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Abstract 
Development of a 3D variable-density groundwater flow and transport model for the Red River Delta (RRD), 
Vietnam will assist the water managers in better understanding the impacts of stresses on their vulnerable 

groundwater systems. Hence, iMOD-SEAWAT was utilized to assess the potential seawater intrusion 
in the RRD. Paleo-reconstruction modelling was initiated with globally available data for the data 
scarce deltaic plain to assess the current saltwater-freshwater interface. Later, paleo-hydrogeologic 
modelling was improved by adding local geology which resulted in more reliable estimations in 
comparison with available literature resources. Final results of paleo-reconstruction modelling in 
conjunction with current groundwater pumping activities resulted in evaluating the current status 
of seawater intrusion in the RRD plain. Thus, a pumping induced cone of depression and severe 
threats on major coastal cities were emphasized by the model results. Therefore, several plausible 
future scenarios were tested for the region considering an increase in groundwater pumping rates 
and predicted mean sea level rise. Yet, a gigantic depletion in groundwater heads due to tested 
undue groundwater exploitation was observed while an enormous fresh groundwater depletion 
was recorded together with increased groundwater extractions and predicted mean sea level rise.  
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1. Introduction 
 

Deltaic regions of the world represent only about 1% of the global land area, yet provide habitats 
for more than half a billion people, creating a very high demand for freshwater in their vicinities 
(Szabo et al., 2016). Conjunction existence of dense population, intense agriculture and socio-
economic developments have created dynamic ecological and social environments in these delta 
plains. Urbanization and the ever increasing population will certainly intensify the freshwater 
demands and thus, increase the vulnerability of the fresh groundwater sources within the world’s 
coastal regions.  
As a consequence of global climate change(s), sustainability of the world’s coastal systems will be 
directly affected by the predicted mean sea level rise (MSLR) (Brakenridge et al., 2013). Further, the 
combined effect of MSLR and land subsidence (often caused by large overexploitation, e.g. 
Minderhout et al., 2017) will exacerbate the pressures exert on delta regions and it will 
subsequently impact the groundwater resources (Szabo et al., 2016).  
According to the IPCC 5th assessment report, water resources scarcity is identified as an emerging 
threat in Asia (Hijioka et. al., 2014). Moreover, predicted MSLR will affect the coastal inhabits of 
South and South-East Asian regions. Further, they have also clearly identified that most of these 
large deltaic systems are contemporary sinking as a result of intense groundwater extractions 
(Minderhout et al., 2017).  
Numerical modelling of groundwater systems in coastal deltas under various environmental and 
anthropogenic impacts is an approach that can be adopted to investigate the behaviour of deltaic 
systems under different scenarios. Given the aforementioned environmental and social-economic 
concerns, development of a numerical model that can estimate the extent of seawater intrusion 
into groundwater systems in deltaic areas will enable water managers, engineers and scientists to 
scrutinize the probable anthropogenic and environmental impacts on groundwater resources. 
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Outcomes of such models have an integral role in developing sustainable coastal zone or 
environmental management plans. 
 
2. Study Area 

 
The Red River Delta (RRD) or Song Hong 
Delta is located in the north of Vietnam, 
centring the Red River as shown in Figure 1. 
It originates in Yunnan Province, China and 
drains across an area of 160,000 km2, 
nourishing about 19.8 million inhabitants 
and finally falls into the Gulf of Tonkin (Gulf 
of Bac Bo) (Tran et al. 2012 and Li et al. 
2006). It is the second largest river system in 
Vietnam, which provides significant 
contributions to the country’s economy. 
Annual discharge of river water to the 
estuary is about  84 billion m³, which varies 
significantly over the dry and wet seasons 
(Hien et al., 2010). 
RRD has a relatively flat terrain, where the 
land areas below 2 m are often flooded 
during the rainy seasons (Van Pham and  
Lee 2014). Further, the delta is 
characterized by tropical monsoonal 
climatic system with a noticeable maritime 
influence. The average annual rainfall of this 
area varies around 1300 – 1800 mm, where 
85% of that rainfall is received during the 
summer rainy season (April to October). 
Thus, RRD has warm and humid summer 
with average temperatures fluctuating from 
270 C to 290 C, where winter season is relatively cool and dry with an average   temperature of about 

