 

subsidence, and salinization of the surface and groundwater bodies. 
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Figure 2. Location of the study area on the Ca Mau Peninsula (sources of data: NAWAPI, Esri, HERE, 

Garmin, ©  OpenStreetMap contributors, and the GIS user community). 

With an average topography of about 1 to 2 m (Hoan et al., 2022) above sea level, the CMP lies 

at a relatively low altitude above sea level. The costal line of the model area is about 396 km long. The 

ocean depth within a range of 30 km outside of the coastal line is about 60–80 m. The salinity of the 

ocean water is 35 g/L on average (Hung et al., 2019; Vengosh, 2013). The channel and river system of 

the CMP is highly influenced by tide. The inter-annual tide height is about 1–2 meters. This causes 

saline inflow into the channel and river system, with a maximum of nearly 33 g/L in the river system 

(Duong et al., 2016). The river system can be locally connected to the qh aquifer, as described by Duy 

et al. (2021). However, the surface water–groundwater interaction is limited in most areas, with the 

top aquitard having a thickness of several meters (Hoan et al., 2022, Figure 3 (cross-section)). 

Geologically, there have been multiple transgression and regression periods, resulting in 

several-hundred-meters-thick sequences of marine and fluvial sediment deposits (Wagner et al., 

2012). In recent geological history, the area is a consequence of the uplift of the Himalayan Mountains 

and the associated erosion. This eroded material was transported by the Mekong and deposited in its 

delta, forming the CMP. These deposits also exhibit a certain degree of salinity from former 

transgression/regression processes.  

The surface water is interlaced by a large number of channels. These are used to transport people 

and goods, and to serve agricultural producers and fisheries. However, due to the tides, an exchange 

between salt- and freshwater, as well as between surface and the upper groundwater, is locally also 

possible, where the upper aquitard is shallow or not present at all. The conceptual model of the 

groundwater system of the CMP consists of seven aquifers (from top to bottom: Holocene–qh; upper 

Pleistocene–qp3; upper–middle Pleistocene–qp2–3; lower Pleistocene–qp1; middle Pliocene–n22; lower 

Pliocene–n21; and upper Miocene–n13; Figure 3). These aquifers are separated from each other by 

impermeable aquitards. However, the continuity of these aquitards has not yet been fully clarified, 

and is part of this evaluation. 
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Figure 3. Hydrogeological structure of the Ca Mau Peninsula. Aquitards in orange color and Aquifers 

in color range from blue to magenta (modified after Hoan et al., 2022). 

The groundwater in the deep aquifers in the study region consists of brackish, saline, and fresh 

types. Previous studies revealed that the determination of groundwater age is inconclusive, ranging 

from recent to older than 45 ka, but with an increasing trend from Pleistocene to Miocene aquifers 

(Bauer et al., 2022; Hung et al., 2019). The saline water in the deep aquifers could result from the 

diffusion of saline pore water and/or salt intrusion into freshwater resources. Additionally, in the 

Mekong Delta, the hydraulic interaction between the surface rivers and channel system and the 

aquifer system does not reach down to qp2–3 (Doan et al., 2018). The interaction between deeper 

aquifers might be caused by natural conditions (thin aquitard layer, hydrogeological windows, and 

hydraulic gradients) or anthropogenic factors (number of production wells, leakage along the well 

structure, and underground construction) (Bauer et al., 2022).  

As mentioned in Hoan et al. (2022), the most exploited aquifers are qp2–3 and n22, accounting for 

63.7% (361,580 m³/day in 2019) and 29.7% (168,600 m³/day in 2019) of the total pumping in 2011. 

According to a survey conducted in 2019, people in Ca Mau mainly use groundwater for many daily 

purposes. However, only 25.4% respondents in the survey used groundwater for drinking purposes 

(Pham et al., 2023). The higher salinity in the qp2–3 aquifer is only one reason for the minor use of 

groundwater for drinking in this aquifer. In addition, high values were recorded for other water-

quality-related parameters (Fe, Mg, etc.) (Bauer et al. 2022), leading to the reduced use of water from 

qp2–3 for drinking. This information on the use of the respective groundwater has to be taken into 

account for discussion. Therefore, this study focuses on qp2–3 and n22. 

3. Data Collection 

Data was collected from the national groundwater monitoring network (NAWAPI, 2023), and 

international research cooperation projects such as the ViWaT project 

(https://www.viwat.info/english/21.php (20 August 2023)) and the IGPVN (https://igpvn.vn/ (20 

August 2023)) project from 2013 to 2022 (including Ca Mau, Kien Giang, Soc Trang, and Bac Lieu; see 

Figure 4). 
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Figure 4. Groundwater salinity data collected from households, exploitation wells, and monitoring 

wells in the period 2011 to 2021 (sources: NAWAPI, (Bauer et al. (2022), and IGPVN). 

Total dissolved solids (TDS) and electrical conductivity (EC) are mainly used as groundwater 

quality parameters in investigations focusing on salinity, especially in the coastal area of Vietnam. 

Two parameters, TDS and EC, are able to indicate salinization of water resources and they can be 

used to study the seawater intrusion into groundwater (El Moujabber et al., 2006). 

In the field, EC is measured directly, while TDS is calculated. Through experimental calculations, 

the relationship between EC and TDS (Lloyd and Heathcote, 1985) can be written as follows: 

TDS = k × EC, (3.1) 

where TDS is the total mineralization (mg/L), EC is the conductivity of water determined at 25 

°C (µS/cm), and k is the conversion factor, which ranges from 0.5 to 1.0 in natural waters (McNeil and 

Cox, 2000). 

The conversion factor k has not been uniformly applied in the Mekong Delta study area. For 

example, Trung (2015) chose a coefficient of 0.64, while a factor of 0.67 was used in Pechstein et al. 

(2018). 

