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Abstract

The objective of this study was to evaluate seasonal fluctuations in groundwater quality, determine the effects of
different stressors on this resource, and recognize the potential pollution sources in a coastal region of southern Vietnam.
Eleven samples collected in Ben Tre province during the dry and wet seasons were then analyzed for sixteen parameters,
including pH, total dissolved solids (TDS), salinity, total hardness (TH), ammonium (NH, * -N), nitrite (NO, ~-N),
nitrate (NOz ~-N), sulfate (SO, ), chloride (CI"), iron (Fe), manganese (Mn), lead (Pb), mercury (Hg), arsenic (As),
coliforms, and Escherichia coli (E. coli). Pearson correlation analysis, principal component analysis (PCA), and cluster
analysis (CA) were employed. The results indicated that total dissolved solids, salinity, total hardness, CI7, E. coli and
coliform were detected as contaminants in groundwater samples. The trend of fluctuations in the parameters was mostly
higher in the dry season. Which Mn and coliform significantly fluctuated between the dry and wet seasons. Activities in
industrial-craft areas, landfills and seawater-intruded areas negatively impacted groundwater quality, typically TDS in
industrial-craft areas, coliform and E.coli at the landfill area. Six principal components obtained from PCA could explain
93.6% of the variance, and all parameters are responsible for variations in groundwater quality. Geology, discharged
wastewater, landfill leachate, agricultural activities, and saltwater intrusion can be considered representative factors. CA
grouped the collected samples into four clusters based on the similarity in water properties. The analysis results showed
that the locations in each cluster have outstanding water quality characteristics, clusters | and Ill have high TDS
characteristics, cluster 11 has coliforms, and cluster 1V sets of locations with high salinity. This study is promised to
partially fill the gap in comprehensive information on groundwater quality in the coastal province so that policymakers
can develop sustainable water management strategies in the future.
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1. Introduction

Groundwater is indeed a crucial freshwater source in coastal areas [1]. Unfortunately, anthropogenic activities
have significantly contributed to the deterioration of groundwater sources [2, 3]. Besides, the physicochemical
properties of groundwater are controlled by natural factors such as weathering of rock and precipitation [4-6]. The
groundwater source in the coastal region of the Mekong Delta is deemed vulnerable to anthropogenic activities,
including agricultural production, dam construction, as well as the effects of climate change [1, 7-9]. In addition, the
report of Xiao et al. (2021) [10] has shown that groundwater quality degradation due to saline intrusion is an important
problem in the Mekong Delta. According to Zhang et al. (2017) [11], seawater intrusion in the south-eastern Arabian
Peninsula has caused the degradation of groundwater quality, which is predicted to be even more serious with global
warming. Groundwater contamination has recently attracted more attention due to its serious impacts on the ecosystem
and human health [12, 13]. In which groundwater quality (specifically the chemical composition of water) is
considered the standard showing the suitability of groundwater for different purposes [14]. For example, nitrate
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(NO3 "-N) is one of the common pollutants in groundwater, which enters groundwater through diffusion, absorption
of liquids from on-site sanitation systems, sludge treatment operations, waste, and agriculture [15-17]. Another
problem reported in the research of Le Luu (2019) [18] was the high level of total coliform in groundwater samples in
urban areas of the Mekong Delta. Nevertheless, the previous studies only focused on assessing quality by comparing
with Vietnamese standards or evaluating certain parameters, typically heavy metals [19, 20]. In addition, studies are
almost exclusively aimed at assessing reserves, vulnerability [21], or predictive models of saline intrusion [10, 22, 23].
The research by Nguyen et al. (2015) [22] performed cluster analysis based on hydrogeochemical data. However, this
analysis is only done in different aspects of hydrology. In addition, the approach to multivariate statistical analysis
methods is mainly carried out for the surface water environment [24-26]. Up to now, there has been a lack of
comprehensive studies on seasonal variations in groundwater quality in coastal provinces of the Mekong Delta,
Vietnam.

Ben Tre, a coastal province, is situated in the Mekong Delta of southern Vietnam. The topography of Ben Tre
province has an average elevation of 1-2 m above sea level. The lowland part is less than 0.5m, concentrated in coastal
districts such as Binh Dai, Ba Tri, and Thanh Phu. The province has four main soil groups: sandy (accounting for
6.4% of the total area), alluvial (26.9%), alkaline (6.74%), and saline (about 43.11%). Local water resources include
rainfall, surface water, and groundwater. An interlaced river system in the province has facilitated sufficient water
supply for domestic, agricultural, industrial, and aquaculture activities [27]. However, the surface water quality of the
province is gradually polluted [28]. The majority of wastewater from urban areas and industrial parks has not been
collected and treated thoroughly before being discharged into the environment. Moreover, under the impacts of
climate change, such as sea-level rise and salinization, freshwater resources in the province are increasingly depleted
[29]. Due to the inadequate supply of surface water, the demand for groundwater has sharply increased to ensure
domestic and production activities (over 80% freshwater demand). The total quantity of groundwater exploited
reached approximately 2.5 million m® day™ in the Mekong Delta [10]. However, the groundwater reserve is limited,
with only about 32,640 m* day™' in Ben Tre Province, most of which are distributed at depths above 200 m [29]. The
Mekong Delta has about 9,650 wells with a scale of over 10 m* day™. In addition, there are about one million
individual wells with household scales. In which, there are more than 15% of privately dug wells cannot be used
because of improper drilling in the Mekong Delta [30]. On the other hand, in the coastal districts of the Ben Tre
province, saline water from the sea easily penetrates into the aquifer, causing salinization of the groundwater. It can be
seen that these groundwater sources are facing many threats to deteriorate their quality, especially in the coastal areas.

