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a b s t r a c t

Groundwater has been the primary source of daily water supplies for people living in the Red River Delta,
the second largest delta in Vietnam. For this reason, identification of hydrogeochemical properties of the
groundwater is indispensable for sustainable utilization of groundwater sources. In this study, the spatio-
seasonal hydrogeochemical characteristics of groundwater in the unconfined aquifer of the Red River
Delta have been investigated by systematically applying self-organizing maps (SOM) and Gibbs diagrams.
The groundwater chemistry dataset used in the analysis is composed of eight major dissolved ions (i.e.,
Ca2þ, Mg2þ, Naþ, Kþ, HCO�

3 , Cl
�, SO2�

4 , and CO2�
3 ) and total dissolved solids that are collected from 47

groundwater monitoring wells within the study area during the dry and rainy seasons. The SOM
application classified the hydrogeochemical data into five clusters, which revealed three basic repre-
sentative water types: high salinity (one cluster), low salinity (two clusters), and freshwater (two clus-
ters). The spatial distribution of clusters and water types were identified. In particular, the low-salinity
type was found not only in the downstream area but also in the northeastern parts of the upstream and
middle-stream areas, where the groundwater was mainly classified into one specific cluster, in which
agricultural activities were considered to influence groundwater chemistry. Cluster changes from the dry
to rainy seasons were detected in approximately one-fifth of the observations wells. Dilution by surface
water may significantly affect the chemical characteristics of the unconfined aquifer during the rainy
season. Based on Gibbs diagrams, rock weathering was found to be the main process in the evolution of
chemical composition of freshwater type, whereas the chemical structure of the low- and high-salinity
types was primarily controlled by saltwater intrusion or anthropogenic activities.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The chemical characteristics of groundwater are important
factors determining its quality and utilization. The chemical
composition of groundwater is controlled by many factors,
including the mineralogy of aquifers, chemical composition of
rainfall and surface water, climate, topography, and anthropogenic
activities (Edmunds et al., 1982). The interaction of groundwater
with these factors leads to the formation of different hydro-
geochemical characteristics (Clark and Fritz, 1997). Therefore,
identification of hydrogeochemical characteristics can further the
understanding of the geochemical processes, hydrodynamics, and
T.T. Nguyen).
origin of groundwater as well as its interaction with aquifer ma-
terials (Furi et al., 2011). A great many hydrogeochemistry studies
have been carried out to improve the understanding of ground-
water systems; e.g., studies have been conducted in America
(Quiroz Londo~no et al., 2008; Oyarzún et al., 2013), Africa (Mojerezi
et al., 2011), Europe (Dragon and G�orski, 2009), and Asia (Sasamoto
et al., 2011). The focus of this study is the Red River Delta (RRD) in
Vietnam, where excessive groundwater withdrawal in the absence
of the wise management and adequate understanding of the
hydrogeochemical characteristics has caused serious problems,
such as the unmitigated decline of groundwater levels and the
deterioration of water quality (Bui et al., 2011).

The RRD is one of the largest deltas in Vietnam with an area of
approximately 13,000 km2. The delta, which encompasses the
Vietnamese capital, Hanoi, had a population of approximately 20
million in 2012 (23% of Vietnam's total population), making it one
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of Vietnam's most densely populated regions (Vietnam General
Statistic Office, 2013). In terms of groundwater use, almost all
communities located in the delta depend entirely on groundwater
for their domestic water supply. Recently, due to the importance of
groundwater in this region, several RRD groundwater-related
studies have been carried out. Tran et al. (2012) undertook
geophysical investigations to study the origin and extent of fresh
groundwater, salty paleowaters, and recent saltwater intrusions in
the RRD. Arsenic pollution of groundwater in the RRD has been
investigated by various researchers such as Winkel et al. (2011),
Berg et al. (2008), Jessen et al. (2008) and Agusa et al. (2005). In
our earlier studies, we investigated the spatial characteristics of the
aquifer system (Bui et al., 2011) as well as groundwater level trends
in the entire RRD (Bui et al., 2012). To date, little information has
been available regarding hydrogeochemical characteristics of the
groundwater in the RRD with reference to major ion chemistry,
especially the seasonal properties of hydrogeochemitry. The
hydrogeochemical characteristics of groundwater in the two main
aquifers of the RRD were also investigated by analyzing the phys-
icochemical data from 31 conjunctive wells using classical hydro-
geological and hydrochemical approaches (Piper and Gibbs
diagrams) (Nguyen et al., 2014). Piper diagram was valuable in
pointing out features of analyses of the hydrogeochemical data, but
did not suffice to investigate the intrinsic relationships of data in
the RRD. Therefore, it is necessary to apply the methods of clus-
tering analysis for the hdyrogeochemical data in order to achieve a
better understanding of the chemical properties of groundwater
system in spaces as well as in time (Subyani and Al Ahmadi, 2009).
Groundwater interacts with surface hydrologic systems, such as
rivers, lakes, and oceans, and is indirectly influenced by seasonal
changes during recharge and discharge. The annual cycle in
groundwater levels in shallow aquifers was strongly governed by
those of rainfall and river water level (Shamsudduha et al., 2009;
Sanz et al., 2011). The change in seasons can potentially affect the
hydrogeochemical properties of groundwater, especially in areas
that have distinct dry and rainy seasons, such as Vietnam. Hence,
investigation of the changes in the hydrogeochemical characteris-
tics of groundwater in the RRD between the dry and rainy seasons
(or vice versa) may reflect the groundwater hydrodynamics and
circulation, and may help improve data collection programs for
groundwater assessment, enabling better use of groundwater
supplies.