The EC depends on the activity of ions in the solution, which in turn depends on the chemical 

composition, ionic strength, and temperature. EC is not directly linear as the conductive mobility of 

ionic species is variable, e.g., it depends on size and charge, and colloidal suspensions also contribute 

to conductivity. For example, in high-salinity solutions, the dissolved ions form non-ionic complexes 

that do not contribute to EC, but rather to TDS (Day and Nightingale, 1984; McNeil and Cox, 2000). 

Manh and Steinel (2021) therefore chose a non-linear correlation based on the most reliable set of 179 

data points consisting of both EC and TDS data from Ca Mau Province. 
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Bauer et al. (2022) determined the average conversion coefficient k = 0.81 by considering the 

relationship between EC and TDS of 190 groundwater samples analyzed in a laboratory. A technical 

report by Manh and Steinel (2021) used the coefficients of 0.5 and 0.8 to evaluate the sensitivity of the 

change in the saline intrusion boundary based on different conversion factors. 

In addition, the collected field measurement data may use different types of devices or different 

factors, depending on experience, or the meter may automatically convert EC to TDS. To obtain 

accurate TDS results, samples should be taken to the laboratory for detailed ionic analysis. 

According to the data collected from the national groundwater monitoring network, 

automatically recorded measurements from sensors, and laboratory results of water samples 

collected by NAWAPI, the difference in k was between 0.51 and 0.76. In conclusion, while TDS values 

may potentially show variations in terms of absolute values as a result of the aforementioned 

challenges, the trend nevertheless remains. 

For the CMP, numerous single-point measurements for salinity are available (see Figure 4), 

provided by different organizations (NAWAPI, DWRPIS, BGR and KIT) in different aquifers, even 

though the aquifer has sometimes only been deduced on the basis of well depth, and hence may have 

been wrongly assigned. These values can be used to determine the saline areas and freshwater areas 

in the different aquifers. This is necessary for initializing the boundary conditions of the model. The 

measured time series of salinity are necessary for the validation of the transient run of the model. For 

the period from January 2011 to April 2022, 23 time series (right side of Table 1) are available, 

describing a salinity analysis of water samples in the lab two times per year. In addition, for the 

period from January 2020 to April 2022, 15 time series (left side of Table 1) of automatically measured 

EC from the national monitoring network are available. The conversion factor was calculated by 

comparing EC from the field with TDS analyzed from water samples in the laboratory. In eight cases, 

these factors were evaluated as being lower than 0.5 and greater than 0.81. In these cases, the factor 

was corrected to 0.5 and 0.81, depending on the evaluated minimum and maximum factors 

mentioned above. 

Table 1. Available salinity time series with EC and TDS measurements and applied k values. 

Well with automatic EC measurement Well with lab EC measurement 

Well name aquifer k(original) k(corrected) Well name aquifer k(original) k(corrected) 

Q631010 qh 0.82 0.70 Q631050 n22 0.45 0.50 

Q626020 qp3 0.57 0.57 Q632010 qh 0.55 0.55 

Q608030 qp2-3 0.64 0.64 Q632020 qp3 0.52 0.52 

Q608040 qp1 0.73 0.73 Q632030 qp2-3 0.51 0.50 

Q608050 n22 0.57 0.57 Q632040 qp1 0.57 0.56 

Q608060 n21 0.57 0.57 Q632050 n22 0.35 0.50 

Q609030 qp2-3 0.57 0.57 Q597010 qh 0.54 0.54 

Q609040 qp1 0.86 0.70 Q597040 qp1 0.51 0.51 

Q609050 n22 0.45 0.50 Q597050 n22 0.58 0.58 

Q609060 n21 0.32 0.50 Q199020 qh 0.4 0.5 

Q626030 qp2-3 0.53 0.53 Q199030 qp1 0.6 0.6 

Q626040 qp1 0.59 0.57 Q19904T n22 0.58 0.58 

Q626050 n22 0.75 0.60 Q19901Z qp3 0.67 0.67 

Q631020 qp3 0.63 0.63 Q177040 qp1 0.48 0.5 

Q631030 qp2-3 0.40 0.52 Q17704ZM1 n21 0.52 0.52 

Q631040 qp1 0.54 0.54  ViWaT (GW1,2) 
qp2-3, 

qp1, n22 
 0.51 0.51 

Saline and freshwater areas can be distinguished using the interpolation method in space for the 

point measurements, as mentioned above. Alternatively, regionalizing methods can be used, as 

presented by Gunnink et al. (2021). The dataset, available on a 1 km by 1 km grid, incorporated 
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groundwater points with TDS and wells with geophysical logging. An additional dataset for Ca Mau 

Province is that made available by Manh and Steinel (2021). To regionalize these data for each aquifer, 

a detailed data analysis and interpolation using the kriging method were carried out. The result was 

a homogenized saline dataset for each aquifer. Therefore, in principle, two homogenized datasets are 

available for the CMP.  

Time series of the measured data from 2011 to 2023 did not show any significant trend in the 

lower aquifers regarding salinization (Manh and Steinel, 2021). In Figure 5a, the measured TDS data 

for the aquifer qh is presented. Only selected monitoring wells in aquifers qh and qp3 showed some 

trends, e.g., at Q177, Q199, and Q401 (Figure 5a). This trend may have been caused by surface 

penetration, dry and rainy seasons, tidal or artificial effects. No long-term increase in salinity in qh 

could be inferred from the available data on a regional scale. 

 

Figure 5. Examples of TDS time series of groundwater monitoring wells from (a) NAWAPI (aquifer 

qh; period 2011-2023) and (b) the ViWaT project (well groups installed in 2022). 

The deeper monitoring wells exhibited stable salinity levels, with minor changes, except for a 

few wells that were monitored for two years, where the trend was unclear. In Figure 5b, the 

automated TDS monitoring data 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 TDS in the 

aquifers is not significant. 

