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ABSTRACT 

In Nam Dinh province, in the Red River delta plain in Northern Vietnam, groundwater in the shallow Holocene 

aquifer shows elevated total dissolved solids up to 35 km from the coastline, indicating a saltwater intrusion from the 

Gulf of Tonkin. High groundwater salinities have been encountered below and adjacent to the Red River in the deep 

Pleistocene aquifer. Since 1996, large-scale groundwater abstraction was initiated from the deep aquifer, and the 

observed elevated salinities now raise concerns about whether the groundwater abstraction is undertaken sustainably. 

We have conducted a study to obtain a fundamental understanding of the recharge mechanisms and salinization 

processes in the Nam Dinh province. A holistic approach with multiple methods including transient electromagnetic 

sounding and borehole logging, exploratory drilling, sampling and analyzing major ions and stable isotope 

compositions of water and pore water, groundwater head monitoring, hydraulic experiments laboratory of clay layers, 

and groundwater modeling by using the SEAWAT code. Results reveal that saline river water is leached from the 

Red River and its distributaries into the shallow aquifers. The distribution and occurrence of salty pore water in the 

Holocene aquitard clay shows that meteoric water has not been flowing through these low permeable clay layers. 

Marine pore water has, however, been leached out of the Pleistocene clay. When this layer is present, it offers 

protection of the lower aquifer against high salinity water from above. Salinity as high as 80 % of oceanic water is 

observed in interstitial pore water of the transgressive Holocene clay. Saltwater is transported into the Pleistocene 

aquifer, where the Holocene clay is directly overlying the aquifer.  

Keywords: Holocene transgression, recharge mechanism, salinization processes, interstitial salty pore water, 

geophysical survey, SEAWAT modeling, Vietnam.   
 

1. Introduction
1
 

Nam Dinh province is located in the Red 
River delta plain of Vietnam (RRDP), where 
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large-scale domestic and commercial 
groundwater abstraction was initiated in 1994 

from the Pleistocene aquifer in alluvial 
deposits. This groundwater abstraction of 
about 218,000 cubic meters per day has 
initiated a drawdown in the Pleistocene 
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aquifer of up to 9 meters, and the 
sustainability of the water abstraction has 
therefore been questioned. Groundwater total 
dissolved solids (TDS) in the Pleistocene 
aquifer is highest in the northeastern part of 

the province, adjacent to the Red River, with 
values up to 6 g/L (Fig. 1). In the shallow 

Holocene aquifer, elevated groundwater TDS 
have been observed in the RRDP at distances 
up to 35 km from the Gulf of Tonkin (Tran et 
al., 2012), and high groundwater salinity has 
also been observed in a shallow aquifer in the 

Nam Dinh province (Hoang et al., 2011). 

 

Figure 1. Map showing the location of the Nam Dinh province in the Red River delta plain, and the 

distribution of total dissolved solids in the Pleistocene aquifer. The locations of the geological cross-

sections depicted in Fig. 2 are also shown  

The source of the groundwater salinity in 

the aquifers in the Nam Dinh province is still 
debated, as both saltwater intrusions through 
the sea bed and from the many tributaries of 
the Red River can take place (Vu 1996;  
Pham, 2004). Alternatively, the elevated 
groundwater TDS source could be the leakage 

of paleo-saltwater from transgressive 
Holocene marine clays, a process which has 
been documented to occur in the province 
(Tanabe et al., 2006; Tran et al., 2012). Paleo-
water has been defined as groundwater that 
originated in colder climatic conditions of the 

Late Pleistocene (e.g., Edmunds, 2001). Still, 

the term refers to marine pore water entrapped 
in low permeable sediments (Larsen et al., 
2017). In near coastal sediments, trapped 
marine pore water might be diluted with fresh 
water flowing from rivers in the delta, and 
therefore not necessarily have an initial 

oceanic saltwater composition with  
20,000 mg/L chlorides.    

Several authors have reported elevated 

groundwater salinities adjacent to rivers in 

coastal zones, and this has been ascribed to 

saltwater intrusions into the rivers and 
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subsequent leaching to the adjacent shallow 

aquifers (e.g., Neilson-Welch and Smith 2001; 

Kolker et al., 2013). In the Gulf of Tonkin 

delta systems, where typhoons frequently 

occur from May to November, saltwater 

intrusions have been studied in the Mekong 

delta by Nguyen et al. (2008), in the Pearl 

River delta by Zhang et al. (2013), and in the 

Red River by Vu (1996) and Pham (2004). 

The latter studied salinity intrusions in nine 

rivers in the Red River estuary, using satellite 

multispectral images and tidal tables covering 

1960 to 1982. The result reveals that during 

the monsoon seasons, with a high freshwater 

discharge from the rivers, the salinity in the 

estuary is low with values between 9 and 

17
o
/oo, whereas in the dry season’s salinity 

increased to 23 and 32
o
/oo as far inland as 35 

to 40 km. Vu (1996) also reported salty water 

in the Red River as far inland as 35 km from 

the coastline.  

In short, saltwater occurrence in the RRDP 

in Holocene and Pleistocene aquifers has 

previously been described on a regional scale 

(Pham, 2000; Nguyen, 2005; Tran et al., 

2012), and in the Nam Dinh province 

(Nguyen 2009; Wagner et al., 2011). Salty 

groundwater originating from this trapped 

seawater is still present in Holocene-aged 

sediments with low permeability in the Red 

River delta. It affects groundwater salinity in 

adjacent aquifers while trapped seawater from 

all Pleistocene-aged sediments leached 

(Larsen et al., 2017). Hoan et al. (2020) have 

focused on the Southern part of the Red River 

delta and raised a conceptual model for salt 

groundwater intrusion in the Pleistocene 

aquifer by vertical saltwater leakage from 

upper Holocene marine sediments that were 

controlled by the diffusion and density flow 

and horizontal saltwater intrusion due to high 

hydraulic gradient generated with over 

groundwater exploitation. To set up proper 

management of the groundwater resources in 

the coastal regions still requires an improved 

conceptual understanding regarding recharge 

mechanisms, and the source of the salinity in 

the aquifers needs to be clarified. Therefore, 

the overall aims of this study are to obtain 

such a fundamental understanding; more 

specifically, to elucidate the recharge 

mechanism by which freshwater is 

replenishing abstracted groundwater in the 

study area and gain an understanding of the 

processes controlling salinity of the abstracted 

water.   

2. Sea-level history and geological setting of 

Nam Dinh province  

An understanding of the sources of 
salinities in the Nam Dinh province, and 
especially the occurrence of paleo-saltwater, 
cannot be obtained without an insight into the 

geological development during the Quaternary 
period. Based on studies of cored sediments, 
the near-surface geology has been 
characterized as formed in a wave-dominated 
delta front with a landscape consisting of 
alternating beach and inter-ridge marshes 

(Hori et al., 2004; Tanabe et al., 2006; 
Funabiki et al., 2007). The eustatic sea-level 
changes in the Gulf of Tonkin controlled 
deposits forming in the RRDP during the 
Quaternary period, hereafter just sea level. 
The development in sea level during the last 

200,000 years (200 ka). During the latest part 
of the Middle Pleistocene period, from 200 to 
130 ka, the sea level was low during a 
glaciation, and coarse-grained deposits were 
deposited in the RRDP. The sea level was 
relatively high, around 130 ka, during the 

previously interglacial period (Eemian). Still, 
after then, in the Late Pleistocene, between 
130 and 20 ka, the sea level again gradually 
declined to a low level of around 130 meters 
below the present sea level (mbsl). With race 
sea level, the valleys were filled with marine 

sediments during this period. From 6 ka, the 
sea level increased to its present status and 
was even 3 to 4 meters above the current sea 
level (masl) between 6 and 4 ka (Tanabe et 
al., 2006). During this Late Holocene 
maximum sea-level stand, a transgression was 
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initiated, and shallow terraces with marine 
sediments were deposited. From 4 ka, the sea 
level declined and reached its present level in 
the Gulf of Tonkin, and this fall initiated the 
recent a progradation of the Red River delta 

front (Tran et al., 1991; Tanabe et al., 2006). 