In the RRD, the topmost Holocene unconfined aquifer (HUA) and
the Pleistocene confined aquifer (PCA) are two important aquifers
from which groundwater is being abstracted (Bui et al., 2011). Ur-
ban water systems predominately extract water from the PCA,
whereas private households in rural areas pump groundwater from
the HUA (Winkel et al., 2011). Since the wellheads of these private
wells are not protected, groundwater contamination from domestic
waste and agricultural sources can easily becomewidespread in the
HUA of the rural areas, which lack proper domestic waste disposal
facilities. In addition, pollution from the unconfined aquifer often
spreads to deeper aquifers (Marghade et al., 2012). Therefore,
hydrogeochemical studies of the unconfined groundwater in the
RRD will provide a better understanding of possible changes in
quality, and thus help to mitigate the inferior quality and provide
guidance for the effective management of groundwater resources.

In order to identify the spatio-seasonal hydrogeochemical
characteristics of groundwater, a robust classification scheme to
cluster water chemistry samples into homogeneous groups is
essential (Güler and Thyne, 2004). Several common clustering
techniques have been utilized to divide groundwater samples into
similar homogeneous groups (each representing a hydro-
geochemical facies) with the ultimate objective of characterizing
the quality of groundwater. These techniques include principal
component analyses (Mojerezi et al., 2011), Q- and R-mode hier-
archical cluster analysis (Reghunath et al., 2002), and the fuzzy c-
means clustering technique (Güler and Thyne, 2004). These
methods are efficient at grouping water samples by chemical
similarities, but not useful for a visual assessment of the results or
construction of maps showing hydrogeochemical facies (Güler
et al., 2002). The recently proposed method of the self-organizing
maps (SOM) is likely to become an alternative or complementary
tool of those clustering methods (Iseri et al., 2009).

The SOM is a powerful technique capable of ordering multi-
variate data by similarity while preserving the topological structure
of the data (Kohonen, 2001). Based on an unsupervised learning
algorithm, the SOM has excellent visualization capabilities,
including techniques that use the reference vectors of the SOM to
provide an informative picture of the data (Hong et al., 2003). The
SOM has been implemented in various aspects of water research,
e.g., classification of environmental monitoring data (Jin et al.,
2011) and clustering for wastewater treatment monitoring
(Hilario and Ivan, 2004). The SOM has also proven to be a powerful
and effective data analysis tool in meteorological analysis and
detection of long-term climate changes (Nishiyama et al., 2007;
Leloup et al., 2007). However, there have been very few pub-
lished studies regarding the application of SOM to hydro-
geochemical data for investigating the spatio-seasonal
hydrogeochemical characteristics. This study attempted to apply
SOM combined with a hierarchical cluster analysis to cluster un-
confined groundwater chemistry data from the RRD.

The main objective of this study is to identify spatio-seasonal
hydrogeochemical characteristics of unconfined groundwater in
the RRD using SOM and Gibbs diagrams. In this study, Gibbs dia-
gramswere aptly used to elucidate the cause and significance of the
hydrogeochemical characteristics clustered by the SOM. Gibbs
(1970) proposed chemical diagrams for assessing functional sour-
ces of dissolved chemical constituents and inferring themechanism
that controls the chemistry of surface water. Various researchers
have demonstrated the usefulness of Gibbs diagrams for ground-
water (Xiao et al., 2012; Oinam et al., 2012; Xing et al., 2013). The
findings from this study will provide valuable insights into the
spatioeseasonal hydrogeochemical characteristics of unconfined
groundwater in the RRD.