4. Methodology 

4.1. Governing Equations  

The three-dimensional mathematical solute transport model of hydrodynamic dispersion 

equation is as follows: 

𝜕𝐶

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷𝑥𝑥

𝜕𝐶

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝐷𝑦𝑦

𝜕𝐶

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝐷𝑧𝑧

𝜕𝐶

𝜕𝑧
) −

𝜕(µ𝑥𝑐)

𝜕𝑥
−

𝜕(µ𝑦𝑐)

𝜕𝑦
−

𝜕(µ𝑧𝑐)

𝜕𝑐
+ 𝑓,   (4.1) 

( 𝐶(𝑥, 𝑦, 𝑧, 0) = 𝐶0(𝑥, 𝑦, 𝑧) ;  (𝑥, 𝑦, 𝑧) 𝐸 ∈  𝑥, 𝑦, 𝑧 ; 𝑡 = 0),        (4.2)  (4.2) 

where 
𝜕

𝜕𝑥
(𝐷𝑥𝑥

𝜕𝐶

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝐷𝑦𝑦

𝜕𝐶

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝐷𝑧𝑧

𝜕𝐶

𝜕𝑧
) represents the dispersion term, −

𝜕(µ𝑥𝑐)

𝜕𝑥
−

𝜕(µ𝑦𝑐)

𝜕𝑦
−

𝜕(µ𝑧𝑐)

𝜕𝑐
 

represents the convective term, 𝑓 represents the increment in the solute due to chemical reaction or 

adsorption, 𝐷𝑥𝑥 , 𝐷𝑦𝑦, and 𝐷𝑧𝑧  represent dispersion coefficients, µ𝑥, µ𝑦 , and µ𝑧 represent the actual 

water flow rates, 𝐶 represents the solute concentration in M·L−3 , 𝐶0  represents the initial 

concentration in M·L−3, and 𝐸 represents the area of seepage of the solute. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 November 2023                   doi:10.20944/preprints202311.0943.v1



 9 

 

The salinity of water affects the density of the respective water. Therefore, to simulate the flow 

of groundwater in aquifers with variable salinity, it is necessary to convert the water level in the 

aquifers to the freshwater level using Equation of Ghyben and Herzberg (4.3): 

ℎ =
𝜌

𝜌𝑓
ℎ𝑓  +  

𝜌−𝜌𝑓

𝜌
𝑍   (4.3)  (4.3) 

where h, hf are saline and freshwater level (m); ρ, ρf are the densities of groundwater and 

seawater; and Z represents the height. 

Conservative transport refers to the movement of inert substances dissolved in water. Solutes 

are affected by advection (the movement of the solute as linked to flowing water) and dispersion 

(dilution of contaminated water with clean water, which causes the size of the contaminated area to 

grow while reducing peak concentrations). To enhance a flow model to a transport model, additional 

parameters (e.g., porosity and dispersity) need to be specified (Figure 6), and initial and boundary 

conditions have to be determined. 

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., the information that the salinity in 

the water of pumping wells is increasing.  

4.2. Saline Intrusion Model Setup  

Figure 6 illustrates the process of enhancing the existing flow model of Hoan et al.  (2022), 

making it a transient salinity transport model with a subsequent sensitivity analysis, which will be 

discussed later in more detail. 

  

Figure 6. Flowchart of the processing method. 

The density-dependent transient transport model for CMP was set up with the software 

FEFLOW for the time period from 2011 to 2022. The following salinization processes on the CMP 

were considered in the model:  

1. Infiltration from saline surface water sources (rivers, canals, aquaculture ponds, salt production, 

tidal inundations) into the upper aquifers identified by the land use map; 

2. Lateral saline intrusion from the offshore areas into the aquifer system induced by pumping, 

assuming 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 into areas with lower 

salinity along the flow path; 
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4. Down or upward leakage from one aquifer to another through hydraulic windows in the 

aquitard either natural or from well drillings. 

4.2.1. Groundwater flow Model 

The groundwater flow model, which is used for the salinity model, was described in Hoan et al. 

(2022). The mass transport was activated in FEFLOW for the calculation of the salinity transport. 

Moreover, the finite element mesh was refined, both on a horizontal and vertical scale, in order to 

achieve a mesh size sufficient for simulating salinization processes, in particular around the pumping 

wells, where the hydraulic conductivity is locally changed. 

4.2.2. Mass transport Model 

For the mass transport model, TDS was used in our modeling to represent salinity. During the 

validation period, the observed TDS values from a total 14 well groups were used in the period 2011–

2022. 

4.2.2.1. Model Boundary Conditions 

The following boundary conditions were considered: 

1) Sea water intrusion implemented on the basis of Dirichlet boundary conditions with defined 

concentrations: for Layer 1–Layer 5, representing the aquifers qh and qp3, this was set as 35 g/L 

(similar to the current TDS of seawater), while for Layer 6–Layer 14 this was set as 3 g/L for the model 

boundary offshore;  

2) No boundary conditions for salinity at the northern border;  

3) Land-use-based estimation of human activities influencing the salinity in the qh aquifer. These 

activities were determined using land use maps (Stolpe, (2023), Figure 7, left side). For most land use 

classifications, a salinity value was fixed (see Figure 7, right side) for the initial conditions of the top 

layer depending on the predominant land use class in each region. At selected locations, the 

boundary conditions were applied as transient mass BCs with the dynamics illustrated in Figure 8 

with monthly data.  

4) Surface water–groundwater interaction: the channel and river system on the CMP is highly 

influenced by the tide system of the ocean. The water levels in the river and channel system were 

interpolated from measurements based on the mean monthly change in water level. In addition, we 

used measured mean monthly salinity data (Ca Mau and Song Doc stations) to interpolate 

interannual variation of the surface water bodies, mangrove, and semi-intensive shrimp and salt 

production (shown in Figure 8).  
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Figure 7. Land-use-dependent salinity initialization (a) (based on Stolpe, (2023)) and TDS 

classification based on land use (b). 