Based on the above, it is very important to analyze and evaluate groundwater quality to protect the groundwater
environment from pollution. In addition, each area has its own causal factors for variation in groundwater quality, and
it is essential to assess groundwater quality in each area. Moreover, the application of multivariate statistical
approaches promises to provide more useful information about groundwater quality, consequently supporting general
water management strategies. Therefore, this study focuses on (1) evaluating the seasonal variations in groundwater
quality, (2) analyzing the different impacts on water quality, and (3) recognizing the potential pollution sources in a
southern coastal province.

2. Materials and Methods
2.1. Description of the Study Area

Ben Tre province is located in the Mekong Delta region. Because of low precipitation, the primary freshwater
sources for domestic and production activities are surface water and groundwater. The province has been characterized
by abundant surface water sources from >100 rivers and canals that are distributed throughout the mainland. However,
it is seriously affected by salinity in the dry-season months. Ben Tre province has a tropical monsoon climate with two
distinct seasons: the rainy season (from May to October) and the dry season (from November to April). According to
the Vietnamese nomenclature, the aquifer system includes 8 hydrogeological units: Holocene (gh), Upper Pleistocene
(gp3 ), Middle-Upper Pleistocene (gp. 3 ), Lower Pleistocene (qp; ), Middle Pliocene (n; , ), Lower Pliocene
(n; 1 ), Upper Miocene (n; 3 ), and Upper-Middle Miocene (n, 3 ) [31].

2.2. Groundwater Sampling and Analysis

Data on physicochemical, microbial, and heavy metal parameters in 2020 at 11 groundwater monitoring locations
were collected from the Department of Natural Resources and Environment of Ben Tre province. Eleven groundwater
samples were collected twice in March (dry season) and September (wet season). The groundwater parameters
measured for this study are pH, total dissolved solids (TDS, mg L™), salinity (%o), total hardness (TH, mg L™),
ammonium (NH,*-N, mg L™), nitrite (NO,™-N, mg L™), nitrate (NO3™-N, mg L™), sulfate (SO,*", mg L™), chloride
(CI', mg L™), iron (Fe, ng L™), manganese (Mn, pg L™), lead (Pb, pg L™), mercury (Hg, pg L™), arsenic (As, pg L™),
coliform (MPN 100mL™), and Escherichia coli (E. coli, MPN 100mL™). Samples were collected in the areas of
industrial clusters and craft villages (denoted as GW1-GW3), in the waste dump areas (GW4-GWS8), and in saline-

498



Civil Engineering Journal Vol. 9, No. 03, March, 2023
intruded areas (GW9-GW11) (Figure 1). Groundwater samples at the wells were collected after pumping for 5-10
minutes to remove all impurities in the pipes. Samples from GW1-8 were measured for all parameters except salinity,
which these locations are not directly and permanently affected by seawater. Meanwhile, sampling locations to
observe the impacts of seawater intrusion were analyzed for pH, salinity, TH, NH,*-N, and coliforms. pH and salinity
were measured directly in the field using hand-held meters. The remaining parameters were analyzed in the laboratory
of the Center of Natural Resources and Environment Survey in Ben Tre province according to standard methods [32].
The heavy metal was analyzed by Atomic Absorption Spectroscopy (GTA 120 Graphite Tube Atomizer). These
methods are clearly presented in Table 1. All methods and materials were certified by the Ministry of Natural
Resources and Environment (2020) [33]. Moreover, the system of bio-chemistry laboratories is also ISO/IEC
17025:2005-VILAS 1000 accredited by the Ministry of Science and Technology.
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Figure 1. Map showing the sampling locations in Ben Tre province
Table 1. Methods of analyzing parameters
No. Par. Unit Methods Detection limit  Permissible limit in Vietnamese standard
1 pH - TCVN 6492:2011 2-12 5.5-8.5
2 TDS mg L™ SOP-HT-05 0-199900 1500
3 Salinity %0 SMEWW 2520B:2017 0-36 -
4 TH mg L™ SMEWW 2340C:2017 3 500
5 NH, * -N mg L™ SMEWW 4500- NH3.B&F:2017 0.03 1
6 NO; ~-N mg L™ TCVN 6178:1996 0.02 1
7 NO;z "-N mg L™ SMEWW 4500-NO;".E:2017 0.03 15
8 SO, ¥ mg L™ SMEWW 4500-SO, *.E:2017 1 400
9 Cr mg L™ SMEWW 4500.CI".B:2017 2 250
10 Fe pg L™ SMEWW 3111B:2017 30 5000
11 Mn pug L™ SMEWW 3111B:2017 30 500
12 Pb pug L™ SMEWW 3113B:2017 2 10
13 Hg pug L™ SMEWW 3112B:2017 0.3 1
14 As pug L™ SMEWW 3114B:2017 0.1 50
15 Coliform  MPN 100mL™ TCVN 6187-2:1996 3 3
16 E.coli MPN 100mL™ TCVN 6187-2:1996 3 No detected
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2.3. Data Analysis