The near subsurface geology in the Nam 

Dinh province is compiled in three cross-

sections in Fig. 2. Triassic limestone is 

outcropping west of the Nam Dinh province, 

and Neogene silty sandstones underlie the 

Quaternary deposits in the central parts of the 

province (Fig. 2a, b). Middle and Late 

Pleistocene coarse-grained alluvial and fluvial 

deposits are overlying the Triassic and 

Neogene deposits, and these layers are 

encountered at depths from ~ 70 m to ~130 m 

below the surface (mbs). Late Pleistocene 

marine clay, probably from an Eemian 

transgression, overlooks Early Holocene 

transgressive marine clays (Fig. 2). The 

interlaying sandy deposits between these clays 

must be interpreted as representing remains of 

fluvial systems from paleo-rivers in the delta 

plain. The transgressive, Holocene marine 

clay is in the Nam Dinh province, encountered 

at depth from ~ 10 and to ~ 60 mbs, and C-14 

dating of these sediments reveals a deposition 

from 10 to 1 ka (Tanabe et al., 2006). The 

sediment ages decrease upward and towards 

the coast (Fig. 2c). The uppermost ~10 m of 

the subsurface consists of Late Holocene to 

recent delta plain and delta front deposits 

composed of organic-rich sandy, silty, and 

clayish deposits (Fig. 2c).  

 
Figure 2. The subsurface geological in the Nam Dinh province as displayed in three cross-sections cutting 

the area as indicated in Fig. 1. Note that the vertical exaggerations are different in the three sections. 

Sediment ages in 2c are from Tanabe et al. (2006) 
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The hydrogeology of the Nam Dinh 

province is characterized by a Holocene upper 

sandy to silty, mostly unconfined aquifer, 

composed of the delta front sediments. The 

sandy layer is in a hydraulic relationship with 

the drainage canals and shallow river 

distributaries. The Early Holocene and Late 

Pleistocene clay layers act as aquitards, 

separating the shallow unconfined Holocene 

aquifer from the more deep, confined aquifer 

in the Pleistocene deposits. The coarse-

grained Pleistocene regional aquifer is 

recharged at the limestone outcrops towards 

the west. Artesian condition in the aquifer was 

reported in the coastal zone during pristine 

conditions, and groundwater must have been 

flowing offshore as freshwater has been 

observed in Pleistocene layers in deep 

boreholes drilled off the shoreline. When 

fractured, the Triassic limestone and the 

Neogene silty-sandstone are aquifers in 

hydraulic relationship with the Pleistocene 

aquifer.   

In the Nam Dinh province, growing rice in 

paddy fields occupies most of the land 

surface, and rice is harvested twice a year. 

Planting is done in the dry season in February 

and the rainy season in July. In the dry season, 

irrigation is done with surface water from a 

dense canal connected to upstream reservoirs. 

Rice planting at the beginning of the rainy 

season in July is, in most years, done without 

irrigation. The irrigation of paddy fields in the 

downstream part of the RRDP has an 

incomplete control effect on the groundwater 

table in the shallow aquifer systems.           

3. Methods 

3.1. Water depths and salinity measurements 

in the Red River  

From the mouth of the Red River in the 

Gulf of Tonkin and up to 30 km upstream, 

measurements of water depth and salinity 

were done from small boats conducted in 

January and April. The endpoints of the 

survey lines are indicated in Fig. 3. The 

surveys were done in the dry season (in 

January 2009, April 2009, and April 2010), 

when seawater intrusions are expected to 

show maximum landward movement. Using a 

lead mounted with a heavy stone and a 

Diver® fixed to the end, water depths were 

measured from pressure readings, and 

salinities were obtained from electrical 

conductivity readings.  

3.2. Collection of rainwater samples 

Samples of rainwater representing average 

monthly values were collected in the Nam 

Dinh city to characterize water stable isotope 

composition. The method suggested by IAEA 

was followed (IAEA 2014). Water samples 

were stored in glass bottles until analysis was 

conducted.  

Monitoring borehole and exploratory 

drilling: 

Four existing deep boreholes and twelve 

newly drilled exploratory boreholes were 

included in this investigation for the location 

of these boreholes, as seen in Fig. 1. 

Boreholes are arranged in nests, where several 

holes have been drilled within a distance of 

meters, and separate screens have been 

installed in the high permeable Holocene, 

Pleistocene, and Neogene layers. The upper 

screens are typically 6 m long, while the 

deepest screens are 8-10 m. In the two 

exploratory boreholes VA1 and VA2 (Fig. 1), 

sediment sampling was collected using a wire 

piston coring device for laboratory 

experiments (Zapico et al., 1987). In addition, 

21 new shallow exploratory boreholes were 

drilled into the near-surface delta front 

sediments, and these boreholes were screened 

in high permeable layers. For the location of 

these boreholes, see Fig. 3.      
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Figure 3. Detailed map showing the location of electromagnetic sounding, the location of the two 

exploratory boreholes (VA1 and VA2), and the three survey lines in the river, where water salinities have 

been measured 

3.3. Measurement of groundwater heads 

Hydraulic head variations were measured 

in 15 boreholes in the Pleistocene and 21 

boreholes in the Holocene aquifers using 

Divers®. Historical manual measurements of 

the hydraulic heads in aquifers were obtained 

from the National Monitoring Programme.      

3.3.1. Groundwater sampling and analyzing  

In total, 33 groundwater samples were 
collected from shallow (Holocene aquifer) 

and deep boreholes (Pleistocene and Neogene 
aquifers) using submersible and Whale 12V 

pumps. With five times of water volumes in 
the borehole being flushed before water 
sampling, a flow cell equipped with probes for 
dissolved O2, pH, and electrical conductivity 
(EC) was mounted directly on the sampling 
tube. EC and pH were determined after each 

emptied borehole volume to ensure that stable 
values were obtained simultaneously. The 
measurements were carried out with a WTW 
Multi 197i multi-purpose instrument using a 
WTW Tetracon 96 EC probe, a WTW SenTix 
41 pH electrode, and for dissolved O2, a 

WTW EO 196-1.5 cell electrode. Water 
samples were collected and filtered in 50 mL 
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syringes through 0.2 µm Sartorius Minisart 
cellulose acetate filters. Stable isotopic 
samples were not screened. Fe(II) and 
phosphate and silica were measured Spectro-
photometrically with ferrozine (Stookey 

1970),  molybdate blue, and ammonium 
molybdate methods, the limit of detection was 
1.8, 1.1, and 0.5 µM.  

3.3.2. Geophysical borehole logging 

Geophysical borehole logging was done 

simultaneously with water sampling to obtain 

information about the vertical distributions of 

salinities inside aquifers and interlaying 

aquitards. Geophysical borehole logging was 

done in the holes indicated in Fig. 1. A 

Robinson Research Ltd. Geologging 

Equipment was used, and electrical 

conductivities of formation and the sediment's 

natural gamma radiation for identification of 

lithologies (e.g., sand and clay) were 

measured. Electrical conductivities of 

formation were measured inside the PVC 

casings using a focused induction probe, 

which has a formation penetration depth of 

approximately 5 m. Formation electrical 

resistivities ( f ), expressed in Ωm, were 

calculated from measured formation 

conductivity ( f ), expressed in [mS/m], 

using Equation 1.  

     
1000* ff   or    

    

  
               (1) 

3.3.3. Transient electromagnetic soundings  

As results from groundwater sampling and 

borehole logging only yields point 

information about the salinity distribution in 

the subsurface, transient electromagnetic 

sounding (TEM) was done, as this method 

earlier has proved suitable for mapping the 

distribution of salty, highly conductive layers 

in coastal aquifers (Stewart 1982; Fitterman 

and Stewart 1986; Mills et al. 1988; Tran et 

al. 2012). A total number of 61 TEM-

sounding data were measured along four 

profiles located between the Red River and 

the coastline (Fig. 3). For details regarding 

data collection, processing, and interpretation, 

see Tran et al. (2012). The initial TEM data 

processing, i.e., editing of data and 

assignment of data uncertainties, was done 

with the SiTEM/SEMDI software (Auken et 

al. 2002). Subsequently, the TEM data were 

inverted profile to obtain 1-D resistivity 

models of the subsurface using a laterally 

constrained inversion (LCI) scheme, as Auken 

et al. (2005) described. The constraints can be 

seen as an a priori value for the expected 

geological variations between soundings.         

3.3.4. Laboratory work 

Water samples from boreholes and 

squeezed pore water from sediment cores 
were analyzed as follows: Samples for the 
cations: Na

+
, K

+
, Ca

2+
, and Mg

2+
 were 

preserved with 2% of a 7 M HNO
3
 solution 

and refrigerated until analyzed by flame 
absorption spectrophotometry on a Shimadzu 

AAS 688 instrument. Samples for Cl
-
, NO

3-
 

and SO4
2-

 were collected in polypropylene 
vials and frozen immediately after sampling. 
The anions were analyzed by ion 
chromatography using a Shimadzu 
LC20AD/HIC-20ASuper. Due to high 

salinities in the samples, up to 250-fold 
dilution was required. A18 MΩ deionized 
water was used in the dilutions.      