 

Figure 8. Mean monthly salinity for different land use types applied for model boundary conditions 

in aquifer qh and the top layer (derived from salinity of surface water monitoring stations of Song 

Doc and Ca Mau, period 2012–2020). 

4.2.2.2. Initial Conditions 

Initial conditions were estimated for the first-time step (Jan 2011) to initialize the model in space 

for all the aquifers. According to the reduced information of time-equal measurement of salinity data, 

all the available salinity data in space were used to prepare horizontal salinity. 

A combined dataset was established from the regionalized data of the IGPVN project (Manh and 

Steinel, 2021) for the aquifers qp3, qp2–3, qp1, n22, and n21 inside Ca Mau Province and interpolated 

values outside of Ca Mau Province on the basis of 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 about 60% of the study area. However, their 

common feature is that salinity changes with the season. 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 

land use types combined with surveying some specific point groups. For the aquitards, the same 

initial conditions as in the upper aquifer were applied. Although some areas are controlled by sluice 

gates, salinity measurements in these areas vary within a relatively small range. Consequently, the 

TDS value is considered to be a time-constant boundary condition for areas, which are controlled by 

sluice gates. The initial conditions for all aquifers are illustrated in Figure 9. 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). 
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Figure 9. Spatial distribution of initial salinity for the aquifers qh, qp3, qp2–3, qp1, n22, n21, and n13. 

4.2.2.3. Density Flow 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 interested many in the 

scientific community, including those studying hydrology and contaminants, and for some time now, 

flow through porous media has been investigated (e.g., Grathwohl (1998); Jacques W. Delleur (2019); 

Sahimi (1981); Bear and Verruijt (1987); Koch and Brady (1987)). Hydrodynamic dispersion includes 

both mechanical (convective) dispersion and molecular diffusion. For low fluid velocities, solute 

dispersion is determined by molecular diffusion; for high values of velocity, convection becomes 

dominant, but the contribution of diffusion cannot be neglected. 

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

1. The dispersivity coefficient for homogeneous soil and layered heterogeneous sediments show 

that stratification affects the dispersivity coefficient, and the dispersivity coefficients for layered 

heterogeneous sediments are nearly two times lower than those in homogeneous sediments. (Leij and 

Van Genuchten (1995), Al-Tabbaa et al. (2000), Zhang and Wu (2016), and Sternberg (2004)). 

2. The dispersion coefficient is influenced by the distance of travel, and its values undergo 

changes as distance increases. In both homogeneous and layered heterogeneous sediments, the 

dispersion coefficient values increase by a factor of 2.5 with the expansion of horizontal travel 

distance. ( Gelhar et al. (1992), Khan and Jury (1990), and Sudicky and Cherry (1979)). 

3. There is also a dependence of the dispersion coefficient on the sediment type. From sand to 

clay, the dispersion coefficient decreases with smaller diameter of the material. 

Therefore, in this study, the Waterloo Hydrogeological Database (Nilson Guiger and Monalisa 

Horvath 2003) was used to calculate the average longitudinal dispersivity coefficients and flow 

distances for different sediment types in the multilayered aquifer system of CMP. These coefficients 

were normalized by the flow distance (Figure 10a) and multiplied by the averaged element diameter 

of the finite element mesh of the model (ca. 50 m; Figure 10b). According to point 1, we assumed that 

sediments are homogeneous within the sediment classes presented in Figure 10, because detailed 

information about the sediment structure is not available. Thus, the value was multiplied by a factor 

2.5. The regional distributions for the sediment type-based coefficients for the aquifers qp2–3, qp1, n22, 

and n21 are shown in Figure 10c–f. 
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Figure 10. (a) Dependence of dispersivity/flow meter in soil from Nilson Guiger and Monalisa 

Horvath (2003); (b) sediment grain-size-based classified regions for dispersion coefficients; (c,d,e,f) 

sediment-dependent dispersion coefficients for the aquifers qp2-3, qp1, n22 and n21 (Rinkel, 2022). 

For Vietnam’s aquifers, different papers or reports exist dealing with the estimation of 

dispersivity coefficients. Thanh et al. (2017) described a groundwater fieldwork pumping and tracer 

injection test in 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 ( DWRPIS, 2021a; DWRPIS, 2021b; DWRPIS, 2021c; DWRPIS, 

2021d), the results of different pumping tests in the Mekong Delta were determined (Table 2). In the 

process of these pumping tests, when the water level reached the steady state (after 48–72 h), salt was 

injected into the observation well until 150 kg of salt was dissolved, and the total time for each 

experiment averaged more than 20 days. These dispersivity coefficient results differ significantly 

from each other (0.02 – 2.5) due to the many influencing factors, such as the constant pump rate 

throughout the pumping test, the pumping well not being cleaned before the experiment, the salt 
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injection process, and asynchronous machinery. In addition, there are natural factors such as the 

heterogeneous nature of the sediment types and the thickness of the aquifer. 

Table 2. Overview of dispersivity coefficients from different reports in Vietnam. 

Well Name Aquifer 

Longitudinal 

dispersity 

Effective 

porosity 

Specific 

storage 

Average 

filtration 

velocity 

Longitudinal 

dispersion 

coefficient 

Flow 

distance Location 

αL (m) ne (%) (µ*) V (m/min) DL (m2/min) m 

CM2E (1) n22 1.14 14.0 7.53 × 10−4 4.54 × 10−2 8.54 × 10−4   Ca Mau 

BL4D (2) n22 0.02 16.0 4.58 × 10−3 4.20 × 10−3 8.40 × 10−5 8.0 Bac Lieu 

BL2B (3) qp2-3 0.12 19.4 5.58 × 10−4 8.90 × 10−4 1.09 × 10−4 8.0 Bac Lieu 

IGPVN 1.4 
(4) 

n22 0.09–1.1 11.5–29.50   4.0–9.9× 10−5  10.09 Ca Mau 

CHN5 (5) qp1 2.5 32.00     0.1736   Hanoi 
(1) (DWRPIS, 2021a), (2) (DWRPIS, 2021b), (3) (DWRPIS, 2021c), (4) Pechstein et al., (2018), (5) Thanh et al. (2017). 