One-way ANOVA analysis was done to determine the statistically significant difference in groundwater
parameters between seasons and different impacts (p<0.05). Pearson correlation analysis was performed to determine
the relationship between physicochemical parameters, microorganisms, and heavy metals in groundwater. The
statistical analyses were performed using IBM SPSS Statistics ver. 20 software. The groundwater quality was also
compared with QCVN 09-MT:2015/BTNMT-Technical regulation on groundwater quality in Vietnam [34].

The average values of groundwater quality parameters were used for the principal component analysis (PCA) and
cluster analysis (CA). PCA is widely used to reduce data and extract a small number of latent factors to analyze the
relationship between observed variables to identify the main variables affecting groundwater quality and other factors.
Factors with eigenvalues of 1 or more are considered important [35]. CA is a clustering method based on the similarity
of groundwater properties at each location. It is often illustrated with dendrograms, providing a visual summary of the
intuitive relationship between any positions [36, 37]. PCA and CA analysis were performed using STATISTICA
software ver. 10. A summary of the data analysis method was shown in Figure 2.

Parameter water quality

1 )

Multivariate statistical Pearson correlation analysis Compared with technical
method regulations in Vietnam

S !

Principal component

analysis Cluster analysis One-way ANOVA analysis
Different
Season .
impacts

Figure 2. Summarize the process of the methodology

3. Results and Discussion
3.1. Seasonal Variation in Groundwater Quality

The fluctuation of analyzed groundwater quality parameters by season is illustrated in Figure 3. pH is a critical
parameter that determines the solubility and bioavailability of nutrients, heavy metals, and other substances in water
[38]. In Ben Tre province, the pH of groundwater ranged from 6.25-7.68, with a fluctuation in the dry season of 6.07-
7.99 and the wet season of 6.42-7.62. pH values measured in the study area fluctuated from acidic to slightly alkaline,
which is within the limits of QCVN 09-MT:2015/BTNMT (5.5-8.5) [34]. The analysis results show that the pH value
in the rainy season tended to be higher than that in the dry season. This result was in contrast to the previous study by
Giao et al. (2022) [39]. According to Giao et al. (2022) [39], the average groundwater pH in the dry and rainy seasons
was 7.37+0.14 and 7.33+0.34 in Can Tho city, respectively.

TDS is deemed a salinity index of groundwater: TDS<200 mg L™ is low salinity, 200-500 mg L™ is medium
salinity, 500-1500 is high salinity, and >1500 is very high salinity [40]. According to WHO (2017) [41], drinking
water supplies containing more than 500 mg L' TDS are considered undesirable. TDS of groundwater in Ben Tre
province greatly ranged from 709-20,250 mg L™'. The findings of TDS in the dry and wet seasons varied from
696-20,500 mg L™ and 722-20,000 mg L™*, respectively. According to the Vietnamese standard on groundwater
quality, the value of TDS is set to be lower than 1,500 mg L™. Only the TDS concentration at station GW03 was
within this permissible limit. High TDS indicates high mineralization in the region and may distort the taste of the
water [40, 41]. This indicated that dissolved substances (such as inorganic salts) from industrial activities may have
contributed to the increased TDS. Based on the salinity classification, most groundwater samples collected in this
coastal area were very high salinity. This is consistent with the study of Tran et al. (2021) [1]. That reported
seawater intrusion has been found in both inland and coastal areas in Soc Trang province, with TDS of 82-12,950
mg L', where Ben Tre is bordered. However, the lower TDS value in another neighboring province (Bac Lieu)
was 286-715 mg L™ [42].
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Figure 3. Seasonal variations in groundwater quality in Ben Tre province (*represents the statistically significant difference
between seasons (p<0.05))

The salinity parameter was measured in observation wells nearby the coastline. The value found in the dry and wet
seasons ranged from 1.70-6.20 %o and 1.40-4.00 %o, respectively. It is in agreement with a previous study showing that
saline intrusion during the dry season is a major concern in the Mekong Delta [43]. Nguyen and Vo (2022) [28]
reported that the salinity in surface water during the dry season was remarkably high, ranging from 0.20-25.5 %o.. The
percolation of surface water into aquifers can cause high saline groundwater. In addition, the weathering process can
release high salt-contained minerals into the groundwater, such as granite, rhyme, and marine sediments. Common
diseases associated with the consumption of saline groundwater are cardiovascular disease, diarrhea, hypertension,
infant mortality and skin and respiratory diseases [44, 45].