Using a Reeburg (1967) type squeezing 

device, a high pressure (N2) was applied to 

extract pore water from 22 cm long and 48 

mm in diameter sediment core samples. The 

used N2 pressure was adjusted to the water 

content of the core samples. The water from 

each core sample varied between 20 and 40 

ml. Immediately after sampling, the pore 

water samples were filtered through a 

Sartorius Minisart cellulose acetate filter (0.45 

µm), and analyses resembled the procedure in 

the field. Water samples were also analyzed 

for major ions and stable water isotopes.  

Pore-water stable isotope ratios of oxygen 

(
18

O/
16

O) and hydrogen (D) (
2
H/

1
H) were 
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measured relative to the VSMOW standard 

were analysed using a Picarro Cavity Ring-

Down Spectrometer (CRDS) equipped with 

an autosampler and a vaporiser. The results 

are expressed in ‰ units using the -notation 

with standard deviations not larger than 

±0.2‰ (
18
O) and ±0.5‰ (for 

2
H), as 

calculated from four replicate injections into 

the vapouriser. 

3.3.5. Textural, mineralogical, and hydraulic 

investigation of Holocene aquitard sediments 

Two samples from the investigation 
borehole VA1 and two from VA2 were 
selected for examination of textural 
composition, clay mineralogical, and 
hydraulic properties. The grain size 
distribution of the sediment samples was 

determined using the standard sedimentation 
method.  

For the preparation of samples for X-ray 
diffraction, the samples were dispersed in 
distilled water by ultrasonic treatment and the 
fraction < 2 μm was collected by separation in 

a continuous flow centrifuge. The X-ray 
diffraction was carried out in a Philips 1050 
goniometer with CoKα-radiation obtained 
with a β-filter (Fe) and pulse height selection. 
Randomly oriented specimens were run to 
reveal minerals phases. Oriented clay 

specimens were prepared by sedimentation 
onto glass slides, and specimens that were 
Mg-saturated and air-dried, Mg-saturated and 
glycolated, Mg-saturated and glycerol 
saturated, K-saturated and air-dried, and  
K-saturated and heated to 300°C, were 

investigated. Oriented specimens were run 
with divergence and an anti-scatter slit of ¼ 
degree and with 10s per 0.1° 2θ. 

Following the freezing of the retrieved 
sub-cores, cylindrical samples (plugs) of 1½″ 
in diameter were drilled using air as coolant. 

Darcy experiments were done on four intact 
plugs, with lengths of 5.0 cm and diameters of 
3.7 cm, with well-defined constant hydraulic 
gradients and flows. The plugs were mounted 
in Hassler-type core holders and put under a 

confining hydrostatic pressure of 2 bar. Even 
though the samples were retrieved from 
different depths in the formation, it was 
chosen to use the same confining pressure for 
all samples. After settling, the samples were 

flooded with a 3% NaCl solution, and 
differential pressure and flow rate were 
measured continuously in order to enable the 
calculation of the hydraulic conductivity by 
application of Darcy’s equation. Following 
the determination of the hydraulic 

conductivity, the influent was switched to tap 
water, and effluent water samples for EC 
measurements were collected continuously. 
When the EC in the effluent had stabilized, 
the effective porosity of each sample was 
calculated as the 50% mass breakthrough on 

the basis of the obtained breakthrough curve.   

3.3.6. Solute-transport modelling 

Solute-transport modeling was performed 
to simulate the leaching of marine pore water 
from the delta sediments for 10,000 years  

(10 ka). This was done in a two-dimensional 
cross-section following the geological cross-
section in Fig. 2c, and the overall assumed 
pristine paleo- groundwater flow direction 
towards the sea. The main objectives of the 
modeling were to evaluate (1) transport 

mechanism of the saltwater out of the high 
and low permeable formations, whether a 
density controlled or diffusive transport has 
been prevailing, (2) to simulate the time the 
leaching of marine pore water will take in a 
geological time perspective. The SEAWAT 

(Guo and Langevin 2002; Langevin and Guo 
2006) code for simulation of flow with 
variable density was used. SEAWAT couples 
the two commonly used codes MODFLOW 
(McDonald and Harbaugh 1988) and 
MT3DMS (Zheng and Wang 1998), with a 

variable density and viscosity package.   

4. Results and interpretations 

4.1. Salinity in the Red River  

Measurements in the Red River in January 

2009 showed salinities up to 50% of seawater 
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at a distance up to 16 km from the Gulf of 

Tonkin and 10% ocean salinity up to 26 km 

from the mouth of the river (Fig. 4). Vu (1996) 

reported similar salinity intrusion lengths of 

about 20 km in the Red River, and these 

observations have been confirmed by Pham 

(2004). For comparison, Zhang et al. (2013) 

report a maximum saltwater intrusion length of 

78.3 km in the Pearl River and in the Mekong 

River, salty water has been observed up to 50-

60 km inland (Nguyen et al., 2008). The main 

controls of the saltwater intrusion lengths in the 

rivers over the year are mainly changes in river 

discharges, tidal effects, and storm events 

during typhoon passages. 

 

Figure 4. Water salinities in the Red River, as interpreted from measured eater electrical conductivities in 

January 2009. The salinity is given as percentages of the salinity in oceanic water 

Saltwater intrusion from the Red River into 

the shallow aquifer in the Nam Dinh province 

is enhanced by sand excavations of sandy river 

bottom sediments, thereby maintaining good 

hydraulic contact between the river and the 

shallow aquifer. Therefore, it seems safe to 

conclude that a saltwater intrusion into the 

shallow aquifer in the Nam Dinh province will 

occur when a hydraulic gradient is established 

from the river into the aquifer (see next 

section). Still, salt transport can even happen 

against the upward hydraulic gradient due to 

the density contrasts between freshwater in the 

aquifer and dense salty river water.   

4.2. Hydrogeology in the Nam Dinh province    

Groundwater head elevations in the 
shallow, unconfined sandy aquifer are between 
-0.6 and +1.2 masl, with seasonal variations 

controlled by recharge and interactions with 
irrigation canals and river distributaries. 
Observed heads in three boreholes are depicted 
in Fig. 5. They show groundwater tables above 
the water stage, at approximately 0 masl close 
to the sea, in the Red River in the rainy season 

from June to October and a decreasing water 

table from the onset of the dry season in 
October. A high phreatic water table is re-
established in the shallow aquifer from 

January/February after opening irrigation gates, 
and water flows into paddy fields. Gates have 
also been installed to prevent saltwater 
intrusion from the sea, and therefore the canals 
form a closed hydraulic system. Pumping from 
canals for irrigation in the dry season can cause 

the water stages in the river and phreatic water 
table to fall below sea level (Fig. 5), which 
further increases the risk of a saltwater 
intrusion from the Red River. 

In the deep Pleistocene aquifer, the 

groundwater hydraulic head is strongly 

influenced by groundwater abstraction. The 

most significant drawdown around the central 

abstraction point is 25 km south of Nam Dinh 

(Fig. 6). Before groundwater abstraction in 

1996, the hydraulic head in the major part of 

the Nam Dinh province was around +1 masl. 

Still, at the wellfields, close to observation 

borehole Q109, the groundwater level in the 

Pleistocene aquifer has been lowered to an 

elevation of 8 mbsl with a decline of about 0.5 

m/year (inset in Fig. 6). Although smaller, the 
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drawdown in the Neogene aquifer is of the 

same size, indicating a hydraulic connection 

between the two aquifers with an upward 

leakage to the Pleistocene aquifer. In borehole 

Q110, located between the pumping wells and 

the coastline, the water table has been lowered 

from 1 masl to 6 mbsl, and an intrusion of salty 

water might therefore have been initiated. After 

pumping, a vertical downward hydraulic 

gradient across the up to ~90 m thick marine 

clays has been built up, reaching 160‰ in the 

central part of the cone of depression.   

 
Figure 5. Hydraulic heads in three boreholes with screens in the shallow Holocene sandy aquifer.  