2. Study area

The RRD is formed from the deposition of the sediment carried
by a river during the Quaternary Ice Age including the Pleistocene
and Holocene epochs. The Holocene sediments overlying the
Pleistocene deposits, in which water seeps from the groundwater
surface directly above the aquifer, are defined as an unconfined
aquifer. Fig.1 shows the geographical location of the entire RRD and
the 47 groundwater sampling wells in the HUA, which are
numbered from Well Nos. 1e31 and from 53 to 68 (Nos. 32e52 are
for the PCA wells). In order to facilitate investigation of spatial
hydrogechemical characteristics, the RRD was divided into three
parts: upstream, middle-stream, and downstream by two lines, AA0

a006Ed BB0, as shown in Fig. 1. The two lines are the lines con-
necting boreholes of two typical hydrogeological cross-sections,
which were created in our previous study (Bui et al., 2011). Well
Nos. 1e15 and 53e57 are in the upstream area; Well Nos. 16e24
and 58e64 are in themiddle-stream area; andWell Nos. 25e31 and
65e68 are in the downstream area. The RRD is the most-developed
region in Vietnam and comprises 11 provinces and cities (Fig. 1).
Two of Vietnam's major economic centers, Hanoi and Hai Phong,
are located in the RRD (Bui et al., 2012).

The RRD is situated in the tropical monsoonal region with two
distinct dry and rainy seasons. The rainy season starts in May and



Fig. 1. The geographical location of the study area and location of the 47 sampling wells in the HUA.
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ends in October, while the dry season lasts from November until
April. The annual average rainfall is about 1600 mm. The annual
average humidity is about 80%, and the average temperature is
around 24 �C. The annual evaporation average is approximately
900 mm. The river network is quite extensive, with a network
density of about 0.7 km/km2 (Bui et al., 2011). The average
discharge of the Red River at the Hanoi station, which was calcu-
lated from the daily discharge data from 1956 to 2010, is 3970 m3/s
during the rainy season and 1160 m3/s during the dry season
(IMHE-MONRE, 2011). The tidal range along the coast is approxi-
mately 4 m. The lakes, ponds, and canals in highly urbanized areas
are seriously polluted with untreated domestic and industrial
wastewater (Bui et al., 2012). Because groundwater is relatively
cleaner and remains generally unaffected by the surface environ-
mental problems, it has become the most trusted water source in
the RRD (Bui et al., 2011).

In terms of regional geology, the RRD is composed of
Quaternary-aged unconsolidated sediments with the thickness
ranging from a few meters in the northwest to 150e200 m at the
coastline in the southeast (Tran et al., 2012). The groundwater
mostly exists as in the pores of the soil beneath the earth's surface
that forms the topmost HUA and the PCA that forms the topmost
HUA and the PCA, with the former having a high probability to be
contaminated by pollutants from domestic as well as agricultural
and industrial sources. Thus, the HUAwill be the focus of this study.
The HUA consists of silty clay and various sands mixed with gravel.
The thickness of this layer varies up to more than 60 m, which
increases from the northwest to southeast of the delta, whereas
there exists a thin area with the thickness of less than 30 m in the
middle of the delta (Bui et al., 2011). In general, the groundwater
moves from northwest to southeast (from inland to the sea)
following the general topography of the study area. The Red River is
an important natural recharge source for groundwater storage in
the RRD because it runs across HUA and in some places across PCA
due to stream-bed erosion. The seasonality in groundwater levels
for both HUA and PCA is closely associated with the annual cycles of
river-water levels (Bui et al., 2012).

3. Materials and methods

3.1. Data used

The RRD has the most extensive hydrogeochemical database in
Vietnam with a large number of data owners. However, the record
lengths and intervals vary greatly depending on the completion
time and the intended usage of the observationwells, as well as the
aquifers and variables that are being monitored. In this study, we
used the most recent groundwater chemical data from the National
Hydrogeological Database Project (Tong, 2004), which were
collected from 47 observation wells in the months of February (dry
season) and August (rainy season) in 2011 to investigate the
hydrogeochemical characteristics of HUA groundwater in the RRD.

Classification of chemical groundwater is based on the con-
centration of various major cations and anions or on the
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interrelationships of ions. In our previous study (Nguyen et al.,
2014), the Piper diagram was used to classify the major ions in
the groundwater into various hydrogeochemical types to investi-
gate and identify the hydrogeochemical facies of groundwater in
the RRD. In this study, we also used the same kind of the chemical
data consisting of major cations (Ca2þ, Mg2þ, Naþ, and Kþ), and
major anions (HCO�

3 , Cl
�, SO2�

4 and CO2�
3 ) with total dissolved

solids (TDS) so as to cluster and characterize the groundwater
quality. The carbonate ion (CO2�

3 ) concentration was calculated
from the observed bicarbonate (HCO�

3 ) concentration and pH data.
Standardization of the data was necessary prior to the applica-

tion of the SOM to ensure that all values of the chemical parameters
were given the same or similar importance. The results of the SOM
application were sensitive to the data pre-processing method used,
as the SOM is trained to be organized according to the Euclidean
distances between input data. In this study, the range of the stan-
dardized values of the hydrogeochemical data for all parameters
was 0e1, as given in the Eq (1):

x0ij ¼
xij �min

�
xj
�

max
�
xj
��min

�
xj
� (1)

where xij is the concentration values of the chemical parameters of
the ith wells.