The longitudinal dispersivity coefficient varied between 0.02 m and 2.5 m, with an effective 

porosity of between 11.5% and 32%. Thus, the abovementioned dispersion coefficients are in the 

range of the used sediment-based coefficient without the layer-based factor (blue columns in Figure 

10b), thus representing the best method that could be achieved. 

4.3. Limitations of the Model 

In order to evaluate the groundwater salinization processes in the Mekong Delta, the model was 

adapted accordingly with the given dataset. However, the model possesses some limitations due to 

the limitations of the available data. 

No private household wells are included in the model, since household wells operate with very 

small flows. Instead, for the model the water consumption for each commune is derived based on the 

population and an average rural water demand of 34 L/person/ day (Hoan et al., 2022). 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. By this method, the assumed amount of 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 

in the model throughout the whole calculation period. However, in reality, many of the deeper wells 

were drilled later than shallow wells. This time dependency could be respected in further evaluations.  

5. Results  

5.1. Model Salinity Calibration and Validation 

The groundwater flow model validation was discussed in detail in Hoan et al. (2022). According 

to the described validation criteria, salinity modeling can be performed for the purposes of 

confidence building and scientific validation. As stated by Davis and Goodrich (1990), confidence 

building “is a measure of the adequacy of the model structure (conceptual model and mathematical 

model) in describing the system behavior”, and salinity modeling “is a measure of the accuracy of 

the model input parameters relative to experimental results and field observations”. For validation 

in space, the scientific view postulated by Jackson et al. (1992) demands the validation of specific 

models “that one might reasonably expect someone with relevant technical knowledge to consider 

the model acceptable”.  

The quality of the model was tested with respect to space and time for different aquifers 

according to Davis and Goodrich’s (1990) second point mentioned above. In Figure 11, the monthly 

measured and calculated salinity values for different levels are shown as a time series. The upper 
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aquifers qh from Q199010 (Figure 11a), Q17701T (Figure 11b), and Q597020M1 (Figure 11c) featured 

the measured and calculated values with the best fits in the model. 

Aquifers qh and qp3 showed that the fluctuation of the water level tended to be stable, but the 

model did simulate the seasonal effect of salinity. The salinity in the deeper aquifers qp1 and n22 

tended to be stable, without interannual variation. Figure 11 (a, b, c, d) shows that the simulated 

(Q199, Q188, Q177, Q597, and 608) salinity levels could capture the salinity groundwater system 

behavior over a long-term validation period in the complicated exploitation setting. 

 

Figure 11. Time-dependent comparison of measured and modeled salinity for different well groups 

and aquifers. 

Figure 11 shows that at the presented monitoring wells the modeled TDS concentrations fit the 

observed values quite well in terms of magnitude and temporal evolution. The rather stable trend of 

observed TDS concentrations is met well by the model. Interannual variations in the observed TDS 

concentrations were not mimicked by the model, even though as described above, at selected 

locations interannual variations of TDS boundary conditions in qh were applied. At site Q199, the 

observed variations of TDS concentrations were not met by model, indicating that a refined 

consideration of locations with interannual variations of TDS boundary conditions in qh could 

improve the model results, as at Q199 site, constant TDS boundary conditions were applied. 

The spatial salinity distribution is mainly influenced by the initial conditions and boundary 

conditions. Therefore, depending on the dispersion coefficient, the development of the salinity was 

simulated in the different aquifers. The calculation of salinity intrusion from the surface depending 

on land use classification led to a more detailed salinity distribution in the aquifers qh and qp3. 
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Figure 12. Modelled salinity in aquifers qh and qp3. 

The salinity distribution in January 2011 was defined as the initial conditions in aquifers qh and 

qp3 (see Section 4.2.2.2). In August 2022, there was an increase in salinity in the aquifer qp3 (Figure 

12, bottom middle), caused by a high transport from qh to qp3. Through the long-term simulation, 

we found additional salinity import from the top (Figure 12, top right) and ongoing salinity transport 

from the top down (Figure 12, bottom right). Because no space-dependent distributions of salinity for 

different times were available, the results of the salinity distributions for different aquifers could not 

be validated in detail. 

As a common result for the criteria as described in detail in Section 4.2.2, the system behavior 

for salinization is considered to be well represented in the model from a confidence-building view 

because the calculated salinity was validated against point-measured salinity data (Figure 11) and 

the simulated results agree fairly well in terms of magnitude and temporal evolution. This is also in 

agreement with the second criteria for the operational view of model validation, i.e., “that a good, 

correct, or sufficient representation of reality” in time and space (Figures 12 and 13) can be achieved 

with the model. Moreover, the model can be considered to be acceptable, as the knowledge of the 

hydrogeological and salinity context in the CMP was used for the model setup. 