For location of the boreholes, see Fig. 3 

 
Figure 6. Hydraulic head distribution and groundwater flow direction in the Pleistocene aquifer. In the 

insert, historical head data from the shallow aquifer (Q107), the Pleistocene aquifer (Q109 and Q110) 

 and the Neogene aquifer (Q109) are shown 
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Before the groundwater abstraction, the 
hydraulic heads in both the upper (Q107, 
Holocene) and lower aquifers (Q109, 
Pleistocene) were in this part of the province, 
both at 1 masl (see inset in Fig. 6). However, 

the hydraulic interaction between the two 
aquifers should have been limited during 
pristine conditions.  

4.3. Groundwater chemistry   

In the shallow sandy aquifer, high 
groundwater salinities have been observed 

close to the sea with TDS up to 17 g/L; the 
groundwater salinity decreases inland with 
values adjacent to the Red River of 5 to 6 g/L 
(Fig. 7). The highest salinities close to the sea 
strongly suggest saltwater intrusion from the 
sea. In contrast, the contribution to the TDS in 

the groundwater inland may come from an 
interaction with the dense network of drainage 
canals and rivers. Chemical analysis shows

that groundwater in the shallow aquifer is 
anoxic, without nitrate, and with dissolved 
ferrous iron up to 38.5 mg/L (Table 1). 
Concentrates of sulfate are low, even in the 
water showing a high chloride concentration, 

and sulfate reduction must have occurred. The 
reducing character of the shallow groundwater 
must be explained by a high reactivity of the 
organic materials in the shallow marine sand 
(Postma et al., 2007). The highest chloride 
concentration of 11,236 mg/L (~ 60 % sea-

water) is observed in borehole OB13, and the 
lowest Chloride concentration of 9 mg/L was 
observed in borehole OB19. The water 
composition and the salinity distribution in the 
shallow aquifer may be interpreted as a result 
of mixing of recharged fresh water from the 

surface and the irrigation canals, leakage of 
saltwater from the river distributaries, and 
upward diffusive transport from the 
underlying marine clay layers see later.  

 

Figure 7. Measured total dissolved solids in the shallow, Holocene aquifer. Concentrations of chloride 

and water stable isotope compositions are given in the inset 
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Table 1. Groundwater composition in shallow boreholes  

 
 

In the Pleistocene aquifer, groundwater 

TDS values up to 6 g/L are observed close to 

the Red River. Groundwater salinities 

decrease towards the center of the cone of 

depression, where groundwater with TDS 

values below 1 g/L is present. Relatively low 

TDS is also encountered upstream, towards 

the recharge area towards the west (Fig. 1).  

The Pleistocene aquifer is anoxic, with 

elevated concentrations of dissolved ferrous 

iron up to 25 mg/L and sulfate concentrations 

below 1 mg/L (Table 2), indicating ongoing 

sulfate reduction. The highest concentrations 

of sulfate (8.5 mg/L) are found in the borehole 

Q227, where groundwater is fresh, as noted in 

a chloride concentration of 8.9 mg/L. 

Groundwater in the Pleistocene aquifer may 

be interpreted as mixing of a Ca
2+

-HCO3
-
 

freshwater type and a modified marine Na
+
-

Cl
-
 water type, affected by the reduction of 

sulphate and cation exchange.   

Table 2. Groundwater composition in deep boreholes   

 
nd = no data 

4.4. Water stable isotope compositions  

Rainwater sampled in Nam Dinh during 

2011 shows δ
18

O values between -11.9 and -2.5 

‰, and δ
2
H between -88.1 and -6.8 ‰, with a 

relationship described by the equation δ
2
H = 

8.4δ
18

O + 15.2 (R
2
= 0.98), see Fig. 8. This 

local meteoric water line is close to the global 

meteoric water line (δ
2
H = 8.13δ

18
O + 10.8) 

Borehole Depth Field data  Laboratory data 

No m 
Ec T pH O2 Fe(II) PO4 HCO3 Na  K  Ca  Mg  Cl  SO4  Br  NO3  F  δ18O δ2H 

mS/cm °C  mg/L    

OB1 7.6 22.5 25.2 7.46 0.2 18.8 2.6 777.8 3864.6 108.9 54.8 300.5 7113.2 0.6 24.2 0.0 0.4 -4.53 -29.35 

OB2 8.5 32.0 25.7 7.39 0.2 38.5 0.6 427.0 5503.9 99.7 238.7 482.2 5171.7 0.6 36.2 0.0 0.2 -4.48 -28.75 

OB3 59.5 10.2 26.4 7.1 0.2 20.6 1.8 588.7 1438.1 28.6 130.4 128.7 3044.7 0.2 9.8 0.0 0.1 -6.72 -45.75 

OB4 8.3 36.3 24.7 8.04 0.2 5.3 2.1 585.6 6097.0 199.0 45.3 511.6 8411.1 0.4 49.6 0.0 0.7 -3.39 -21.58 

OB6 6.7 9.4 25.0 7.88 0.3 1.9 3.0 930.3 1692.8 74.6 32.9 148.6 2642.5 0.3 8.9 0.0 0.3 -6.76 -44.24 

OB7 7.3 1.5 25.4 7.44 0.3 12.8 1.4 844.9 165.3 23.7 68.9 55.3 110.4 11.9 0.5 0.0 0.2 -5.85 -38.87 

OB8 8.1 2.6 25.2 7.24 0.3 15.5 2.0 841.8 364.9 20.0 52.1 62.0 536.5 0.2 2.1 0.0 0.1 -6.07 -41.93 

OB9 6.1 0.2 26.1 7.34 0.1 3.4 0.2 143.4 3.2 1.5 26.8 5.4 3.3 8.2 0.0 0.0 0.1 -5.61 -31.50 

OB10 8 21.0 25.8 7.62 0.1 11.6 4.4 1525.0 3344.8 147.3 73.9 392.5 6101.2 0.6 20.1 0.0 0.5 -5.19 -35.52 

OB11 7.8 11.4 25.5 7.79 0.1 1.7 5.4 1433.5 1951.7 90.2 43.5 188.6 3047.0 0.4 10.5 0.0 0.3 -3.98 -29.41 

OB12 7.6 4.3 25.8 7.48 0.1 13.2 1.4 817.4 680.9 35.8 77.2 95.8 1117.7 0.2 3.9 0.0 0.1 -6.03 -41.54 

OB13 6.7 38.7 25.4 7.64 0.1 8.7 3.8 2000.8 6424.6 220.1 129.3 679.6 11236.0 3.8 65.8 0.0 0.5 -3.25 -21.90 

OB14 8.4 21.7 24.3 7.53 0.5 5.2 5.6 1403.0 3392.2 141.7 47.5 305.0 6482.2 0.6 21.3 0.0 0.5 -4.06 -27.47 

OB15 8.8 6.9 28.7 7.02 0.4 29.4 1.5 756.4 962.4 29.0 121.5 97.2 735.6 0.2 2.9 0.0 0.0 -5.06 -34.50 

OB16 9.6 1.8 25 7.51 0.1 2.5 2.3 771.7 207.4 38.2 44.8 82.8 274.8 0.1 0.9 0.0 0.4 -3.88 -29.04 

OB17 13.8 21.2 28.1 7.65 0.3 7.3 5.7 1274.9 3544.2 149.7 33.8 301.8 6596.4 0.2 21.9 0.0 0.4 -4.50 -30.39 

OB18 7.1 2.8 24.7 7.88 0.2 1.7 1.4 634.4 408.3 29.2 46.0 68.9 630.3 0.4 2.2 0.0 0.2 -4.08 -27.71 

OB19 7.4 0.3 25.7 7.14 0.1 21.8 0.4 158.6 17.9 5.1 14.0 5.7 9.1 0.1 0.0 0.0 0.1 -4.92 -33.97 

OB20 6.5 2.4 25.2 6.93 0.2 36.7 1.5 555.1 154.9 9.9 161.8 51.5 536.8 0.2 2.3 0.0 0.1 -6.64 -45.30 

OB21 7.9 1.7 23.8 7.45 0.8 2.8 1.1 603.9 152.3 35.2 51.3 81.6 267.3 0.4 0.9 0.0 0.5 -3.00 -19.84 

VA2a 15 330.0 nd 7.5 ND 8.7   695.4 484.4 15.1 123.8 50.3 792.7 0.2 3.1 0.0 0.1 -7.21 -48.34 

 