16 - 19 C. The mean tidal range of the area varies in between 1.9 –2.6 m, whereas the maximum 
tidal range is recorded to be around 3.2 – 4 m on average (Li et al. 2006).  
Paddy fields dominate the region’s land cover, accounting for about 68% of it. Urban and rural areas 
account for 16% the total area, while surface water bodies accounts for about 11% of the land. RRD 
plain also has fish and shrimp aquacultures in smaller scales (5%). Four major rivers flow through 
the RRD plain, namely Red River, Dao River, Ninh Co River and Day River. Water levels in these rivers 
have strong spatial and seasonal signals (Van Pham and Lee 2014). 
 
2.1. Hydrogeology and Aquifer Properties 

 
RRD plain composes of five distinguishable hydrogeological units, where only two of them play an 
economical role in terms of groundwater resources (Van Pham and Lee 2014). Holocene unconfined 
aquifer (HUA) is the top most aquifer, which is distributed over an area of about 11,450 km2, 

accounts for about 88% of the delta. This aquifer is followed by a confining aquitard layer ageing 
from Holocene to Pleistocene (HPA), is sandwiched between HUA and Pleistocene confined aquifer 
(PCA). HPA is mostly under the HUA and only exposed to the surface around the northern border 
of the delta. PCA is generally placed under both HUA and HPA and distributed almost entirely in the 

Figure 1: Red River Delta, Vietnam 
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delta region. At the border of the delta, exposed Mesozoic bedrocks create mountainous areas, 
which develop the Mesozoic fractured zones (MFZ). Geological cracks and erosion in Mesozoic 
bedrock are capable of storing and transmitting water and recharge the aquifer systems.  Neogene 
water bearing layer (NWL), which is lying directly over the bedrock contains cleft and karst water 
ageing from the Neogene period of the Cenozoic era to the Triassic period of the Mesozoic era (Bui 
et al., 2011). Among all the available hydrogeological units, HUA and PCA play an integral role in 
groundwater storage and provide economical values to the groundwater resources.  
 
3. Methodology 

 
Figure 2 demonstrates the research methodology followed during the current study. It primarily 
consists of several steps such as data collection, analysis of groundwater system available in the 
deltaic region, model setup using iMOD-SEAWAT, model simulation and results analysis. Necessary 
data was collected from several data portals as listed in  
 
 
 
 
Table 1. Land use and population density data were utilized in estimating the necessary recharge 
and groundwater extraction rates in the deltaic plain.  

 
Figure 2: Research Flow 

 

Data collection

Quantitative data (on global scale): Surface elevation (DEM), 
groundwater extraction rates, river systems, recharge rate, land 
use

Geology using local scale borelog information: Aquifer and 
aquitard parameters, hydraulic conductivities, effective porosity, 
specific storage

Model setup using iMOD-SEAWAT

Model Simulation

Scenario 1 (SC1) : Paleo-hydrogeologic modelling using only global data

Scenario 2 (SC2) : Paleo-hydrogeologic modelling adding local data

Scenario 3 (SC3) : Modelling of pumping scenarios 

Future scenario 1 (FSC1) : Future reference case 

Future scenario 2 (FSC2) : System behaviour under MSLR

Future scenario 3 (FSC3) : System behaviour under groundwater extraction

Future scenario 4 (FSC4) : System behaviour under MSLR and groundwater 
extraction

Results Analysis 

System behaviour under both geological scenarios and paleo-
reconstruction 

Impacts of MSLR and increase of pumping 
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Table 1: Necessary data for the study 

Digital Elevation Model 
(DEM)  

NASA Shuttle Radar Topographic Mission (SRTM) (Jarvis et. al., 
2008) 

Ocean Bathymetry Data General Bathymetric Chart of the Oceans (GEBCO) (Sandwell 
et. al., 2002) 

Bedrock An estimation from Daniel Zamrsky - PhD researcher attached 
to Deltares and Utrecht University 

River Network Hydrological data and maps based on SHuttle Elevation 
Derivatives at multiple Scales (Lehner et. al., 2008) 