TH in groundwater is due to the presence of calcium and magnesium cations and anions such as carbonate,
bicarbonate, chloride and sulfate in the water [46]. The average of TH in groundwater ranged from 337.5-4,064 mg
L™, which mostly exceeded the Vietnamese standard (500 mg L™). This figure in the dry season was 390-5,520 mg
L™, which was relatively higher than in the wet season of 285-3,688 mg L™'. This is similar to the results found in
Shagamu industrial area [47] and in coastal aquifers of Kavaratti Island, Lakshadweep Archipelago (India) [48], where
TH values were higher in the dry season. In the downstream Kotri area, the TH value in groundwater only fluctuates
from 110-1,476 mg L™ [49]. According to Alamdar et al. [50], TH is classified as follows: from 0-75 mg L™ as soft,
75-150 mg L™ as moderately hard, 150-300 mg L™ as hard, and >300 mg L™ as very hard. Thus, groundwater in the
study area is graded as hard to very hard, which shows deteriorating groundwater quality situations for drinking
purposes. High TH may be due to the process of percolating wastewater into groundwater [49]. Using water with high
hardness can lead to cardiovascular diseases and reduce the quality of detergent, soap, and cleaning products [40].

The average concentrations of NH,*-N, NO,™-N and NO3;™-N detected in Ben Tre province were within the
Vietnamese limits (1 mg L™, 1 mg L™, and 10 mg L™, respectively). These N-containing compounds in the dry season
were up to 0.96 mg L™, 0.77 mg L™, and 1.57 mg L™, respectively. Meanwhile, these values in the wet season were
lower, especially the concentration of NO,™-N which was below the detection limit. The results of this analysis are
almost in contrast to previous studies [19, 51], which suggested that in the rainy season, there will be an increase in the
release of nitrogenous compounds into groundwater. Overexploitation in the dry season can increase NH,*-N and
NO3™-N concentrations in groundwater and degrade water quality leading to the penetration of chemical fertilizers in
agricultural areas.
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The findings of SO,* were within the standard (400 mg L™), ranging from 21.33-271.55 mg L™. While SO,>
concentration in the dry season varied from 39.42-281.86 mg L™', which was slightly higher than in the wet season
(3.24-319.73 mg L™). This can be seen as an indication that SO,>™ has been contributed from seawater because of the
low rainfall and low water flow from upstream in the dry season, which facilitates the process of seawater intrusion.
CI” concentration in Ben Tre province was in the range of 133.38-4,823 mg L™, which exceeded the permissible limit
(250 mg L™"). That ranged from 147.12-9,128.40 mg L™ in the dry season and 119.64-1,006 mg L™ in the wet season.
Higher CI” concentration in the dry season is observed in the previous study [39, 48]. That concentration in the rainy
season in Can Tho city was 15.30-146.60 mg L™ lower than in the dry season (25.20-382.30 mg L™). Overexploitation
of groundwater in the dry season could lead to the encroachment of seawater into aquifers, which partially increases
CI” concentration. Another reason for less CI” concentration in the wet season can be an increase in dilution due to
higher precipitation infiltration. Great variations in Cl” concentration were detected in Soc Trang province, with the
range of 2.9-15,883 mg L™ [1]. High CI” and SO4* content in groundwater in the study area has not only affected the
quality of irrigation water but also the corrosion phenomenon and water distribution system.

The concentrations of Fe and Mn ranged from 700-3480 pg L™ and 490-3030 ug L™, which was within the
Vietnamese standard (5000 and 500 ug L), respectively. However, Fe and Mn concentrations were estimated to
exceed WHO drinking water guidelines (WHO) [41]; this finding was similar to the study by El-Nagdy and Abdel-
Hameed (2022) [52] for Mn and Fe in groundwater in Mekong Delta. These concentrations in the dry season were in
the range of 210-5080 pg L™ and 720-5850 pg L', respectively. Meanwhile, lower values of these metals were
reported in the wet season by 200-3320 pg L™ and 190-870 pg L™, respectively. This result was in contrast to the
previous study in Can Tho city, where the average concentration of Fe in the dry season (690 pg L™) was lower than
in the rainy season (2710 pg L™) [39]. Fluctuations of Mn and Fe concentrations in groundwater were found to be
related to the pH value, mainly because heavy metal concentrations increase when the pH becomes acidic [53].