Borehole Depth Field data  Laboratory data 

No m 
Ec T pH O2 Fe(II) PO4 HCO3 Na  K  Ca  Mg  Cl  SO4  Br  NO3  F  δ18O δ2H 

mS/cm °C   mg/L     

Q223 106 293 28.6 6.71 0.13 17.1 0.2 222.7 297.6 6.7 150.3 50.6 845.8 0.3 2.9 0.0 0.1 -8.23 -58.37 

Q223 138 285 28.5 6.52 0.05 25.2 0.3 183.0 329.6 5.3 127.5 56.4 863.4 0.2 2.8 0.0 0.1 -8.57 -60.52 

Q224 100 294 28.6 6.9 0.11 20.0 0.4 271.5 304.9 7.7 144.0 61.9 823.7 0.3 2.8 0.0 0.1 -7.65 -54.62 

Q224 45 2360 nd 7.63 0.32 7.2 2.9 1256.6 7195.2 219.4 122.2 674.0 8407.8 0.5 31.2 0.6 0.0 -3.20 -21.66 

Q225 110 608 27.9 7.3 0.11 2.1 0.1 542.9 984.7 28.6 97.0 107.4 1804.2 0.4 6.0 0.0 0.1 -7.31 -49.99 

Q225 67 512.8 25.4 8.22 0.37 0.6 0.3 622.2 850.5 26.4 58.8 90.7 1428.5 0.3 4.8 0.1 0.1 -7.33 -50.66 

Q226 104 368 nd 7.26 0.14 7.8 1.3 469.7 581.2 13.4 73.8 52.0 1014.1 0.2 3.4 0.0 0.1 -7.63 -51.69 

Q226 151.5 274 29.5 7.99 0.14 5.9 0.2 366.0 321.4 10.2 107.2 81.1 744.7 0.2 2.6 0.1 0.1 -7.65 -52.35 

Q227 155.5 0.453 29.3 7.7 0.13 0.2 0.4 311.1 56.2 4.7 21.2 18.3 8.9 8.5 0.0 0.0 0.2 -7.47 -52.77 

VA1  132 340 29.4 6.88 0.1 9.0 0.3 295.9 382.0 8.9 92.6 66.6 793.2 0.2 2.7 0.0 0.1 -7.37 -50.59 

VA2 139 1405 28.2 7.04 0.12 15.4 2.3 500.2 2085.5 58.2 221.0 206.5 4156.0 1.1 17.9 0.0 0.2 -6.50 -45.67 

OB15 95 1.156             122.9 8.6 38.1 34.2 244.8 0.1 0.9 0.0 0.1 -7.48 -51.32 
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suggested by Rozanski et al. (1993), but 

displays a larger deuterium excess value (Clark 

and Fritz, 1997). Looking at the rainwater 

stable isotope oxygen composition through the 

year, rainwater in the dry season shows a 

relative enrichment with values up to -2.5‰, 

whereas during the rainy season from June to 

October, values are between -12 and  

-8‰ (Inset in Fig. 8). A similar yearly variation 

in RRDP precipitation has previously been 

reported from Hanoi (Larsen et al., 2008). The 

phenomena may be ascribed to the effect 

reported in Southeast Asia.  (Dansgaard 1964).  

In groundwater from the shallow aquifer, the 

relationship between the stable oxygen and 

hydrogen isotopes composition is described by 

the equation δ
2
H = 6.6δ

18
O - 0.8, and the δ

18
O 

composition varies with a relatively large 

variation between -7.5 and -3.0 ‰ (Fig. 8). 

These significant variations in the water stable 

isotope composition can be either from 

enrichment by evaporation of surface water or 

from mixing with seawater. The relationship 

between δ
18

O and chloride in groundwater 

from the shallow aquifer (Inset in Fig. 8) shows 

a mixing line with chloride values between 0 

and 12,000 mg/L, with enrichment in the water 

stable isotope composition with increasing 

salinity of the water. However, a significant 

variation in the water stable oxygen 

composition is also seen in the water with low 

concentrations of chloride, which may be 

explained by enrichment due to evaporation of 

fresh water in surface water bodies. The 

relatively large δ
18

O variation in the shallow 

groundwater might be further accentuated by 

infiltration of local rainfall with large δ
18

O 

variations during the year (2011) as seen in the 

Nam Dinh rainwater (inset in Fig. 8).   

 

Figure 8. The stable water isotope composition in rain water and groundwater in the Nam Dinh province. 

Variation in the 
18

O/
16

O stable isotope composition in rainwater through 2011 is shown in the inset 

Groundwater from the Pleistocene aquifer 

shows a relationship between the water stable 

isotopes given by the equation δ
2
H = 7.1δ

18
O 

+1.4, and apart from one high salinity sample, 

the δ
18

O composition varies within a relatively 

narrow interval of from -8.5 to -6.5‰ (Fig. 8).   

The water's relatively constant stable 

isotope value in Pleistocene groundwater 
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should reflect a more constant recharge source 

in the outcropping limestones, where a rapid 

infiltration takes place without a secondary 

enrichment from evaporation. The water 

stable isotope data clearly shows that with the 

different isotopic fingerprints in the two 

aquifers, the water interactions between the 

shallow and deep aquifers in the delta 

sediments have been minimal without any 

significant groundwater mixing.  

4.5. Borehole geophysical logging 

As revealed from the geophysical borehole 

logging, the vertical distribution of salinities in 

the Quaternary sediments in the Nam Dinh 

province can be summarized with results from 

five boreholes as depicted in Fig. 9. The 

interpretation of these results has been 

supported with information from drilling, 

where intact coring of sediment (Wagner et al. 

2011). The location of this (non-linear) cross-

section with boreholes is depicted in Fig. 1. As 

revealed from the natural gamma radiations, 

the distribution of aquifers and aquitards shows 

that the uppermost ~10 m of delta front 

sediments appear in some of the boreholes as 

sandy and silty layers (boreholes Q221 and 

Q222). In contrast, in other boreholes, this unit 

consists of clay-rich layers (boreholes Q223, 

Q109, and Q110). Identified by high gamma 

radiation values, Holocene clay-rich, silty, and 

fine sand layers are found below the sand and 

down to 100 mbsl. Late Pleistocene clay is 

present in some boreholes (Fig. 9, boreholes 

Q109, Q110, and Q223), identified by a high 

gamma radiation reading. Still, this clay has 

relatively low formation conductivity (more 

discussion will be presented in the next 

section). The underlying layers with a 

relatively low natural gamma radiation 

represent Pleistocene gravel and sand deposits, 

overlying Neogene siltstone and sandstone as 

seen in boreholes Q221 and Q223 (Fig. 9).  

 

Figure 9. Geophysical logs from five selected borehole in the Nam Dinh province.  

For the location of boreholes, see Fig. 1 
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In some of the boreholes, measured 

formation conductivities in the upper delta 

front unit show elevated formation 

conductivities in the bottom of shallow sandy 

layers (e.g., borehole Q222 in Fig. 9). As 

interpreted from the continuous natural 

gamma radiation, this shape in the formation 

conductivity, combined with relatively 

constant sand/clay content, indicates high 

saline groundwater present at the shallow 

aquifer's bottom. A formation conductivity of 

500 mS/m corresponds to a water conductivity 

of 2,000 mS/m, assuming a sand formation 

factor of 4, or 35 - 40 % of the conductivity of 

seawater.  

In the clay-rich Holocene aquitard, 

measured formation conductivities are 

typically between 500 and 1,000 mS/m, with a 

measured peak value at 15 mbs of 1,350 

mS/m (~0.7 Ωm) in borehole Q109 (Fig. 9). 

With the almost constant natural gamma 

radiation in this formation, the exceptionally 

high electrical formation conductivities may 

be explained by the occurrence of highly 

saline pore water rather than lithological 

heterogeneities. Measured formation 

conductivities in the Holocene aquitard show 

consistently increasing values towards the sea, 

reflecting an increasing salinity towards the 

sea. Holocene aquitard layers overlie sandy 

Pleistocene deposits (Borehole Q222). The 

formation conductivity log is almost 

symmetrical, decreasing conductivity values 

towards the sandy layers. This spatial 

distribution of formation electrical 

conductivity could be interpreted as reduced 

salinities towards the sandy layers, controlled 

by a diffusive transport of salts out of the clay 

and adjacent sand layers. Where the aquitard 

material is overlying Pleistocene clay-rich 

layers (Borehole Q109, Q110, and Q223), 

asymmetrical log patterns are observed; 

interpreted to be an effect of diffusion, may be 

combined with density-driven transport. This 

interpretation implies that the originally 

marine pore water in the Pleistocene clays 

was leached out by freshwater during a low 

sea level period before the Holocene clay was 

deposited.    