This allows all the features to move in approximately the same
ranges and therefore, they are treated by the SOM in a same way.
3.2. Methods

The SOM, developed by Kohonen (2001), is one kind of artificial
neural network that is characterized by unsupervised training. It
can project multi-dimensional, complex target data onto a two-
dimensional regularly-arranged map in proportion to the degree
of similarity (Jin et al., 2011). Therefore, it is an effective tool to
visualize and explore data properties. In general, the objective of
the SOM application is to obtain useful and informative reference
vectors. These vectors can be acquired after iterative updates
through the training of the SOM, which is composed of three main
procedures: competition between nodes, selection of a winner
node, and update of the reference vector.

Design of the SOM structure (calculation of the total number of
nodes, side lengths), selection of a proper initialization method,
and data transformation methods are very important features in
the SOM application. The number of map nodes determines the
accuracy and generalization capability of the SOM. According to the
properties of the SOM, the bigger the map size is, the higher the
resolution for pattern recognition, while the topographical adja-
cency is further among the clusters. A reasonable optimum solution
of the compromise among the accuracy of pattern classification and
topographical proximity of clusters to determine the number of the
SOM nodes is the heuristic rule of m ¼ 5

ffiffiffi
n

p
, with m denoting the

number of the SOM nodes and n representing the number of input
data (Jin et al., 2011; Hentati et al., 2010; Jeong et al., 2010; Vesanto
et al., 2000). In this study, this heuristic formula was used to
determine the total number of nodes in the SOM. The ratio of the
number of rows to the number of columns was calculated by the
square root of the ratio between the two biggest eigenvalues of the
transformed data (Hilario and Ivan, 2004).

After establishing the SOM structure, reference vectors for the
SOM with the commonly used hexagonal array are initially set
using the linear initialization method. In this study due to limited
data, the linear initializationmethodwas used, as it is more suitable
for the pattern classification than the random initialization. The
latter requires a large dataset and might cause boundary effects
near the edges of the map (Jin et al., 2011; Hentati et al., 2010;
Vesanto et al., 2000). In addition, the linear initialization
approach can use eigenvalues and eigen vectors of the input data to
set the initial reference vectors on the structured SOM. This means
that the initial reference vectors already include prior information
about the input data, resulting in an acceleration of the training
phase (Jin et al., 2011; Vesanto et al., 2000). In this study, each
reference vector was updated through the training process of the
SOM using the batch mode, as given in Eqs. (2)e(4):

miðtþ 1Þ ¼
Pn

j¼1 hicðtÞxjPn
j¼1 hicðtÞ

(2)

c ¼ argmink
���xj �mk

��� (3)

where, c is index of the BMU of data samples xj and hic (t) is the
weight of each data sample using the neighborhood function value-
Gaussian, as shown in Eq. (4):

hciðtÞ ¼ e
�d2

ci
2s2

t (4)

The reference vectors obtained at the end of the training process
can be fine-tuned using cluster analysis methods. Various clus-
tering algorithms are available in literature. These algorithms are
generally classified into two types: hierarchical clustering and
partitional clustering. These two clustering types can be integrated
such that a result given by a hierarchical method can be improved
via a partitional step, which refines via iterative relocation of points
(Hilario and Ivan, 2004). In this study, both clustering algorithms
were applied for the fine-tuning of the reference vectors. For the
partitional clustering methods, the k-means algorithm is the most
frequently used method for the SOM (Jin et al., 2011; Hentati et al.,
2010; Nishiyama et al., 2007; Hilario and Ivan, 2004). The optimal
number of clusters was selected by the DavieseBouldin index (DBI)
using the k-means algorithm, as shown in Eq. (5):

DBI ¼ 1
N

XN
i¼1;isj

max

 
si þ sj

d
�
ci; cj

�
!

(5)

Where, s is standard deviation, N is number of clusters; sI, sj are
the average distance of all patterns in cluster i,j to their cluster
center cI, cj, respectively; and d (ci, cj) is the distance of cluster
centers cI and cj. .

The DBI values were calculated from a minimum of 2 clusters to
the total number of nodes. The calculation was based on the
“similarity within a cluster” and “dissimilarity between clusters.”
Therefore, the number of clusters showing the minimum DBI was
optimal for the trained SOM. For the hierarchical method, Ward's
linkage method is the most commonly used approach (Jin et al.,
2011; Hentati et al., 2010). In this study, a final fine-tuning cluster
analysis was carried out by Ward's method using the optimal
number of clusters.

To investigate the mechanisms governing the groundwater
chemistry in the RRD, the chemical diagrams that were proposed
by Gibbs (1970) were used to further evaluate the clustered data
(wells). The weight ratios Na/(Na þ Ca) and Cl/(Cl þ HCO3) were
plotted against the total dissolved solids (TDS) separately on a
logarithmic axis to represent the Gibbs cation and anion diagrams,
respectively. The Gibbs diagrams were originally used to evaluate
surface waters, but recent groundwater quality studies have used
these diagrams to assess the sources of dissolved chemical con-
stituents of groundwater (Marghade et al., 2012; Raju et al., 2011;
Nagarajan et al., 2010).