Figure 12 shows that the salinity transport was dominated by input from the surface, the 

modeled salinity in the two upper aquifers qh and qp3 show a strong change over the simulation 

period. In contrast, the lower aquifers qp2–3 and n22 show less changes in salinity over time 

(comparison of two lower maps in Figure 13 (a, b, d, e)). The scale is defined within an interval of 1.0 

g/L. For the deeper aquifers qp2–3 and n22 (Figure 13a, b, d, e), no significant lateral change in salinity 

change can obtained from the model results during the simulation period. The Figure 13 (a, b, d, e) 

looks for both aquifers very similar. In the current model stage, only a small-scale variation in salinity 

due to pumping can be detected. However, this is consistent with the time series measurement of 

salinity, as no significant changes in salinity over time could be observed (see Figure 11). Figure 13 

(c, f) show the modeled spatial changes of freshwater zones (< 1g/L) between 2011 to 2022. For both 

evaluated time steps, the 1 g/L isolines are shown. In figure 13c for qp2–3, two regions are marked: 

region 1 shows an increase of salinity along the border originated salinity inflow from the ocean, 

region 2 has increased salinity extending from the northern boundary (Bac Lieu Province) as a result 

of extensive groundwater extraction, which in turn contributes to heightened salinity levels in the 

northern border area. There are some regions (regions 3, 4), where salinity levels exceed 1 g/L due to 

the horizontal movement of areas with higher salinity, rendering the water unsuitable for drinking. 
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The change of freshwater for aquifer n22 (Figure 13f) is smaller than qp2–3 aquifer. In the East (region 

5, 6) the salinity is increasing originated by slow lateral transport of salinity. In the southern part of 

the Ca Mau Peninsula, we additionally observed vertical salinity transport in the model from qp3 to 

qp2–3, this salinity originates from the mangrove regions from the upper layers (Figure 9). As the result 

of the model, we only observe small influences on vertical salinity movement in qp2–3 and n22, 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, the results therefore suggest stable salinity 

as compared to other regions, as illustrated in Figure 13 (d, e). 

 

Figure 13. Development of the salinity from 2011 up to 2022 for aquifer qp2–3 and n22. 

According to Pham et al. (2023), the study shows that among 144 questionnaires in Ca Mau, the 

percentage of exploited water allocated for drinking purposes was only 25.4%. Cooking accounted 

for 65.7% of the water usage, while 97% respondents use groundwater for washing activities. These 

freshwater areas are depicted as dark-blue regions in (Figure 13a, b) North-east 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 13c. Thus, this possibility of pumping freshwater from qp2–3 

will decrease. In this area, freshwater has to be substituted from other sources, e.g., harvesting of 

rainwater or water diversion structures from other places. In regions with brackish groundwater, 

with salinity exceeding 1 g/L but below 3 g/L, it will be possible to use water in the qp2–3 aquifer for 

cleaning and washing in the near future.  

For aquifer n22 (Figure 13 d, e), the model showed a local increase in saline water area in the east 

from 2011 to August 2022 (Figure 13f, red color), due to horizontal salinity movement along with the 

direction of groundwater flow. 

5.2. Sensitivity Analysis for different levels of vertical hydraulic conductivity and initial conditions  

To evaluate the possibility of local saltwater intrusion from the top to down at well locations, 

we assume a change in vertical hydraulic conductivity (Kz) due to the disturbance of the sediments 

around the wells caused by the drilling process in all aquitard layers above the tapped aquifer. 

To avoid an overestimation of this process due to numeric effects, the aquitard layer beneath the 

aquifer qh was discretized into three layers. This refinement led to a regeneration of the model's 

mesh, culminating in a more intricate mesh comprising 11,397,424 mesh elements and 6,060,194 mesh 
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nodes. Pertinently, key hydraulic boundary conditions (BC) including parameters such as pump rates 

and hydraulic head BC at the northern boundary, remained unaltered to ensure consistency.  

Five possible scenarios are identified, as follows: 

1) Scenario 1–4: Change of Kz at the production wells for the aquifers from unadapted to 0.1, 0.2, 

0.5 to 1 m/d. 

2) Scenario 5: There exists a hydrogeological window close to the production well with Kz = 

0.1m/d. 

The results of the sensitivity analysis show that such local disturbances of the sealing clay layers 

can enhance vertical salinization (Figure 14) processes as illustrated in an exemplary cross-section 

(Figure 3). We found that within a decade, the rate of vertical salinity intrusion will experience a 

significant boost, stretching from a depth of 30 m to a depth of 90 m. This phenomenon is in alignment 

with adapted Kz values ranging between 0.1 to 1 m/d in the aquitards (marked in orange color in 

Figures 14a–d). Conversely, when Kz is maintained at 0.1 m/d, the process of saline intrusion occurs 

at a slower pace, with the saline infiltrating to a depth of 55–60m within the same 10-year span.  

Concerning the salinity of the extracted water, this temporal effect is crucial, as the high salinity 

concentrations (> 5 g/L TDS) did not propagate downwards to the pumped aquifer (below 155 m at 

CM425), hinting that for deeper aquifers, this effect is considered to increase, if longer time scales are 

considered.  
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Figure 14. Kz simulation results on the cross-section AA’(a, b, c, d) and BB’(e) in 10 years, from 01.2011 

to 01. 2021. 

In addition, in one scenario a hydrogeological window (Figure 2) located near a production well 

(CM542, 720 m3/d) in a shallow aquifer (qp3) was implemented into the model. The results indicate 

that saltwater movement occurs at a considerable velocity from the upper layers, through the 

hydrogeological window, and flowing into the production well (Figure 14e). Depending on the 

pumping rate and the location of the hydrogeological window, the saltwater intrusion can occur 

quickly or slowly, or saltwater intrusion can occur due to gravity and diffusion or dispersion, if there 

are no pumping well nearby.  

On the basis of personal communication during field research, we recognized a significant shift 

in the water extraction depth of many household wells over a span of seven to ten years. Instead of 

relying on shallow aquifers, households have transitioned to extracting water from deeper aquifers. 

This change can be attributed to the increasing salinity in the qp3 aquifer, where the concentration of 

TDS exceeds 3 g/L. Consequently, the drilling depth was extended to the adjacent qp2–3 aquifer. The 

findings are illustrated in Figure 14, which includes the qp3 and qp2–3 aquifers. In Figure 14a, b, the 

graphs depict the intersection between < 3 g/L (blue) and > 3 g/L (green) close to the aquifer between 

qp3 and qp2-3. In Figure 14c, d, this intersection is much deeper. 