Measured borehole formation 

conductivities in the Pleistocene aquifer range 

from 20 to 300 mS/m, confirming the 

observed spatial distribution of salinities as 

revealed from the groundwater sampling (Fig. 

1); with high concentrations close to the Red 

River and decreasing concentrations towards 

the groundwater abstraction locations. Based 

on laboratory studies, which will be discussed 

in the following section, the form factor in the 

very coarse-grained Pleistocene deposits can 

be estimated to a value of 2, implying that 

calculated groundwater conductivities 

resemble observed values in water samples 

from boreholes. Measured vertical 

conductivity logs show no indications of 

saltwater intrusion in the Pleistocene aquifer 

(Fig. 9, Boreholes Q109 and Q110). Still, it 

can be challenging to assess from these 

observations, as these boreholes have not been 

drilled to the bottom of the Pleistocene 

deposits.  

4.6. TEM measurements 

Results from the four TEM profiles display 

minor variations, and therefore, only profile 2 

is shown (Fig. 10). The depth of investigation 

of the soundings is about 80 m, which is into 

the Pleistocene alluvial layers. Generally, 

three electrical units are seen on the profiles: 

An uppermost 2 to 10 m thick unit, with 

apparent resistivities from 5 and to 100 Ωm, 

which are interpreted to represent the shallow 

delta front layer containing either brackish or 

fresh groundwater, an underlying irregular 

second unit from 10 to 35-50 mbsl, with an 

apparent resistivity between 0.8 and 1.25 Ωm, 

representing the Holocene aquitard, and a 

lowermost unit with apparent resistivities 

typically between 7 and 15 Ωm. Lateral 

variations in the thickness of the very low 
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resistivity unit (Unit 2), must be interpreted to 

represent lithological changes and hence 

varying saltwater leaching from the clay-rich 

sediments. Formation resistivity value 

variations in the coarse-grained, homogeneous 

Pleistocene formation represent mainly 

variations in groundwater salinity. 

4.7. Exploratory boreholes 

Interpretations of groundwater salinities 

from apparent formation resistivities obtained 

from geophysical borehole logging and TEM 

surveys have confirmed results from the 

exploratory boreholes VA1 and VA2. 

Borehole VA1 is located within TEM profile 

2, approximately 7 km from the sea, and was 

drilled to 132 mbsl into the Neogene 

sandstone. Borehole VA2 is about 17 km from 

the sea, and was drilled to 139 mbsl into the 

Neogene sandstone (Fig. 9, Fig. 10). Results 

from borehole VA2 show a significant 

similarity to those from VA1.   

The intact sediment cores from borehole 

VA1 showed clay-rich layers with thin layers 

of silt and sand. The compositions of 

squeezed pore water from cores are shown in 

Table 3. A peak with a pore water chloride 

concentration of 15,286 mg/L at 16.30 mbsl 

corresponds to the salinity of approximately 

80 % of seawater (Hoang et al., 2018). The 

EC of this water sample is 5,080 mS/m, and 

the calculated pore water resistivity is 0.2 Ω 

m. The data confirms the low formation 

resistivities below 1 Ω m in the TEM 

soundings at these depths in the formation 

(Fig. 10). A good correlation was found 

between measured chloride and pore water 

electrical conductivity (R = 0.9945). A 

comparison between measured pore water EC 

and formation resistivity yields a clay 

formation factor of 6.65. As mentioned, the 

calculated formation factor in the sandy 

Pleistocene deposits, based on formation and 

pore water conductivities, was close to 2. The 

stable isotope composition of the squeezed 

pore water shows δ
2
H values between - 48 and 

-16‰ and δ
18

O values between -7 and -2‰, 

with a relationship of δ
2
H = 6.65δ

18
O- 2.75. 

The enrichment of δ
18

O up to - 2‰, where the 

highest saline concentrations of the pore water 

are seen, indicates the marine origin of this 

water. Seawater by definition has a δO
18 

water 

composition of 0 ‰ (Clark and Frits 1997), 

and the deviation from this value can be 

explained with a primary dilution of seawater 

by river freshwater (15,286 mg/L chlorides) 

or generation of ultrafiltration condition 

during squeezing, which generates isotopic 

fractionation with a lighter ultrafiltrate 

(Coplan and Hanshaw 1973). The fact that a 

peak with a composition corresponding to 80 

% seawater is found in the aquitard, supports 

the conclusion that advective transport of 

meteoric water through the formation has not 

occurred after deposition of the sediments.   

 

Figure 10. Cross-section with results of TEM soundings in Profile 2. The location of the profile is shown 

in Fig. 3. VA1 and VA2 are the locations of exploratory boreholes 
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Table 3. Pore water composition in clay layer in borehole VA1 

 
NA= not analysed 

 

The overall water composition in the 

squeezed water from the marine clay show 

reduced water with a low concentration of 

sulfate, compared to the 2,800 mg/l presents 

in seawater. Ammonium concentrations are up 

to 108 mg/L, reflecting a decomposition of 

reactive, organic material in the sediments 

(Postma et al., 2007), and the content of 

nitrate and nitrite in the water may be formed 

during oxidation of the ammonium during 

sampling of pore water. The concentration of 

fluoride up to 4.3 mg/L reflects mineral 

reactions in the sediments, as the 

concentration of this element is only 1.3 mg/L 

in seawater. 

4.8. Sediment sample results 

Sediment samples from the Holocene 
aquitard are found dominated by clay (30-
40%) and silt (57-68%), but sandy silt layers 
are also present where fine sand makes up 

22% of the sediment (Table 4, sample  
VA2-2). The clay mineralogy is dominated by 
kaolinite and illite, formed by the 
decomposition of silica minerals, but 
vermiculite and smectite are also present. 

Table 4 Textural, mineralogical and hydraulic properties of sediments from the Holocene marine unit. 

The samples VA1-1 and VA1-2 are from the exploratory borehole VA1. and the samples VA2-1 and 

VA2-2 are from borehole VA2.  (+) indicates that the clay mineral might be present, (+) that the mineral 

is present in small amounts, (++) shows that the mineral is present and (+++) dominant clays in the 

samples 

 
 

Hydraulic conductivities obtained in 

samples dominated by clay and silt are between 

1.0 and 6.0 × 10
-10

 m/s, and the sandy silt has a 

hydraulic conductivity of 4.5 × 10
-9

 m/s. 

Estimated effective porosities of the sediments 

are from 36 to 42%. For comparison Bryant et 

al. (1975) reported results from unconsolidated 

marine sediments, with a clay content below 

60% and porosity of 30-40%, having hydraulic 

conductivities in the range from 1 to 2.8 ×  

10
-10

 m/s. Based on studies of natural soft 

clays, Tavenas et al. (1983) concluded that the 

permeability of the sediments is controlled by 

the void ratio, the clay fraction, the plasticity 

index, and the clay's fabric anisotropy is 

negligible in marine clays. The very low 

Depth EC Na K Ca Mg NH4 Si Fe Cl Br SO4 PO4 alk. NO3 NO2 F Total As δ18O δ2H 

m mS/m mg/L µg/L   

6.23 2112 NA 138 86 293 NA 14 0.29 5,251 22 19 2 729 13 18 4.2 69 -3.86 -30.2 

11.22 4580 6,425 342 59 657 108 10 0.08 13,860 56 7 2 484 0 41 2.9 30 -2.27 -18.3 

16.30 5080 6,875 346 60 703 NA 6 0.18 15,286 62 19 1 464 0 43 0.0 31 -2.06 -16.4 

21.30 4320 6,737 411 NA 600 NA 10 0.03 12,587 51 9 2 558 0 34 4.0 30 -2.19 -15.7 

26.80 3224 4,511 270 72 657 54 7 0.01 8,662 37 35 1 882 12 30 4.3 14 -2.95 -22.7 

31.33 1763 2,510 173 132 439 48 16 0.03 4,610 18 17 0 770 10 0 2.4 10 -4.88 -34.6 