Table 1
Correlation coefficients among 8 physicochemical parameters.

Ca2þ Mg2þ Kþ Naþ HCO�
3 SO2�

4 Cl�

Mg2þ 0.47
Kþ 0.44 0.996
Naþ 0.43 0.996 0.998
HCO�

3 0.30 0.72 0.74 0.71
SO2�

4 0.54 0.89 0.86 0.87 0.46
Cl- 0.45 0.997 0.998 0.999 0.70 0.88
CO2�

3 0.10 0.67 0.69 0.67 0.95 0.46 0.66
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4. Results and discussion

4.1. SOM and clustering results

The input data for the SOM application were varying concen-
trations of eight chemical parameters (major ions as described in
Section 3.1) from 94 samples (n ¼ 94), which were observed in 47
HUA wells during the dry and rainy seasons. Based on the meth-
odology described above, the number of SOM nodes was calculated
as 44, and the numbers of rows and columns were 11 and 4,
respectively. The constructed SOMwas used for the cluster analysis
of the standardized groundwater chemistry monitoring data.

Fig. 2 shows the eight-component planes of SOM finally ob-
tained after the training process. Each map represents the
component value of the reference vectors for the 44 SOM nodes, in
which the reference vectors were standardized to range 0e1, using
shades of gray. The nodes that represent high values are dark gray
and those representing low values are light gray. A comparison by
means of a gradient of gray shades among the component SOMs
can indicate informative and qualitative correlations among the
studied parameters. Through visual investigation of the SOMs
shown in Fig. 2, Mg2þ, Naþ, Kþ, Cl�, and SO2�

4 have similar gray
gradients. This means that there is strong positive correlation
among these five parameters. As can be seen in Fig. 2, the
component map of Ca2þ shows weak positive correlation with
other parameters suggesting that the change in Ca2þ concentration
was independent upon changes in concentrations of other ions. The
Fig. 2. Component planes for (a) Ca2þ, (b) Mg2þ, (c) N
widespread of carbonate rock, which is the main source of Ca2þ

along with the ion exchange reactions in the groundwater may be
the reason of this weak correlation.

Table 1 shows the correlation coefficients among eight physi-
cochemical parameters using the standardized reference vectors.
This table quantitatively confirms the strength of the relations
between these parameters. For example, the relation of Cl� with
Mg2þ, Kþ, Naþ, and SO2�

4 indicated significantly high correlation
coefficients more than 0.88. CO2�

3 also showed a strong correlation
with HCO�

3 with the correlation coefficient of 0.95, while the cor-
relation coefficients of Ca2þ with other parameters were relatively
low, as shown in Table 1.

In order to select the optimal number of clusters, the DBI values
based on the k-means clustering algorithm were calculated for the
minimum (2) to the maximum (44) possible clusters. Fig. 3 shows
the variation of the DBI values after being applied to the data. The
aþ, (d) Kþ, (e) HCO�
3 , (f) SO

2�
4 , (g) Cl�, (h) CO2�

3 .



Fig. 3. Variation of DBI values with the optimal number of clusters marked by the circle on the figure.
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most appropriate number of clusters corresponding to the mini-
mum DBI was five. Once the optimum number of clusters had been
selected, the hierarchical clustering algorithm using Ward's
method was applied to obtain the five clusters for fine-tuning the
pattern classification.

Fig. 4 shows the hierarchical cluster tree with the nodes of the
SOM classified into five different clusters. The nodes in the SOM are
numbered from top to bottom and from left to right. As shown in
this figure, Clusters 1 and 5 have the smallest distance or highest
similarity between clusters, implying that Clusters 1 and 5 have
similar hydrogeochemical characteristics. In contrast, Cluster 4 and
the other clusters are at relatively far distances, implying that the
characteristics of Cluster 4 are different from the other clusters.

Fig. 5 shows the pattern classification map of the five clusters.
The numbers representWell Nos.; D and R denote the dry and rainy
seasons; and u, m, and d denote upstream, middle-stream, and
downstream areas, respectively. Simultaneous consideration of
Fig. 2 (the component SOMs) and Fig. 5 indicates the type of data
included in the respective clusters. For example, Cluster 4 (lower
right part of Fig. 5) is associated with high-salinity water charac-
terized by significantly high concentrations of all ions, which is
observed in the same location of the respective component SOMs,
Fig. 4. Dendrogram with node numbers classified into the respective clusters.
as shown in Fig. 2. On the other hand, the groundwater samples in
nodes with very low concentrations of almost all ions are located at
the upper part of each SOM (classified as Cluster 1), as shown in
Fig. 2.

