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Abstract. This study evaluated the groundwater levels (GWLs) and groundwater quality of Can
Tho city using statistical analysis and a Groundwater Quality Index (GWQI). In addition, the
groundwater recharge potential from rainfall was investigated for the period 2001-2009. The
results show that GWLs decreased rapidly in the period 2000 - 2010 and gradually in the period
2012 - 2018 in both the Middle-upper Pleistocene (qp,3) and Upper Pleistocene (gps) aquifers.
This is due to excessive withdrawals, especially to meet the demands of production facilities in
the city’s industrial zones. In this regard, Decree No. 2946/UBND-KT of the People’s
Committee of Can Tho City was issued and enacted in 2012, which resulted in a marked
reduction in withdrawals and contributed to GWL stabilization. Groundwater quality in Can Tho
was found to be mainly affected by coliform in both dry and wet seasons. However, groundwater
quality improved during the wet season with the dilution of rainfall, as shown by the GWQI
values. In addition to groundwater recharge from rainfall, other socio-economic factors such as
urbanization, industrialization, and the influence of the Hau (Bassac) River on recharge
potentials should be further investigated.
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1. INTRODUCTION

Water resources are central to socio-economic development and human health. It is
estimated that 80 % of the world’s population is currently facing water scarcity [1 - 4]. Hence,
both water quantity and quality have become major issues in the current environmental
discourse. In the Vietnamese Mekong Delta (VMD), water resources are affected by several
factors, such as water use demands, climate change and inappropriate management, which create
significant challenges for socio-economic development, poverty alleviation and livelihood
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diversification [5, 6]. Currently, the rapid rates of population growth, urbanization and
industrialization transformation in the VMD have put considerable pressure on available water
resources [7 - 9]. Furthermore, the development of dams, hydropower plants, as well as water
withdrawals in upstream sections of the Mekong basin have also contributed to changes in the
hydrological regime of the VMD downstream [6, 10]. In turn, increasing water demands in the
VMD has caused over-exploitation not only for irrigation, aquaculture and industry, but also for
domestic use [11, 12].

In view of these challenges, groundwater is considered as a valuable resource which
accounts globally for 30 percent of freshwater demands [13]. In the VMD, groundwater plays an
important role in meeting freshwater demands to sustain agricultural activities and the livelihood
of residents. This is because annual rainfall is not uniformly distributed over the region, and
groundwater is much less affected by climate variability, as well as from pollution than surface
water resources. However, the hydrological regimes of the VMD have a direct impact on
groundwater resources (GWR) through different routes, such as the disruption of natural flood
regimes, groundwater exploitation and recharge, as well as salt intrusion into the groundwater
aquifers [14]. Moreover, groundwater has been increasingly exploited for the purposes of
irrigation, domestic use, and also industrial activities [15]. This has resulted in the reduction of
groundwater levels (GWL) [16] and associated land subsidence [17]. Additionally, the absence
of management policies and their enforcement has also contributed to decreasing groundwater
quality [18]. Many studies have investigated the status of groundwater quantity and quality in
many regions in the VMD [16, 17]; for example, the GWL in Soc Trang city had an average
decrease of 0.30 to 0.39 m/year due to exploitation activities [19].