36.50 826 862 88 85 208 60 15 0.00 2,119 9 25 0 473 0 0 2.5 15 -4.98 -38.9 

41.75 331 335 17 167 50 NA 17 1.76 700 0 11 0 267 11 0 3.0 52 -6.51 -46 

51.61 92 82 9 30 10 14 8 0.31 201 1 5 0 93 1 0 0.0 16 -6.87 -47.6 

61.50 75 147 17 31 12 15 7 NA 119 0 3 0 107 1 0 1.0 30 -6.97 -48.4 

71.28 78 112 12 36 13 8 NA NA NA NA NA 0 97 NA NA NA 6 -6.3 -46.6 

81.50 141 NA NA NA NA NA NA NA NA NA NA 0 51 NA NA NA NA NA NA 

91.00 140 576 57 35 16 10 NA NA NA NA NA 0 0 NA NA NA 12 NA NA 

95.70 102 137 38 NA 20 NA 5 NA 251 1 11 0 62 0 0 0.5 14 -6.77 -47.9 

 

Sample Depth Grain size (%) Clay Mineralogy Hydraulic properties 

No   Clay Silt   Fine sand Kaolinite Illite Chlorite Vermiculite Smectite K Porosity 

  (m) (<2 µm) (2-63 µm) (63-200 µm)           (m/s) (%) 

VA1-1 20.80 42 57 1 +++ +++ - + ++ 4.0 ± 0.2*10-10 42 ± 1 

VA1-2 35.70 31 68 0 +++ +++ (+) + + 6.0 ± 1.0*10-10 36 ± 1 

VA2-1 21.40 39 60 1 ++ ++ (+) + ++ 1.0 ± 0.3*10-10 - 

VA2-2 59.50 10 67 22 +++ +++ (+) ++ + 4.5 ± 1.0*10-9 36 ± 1 
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hydraulic permeabilities observed in this 

Holocene aquitard are most likely mainly 

controlled by the swelling clay smectite in the 

sediments. As fracturing in these clays is 

insignificant, the observed hydraulic properties 

can be seen as representative of the in-situ 

hydraulic properties of the Holocene aquitards 

in the field scale and comparable to 

observations from other studies.  

4.9. Numerical modelling 

The conceptual hydrogeological model 

applied in the numerical simulations of 

saltwater leaching (chloride leaching) during 

10 ka is based on the geological cross-section 

shown in Fig. 2c. Late Pleistocene overlies the 

lower Pleistocene gravel and sand aquifer and 

Early Holocene marine clay and silt, 

superimposed by delta front sand constituting 

the shallow aquifer. In the model, the 

deposition during Early Holocene time 

follows the geological model suggested by 

Tanabe and co-workers (Fig. 2c). For the sake 

of simplicity, we assume the initial oceanic 

pore water composition in the Late 

Pleistocene marine clay (20,000 mg/L 

chlorides). However, borehole logging 

suggests that saltwater might have previously 

been leached out of the formation (see 

borehole Q109 in Fig. 9). The boundary 

between land and sea is set at the South-

eastern (right) side of the model domain, with 

a constant chloride concentration of  

20,000 mg/L. Consecutive simulation periods 

(stress periods) of 1 ka are used, and the 

thickness of the Holocene clay is increased 

with 1/10 of its total clay thickness in every 

simulation period. Inactive cells are activated 

when clay layers are incorporated in the 

model domain (Larsen et al., 2017). A 

prescribed head boundary is used at sea by 

applying the sea-level change in the Gulf of 

Tonkin during the last 10 ka. A prescribed 

head boundary was also used inland in the  

40 km long profile, and was adjusted in each 

simulation period, to maintain a horizontal 

hydraulic gradient of 0.3‰. The groundwater-

ocean interaction is controlled by the pressure 

difference across the sea bottom and the 

conductance of the aquitard bottom layers, 

which is fixed to obtain a vertical upward 

hydraulic gradient of 0.3‰. The hydraulic 

conductivity of the shallow and deep aquifer 

was fixed at 1 × 10
-4 

m/s and 3 × 10
-4 

m/s, 

respectively. The hydraulic conductivity of 

the clay was varied between 1 × 10
-10

 and  

1 × 10
-6 

m/s, and the effective porosity was 

fixed at 10%. Groundwater forwarding into 

the model domain at the inland boundary 

contains 0 mg/L chloride.   

Fig. 11 shows the results of simulations of 

leaching of the marine pore water with a 

hydraulic conductivity of the aquitard layer of 

1 × 10
-9

 m/s at 5 ka, 3 ka, and 0 ka, 

corresponding to 5 ka, 7 ka, and 10 ka after 

the onset of the sedimentation of the aquitard 

sediments. These results reveal that at 5 ka, 

sediments in a 40 km wide zone from the 

present coastline were still dominated by 

marine pore water, while freshwater flushing 

had occurred in a 5 km wide area from the 

inland boundary. At 3 ka, flushing with 

freshwater had affected 10-15 km of the 

Pleistocene aquifer and 20 km of the 

Holocene aquifer. At 0 ka, corresponding to 

present, freshwater is shown in both the 

Pleistocene and Holocene aquifer. In contrast, 

in the Holocene clay, chloride concentrations 

are between 10,000 and 20,000 mg/L, in the 

same range as seen now in the Holocene 

aquitard. A simulation using a hydraulic 

conductivity of the Holocene aquitard of  

1 × 10
-8

 m/s shows similar results. 
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Figure 11. SEAWAT simulation results with hydraulic conductivity of the aquitard clay of 10-9 m/s. 

Initial concentration of chloride in the model domain is 20 g/L, ad results show concentrations after 

5.000, 7,000 and 10,000 years of saltwater fluxing 

 

In the simulations with a hydraulic 

conductivity of the Holocene clay of 10
-7

 m/s, 

relatively fast leaching of the marine pore 

water from both sand and clay was initiated 

about 4 ka, and at present (0 ka), freshwater 

has flushed the marine pore water from a large 

part of the model domain, and chloride 

concentrations up to 20,000 mg/L, is only 

seen in a zone up to 10 km from the coastline 

(Fig. 12). In the simulations with a  

hydraulic conductivity of the Holocene clay of 

1 × 10
-6

 m/s, elevated concentrations of the 

saltwater is only seen in a zone up to 10 km 

from the coastline (Larsen et al., 2017). 

This conceptual numerical modeling 

indicates that leaching by freshwater with an 

aquitard hydraulic conductivity below  

1 × 10
-8

 m/s, Concentrations of chloride, and 

associated cations from seawater, will be 

present in concentrations comparable to 

observed concentrations in the Holocene 

aquitard. With higher hydraulic 

conductivities of the aquitard, the Holocene 

aquitard should now be dominated by 

freshwater, which is clearly in contrast to 
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our field observations. The explanation of 

the occurrence of salty groundwater in the 

model results at the coastline is likely to be 

affected by the applied boundary condition 

(constant pore water concentration of  

20,000 mg/L), which is probably not 

realistic (more discussion can be found in 

the next section).  

 
Figure 12. SEAWAT simulation results with hydraulic conductivity of the aquitard clay of 10

-7
 m/s. 

Initial concentration of chloride in the model domain is 20 g/L, ad results show concentrations after 

5,000, 7,000 and 10,000 years of saltwater fluxing 

5. Discussions 

Some of the findings in this study 

regarding freshwater recharge and salinization 

processes in the Nam Dinh province seem to 

reveal general aspects regarding the 

occurrence of paleo-saltwater in the delta 

areas. In contrast, other elucidates processes 

that are of significance for managing the 

saltwater problem in the Nam Dinh province.    

During pristine conditions in the Nam 

Dinh province, artesian conditions were 

observed in the Pleistocene aquifer before 

groundwater abstraction. The historical 

hydraulic head data and field observation also 

suggest an upward hydraulic gradient. This 

could point to an upward groundwater flow. 

The observed distribution of trapped pore 

water in the aquitard and the results of the 
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numerical groundwater modeling show that 

the transport of solute out of the aquitard layer 

is controlled mainly by diffusion. One 

explanation for this absence of an advective 

flow through the aquitard could be the 

presence of "threshold gradients" below which 

little or no flow occurs (Neuzil 1986). Olsen 

(1985) shows that a lack of advective flow can 

be explained by osmotic forces without 

inferring to non-Darcian flow conditions. 