4.2. Fundamental characteristics of the respective clusters

The reference vector values obtained from the SOM can provide
quantitative information. In order to numerically characterize the
classified data, the first quartile, median, and third quartile for the
five clusters were calculated using the reference vectors. For
instance, the quartiles for Cluster 1 were calculated using the
standardized reference vectors of the 18 nodes classified into the
cluster. Fig. 6 displays the radar charts of the eight parameters for
the five clusters with the first quartile, median, and third quartile
plotted. As shown in this figure, the visible patterns of Clusters 1
and 5 are similar (as mentioned above for Fig. 4). Both clusters
reveal a pattern of low concentration of all the major ions. In
particular, Cluster 1, with the lowest values for all major ions,
represents the freshest water type. The highest values of all ions are
classified into Cluster 4; therefore, the samples in this cluster can be
assumed to be of the high-salinity type. Clusters 2 and 3 include
relatively high values for all cations and Cl�. Furthermore, Cluster 2
is associated with much higher anions of CO2�

3 and HCO�
3 . In this

study, both Clusters 2 and 3 were classified as the low-salinity type,
even though the distance between the clusters is quite far, as can be
seen in Fig. 4. As mentioned above, groundwater in the RRD is
mainly used for domestic water supply, drinking water and agri-
culture purposed. Therefore, from the practical point of views, the
five classified clusters should be divided into three main water
types on the basis of the similarity observed from the five radar
charts in Fig. 6, in order to be more generalized and understandable
for groundwater users and authorities in Vietnam. The freshwater
type was associated with Clusters 1 and 3 due to the lowest values
for all ions, as indicated in the upper and middle-left parts of Fig. 5.
Cluster 4 was characterized by high concentrations of all major
ions, representing the high-salinity type, as seen in the lower right
of Fig. 5. The remaining two clusters (Clusters 2 and 3) are char-
acteristic of the low-salinity type, as shown in the lower-left and
middle-right parts of Fig. 5. In fact, to make the water users and
authorities understand more easily, grouping clusters obtained
from SOMhas also been carried out in other studies (Jin et al., 2011).
Table 2 shows the mean values calculated from the observed eight
parameters for each cluster and the whole data. Clusters 1 and 5



Fig. 5. Pattern classification map of the eight clusters by the SOM. Numbers represent the name of sampling wells in Fig. 1. The characters D and R correspond to the dry and rainy
season. The last characters u, m, and d denote upstream, middle-stream, and downstream areas.

T.T. Nguyen et al. / Applied Geochemistry 63 (2015) 10e2116
indicate lowermean values for almost all ions. Particularly Cluster 1
had the lowest values, except for CO2�

3 . These values confirm that
Clusters 1 and 5 represent the freshwater type, as mentioned
above. In contrast, Cluster 4 shows considerably higher mean
values than those for the whole data for all major ions, indicating
the most saline groundwater in the study area. Clusters 2 and 3
have relatively higher mean values for almost all ions compared to
the values for the whole data.

4.3. Seasonal changes in the respective clusters

Fig. 7 displays the SOM, in which all the observation wells
showing cluster changes from the dry to rainy seasons are indi-
cated. From this figure, eight out of the 47 observation wells were
observed to exhibit seasonal changes. Four wells (Well Nos. 24, 27,
57, and 63) showed changes of water types and the other four wells
(Well Nos. 20, 30, 61, and 67) showed changes within the same
water type.

Samples from each of the four wells that exhibited changes in
water type changed from the low-salinity to the freshwater type. In
other words, observation wells exhibited changes from the cluster
with higher concentrations of most ions in the dry season to the
cluster with lower concentrations in the rainy season. According to
the previous study of Bui et al. (2011), HUA groundwater levels are
usually situated within 4 m under the ground surface. Their annual
cycle was strongly governed by those of rainfall and river water
level with average amplitude of about 2 m. In addition, ground-
water near the Red River receives mostly recharges from surface



Fig. 6. Radar charts for the respective clusters with the first quartile (dashed lines), median (solid lines) and the third quartile (dotted lines) by obtained reference vectors.

Table 2
Mean values of eight parameters for the five clusters and whole data.

Mean Ca2þ (mg/L) Mg2þ (mg/L) Naþ (mg/L) Kþ (mg/L) HCO�
3 (mg/L) SO2�

4 (mg/L) Cl� (mg/L) CO2�
3 (mg/L)

Cluster 1 70 31 78 6 366 23 135 0.026
Cluster 2 70 172 1330 58 911 85 2190 0.138
Cluster 3 105 154 1310 46 301 352 2310 0.010
Cluster 4 156 779 6800 256 1050 771 7620 0.179
Cluster 5 138 52 108 11 587 49 192 0.031
Whole data 88 97 659 28 491 102 1130 0.046
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water because shallow aquifers adjacent to river mostly experience
great groundwater recharge. The increase of groundwater recharge,
e.g., from rainfall and rivers, may create a dilution effect, which
could explain the downward trends in the ion concentrations
during the rainy season.

