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Abstract

Groundwater is the major source for drinking and domestic water in Hanoi, Vietnam. A
clear understanding of the processes that influence its hydrochemical properties would
be of invaluable use in management and protection of this important water resource.
In this study, the temporal changes in the hydrochemical facies in the confined and
unconfined aquifers in Hanoi were investigated using the water quality data from 10
and 16 sampling wells of Holocene unconfined and Pleistocene confined aquifers,
respectively, taken in 1993, 2003 and 2011. The hydrochemical type in each aquifer of
each well was determined using the Piper diagram method. Results indicate that the two
main aquifers in Hanoi are predominated by the calcium cation and bicarbonate anion
types. Results also show that the hydrochemical facies remain mostly unchanged not
only in the Pleistocene confined aquifer but also in the Holocene unconfined aquifer, in
which, the chemical characteristics of the groundwater in the latter are affected directly
by precipitation, infiltration of water through soil, and anthropogenic activities. This
implies that the hydrochemical facies is controlled by the materials that are naturally

occurring in the aquifers.

1. Introduction

In Hanoi, the capital of Vietnam, nearly the entire population depends on groundwater
for daily water consumption because of the uneven distribution and contaminated
quality of surface water resources. Recently, the combination of rapid population
growth, urbanization and industrialization results in overexploitation of the groundwater
resources in the region. The continuous high water demand leads to the unmitigated
decline of groundwater levels (Bui et al. 2012) and the deterioration of water quality, as a
result of the salinisation and contamination processes (Duong et al. 2003; Montaganero
et al. 2007). Sustainable management of groundwater is thus necessary to secure its

future availability and ecological value.
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Hydrochemical facies, an important diagnostic chemical aspect of groundwater
solutions occurring in hydrologic systems, is commonly examined in the assessment of
groundwater quality. Hydrochemical facies analysis provides information on the distinct
zones of cations and anions along different layers of aquifers (Christopher and Robert
2005). Pollutants, such as heavy metals and organic compounds, generally interact with
the ions present in groundwater (William 1997). A clear view of the predominant ions

can help understand the origin, interaction and mechanisms of contamination process.

There have been quite a few studies on the groundwater in Hanoi reported in literature.
Nguyen and Helm (1996) and Trinh and Fredlund (2000), for example, investigated on land
subsidence due to excessive groundwater exploitation. Spatial and temporal analyses of
groundwater levels in Hanoi were carried out by Bui et al (2012b). Duong et al. (2003)
considered groundwater quality, pollution and monitoring system design. Groundwater
arsenic contamination was identified in some parts of Hanoi (Berg et al. 2008). However,
there is little available information regarding the groundwater hydrochemical properties

in Vietnam, including Hanoi.

Various researchers have carried out extensive hydrochemistry studies for assessing
groundwater quality. Marghade et al. (2012) assessed the chemistry of major ions of
shallow groundwater to understand the groundwater geochemical evolution and water
quality in Nagpur city, central India. Baghvand et al. (2010) studied the groundwater
quality of the Kashan Basin, central Iran and characterized the groundwater species by
using the Piper diagram. Arumugan and Elangovan (2009) assessed the groundwater
quality of the Tirupur region in India for drinking and irrigation purposes by using the
Piper diagram and sodium percentage values. However, very few studies have looked at
the temporal changes in the hydrochemical properties. In fact, evaluation of temporal
changes in hydrochemical facies is a difficult issue because groundwater chemistry data
commonly have short record length, limited spatial coverage, and high uncertainty.
Investigation of temporal changes in the hydrochemical properties may reflect the
groundwater hydrodynamics and circulation, which may help improve the data collection

programs for groundwater assessment and enable better use of groundwater supplies.