Wooding et al. (1997) studied near-surface 

saline pond environments, with low 

permeable, salty clay overlying a permeable, 

fresh groundwater zone, and showed that 

below a threshold permeability of 10
-14

 m
2 

(equivalent to the hydraulic conductivity of 

approximately 1 × 10
-7

 m/s) a near-surface 

salty the boundary layer was stable, and 

density induced convection did not occur. In 

these studies of near-surface sediments, an 

evaporative flux was present in the clay layer, 

diminishing the downward transport of solutes 

with the water. Using the Rayleigh number 

(Ra) as a criterion, Groen et al. (2000) argue 

that convective density flow occurs in a 

stratified system with saline groundwater 

overlying fresh groundwater. This occurs 

when this number exceeds a critical Rayleigh 

number value close to 40. The Rayleigh 

number is given by equation 2: 

                 e

a
D

gkH
R



 )(
                         (2) 

Where Δρ is the density difference 

between the salt and fresh water, g is the 

acceleration of gravity, k is the permeability 

of the sediment, H is the thickness of the 

sediment with saltwater, ν the dynamic 

viscosity of the water and De is the effective 

diffusion coefficient. The parameters in 

equation 2, which may vary most, are the 

difference in water density, sediment 

permeability, and thickness of the layer with 

salty water. Using a maximum water density 

difference of 20 kg/m
3
 (80% of seawater) and 

a saltwater layer thickness of 50 m, the onset 

of a convection density flow should at this 

study site occur when k exceeds 4 × 10
-16

 m
2
 

(4 × 10
-9

 m/s), which is a hydraulic 

conductivity, a factor 10 higher than observed 

in this study for the silty clays (Table 4). 

However, the variability in apparent resistivity 

in the aquitard, as revealed by the TEM 

soundings (Fig. 10), indicates variations in 

leaching of the salt water, and this could 

reflect variations in the hydraulic conductivity 

of the aquitard, thereby affecting the transport 

mechanism, with density-driven transport 

occurring in high permeability layers. Results 

of the conceptual 2D numerical groundwater 

flow simulation conducted in this study 

confirm that stratification of the water 

column, with saline water overlying brackish 

of fresh groundwater, can remain stable over 

thousands of years in the delta systems, with 

the permeability of the sediments as one of the 

controlling parameters of solute transport by 

diffusion in low permeable sediments. 

Based on our knowledge, the most 

thorough determination of the permeability 

and porosity in unconsolidated and 

consolidated marine sediments was done by 

Bryant et al. (1975), who used laboratory 

consolidation tests to examine the samples 

from the Gulf of Mexico. In that study, marine 

sediments were divided into four groups; 

Group 1, sediments containing more than 80% 

clay-sized material (< 2 µm); Group 2, 

containing sediments from 60 to 80 % clay-

sized material; Group 3, silty clays with less 

than 60%, and Group 4, silts and clays that 

have a significant sand-size fraction present  

(> 5%). These results showed the hydraulic 

conductivity in these sediments ranged from 

10-7 to 10-12 m/s, and samples buried a few 

tens of meters had hydraulic conductivities 

below 10-9m/s. The clay samples from Nam 

Dinh province are comparable to the clays in 

Group 3 of Bryant et al. (1975), with a 

porosity of 30 and 40% and hydraulic 

conductivity of app. 10-11 m/s. These 

observations of hydraulic properties in 
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unconsolidated marine clays could suggest 

that diffusion-controlled transport of seawater 

out of transgressive clays is a general 

phenomenon in coastal aquifer systems, as 

similar stratified profiles reported from other 

studies of Quaternary coastal multi-aquifer 

systems (e.g. Radhakrishna 2001; Manzano et 

al. 2008; Hiroshiroe ty al 2006: Akouvi et al. 

2008; Han et al. 2011; Ikawa et al. 2014).    

In the numerical simulations of the 

groundwater flow, it is assumed that salty 

water is present in both high and low 

permeability formations as an initial 

condition. This might, however, be an 

unrealistic assumption, as there is worldwide 

documentation that fresh groundwater has 

been flowing into shelf sediments during the 

Holocene transgression (Manheim et al. 1968; 

Meisler et al. 1984; Post et al. 2013). In our 

simulations, a change of this initial condition 

would lead to more fresh or brackish 

groundwater in the Pleistocene aquifer. 

A specific finding of significance for the 

distribution of salty groundwater in the 

Pleistocene aquifer (Fig. 1), and the 

management of the groundwater resource in 

the Nam Dinh province, is the hydraulics of 

the Late Pleistocene clay layer (Fig. 2a and 

2b). In contrast to the Holocene aquitard, this 

layer is freshwater bearing, which is likely 

explained by flushing the Pleistocene marine 

clay with fresh water during the low water 

stand in the Early Holocene. In places where 

the Pleistocene clay is underlying the 

Holocene salty aquitard (Fig. 9), the 

Pleistocene aquifer contains freshwater. The 

flux of the marine pore water out of the 

Holocene aquitard solemnly by diffusion will 

ideally develop symmetrical chloride 

concentrations profiles, with upward and 

downward gradients into sandy layers, as seen 

in borehole Q222 (Fig. 9), where the 

Holocene clay is directly overlying the 

Pleistocene aquifer. Asymmetrical salinity 

profiles are encountered in the boreholes 

Q109, Q110, and Q 223, where downward 

leaching by diffusion occurs into underlying 

Pleistocene freshwater clay (Fig. 9). This 

shows that the freshwater bearing Pleistocene 

clay is reducing the downward flow of salty 

pore water into the Pleistocene aquifer, and 

this is the reason for the heterogeneous 

distribution of salty groundwater in this 

aquifer (Fig. 1).  

There is a strong argument for a local 

hydraulic contact between the more profound 

and upper aquifer in the Nam Dinh province. 

Therefore, recharge to the deeper aquifers 

must only occur from the elevated mountain 

areas west of the region (Fig. 1). Before 

groundwater abstraction, groundwater flowed 

offshore through the high permeable 

Pleistocene layers. After groundwater 

pumping was initiated, a downward hydraulic 

gradient has been built up for approximately 

25 years, reaching   160 ‰ in the central part 

of the cone of depression. At the same time, 

groundwater flow directions have been 

changed in the Pleistocene aquifer, with a 

flow controlled by the location of the recharge 

area and the location of the major 

groundwater abstraction points (Fig. 6).  

With the observed decline in the water 

table in the Pleistocene aquifer, the present 

water abstraction rate may not be sustainable. 

A coastal saltwater intrusion may be 

generated with a further decline of 

groundwater level. The only monitoring 

borehole located between the abstraction point 

(Q109) and the sea is Q110 (Fig. 1), and this 

was drilled to a depth of approximately 50 m 

above the top of the Neogene layers. This 

borehole is therefore not deep enough to 

monitor if a saltwater intrusion has occurred 

in the Neogene layer. Freshwater resources 

might be present in the Pleistocene aquifer 

offshore stored in the Pleistocene deposits, but 

these will eventually be mined, and saltwater 

will then move into the aquifer. The dynamics 

of this system can only be studied with  

a three-dimensional variable-density 

groundwater flow model, and more work, 
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including offshore data, is thus necessary to 

explain this question.            

6. Conclusions  

From the investigations conducted on the 

salinization processes in the coastal aquifers 

in the Nam Dinh Province, it can be 

concluded that: 

(1) The groundwater composition in the 

shallow aquifer is affected by leakage of 

saline river water into the aquifer at a distance 

up to 35 km from the coastline, and TDS 

values in the aquifer up to 6 g/L, have been 

observed. The hydraulics in the shallow 

aquifer is largely controlled by the water stage 

in the irrigation canals, into which water is 

transported in the dry season to irrigate the 

paddy field after the rice has been planted. 

(2) The deep Pleistocene aquifer seems 

only to be recharged from the mountains west 

of the Nam Dinh province. During pristine 

conditions, freshwater flowed towards the sea 

in the deep aquifer and further offshore below 

the sea bottom.  

(3) A Holocene transgressive marine clay 

separates the shallow and the deeper aquifers, 

and hydraulic and water stable isotope values 

suggest a limited hydraulic connection 

between the shallow and deep aquifers.  

(4) The salinity distribution in the marine 

clay has been mapped using transient 

electromagnetic soundings and geophysical 

borehole logging.  

(5) The numerical modeling results using 

the code SEAWAT show the distribution of 

pore water salinities resembling the mapped 

concentrations when aquitard hydraulic 

conductivities are below 10-8 m/s.   

(6) In the present pumping controlled flow 

regime, dissolved solutes are transported by 

advection and diffusion from the confining 

Holocene layer into the Pleistocene aquifer. 

(7) Saltwater intrusion from the sea into 

the Pleistocene aquifer might be generated in 

the future, but more studies are needed to 

confirm.   

(8) As some uncertainties pointed out 

above, the paleo-climatic conditions related to 

paleo-groundwater recharge and the 

distribution of coastal paleo-seawater 

concentrations associated with the initial 

conditions of paleo-pore water in the 

sediments still need to be clarified in these 

upcoming studies 
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