In terms of changes in clusters within the same water type,
samples fromWell No. 30 notably changed from Cluster 3 (the low-
salinity type with relatively high SO2�

4 and low CO2�
3 and HCO�

3 ) to
Cluster 2 (the low-salinity type with high CO2�

3 and HCO�
3 ), while

Well No. 67 changed from Cluster 2 to Cluster 3. As shown in Fig. 1,
Well No. 30 is located in the southwest downstream area, whereas
Well No. 67 is situated in the northeast downstream area. Ac-
cording to Bui et al. (2012), the HUA in the RRD is recharged pri-
marily from rivers and the surrounding mountains. The western
mountains are carbonate rock formations consisting of marble,
limestone, and dolomite, whereas sulfate minerals (gypsum and
anhydrite) are commonly found in the northeast mountain area
(Drogue et al., 2000). This suggests that the increase of ground-
water recharge from the mountains during the rainy season, which
causes increased concentrations of carbonate in Well No. 30 and
sulfate inWell No. 67, could be the reason for these changes. On the
other hand, samples from Well Nos. 20 and 61 changed from
Cluster 5 to Cluster 1 (the lowest salinity). This may be due to the
increase of groundwater recharge by surface water, such as rainfall,
lakes or rivers, during the rainy season.

In our former study (Nguyen et al., 2014), we used Piper diagram
to investigate the seasonal changes in hydrogeochemical facies.
However, some of the seasonal changes in water types as well as
clusters within the same water type, which were obtained by using
SOM, were not detected by using Piper diagram. For example,
samples in Well Nos. 27 showed seasonal changes of water types
(from low-salinity type to freshwater type) as mentioned above,
but Piper diagram showed that groundwater in these wells was the
[Naþ-Cl-] ion type in both season. Similarly, samples inWell Nos. 20
and 30, which showed the seasonal changes in clusters within the
same water type, were the [Ca2þ-HCO�

3 ] and [Naþ-Cl-] ion types,
respectively.

Furthermore, it is difficult for Piper diagram to visually detect
the seasonal changes in ion types because of many overlapped
samples plotted in Piper diagram, especially when the amount of
data increases. On the other hand, SOM can distinctly visualize the
seasonal changes as plotting in the different nodes, as well as how
big the changes were in amannermore easily by distances between
the nodes of samples in both seasons.

4.4. Spatial distribution of the respective clusters

Fig. 8 shows the spatial distribution of the five clusters classified
by the SOM in the RRD. The symbols circle, triangle, cross star, and
square represent Clusters 1e5, respectively. The white and black
colors correspond to the dry and rainy seasons, respectively. As seen
in Fig. 8, Cluster 4 (the high-salinity type) is observed in the coastal
area, e.g., Well Nos. 65 and 68. Saltwater intrusion could be the
reason for the presence of the high-salinity type in the coastal area.

Besides the fact that Clusters 2 and 3, characterized by the low-
salinity type, are observed in the downstream area (Well Nos. 26,



Fig. 7. Representation of the sampling points showing the changes in clusters from the
dry to the rainy seasons. The super-bold line outlines water types.
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27, 30, and 66), they are also found in the northeast part of the
upstream andmiddle-stream areas (Well Nos.16, 23, 24, 57, 60, and
63). Especially, Cluster 3 (the low-salinity type with relatively high
SO2�

4 ) was found in the northeast part of the delta. This finding is
consistent with the previous study of Jessen et al. (2008), but not
detected in our previous study by using Piper diagram (Nguyen
et al. (2014) and the study of Tran el al. (2012), which were based
on the geophysical investigation. Along the Red River and its trib-
utaries, salty bottom water is transported as far inland as 35 km
from the sea (Vu, 1996). This salty bottom water may leak into
adjacent aquifers, either as a density-driven flow or as a downward
flow controlled by a hydraulic gradient, where the river bottom
sediments are highly permeable. Therefore, the low-salinity type
found in the downstream is probably due to saltwater intrusion
from the river. On the other hand, upon the closer inspection of
land use, Well Nos. 16, and 57 (northeast part of the upstream area)
are located in an intensely irrigated agricultural area (Asian
Development Bank, 2000). Thus, it is reasonable to infer that the
presence of the low-salinity type in the upstream and middle-
stream areas could be influenced by agricultural activities. The
presence of stagnant saline water in the estuarine clay units for the
Holocene aquifer from the mid-Holocene marine sediments (Jessen
et al., 2008) could be the reason of the presence of the low-salinity
type in the middle-stream area (Well Nos. 23, 24, 60, and 63).