According to the Vietnamese standard, the permissible limits of Pb, Hg and As in groundwater are 10, 1 and 50 ug
L™, respectively. In Ben Tre province, the concentrations of these heavy metals were within this standard. Pb and Hg
in the dry season were detected up to 8.5 and 0.84 ug L ~ ', respectively. These values in the wet season reached 8.1
and 0.06 pg L7, respectively. In the study period, As was only detected in the wet season in GW04 (1.58 pg L™),
which is located near the landfill area. The increase of As in the wet season at the location near the landfill can be
explained by the seepage of leachate. Compared with the groundwater quality in Can Tho city and Soc Trang
province, the average concentrations of Pb in both seasons in this area were significantly higher [39, 51]. Although the
concentrations of these metals were within the permissible limits, their presence can pose a threat to human health,
especially Hg and As — carcinogenic substances [54, 55].

Coliform and E. coli are commonly used as indicators of bacterial and pathogen activity. Coliform density in the
study area ranged from 165.5-1,933.1 MPN 100mL™, which far exceeded the standard (3 MPN 100mL™). Higher
coliform densities were found in the wet season, ranging from 150-2,100 MPN 100mL™. The density of coliform in
the dry season was in the range of 17-1,500 MPN 100mL™. According to the Vietnamese standard, groundwater
should not have E. coli. However, GW04 and GWO05 were detected E. coli ranging from 6.5-11.5 MPN 100mL"™. The
maximum densities of E. coli in the dry and wet seasons were 13 and 10 MPN 100mL™, respectively. The presence of
Coliform and E. coli in groundwater indicated that surface impacts have negatively affected water quality through
extraction sites. Microbial contamination in groundwater is widely observed in many regions in the Mekong Delta [39,
42, 56]. However, this problem has not been solved effectively, consequently putting local health in peril.

There were statistically significant differences in Mn and coliform between the dry and wet seasons (p=0.01 and
p=0.02, respectively), while other differences were considered to be insignificant. However, it is urgent to deal with
high TDS, salinity, TH and microorganisms in groundwater to ensure this freshwater source for human activities.

3.2. Spatial Variation in Groundwater Quality

Groundwater quality in three typical regions of Bac Lieu province is presented in Table 2. The average pH value
measured in the saline-intruded areas (7.28+0.41) was slightly higher than in industrial and craft areas (7.07+£0.67) and
landfills (7.11+0.36). However, this difference was statistically insignificant (p=0.69). This result is consistent with
previous studies because this is typical of coastal aquifers. For example, in Lai Chau Bay, China, groundwater under
the influence of seawater intrusion is also relatively high and ranges from neutral to alkaline (7-8.83) [57]. Similarly,
according to Satheeskumar et al. (2021) [58], pH was most concentrated in seawater intrusion. This value is similar to
some other coastal provinces in the Mekong Delta, such as Ca Mau (7.93) [26], Bac Lieu (7.16-8.20) [42] and Soc
Trang (6.64-7.83) [51]. The pH fluctuation can be explained by the terrain elevation above sea level. For example, a
previous study by Ha et al. (2022) [20] reported that pH in groundwater is commonly observed in the high-altitude
area (elevation > 5m above mean sea level).
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Parameters Industrial-craft areas Landfill Saline-intruded areas
pH 7.07+0.67* 7.11+0.36* 7.28+0.41*
TDS 9770+8501.48% 2425.1+1424.38°
Salinity - 1.4+1.92
TH 2795.5+2069.62% 1210.54+972.64° 1864.17+897.68°
NH, * -N 0.24+0.36° 0.13+0.14% 0.02+0.03*
NO;-N 0.04+0.072 0.11+0.24%
NO;-N 0.11+0.112 0.26+0.47¢
SO, & 78.94+63.91° 163.2+96.80°
Ccr 2406.27+3466.4* 682.33+617.94°
Coliform 165.5+160.01* 933.1+795.18° 607+648.20°
E. coli ND 3.6%5.13
Fe 2220+1730% 1240+800*
Mn 1470+2180* 1060+890*
Pb 4.1+3% 2.8+47
Hg 0.02+0.03 ND
As ND 0.02+0.05

ND: Not detected. Different superscript letters indicate statistically significant differences
between the areas affected by different activities at a significance level of 5% (p<0.05).

The findings of TDS in the industrial and craft regions were far higher than in the landfill sites and this difference
was statistically significant (p=0.01). Only GWO04 and GWO5 in the landfill area were within the standard. It can be
deduced that the impact of solid waste and wastewater from industrial zones and craft villages on groundwater TDS is
very large. These activities primarily include the processing industry of agricultural products, seafood, garments,
mechanics, and packaging. In addition, high TDS concentrations can be attributed to the presence of bicarbonates
(HCO3"), carbonates (CO37), SO,* and CI". Therefore, the difference in TDS content in spatial was also reflected
through geological structures. Similar studies in coastal aquifers in other countries suggest high TDS with proximity to
the coast [13]. High TDS in water can affect the taste, hardness, and corrosive properties of water and cause
gastrointestinal irritation [49].