Land Use  Global Land Cover Share database 

Population Density Gridded Population of the World (GPW) – 4th version (GPWv4) 

Borehole Log Data Winkel et al., 2011 

Aquifer property parameters Wagner et. al., 2011; Van Pham and Lee, 2014 
 

A 3D variable-density groundwater flow model was initiated by defining the model boundary as it 
covers the RRD plain and the surrounding mountainous regions, extending across a total area of 
40,590 km2. The model developed has a resolution of 1 km, where its grid comprises 198 rows, 205 
columns and 10 model layers with variable thickness. Model inputs were converted into a uniform 
coordinate system viz. WGS 84, UTM Zone 48 N and all the inputs were finally transformed into 
iMOD-SEAWAT supportive formats of IDF and IPF. 
 
3.3. Paleo-hydrogeologic Modelling (SC1 and SC2) 
 

Paleo-hydrogeologic modelling was commenced by defining a reference year, at which the salinity 
distribution is more or less known or is certain to not to influence the present salinity distribution. 
Surface elevations were assumed to be as same as the present and current DEM data was utilized 
for the paleo-reconstruction modelling. Larsen et al., 2017 emphasizes that the sea level rise during 
8.5 to 6.5 kyrs ago was the governing period for the development of Holocene deltas. Considering 
all these factors, paleo-hydrogeologic modelling for RRD was started from 14 kyrs ago, where the 
salinity distribution is assumed to be known. During this study, eustatic sea level fluctuation during 
the late Holocene period was modelled with 7 diverse models by defining 7 stress periods as 
described in  
 

Table 2: Paleo-hydrogeologic model details 

Stress Period Sea Level Model Duration (years) Moment of Time  

SP0 < - 41 m BMSL 0 (represent the initial moment) -14 kyrs ago 

SP1 < - 41 m BMSL 1000 -13 kyrs ago 

SP2 - 39 m BMSL 2000 -11 kyrs ago 

SP3 - 10 m BMSL 2000 -9 kyrs ago 

SP4 0 m 2000 -7 kyrs ago 

SP5 + 5 m AMSL 3000 -4 kyrs ago 

SP6 0 m 4000 Present day 
 
Paleo-reconstruction modelling was carried out introducing the sea level overtopping by changing 
the IBOUND and ICBOUND conditions of the groundwater flow and transport models respectively. 
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Further, the modelling procedure was carried out under two separate categories where one set of 
simulations were modelled with utilizing only global data (SC1) and the other set of models 

encompass the local geological information derived from borehole logs (SC2). SC1 models were 
simulated assuming an existence of a clay aquitard in the first layer and a homogeneous aquifer 
system in the following layers due to the absence of good quality geological information at global 
scale.  
 
3.4. Modelling the Current Status of Delta (SC3) 
 

SC2 results were applied to develop a model for the present aquifer systems. Available literature 
suggests that there are enormous pumping activities carried out within the RRD plain, and these 
were taken into account for the modelling work corresponding during this step. Further, the 
calculated recharge rates and were also added to the model and the salt-fresh groundwater mixing 
was determined for the year of 2010. 
 
3.5. Testing for future scenarios (FSC) 
 

To estimate the influences of several future forcing combinations, a reference model (FSC1) was 
developed, where the pumping rates were assumed to be unchanged for the next 100 years. Hence, 
the pumping rates used in the year 2010 were kept constant for the reference model with a uniform 
sea level. FSC2 was developed with adjusted pumping rates in accordance to the population growth 
in the region. According to the literature, RRD plain will face a sea level rise of about 1 m during the 
next 100 years, which will eventually disturb the groundwater aquifer systems in the region. Hence, 
another model was developed by considering only this phenomenon while maintaining a constant 
pumping rate. Therefore, the groundwater extraction rate will remain as in the year 2010, while 
sea level overtopping would be the only environment changing with respect to the reference model 
(FSC3). Finally, RRD model was tested with respect to both the future predicted MSLR of 1 m and 
increased groundwater pumping rates (similar to what explained earlier) (FSC4). 
 