Through implementing a National Hydrogeological Database Project under the support
and nomination of the Ministry of Resources and Environment of Vietnam, we have
constructed and maintained a costly groundwater monitoring database to gather all the
observed groundwater data. To take advantages of our internally- available data sets,
the main objective of this study was to investigate temporal changes in the groundwater

hydrochemical properties in Hanoi and to deduce a hydrochemical evaluation of the
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aquifer system based on the ionic constituents, water types, and factors controlling
groundwater quality. To achieve the expected goals, groundwater quality data of the
unconfined and confined aquifers in three years, 1993, 2003 and 2011 during dry and
rainy seasons were collected and analyzed. The Piper diagram was used to investigate
the hydrochemical facies. Decades of studies have already proven the efficacy and
robustness of the Piper diagram method in classifying the ions in the groundwater
into various hydrochemical types (Jamshidzahed and Mirbagheri 2011; Joshi and Seth
2011; Arumugan and Elangovan 2009; Tatawat and Chandel 2008; Raji and Alagbe 1997).
This study will provide valuable insights in understanding the temporal changes in the
groundwater hydrochemical properties in Hanoi, especially under the looming effects of

climate change

Figure 1  Study area and distribution of sampling points
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2. Study area

Figure 1 shows the geographical locations of Hanoi and the 10 and 15 sampling wells in
HUA and PCA, respectively, used in this study. Hanoi is located at north-eastern Vietnam.
It covers a total area of about 3400 km? and has a population of about 7 million (in
2011), which comprises approximately 7.5% of the total population of Vietnam. Hanoi
is situated in the tropical monsoonal region with two distinct dry and rainy seasons.
The rainy season starts in May and ends in October, while the dry season lasts from
November until April. The annual average rainfall is about 1,600 mm, but in 2011, it was
measured at 1,795 mm. The annual average humidity is about 80%, and the average
temperature is around 240C. The annual evaporation average is around 900 mm. The
river network is quite extensive, with a network density of about 0.7 km/km?. More than
100 lakes can be found in Hanoi, with a total surface area of more than 21.8 km2. In
2011, the recorded average discharge of the Red River at the Hanoi station, shown by
the triangle in Figure 1, was 2182 m3/s during the flood season, and 927 m?3/s during
the dry season; both are lower than the average discharge in the past (3970 m3/s and
1160 m3/s, respectively). High concentration of suspended solids is always present in the
Red River. The lakes, ponds and canals in Hanoi are highly polluted because of untreated
domestic and industrial wastewater. Because groundwater is relatively cleaner, and
remains generally unaffected by the surface environmental problems, it has become the

most trusted water source (Bui et al. 2011).

In terms of regional geology, Hanoi is underlain by the Pleistocene and Holocene
sediments, with the latter being partly derived from postglacial marine transgressions
and tectonic activity. From our previous studies (Bui et al. 2011, 2012a), HUA consists
of silty clay and various sands mixed with gravel. The thickness of this layer varies
greatly up to more than 35m with an average of about 15 m. The transmissivity in HUA
is from 20 to 1,788 m?/day. PCA consists of sands mixed with cobbles and pebbles, and
is situated lower in the stratigraphic sequence. The thickness of PCA fluctuates over a
large range with an average of about 35m, and gradually increases from north to south.
The transmissivity ranges from 700 to 2900 m?/day and indicates a very high potential
of groundwater resources. Within the 5 km zone of the Red River, HUA and PCA are
mainly recharged by the river. Outside the 5 km zone, PCA is predominantly recharged
by the vertical percolation of water coming from HUA through hydrogeological windows
(borders between two aquifers where the two aquifers are directly connected without

any impermeable layer).
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3. Data used

Groundwater samples were collected from the two major aquifers (HUA and PCA) in
Hanoi using 10 and 15 observation wells for HUA and PCA, respectively (Figure 1). The
samples were collected in February (dry season) and August (rainy season) of three
years (1993, 2003 and 2011) and were analyzed according to ISO standard test methods
(National technical regulation on underground water quality, 2008) for the following
physico-chemical parameters: TDS, pH, major cations (Ca%, Mg?, Na*, K*), major anions
(HCO,, CI and SO,*), NH,*, NO,, and NO,. The water analyses were conducted in the
laboratories of the Ministry of Natural Resources and Environment. The carbonate ion
(CO,*) was calculated from the observed bicarbonate (HCO,) and pH data (James 1982).
The total hardness (TH) in ppm was calculated from the data of Ca?* and Mg?* data (Todd
1980).