6. Discussion 

The interaction between surface salinity and the upper aquifer qh in the MKD remains poorly 

understood. Elevate salinity levels in both soils and water bodies is a ubiquitous problem on the 

CMP. Salinity varies at the local scale (5–10 m), but the relative effects of land use and surface geology 

on salinity variation in the near-surface zone (<5 m) is unknown. Rahman et al. (2018) identified that 

“the influence of surface water salinity (associated with different land uses) on the groundwater 

salinity regime is pervasive”. They found that areas underlying the shrimp farm/tidal flat contained 

higher salinities irrespective of the near-surface sediment characteristics, while areas underlying the 

drinking water ponds or inhabited areas had relatively low salinity. In our model, the impact of land 

use and infiltration of surface water from the top into the qh aquifer was implemented to model the 

relation between land use and groundwater salinity. 

Interannual variations of TDS concentrations at observation wells are most evident for the qh 

aquifer. But even in deep aquifers (e.g., in n21 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 qh aquifer. However, these dynamics in TDS 

concentration do not propagate to lower aquifers in the model. A lateral spread of these dynamics in 

qh from the selected areas with interannually variable TDS boundary conditions (such as river, 

channels) is limited by the constant TDS boundary conditions at other model nodes. For future 
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studies, the location and variability of TDS boundary conditions in qh aquifer can be optimized in 

order to model the interannual variability of TDS concentrations in the deeper aquifers 

Rahman et al. (2018) also described that the “distance from the river can also be seen as a factor; 

however, in reality, a more likely factor is the presence of saline water in the river compared to the 

other areas”. We found that the interannual salinity of Q199010 in aquifer qh varies between 6 and 

10 g/L (Figure 9, top left). The distance of this observation well to the nearest river, which is strongly 

influenced by the tidal system and the rainy and dry periods, is about 100 m. Rahman et al. (2018) 

identified a distance from rivers of about 400–500 m as having an impact in this regard (4100–5500 

μS/cm estimated for factor EC to TDS with k = 0.7, i.e., 2.8–3.8 g/L), which is in line with our results.  

NAWAPI (2021) calculated salinity forecasts up to 2026, focusing on a 1.5 g/L shift in the saline 

boundary line in two different regions (below 1.5 g/L and above 1.5 g/L), they did not focus on the 

different salinity distributions in space. The work described in this article, presents a salinity 

distribution with improved detail. Due to the initialization dataset used for each aquifer, for a more 

accurate salinity forecast model could be developed. Our model indicates that the salinity movement 

in the deeper aquifers was seemingly slow, as predicted by NAWAPI (2021). 

As neither the observed TDS concentrations in monitoring wells nor the modeled concentrations 

showed a significant increase in salinity during the simulation period from 2011-2021, further 

potential pathways of groundwater salinization were evaluated with the model by sensitivity 

analysis of the vertical interaction between the aquifers.  

As illustrated in the cross section in Figure 3, the aquitard thicknesses vary a lot in the 

southernmost region of the Mekong Delta. This variation in thickness and the rather little number of 

available drilling logs upon the layer interpolation is based on, can be considered as indicators, that 

hydrogeological windows may indeed exist in different aquitards, even though they have not yet 

been identified in drilling logs. The integration of such a hydrogeological window nearby an 

extraction well in the model showed that vertical groundwater salinization can strongly be enhanced 

by such hydrogeological windows.  

As a second pathway of potential vertical groundwater salinization, leakage at well locations 

was evaluated in a sensitivity analysis of the model, where disruptions of the sealing clay aquitards 

could cause vertical migration of saline waters into freshwater aquifers with more freshwater. This 

was implemented by a local increase of the hydraulic conductivity in z-direction (Kz) in 5 m around 

each well. The sensitivity of the model to different Kz adaptions was subsequently evaluated (Figure 

15). 
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Figure 15. The mean modeled TDS concentrations for qp3, qp2-3, qp1 and n22 under different Kz 

scenarios for pumping wells and observation wells (a) and temporal evaluation of TDS concentrations 

in pumping wells and observation wells in qp3 under different Kz scenarios (b). 

Figure 15a shows the temporal and spatial average modeled salinity in observation wells and 

pumping wells under different Kz scenarios for the aquifers qp3, qp2-3, qp1 and n22. For the simulated 

TDS concentrations of the lower aquifers qp1 and n22 (squares and diamonds in Figure 15a), there is 

neither a significant difference between the observation wells and pumping wells, nor can an effect 

of the variation of Kz be inferred from the sensitivity analysis. In contrast, for the wells in qp2-3 (circles 

in Figure 15a) an increase in salinity with increasing Kz can be concluded from the modeled data. 

Additionally, TDS increases nearly equally for both the observation wells and pumping wells in all 

tested scenarios. 

In the uppermost considered aquifer qp3 (triangles in Figure 15a), TDS shows a significantly 

higher increase in pumping wells than in observation wells, indicating that pumping activates might 

enhance such vertical salinization pathways. 

In lower aquifers, this effect is likely to be damped due to mixing processes and is considered to 

be delayed, so effects might occur later than the modeled period of 10 years. 

As the effect of vertical salinization due to a disruption of clay layers during the drilling process 

is strongest in qp3, a more detailed analysis of the modeled data is presented in Figure 15b. The graph 

shows for each simulated timestep between 2011 and 2021 the statistical distribution of modeled 

concentrations as overlapping boxplots with the average concentrations as black lines, the 25–75 

percentiles in the color codes for each scenario and the box plot whiskers in light grey color (outliers 

were not plotted). 