Clusters 1 and 5, representing the freshwater type, are found not
only in the upstream and middle-stream areas but also in the
downstream area, as seen in Well Nos. 27, 28 (northeast of the
downstream area) and 29 (south of the downstream area). The
presence of the freshwater type in the northeast of the downstream
area implies that saltwater intrusion does not affect groundwater
this far inland. On the other hand, Wagner et al. (2012) identified a
local lens of freshwater existing in the south portion of the
downstream area, which explains the presence of the freshwater
type found in Well No. 29. The existence of freshwater type in the
downstream areawas not obtained by using Piper diagram as in our
previous study (Nguyen et al., 2014).

The objective of using Piper diagram is neither to cluster the
hydrogeochemical data to discover absorbing characteristics nor to
find a new set of water types, but rather to decide how the
hydrogeochemical data should be classified into different ion types.
Furthermore, Piper diagram just classifies the water ion types into
the combination of one of three cation types and one of three
antion types, whereas application of SOM can flexibly cluster the
hydrogeochemical data into any combination among 8 cation and
anion parameters by the automated process. Therefore, application
of Piper diagram did not suffice to investigate the intrinsic rela-
tionship between each parameter of the hydrogeochemical data.

The samples showing cluster changes from the dry to the rainy
seasons were primarily located in the middle-stream and down-
stream areas of the delta. This suggests that surface water strongly
influences the chemical characteristics of unconfined groundwater
at the middle-stream and downstream areas of the delta, but
weakly influences the upstream area during the rainy season.

4.5. Factors governing water chemistry

Fig. 9 shows the Gibbs diagrams for the five clusters classified by
the SOM. The symbols representing Clusters 1e5 in this figure are
the same as those in Fig. 8. Gibbs (1970) found that most of the
world's surface water falls within the boomerang-shaped bound-
aries. Based on analytical chemical data for numerous surface
samples, Gibbs theorized that three major mechanisms control
world surface water chemistry. These mechanisms can be classified
into three domains: precipitation dominance (lower part), rock
dominance (middle part), and evaporation dominance (upper part),
as shown in Fig. 9. Clusters 1 and 5 (the freshwater type) were
plotted toward the rock dominance domain due to low TDS. Some
samples in these clusters fell toward the evaporation dominance
domain but no sample fell in the precipitation dominance domain.
This suggests that Clusters 1 and 5 are dominated by rock mineral
dissolution processes.

On the other hand, Cluster 4 (the high-salinity type) was plotted
in the evaporation dominance domain with the highest TDS and
significantly high ratios of Na/(Ca þ Na) and Cl/(Cl þ HCO3). The
high TDS is due to high concentrations of all ions (as shown in
Table 2). This suggests saltwater intrusion is the main factor
affecting the groundwater chemistry of this cluster. Furthermore,
Clusters 2 and 3 (the low-salinity type) had relatively high TDS and
high ratios of Na/(Caþ Na) and Cl/(Clþ HCO3), and thus, they fell in
the evaporation dominance domain. Anthropogenic and marine
activities, such as intensive and long-term irrigation, agricultural
fertilizers, and saltwater intrusion, could be the primary factors
causing these clusters to fall into the evaporation dominant
domain.



Fig. 8. Spatial distribution of the respective clusters.

Fig. 9. Gibbs diagrams for the classified data into the respective cluster.
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5. Conclusions

The main objective of this study was to identify the spatio-
seasonal hydrogeochemical characteristics of unconfined ground-
water of the RRD. In this paper, hydrogeochemical parameters
(major ions) from 47 HUA observation wells in the RRD acquired
during the dry and rainy seasons in 2011 were classified using the
SOM in combination with a hierarchical cluster analysis. In addi-
tion, Gibbs diagrams were created to elucidate the hydro-
geochemical characteristics classified by the SOM.

From the results of the SOM application, the groundwater
chemistry data were divided into five clusters. From the practical
point of view, these five clusters revealed three basic representative
water types characterized by the high salinity (Cluster 4), low
salinity (Clusters 2 and 3) and freshwater (Clusters 1 and 5). The
high-salinity type was located in the coastal area, whereas the low-
salinity type samples were found not only in the downstream area
but also in the northeastern parts of the upstream and middle-
stream areas, where groundwater samples were mainly classified
into Cluster 3. With closer inspection of land use, the groundwater
of this cluster was considered to be contaminated by agricultural
activities. The freshwater type was generally found in the upstream
andmiddle-stream areas. However, some samples belonging to this
type were also found in the northeastern and southern parts of the
downstream area.

Cluster changes from the dry to rainy seasons were detected in
approximately one-fifth of the observation wells, mostly found in
the middle-stream and downstream areas. This suggests strong
influence of surface water on the chemical characteristics of un-
confined groundwater at the middle-stream and downstream areas
of the delta during the rainy season.

The results of the Gibbs diagrams suggest that rock weathering
is the main process in the evolution of chemical composition of
groundwater characterized by the freshwater type, whereas the
chemical structure of the groundwater representing the low- and
high-salinity types is primarily controlled by saltwater intrusion or
anthropogenic activities.
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