4. Result and Discussions 

 
Concluding the paleo–reconstruction modelling, the SP6 model was simulated from 4 kyrs ago to 
present day, which would provide the information on current aquifer systems and their status 
within RRD plain (Figure 3). It is possible to visualize the impacts of sea level high stand in Figure 3-
a and c. As a result of the paleo–hydrogeologic modelling for 14 kyrs, the level of salty paleo 
groundwater entrapments within far inland of the RRD region is clearly visible. According to the SC2 
model results, still there exist regions with saline groundwater in deep offshore areas, while SC1 
model results indicate totally brackish offshore water. 
Massive scale groundwater pumping is taking place in the RRD, which has been added to the model 
during the next steps to demarcate the current aquifer status. Results of the SC2 paleo-
hydrogeological models were utilized for this analysis and thus, the geological distribution of the 
region has been taken into account. Further, paleo-reconstruction model results were considered 
to provide information of the year 1920. Collected groundwater pumping data on the years of 1970, 
1990 and 2010 were modelled which finally estimated the salt-fresh groundwater wedge in the 
region (Figure 4). Model results conclude an increase in the salinity levels in the top most layers 
while the groundwater heads deplete indicating the potential risk of pumping induced cone of 
depression in the major groundwater extraction zones.  
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Figure 3: Present day a) concentration distribution b) groundwater head distribution under SC1  

Present day c) concentration distribution d) groundwater head distribution under SC1 
 

Figure 4: a) Concentration variation and b) groundwater head distribution in 2010 

c) 

a) b) 

d) 

a) b) 
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Continuous groundwater extractions might stress the sustainability of the groundwater system in 
the RRD. Therefore, several plausible future scenarios were tested during the current study. A 
reference model of unchanged groundwater pumping (FSC1), increment of groundwater pumping 
by ~ 50% (FSC2), MSLR by 1 m (FSC3) and both MSLR rise and pumping increase (FSC4) are the 
several scenarios which modelled for 100 years. According to the Figure 5, FSC2 indicates an 
increment of salinity level with a significant decrease in fresh groundwater volume with regards to 
FSC1. FSC3 also develops similar impacts on the total fresh groundwater volume but the 
groundwater head depletion under FSC3 was negligible. Hence, the MSLR only have less influences 
on the groundwater system in RRD region. FSC4, which can be the most likely future scenario also 
indicate similar influences as FSC2 proving again the fewer impacts from the MSLR in the region. 
Yet, FSC4 resulted in the worse impacts in terms of the fresh groundwater volume in the RRD plain. 
The higher rates of pumping develop the salinization from trapped saline paleo groundwater while 
sea level overtopping results in a diminution of fresh groundwater volume.  
 

 
Figure 5: Total freshwater volume variation under tested future a) Pleistocene Aquifer       

  b) Holocene Aquifer c) Limestone Aquifer 
 

5. Conclusions 

 

Development of a 3D variable-density groundwater flow and transport model for the RRD in 
Vietnam with iMOD-SEAWAT, an open-source software which couples MODFLOW and MT3DMS 
will enable the assessment of the groundwater systems in the region under the influences of 
climate change driven and anthropogenic forcing at a macro time scale.   
Though there was a possibility of retrieving data from the National Centre for Water Resources 
Planning and Investigation (NAWAPI) in Vietnam, the current model was initiated with globally 
available data (SC1). The conceptual model was originally developed with the curiosity to measure 
the extent that a similar research can reach with only global data. Further, the addition of local data 
(SC2) while increasing the complexity of the model in later steps was used to estimate the precision 
of the global data model.   

a) 

b) 