The results indicate that an adaption of Kz to 0.1 m/d leads to an average increase from 2.0 g/L 

to 5.5 g/L for observation wells and 2.4 g/L to 4.6 g/L for pumping wells, respectively, over the 

simulation time. By contrast TDS concentrations in the scenario with unadapted Kz, increase only 

from 1.9 g/L to 2.7 g/L in observation wells and 2.3 g/L to 2.7 g/L in pumping wells during the 

simulation period. The increase of TDS is mainly characterized by an initial rise during the first year 

of simulation and a rather stagnant trend thereafter. The stronger increase in observation wells 

compared to pumping wells might be due to the relatively small numbers of available observation 

wells in qp3. 
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The salinization dynamics however change particularly for the pumping wells with increasing 

Kz -adaption, which can be derived from the continuously rising average concentrations in the 

pumping wells for Kz = 0.5 m/d and Kz = 1.0 m/d, reaching an average salinity of 8.2 g/L and 9.7 g/L, 

respectively, while in observation wells the concentrations remain after an initial rise at 5.8 g/L and 

5.5 g/L, respectively.  

This demonstrates that if the aquitards are locally disrupted by the drilling process of a well in 

an order of magnitude, the salinization process is much faster in a regularly pumped well compared 

to an observation well without regular pumping. This effect could explain the differences in stable 

TDS concentrations across different well types and the need of farmers to drill deeper wells, as the 

water of their previous wells became more saline over time. It is worth noting that even Kz values of 

> 1.0 m/d could be possible due to the backfalling of sandy aquifer sediments into the well anulus 

after drilling, leading to even higher and faster salinization effects. This study is the first study to 

quantify such potential processes for the Mekong Delta. 

Furthermore, to assess whether seawater intrusion affects the groundwater salinity of inland 

areas, two model runs were carried out, (1) with boundary conditions from layer 3 to layer 17 with a 

salinity boundary condition of 35 g/L at the offshore model boundary approximately 30 km away 

from the coastline and (2) without any offshore salinity boundary conditions. The comparison of both 

simulation results over a period of ten years indicate that the entire inland region remains unaffected 

by saline intrusion from the offshore boundaries. The mass flow rate [g/d] over a cross section along 

the coastline differed less than 0.1% between both scenarios. This underlines, that the choice of 

offshore boundary conditions for such short simulation times of 10 years, due to the slow 

groundwater flow velocities, has much less impact on the salinity dynamics than the choice of initial 

conditions, land-used based top-boundary conditions and the hydraulic conductivity of the sealing 

layers in the vicinity of the wells. 

 Thus, the results of this study demonstrate that the management of pumping wells and the well 

construction process can potentially have a significant impact on salinization processes in the 

aquifers. Moreover, this first evaluation of potential impacts of vertical salinization due to a 

disruption of clay layers during drilling process can help to understand the discrepancy between 

rather stagnant salinities measured in observation wells and the reported increasing salinity of 

private household wells. This also could indicate that the salinization of the aquifers is not necessarily 

a regional phenomenon, but partly a local issue.  

Further investigations in the comparison between TDS concentration of monitoring wells, active 

extraction wells and abandoned extraction wells is necessary to better understand the impact of 

pumping and well construction to local groundwater salinity. 

7. Conclusions 

A new groundwater model, built upon previous work by Hoan et al. (2022), was introduced in 

order to enhance the understanding of saltwater dynamics and salinization processes on the CMP. 

Therefore, the 3D transient groundwater flow model was enhanced to a density dependent transport 

model for salinity. 

A new method for determining transport relevant parameters, such as dispersivity as a function 

of sediment type, was applied. In addition, the land-use-based interannual salinity impact from the 

top to the qh aquifer was included, as well as infiltration from the river system and from mangrove 

areas. 

These new aspects led to the detailed identification of high-salinity regions in aquifer qh, which 

also influenced the dynamics of salinity in qp3 and in parts of qp2–3. In the deeper aquifers, most of 

the water was freshwater (TDS below 1.5 g/L). Only in the NE Ca Mau (Bac Lieu) were there regions 

identified as possessing higher salinity. 

The conservative mass transport model was validated against time period of salinity 

measurements in observation wells in different aquifers. The results showed a good agreement 

between the salinity based on measurements and the simulated salinity. 
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The sensitivity analysis of the hydraulic conductivity of the sealing aquitards around the wells 

indicated a potentially significant influence of the drilling process and the uncontrolled refilling of 

the borehole annulus. This could be demonstrated by the substantial amount of saline water leakage 

along casings of the pumping wells under for different Kz scenario. These processes could play a 

crucial role in the intrusion of saline water into the deeper aquifers and might even increase in the 

future. Also, the implementation of hydrogeological windows into the aquitards in the model 

showed a substantial amount of saline water leakage downwards. 

Due to the limited coverage of the monitoring network, it is crucial to develop a groundwater 

management approach that addresses not only horizontal but also vertical salinity intrusion. This 

requires measures to prevent vertical saltwater intrusion into the aquifer. Some of these measures 

should include repairing damaged groundwater wells, preventing their usage, and restricting the 

exploitation of areas adjacent to hydrogeological windows above or below the saline aquifers. 

Moreover, a broader monitoring effort, including active and abandoned pumping wells, should 

be set up to further investigate the proposed concept. 

For further forecasting scenarios, the impact of existing active and abandoned extraction wells 

should not be disregarded. 

However, these results and suggestions are only applicable to the issue of groundwater 

salinization. Overexploitation can also lead to significant land subsidence, which was not discussed 

here.  

In conclusion, groundwater resource managers need to investigate coastal saltwater sources in 

detail, develop an early warning system for depletion and saltwater intrusion, protect zones, reduce 

groundwater exploitation, manage and supervise the construction of pumping wells, and fill 

damaged wells, while exploring alternative groundwater sources such as artificial groundwater 

recharge, rainwater harvesting, surface water, and water transport from other areas. Furthermore, 

the consequences of overexploitation in terms of land subsidence should be considered when 

planning the future of CMP. 
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