Salinity changes at three monitoring locations ranged from 1.4-6.2 %o, with an average of 1.4+1.9 %o. The highest
salinity found at GW10 is very close to the sea, so it is easily affected by the influence of seawater infiltration into the
groundwater. Saline intrusion is a significant threat to freshwater resources in coastal aquifers worldwide [29]. The
situation of the saline water supply has affected the operation of businesses in industrial areas and craft villages,
notably in several stages, such as domestic water for workers, factory sanitation, and washing water in the production
stage. It is more serious in some factories with high water demand, including brewing, food, boiler, and fabric dyeing.
Table 2 shows that TH is highest in industrial zones and craft villages (2,795.5+2,069.62 mg L™) and lowest in
landfills (1210.5£972.64 mg L™). TH content has no statistically significant difference between these three areas
(p=0.10). The value of TH found in the vicinity of Zhoukou landfill (China) ranged from 234-2,045 mg L™, depending
on the sampling depth and distance from the landfill [59].

The NH,*-N content fluctuated in the range of 0.02-0.24 mg L™, the lowest in the area affected by saline intrusion
and the highest in the industrial parks and craft villages. Statistical analysis showed that the NH,*-N concentration in
groundwater in three different areas was statistically insignificant (p=0.23). NO,™-N concentration was highly
concentrated in the landfill areas with 0.11+0.24 mg L™ and 2.75 times higher than in the industrial cluster and craft
villages. However, this difference was statistically insignificant (p=0.48). The NO3™-N concentration ranged from
0.11-0.26 mg L™, the lowest in the industrial and craft areas and the highest in the landfill areas. However, this
difference was statistically insignificant (p=0.47). In another study, the concentration of NO5™-N in the groundwater in
the landfill area was very large, ranging from 20.4-60.5 mg L™, formed from leachate and landfill sanitation
accumulated over time and entering groundwater [60]. Compared with several provinces in Mekong Delta, the
concentrations of NH,*-N, NO,™-N and NO;™-N in the study area were significantly lower than in Soc Trang [51] and
Bac Lieu provinces [42]. NH,*-N is formed mainly by wastewater from seafood processing, dried fish in the study
area and the decomposition of various N-containing organic compounds like proteins [61]. High levels of NH,*-N in
water can lead to unpleasant odors and reduce the effectiveness of chlorine and other halogens in disinfection.
Moreover, it is contributed to the enrichment of nitrite that can be converted to ammonia and increase the hazard in
water treatment processes [62, 63]. Furthermore, the consumption of NO,™-N-contaminated groundwater is likely to
lead to serious diseases because it can react with secondary or tertiary amines to form nitrosamines that are considered
carcinogens [64]. High NO3™-N in groundwater is associated with poor septic tanks, untreated industrial and domestic
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wastewater, improper treatment, and indiscriminately littering. In addition, the variation of nitrogen compounds in the
study area may be related to agricultural activities through irrigation water and fertilizer applications [20, 65]. Because
the characteristics of agricultural development in Ben Tre are much lower than in Soc Trang and Can Tho sources [66-
68], the risk of contamination in groundwater may be lower from this source.

The average SO,*” concentration ranged from 78.94-163.2 mg L™, and the landfill area with the presence of SO,
is higher than the rest. However, the SO,* content between the two regions was not statistically significant (p=0.08).
In the surrounding area of Zhoukou landfill, SO,>" concentration varied from 46.9-380.0 mg L™ [59]. This indicates
leaching from landfills are a source of significant increase in SO,> and cause of groundwater contamination.
Compared with some other coastal provinces in the Mekong Delta [42, 51]. SO,* concentration in the study area was
found to be significantly lower. In the study of Adimalla (2019) [69], SO, content in groundwater in the coastal area
of South India also ranged from 21-328 mg L™'. The average concentration of CI” in the industrial areas and craft
villages was 2,406.27 mg L™, which was higher than in the landfill sites. This difference was statistically insignificant
(p=0.14). An increase in chloride ion concentrations in groundwater is caused by leaks from sewers and industrial
wastewater.

The results also revealed that Fe, Mn, Pb and Hg concentrations were relatively high in the groundwater samples
affected by industrial clusters, craft villages, and As affected by landfill sites. In Bac Lieu province, the concentrations
of Fe and Mn were significantly lower than that of the study area, within the range of 40-120 pug L™ and 10-60 pg L™,
respectively [42]. Meanwhile, the As content in groundwater in Soc Trang, Long An and Tien Giang were found to be
higher than in the study area [51, 70]. On the other hand, the As analysis results were similar to previous studies in
Bac Lieu province [42], which did not detect As in groundwater. The difference in geological conditions can explain
the variation in As concentration; for example, the soil in Long An has been recorded with a sulfuric horizon, and
sulfuric acid is extracted from the soil leading to the release of As [70].