4. Results and discussion

Theterm "hydrochemicalfacies"is used to describe the occurrence modes of groundwater
inanaquifer with respectto chemical composition. To determine the hydrochemical facies
of groundwater, the percentages of the equivalents of each physico-chemical parameter
are plotted on a Piper diagram. This diagram is then used to identify the dominant cation
and anion in each well by using the left and right ternary diagrams, respectively. The left
ternary diagram is divided into three cationic classification regions, namely the [Ca%'],
[Mg?*], and [Na'] types, whereas the right ternary diagram is divided into three anionic
classification regions, namely the [HCO,], [Cl], and [SO,*] types. Each observation has
a dominant cation and anion type. The combination of these predominant ion types is
the hydrochemical facies of the aquifer at a specific observation well. After plotting the
data, the hydrochemical facies of each well was investigated for temporal changes by

comparing the dominant ions.

Figures 2 and 3 show the Piper diagram plot for HUA in dry and rainy season, respectively.
The number symbols and their color in this figure correspond to the locations of the
observation wells in Figure 1 and the observation year, respectively. As indicated in the
left ternary diagram of these figures, the water samples identified as the [Ca%], [Na'],
and [Mg?'] types are 25, 2 and 3 during dry season and 20, 7 and 3 during rainy season,
respectively. The right ternary diagram shows 29 out of the 30 water samples to be of
the [HCO3-] type in both seasons. Thus, HUA is mostly of the [Ca*-HCO,] type (calcium

ion-bicarbonate ion type). In general, it is observed from Figs 2 and 3 that the temporal
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changes in the hydrochemical facies of the HUA groundwater are not significant except
for well H3 and H13. Note that three groundwater samples from well H3 show an obvious
difference of water type from other wells, especially anion type. In addition, the temporal
changes in the hydrochemical facies are also identified in this well. The water type of
groundwater in well H3 in 1993 was [Ca*-SO,*], but became [Ca**-HCO,] in 2003 and
[Na*-HCO,] in 2011 during both seasons (Figures 2 and 3). With closer inspection of
land use, this well is located in an agricultural area of intensive irrigation (Nguyen 2010).
Therefore, it is reasonable to infer that agricultural activities cause the groundwater

samples of H3 to differ from other wells and change the hydrochemical facies over time.

Figure 2  Piper diagram for HUA in dry season in 1993, 2003, 2011
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Figure 3  Piper diagram for HUA in rainy season in 1993, 2003, 2011

It is also observed that water type of groundwater in well H13 changed from [Na*-HCO,]
to [Ca**-HCO,] in dry season during the period of 1993-2003 (Figure 2) and recently
changed from [Na*-HCO,] to [Mg**-HCO, ] in rainy season (Figure 3). These changes may

due to recharge from surface water such as lake, river and rainfall.

The Piper diagrams for PCA were also created to examine the temporal changes in the
hydrochemical facies during dry and rainy seasons as shown in Figures 4 and 5, respectively.
From the left ternary diagrams, the numbers of the [Ca?], [Na*], and [Mg?] types are 27,
15 and 3 during dry season and 29, 14 and 3 during rainy season, respectively. The right
ternary diagrams indicate that all water samples during dry season and 44 out of 45 during
rainy season are dominated by the [HCO,] type. Thus, like HUA, the groundwater in PCA
is primarily of the [Ca?*-HCO,] type. Figures 4 and 5 indicate that there are no significant

temporal changes in the hydrochemical facies for the groundwater samples in PCA.
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Figure 4 Piper diagram for PCA in dry season in 1993, 2003, 2011