c) 
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Initial paleo-hydrogeological modelling was undertaken under SC1 assuming a simple geological 
formation of an overtopped clay aquitard with a homogeneous sand aquifer system due to the 
absence of geology data in global scale. However, paleo-reconstruction modelling with the addition 
of complex local geology data (SC2) was simulated later to estimate the effects of geology on the 
groundwater system in the RRD. 3DSolid-Tool in graphical user interface of iMOD was utilized to 
develop the geological distribution in the study region via several borehole logs. It is noticeable that 
the geology interpolation in the deltaic region resulted in producing several deviations to the 
geological profiles found in the literature due to the uncertainty of the borehole logs classification 
and also due to the lack of borehole logs available. Moreover, the interpolation emphasized the 
significant influence of the number of model layers on the outcome. Layer thickness variation in 
the deltaic plain and the offshore conclude increasing the number of model layers up to about 40 
layers where the model layer thickness around coast would reach a maximum of 10 m.          
Simulation results under SC1 paleo-reconstruction models conclude the plausibility to construct a 
3D variable density groundwater flow model and to estimate the fresh-saltwater wedge. However, 
SC2 model revealed more realistic progressions such as fingering process with sea level 
overtopping. Both simulations imply similar impacts on fresh groundwater volume with regards to 
eustatic sea level fluctuation where the highest impact corresponds to the sea level high stand. 
However, final total freshwater volumes of each model were calculated as 371.5 and 292.8 billion 
m3 for SC1 and SC2 respectively. Thus, the fresh groundwater recovery under SC2 is less than SC1 
indicating the influence of local geology. Simple geology assumed in SC1 model has developed 
faster salt-fresh groundwater mixing fluxes comparison to SC2.  
Moreover, SC1 and SC2 models determine that the paleo-saltwater exists about 70 and 85 km away 
from the coast correspondingly. Hence, conducting a paleo-hydrogeologic modelling assist to 
conclude the current status of the groundwater system of the RRD. Considering the recently 
published research works, it can be concluded that the SC2 model provides more reliable 
estimations for the paleo-reconstruction modelling.  
Later, groundwater pumping scenarios were introduced to the SC2 model for the years of 1970, 
1990 and 2010. Results of these models indicate a decrease in Pleistocene aquifer’s freshwater 
storage by about 3 billion m3 at the end of year 2010. Further, they indicate a pumping-induced 
cone of depression under the city of Hanoi. Groundwater head depletion in the region was 
estimated to be around 27 m. Coastal cities like Nam Dinh and Thai Binh were found to be under 
severe threats because of the drastic reduction of their groundwater heads.  
The distance of salt water intrusion from the coast has not changed significantly in the considered 
groundwater pumping scenarios with regards to the final simulation under SC2. Hence, it can be 
determined that the Pleistocene groundwater aquifer system is sensitive to the hydrodynamic 
dispersion. Increased salinity concentration in the top layers indicates the impacts of trapped saline 
paleo-groundwater due to extractions. Therefore, constructing a paleo-reconstruction modelling is 
immensely useful to determine the present salinity distribution in case of RRD. It can also be 
concluded that the continuous groundwater extractions might stress the sustainability of the 
groundwater system in the RRD. Therefore, several plausible future scenarios were tested during 
the current study. 
A reference model of unchanged groundwater pumping (FSC1), increment of groundwater pumping 
by ~ 50% (FSC2), MSLR by 1 m (FSC3) and both MSLR rise and pumping increase (FSC4) are the 
several scenarios which modelled for 100 years. FSC2 indicates an increment of salinity level with a 
significant head decrease under Hanoi city. FSC3 has fewer impacts on groundwater system in RRD 
in comparison to FSC1. FSC4, which can be the most likely future scenario also indicate similar 
influences as FSC2 proving again the fewer impacts from the MSLR in the region.  
Fresh groundwater volume calculations concluded that the Pleistocene aquifer is influenced by the 
considered future pumping scenarios. Holocene and Limestone aquifer systems are most likely to 
remain stable as the impacts of MSLR is negligible for this region. FSC2 model results indicate that 
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the Pleistocene aquifer loses about 4 billion m3 of fresh groundwater from the system compared 
to FSC1. Further, the FSC3 model results also demarcate that the fresh groundwater volume in the 
Pleistocene aquifer decreases as much as in FSC2 where the saline to brackish water overtopping 
causes this behavior.  
FSC4 resulted in the worse impacts on the RRD plain, where higher rates of pumping develop the 
salinization from trapped saline paleo groundwater while sea level overtopping results in a 
diminution of fresh groundwater volume. Hence, it can be concluded that the increased pumping 
rates and MSLR together result in the highest fresh groundwater volume depletion in the RRD 
where the resources’ management plans should be developed considering this phenomenon. 
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