Coliform density found in the landfill areas was higher than in other regions. The average density in landfill,
industrial-craft, and saline intruded areas was 165.5+£160.01, 933.1+795.2, and 607+648.2 MPN 100mL™,
respectively. This difference was statistically insignificant (p=0.10). Sampling locations in the landfill areas detected
E. coli in groundwater, ranging from 6.5-11.5 MPN 100mL™. It can be seen that human activities in the industrial
areas and craft villages have rather impacts on groundwater quality with TDS, TH, NH,*-N, CI", and some heavy
metals. In addition, uncontrolled landfills have greatly caused microbial contamination in groundwater.

3.3. Correlation between Groundwater Quality Parameters

A Pearson correlation matrix between groundwater quality parameters is presented in Figure 4. The correlation
coefficient (r) is close to 1; that is, two parameters are related in a positive linear. In contrast, if it is close to -1, it
means a negative linear correlation. When two parameters show a positive correlation, they have the same source. On
the contrary, a negative correlation indicates different sources. The strong positive correlations are observed in TDS
and CI” (r=0.71), NH,*-N and CI” (r=0.84), and NO3;™-N and NO,-N (r=0.91). The correlation between TDS and CI”
was also found in the study of Ghimire et al. (2023) [71]. Moreover, total hardness had the moderate positive
correlations with TDS (r=0.62), CI” (r=0.58), and Mn (r=0.42). The moderate negative correlations are observed in
salinity with SO,*" (r=-0.49) and Fe (r=-0.46). In addition, other moderate correlations include TDS and Pb (r=0.46),
TDS and NH,*-N (r=0.59), NH,*-N and Hg (r=0.43), SO,*" and Mn (r=0.44), and CI” and Pb (r=0.56). However, the
relationship between SO,%" and CI” was not recorded; this was also reported in the previous study by Ha et al (2019)
[53]. These strong correlations represent the impacts of anthropogenic sources on groundwater quality in the study
area. This contamination is associated with the releases of domestic and industrial sewages, the leachate from
improperly operated landfills, and seawater intrusion.
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Figure 4. Correlation matrix of 16 groundwater quality parameters in Ben Tre province (**: correlations is significant at
the 0.01 level, *: correlation is significant at the 0.05 level)
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3.4. Investigation of Important Parameters on Groundwater Quality and Potential Pollution Sources

The percentage variability of the data ranged from 6.9-29.5%, with 6 principal components (PC) explaining 93.6%
of the total variance of the dataset (Table 3).

Table 3. Identification of key groundwater parameters

Variable PC1 PC2 PC3 PC4 PC5 PC6
pH 0.061 -0.032 -0.422 0.444 -0.179 0.207
TDS -0.416 -0.169 0.068 -0.023 -0.118 0.181
Sal. 0.264 -0.320 -0.197 -0.062 0.018 0.026

TH -0.258 -0.325 0.060 -0.316 -0.087 -0.165
NH, * -N -0.388 -0.050 0.056 -0.091 -0.035 0.453
NO;-N -0.078 0.369 -0.373  -0.248  -0.103 0.048
NOs-N -0.121 0.348 -0.352  -0.282  -0.088 0.133

SO, = -0.091 0.491 -0.059  -0.152  -0.104  -0.007
Ccr -0.420  -0.164 0.065 -0.035  -0.134 0.141

Coliform 0.230 0.119 0.308 0.158 -0.526 0.008

E. coli 0.081 0.270 0.304 0.275 -0.127 0.253

Fe -0.221 0.287 0.002 0.259 0.381 -0.363

Mn -0.195 0.192 0.406 -0.114 0.089 -0.325

Pb -0.322 0.061 0.042 0.394 -0.369  -0.131

Hg -0.266  -0.063  -0.229 0.436 0.347 -0.013

As 0.097 0.142 0.307 -0.001 0.441 0.576
Eigenvalues 4.7 3.6 25 1.9 1.2 11
%Variation 29.5 22.2 15.6 11.8 7.6 6.9

Cum. %Variation 29.5 51.7 67.2 79.1 86.7 93.6

The first component (PC1), which represents the highest percentage of variants (29.5%), had a weak negative
correlation with TDS (-0.416), NH,*-N (-0.388), CI” (-0.420) and Pb (-0.322). In addition to the influence of natural
factors like geogenic sources, this PC is also affected by anthropogenic sources such as wastewater with high
detergent properties, rich in nutrients, and solid waste disposal. PC2 explained 22.2% of the variability of the original
data set, was negatively correlated with salinity (-0.320) and TH (-0.325) and positively correlated with NO,™-N
(0.369), NO3™-N (0.348) and SO,> (0.491). All of them were weakly correlated. This factor can indicate the source of
saltwater intrusion into the groundwater, and the source of nutrients can arise from leachate, septic tanks, and poor
sanitary conditions. PC3 with a variance of 15.6%, had a negative correlation with pH (-0.422) and NO,™-N (-0.373)
and a weak positive relationship with coliform (0.308), E. coli (0.304), Mn (0.406) and As (0.307). These
contaminants can also arise from septic tanks and breeding microorganisms in landfills; this was also reported in a
previous analysis by Ghimire et al. (2023) [71]. PC4 displayed 11.8% of the total variance, with a significant
relationship at a weak correlation with pH (0.444), Pb (0.394) and Hg (0.436) and TH (-0.316). PC5 explained 7.6% of
the total variance, which correlated significantly with coliform (-0.526) and some heavy metals (Fe, Pb, Hg and As) at
a weak level. Finally, PC6, with a variance of 6.9%, has a weak correlation with NH,*-N, Fe and Mn and a moderate
correlation with As. Heavy metals can be from landfill waste, industrial sources, and the overuse of fertilizers in
agriculture. Furthermore, previous research by Tweed et al. (2022) [72] demonstrated that As concentrations in the
Mekong Delta region of Cambodia are mainly influenced by natural processes rather than by irrigation. In addition,
several other studies in the Mekong Delta of Vietnam have also reported that As is mostly derived from soil
weathering [56, 73]. In general, the environmental parameters contributing to the groundwater quality variation are
from weak to moderate.