Figure 5 Piper diagram for PCA in rainy season in 1993, 2003, 2011
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To have a better view of the temporal changes, the hydrochemical facies of all observation
wells in Figures 2, 3, 4, and 5 are summarized and tabulated as shown in Tables 1 and 2
for HUA and PCA, respectively. As shown in Table 1, the hydrochemical facies of 4 and 6
out of the 10 HUA wells during dry and rainy seasons, respectively, exhibited temporal
changes, particularly of the cation type. In rainy season, H2 changed from the [Ca?] to
[Na'] type during the period of 2003-2011, while H7 changed from the [Na*] to [Ca?] type
during the period of 1993-2003. Water type in the well H8 changed from the [Na'] to
[Ca?'] type during the period of 1993-2003 and changed again to the [Na*] type in 2011 in
rainy season. H12 changed from the [Mg*] to [Ca?'] type during the period of 1993-2003
and changed again to the [Mg?'] type in 2011 in dry season, whereas in rainy season, it
changed from the [Ca?*] to [Mg?'] type during the period of 1993-2003 and changed again
to the [Ca?] type in 2011. H13 and H46 also show the temporal changes in the cation
type (e.g from the [Na'] to [Ca?*] or [Mg*] type or from the [Ca?] to [Na*]. Regarding PCA,
8 and 6 out of the 15 observation wells showed temporal changes in the cation type
during the dry and rainy seasons, respectively (Table 2). Changes from the [Na*] to [Ca%']
were observed in P7, P61 during the period of 1993-2003, P2, P13 and P61 during 2003-
2011. Changed from the [Ca'] to [Na'] were observed in P2, P61, P66 and P76 during
1993-2003, in P11and P13. Change from the [Mg?'] to [Ca?'] or [Na'] type or from the
[Ca?] or [Na*] to [Mg?'] type were also observed in P3, P11, P13 and P63. These changes
perhaps result from great heterogeneities of groundwater abstraction, recharge from
surface water, infiltration of rainfall and characteristic of the aquifers.

Table 1:  Water type of groundwater samples in HUA

Dry season
2003

Rainy season
2003

Sampling

Well 1993 2011 1993 2011

H1 [Ca#-HCO,] | [Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] | [Ca*-HCO,]
H2 [Ca»-HCO,] | [Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] |[Na*-HCO,]

H3 [Ca»-S0,2] | [Ca*-HCO,] |[Na-HCO,] |[Ca*-S0,2] |[Ca*-HCO,] |[Na*-HCO,]

H7 [Ca#-HCO,] | [Ca*-HCO,] |[Ca*-HCO,] |[Na“-HCO,] |[Ca*-HCO,] | [Ca*-HCO,]
H8 [Ca»-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] |[Na*-HCO,] |[Ca*-HCO,] |[Na*HCO,]

H9 [Ca#-HCO,] | [Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] | [Ca*-HCO,]
H10 [Ca#-HCO,] | [Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] | [Ca*-HCO,]
H12 [Mg?-HCO,] | [Ca#-HCO,] | [Mg#-HCO,]1 |[Mg»-HCO,] | [Mg*-HCO,] | [Ca*-HCO,]
H13 [Na-HCO,] | [Ca*-HCO,] | [Ca*-HCO,] |[Na-HCO,] |[Na*-HCO,] | [Mg*-HCO,]
H46 [Ca#-HCO,] |[Ca*-HCO,] |[Mg#-HCO,]1 |[Ca*-HCO,] |[Ca*-HCO,] | [Ca*-HCO,]
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Table 2:

Water type of groundwater samples in PCA

sampling Dry season Rainy season

Well 1993 2003 2011 2003 2011

P2 [Ca*-HCO,] | [Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] |[Na*-HCO,] |[Ca*-HCO,]
P3 [Ca*-HCO,] |[Ca*-HCO,] |[Mg*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,]
P7 [Na-HCO,;] | [Ca?-HCO,] |[Ca*-HCO,] [[Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,]
P8 [Ca*-HCO,] | [Ca*-HCO,] |[Ca*-HCO,] |[[Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,]
P9 [Ca*-HCO,] | [Ca*-HCO,] | [Ca*-HCO,] |[[Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,]
P10 [Ca?-HCO,] | [Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,]
P11 [Ca*-HCO,] |[Ca*-HCO,] |[Na*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] |[Mg*-HCO,]
P12 [Ca*-HCO,] | [Ca*-HCO,] | [Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,]
P13 [Mg?-HCO,] | [Ca*-HCO,] |[Na*-HCO,] |[[Na*-HCO,] |[Na*-HCO,] |[Ca*-HCO,]
P14 [Na-HCO,] | [Na*-HCO,] |[Na*-HCO,] [[Ca*-HCO,] |[Na*-HCO;] | [Na-HCO,]

P61 [Ca*-HCO,] | [Na*-HCO,] |[Ca*-HCO,] |[[Na*-SO2] |[Ca*-HCO,] | [Ca*-HCO,]
P62 [Na~HCO,] | [Na~HCO,;] |[Mg*-HCO,] |[[Mg*-HCO,] |[Na*~HCO,] |[Mg*-HCO,]
P66 [Ca¥-HCO,] |[Na*-HCO,] |[Ca*-HCO,] [[Ca*-HCO,] |[Ca*-HCO,] |[Ca*-HCO,]
P69 [Na-HCO,] | [Na*-HCO,] |[Na*-HCO,] [[Na*-HCO,] |[Na*-HCO;] |[Na-HCO,]

P76 [Ca*-HCO,] |[Na*-HCO,] |[Na*-HCO,] [[Na*-HCO,] |[Na*-HCO,;] |[Na-HCO,]

One interesting finding from Tables 1 and 2 was that there are more HUA groundwater
samples showing the temporal changes in the hydrochemical facies during rainy season
than during dry season. This may be due to the HUA groundwater affected directly
by precipitation, surface water, and anthropogenic activities during rainy season. By
contrast, in PCA groundwater samples having the temporal changes during dry season
were observed more than during rainy season. This phenomenon could be due to the
lag time for rainwater and recharge from surface water to be infiltrated in to the deeper
aquifer (PCA).

It is worth to note that in rainy season, 6 out of 25 HUA and PCA samples show the
changes in the hydrochemical facies during the period of 1993- 2003, whereas 9 out
of 25 show the changes during the period of 2003-2011. This is perhaps due to the
effect of contemporary anthropogenic activities such as irrigation, industrialization and

urbanization on the chemical characteristics of the groundwater.
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5. Conclusion

The main objectives of this study are to investigate the temporal changes in hydrochemical
facies and to deduce a hydrochemical evaluation of the aquifer system based on the
ionic constituents and water type not only in HUA but also in PCA. In this paper, taking
advantage of the unique database, hydrochemical parameters from 10 sampling wells
for HUA and 15 for PCA in Hanoi acquired during dry and rainy season in 1993, 2003 and

2011 were comprehensively analyzed.

From analysis of the Piper diagrams for HUA and PCA, the following generalizations were
obtained as the groundwater properties in Hanoi: the [Ca?'] type groundwater is quite
abundantin both aquifers; almost all groundwater in the 10 HUA and 15 PCA observation
wells is of the [HCO,] type during the dry and rainy seasons in both aquifers. The results
from the Piper diagrams also show temporal changes in hydrochemical facies in 50% of
the HUA wells and 46.7% of the PCA wells during both seasons. The change particularly
occurs in the cation type (i.e., [Ca?'] to [Mg*] or [Na'], [Mg?] to[Ca?'], [Na'] to [Ca®] or
[Mg?]), whereas the anion type almost unchanged. It is also observed that there are
more groundwater samples showing the changes in the hydrochemical facies during
the period of 1993 - 2003 than during the period of 2003 - 2011 in rainy season. This
implies that contemporary anthropogenic activities such as irrigation, industrialization
and urbanization on the chemical characteristics of the groundwater perhaps affect
groundwater chemistry in the study area. The findings of this study provide valuable
information regarding the groundwater hydrochemical properties and hydrodynamics

in Hanoi, Vietnam.
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