3.5. Cluster Analysis of Groundwater Sampling Locations

The results of cluster analysis using Ward’s linkage method to group the sampling locations are illustrated in
Figure 5. Eleven locations are classified into four clusters. Cluster | comprises GW3, which is located in Binh Thang
commune, Binh Dai district, Ben Tre province. Cluster Il includes three locations GW6, GW7, and GW8 are located
in Thanh Phu, Ba Tri, and Binh Dai districts, respectively. These locations are located near the landfills of these
districts. GW?2 is classified into Cluster 111 that is close to Phong Nam industrial areas. The remaining locations (GW1,
GW4, GW5, GW9-11) are grouped into Cluster 1V, including saline-intruded areas, landfills, and industrial parks.
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Figure 5. Dendrogram grouping the sampling locations based on their characteristics

The characteristics of groundwater quality in four clusters are described in Table 4. Cluster I is highly polluted by
TDS, TH, CI" and coliform. Wastewater from seafood processing and dried fish activities can percolate into aquifers,
which significantly contributes to this contamination in groundwater. Moreover, due to its coastal location, this has led
to the enrichment of CI™ via seawater intrusion. Cluster II is characterized by extreme pollution with coliform. The
operation of uncontrolled landfills is the primary source of coliform contamination in groundwater. Besides, TDS, TH,
and CI” problems in groundwater are also found in this cluster. Cluster III shared the groundwater pollution problems
with Cluster I, but to a different extent. The contamination is associated with the activities of Phong Nam industrial
areas. Groundwater sampling locations in Cluster 1V detected an average salinity of 2.83% and E. coli of 6 MPN
100mL™. Slight CI” pollution was also observed in Cluster [V. Seawater intrusion is responsible for the salinity in this
cluster. Moreover, leachate from landfills containing E. coli can move into aquifers.

Table 4. Groundwater characteristics in four Clusters

Characteristics

v

pH

TDS

Salinity

TH
NH, *

-N

NO; ~-N
NO;z; ™-N
SO,

cr

Fe

Mn

Pb
Hg
As

Coliform

E. coli

7.31
20,250
ND
4,064
0.52

0.1
21.33
4,823

960

890

6.1

0.02

104.5
ND

71
3,326
ND
1,716
0.13
0.16
0.36
175.38
1,011.1
1060
750
31
0
0
866.83
ND

6.25
7,345
ND
3,740
0.14
0.02
0.05
111.52
1,876.5
2220
3030
1.9
0
0
240
ND

7.30
1,286.8
2.83
1,180
0.06
0.06
0.13
131.28
299.11
2180
1180
3
0.01
0.03
673
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4. Conclusion

The results of this study revealed seasonal variations, most significantly in Mn and coliform. Heavy metals and N-
containing compounds in water tend to be higher in the dry season, while microorganisms tend to be higher in the
rainy season. The problem of TDS, salinity, TH, CI” and microorganism contamination was detected in groundwater in
Ben Tre province. TDS pollution was observed in the industrial and craft villages; coliform and E.coli contamination
were most appreciated near the landfill site. Correlation analysis and PCA described the relationship between
parameters and recognized the six potential pollution sources that can explain approximately 94% of the total variance.
In which factors including geology, discharged wastewater, landfill leachate, agricultural activities, and saltwater
intrusion are the main factors affecting most of the variation in water quality parameters. Based on the groundwater
properties, 4 clusters were obtained from 11 sampling locations, with each cluster representing a prominent pollution
problem. Clusters I and III represent TDS, CI”, Fe, and Pb pollution problems; clusters II and IV represent sites with
high levels of coliform contamination and high salinity, respectively. This helps in the identification of problematic
zones in the area where remedial actions need to be focused; therefore, the usefulness of using statistics in interpreting
analytical results is also illustrated. The findings of this study have provided general information related to
groundwater problems in a coastal province of southern Vietnam. It is essential to conduct studies on seawater
intrusion into inland areas, and appropriate treatments should be installed at home to ensure human health.
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