Can Tho city is the largest urban area in the VMD, currently undergoing rapid urbanization
and population growth, which in turn has led to an increasing demand for fresh water resources.
However, both the quantity and quality of surface water resources have decreased in recent
years, causing a resultant over-exploitation of GWR. Recent studies on GWR in Can Tho city
include Ty et al. (2021) [20], who studied the spatiotemporal variations of GWL and the
connection to land subsidence. The results from a Mann Kendal test with Sen’s slope indicated a
decreasing trend of GWL and a significant change in GWL over an eighteen-year period from
2000 to 2018. The results showed significant downward trends of GWLs for all studied wells of
aquifers gps and gp,.; except for a few shallow wells. It was found that the trend of this
dropdown in deep wells was highly associated with extraction rates. In addition, Ty et al. (2018)
conducted research in the Tra Noc Industrial Zone of Can Tho city to assess the current status of
exploitation, GWLs changes and management of GWR, from which a relationship between
groundwater extraction, the water level in the Hau River (CTH-039803 station) and GWLs at
monitoring stations/wells was established [21, 22]. The results showed that the extraction of
groundwater in the Tra Noc Industrial Zone led to an over-exploitation of GWR. It is suggested
that this may be a major cause of the marked decrease in GWLs of Pleistocene and Holocene
aquifers of 4 m and 1 m from 2000 to 2015, respectively. Both rainfall and the Hau River were
found to be the major source of recharge to the Holocene aquifer. In addition, the management
of GWR was deemed not effective, and there was a lack of close coordination between
enterprises and local GWR management agencies/departments. Besides, the GWL at the Tra
Noc Industrial Zone in Can Tho city was seen to decrease at an average rate of 22.09, 41.24 and
37.64 cm/year in the Holocene aquifer (gh), the Middle-upper Pleistocene aquifer (qp..s), and the
Upper Pleistocene aquifer (qps), respectively [23].

Therefore, GWR in Can Tho city has changed significantly with increasing water demands
to meet the needs of both domestic and industrial activities. Moreover, changes in rainfall have
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also affected the potential groundwater recharge, which may lead to water scarcity in the future.
For example, the impact of rainfall changes on shallow groundwater recharge under climate
change scenarios in Hau Giang province was reported by [24]. Their work indicated a large
imbalance between the amount of groundwater recharge (supply) and the exploitation
(withdrawal). To the best of our knowledge, the evaluation of groundwater quality and recharge
for the entire administrative area of Can Tho has been rarely documented in recent years.
Moreover, the study on evaluating GWL, quality and recharge in Can Tho city is a pressing
concern as it provides significantly practical information for improved management and
reduction of GWR degradation. Therefore, the objective of this study was to evaluate the status
of GWL and groundwater quality in eight representative districts of Can Tho city.

2. MATERIALS AND METHODOLOGY
2.1. Study area

Can Tho city has an average elevation of 1 to +3 m above the mean sea level and is located
in the center of the VMD. It exhibits a tropical and monsoon climate, with a wet season from
May to November and a dry season from December to April (Figure 1). The mean annual
rainfall is 1,674 mm, while the average annual temperature and humidity are 27 °C and 83 %,
respectively. In Can Tho city, groundwater exists in the pores of unconsolidated Cainozoic
sediments with the different hydrographic geological units, including Holocene (gh), Upper
Pleistocene (gps) and Upper-middle Pleistocene (qp..3). In the Holocene aquifer known as a
source to recharge deeper aquifers, the groundwater level is stable, ranging from 0.1 to 1.6 m
from the ground surface, with an average thickness of 25.4 m. Therefore, the seasonal changes in
guantity and quality of water in the Holocene aquifer may be influenced by different recharge
sources, such as rainfall and surface water [25].

Figure 1 shows that the groundwater monitoring network in Can Tho city includes 16
clusters covering eight districts; in which BS.01-BS.06 has been monitored since 2006, while
QT1-QT6, QT8-QT12, and QT16-QT18 have been monitored since 2000. However, 8 out of 16
clusters were selected as the main representative of eight districts in Can Tho city as summarized
in Table 1.

Table 1. The main representative of eight districts in Can Tho city.

No. District Abbreviation Monitoring well
1 Cai Rang CR QTo01
2 Binh Thuy BT QTO08
3 O Mon oM QT09
4 Thoi Lai TL QT10
5 Thot Not TN QT11
6 Vinh Thanh VT QT17
7 Co Do CD QT18
8 Phong Dien PD BS03
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Figure 1. Location of groundwater monitoring wells in Can Tho city (QT- monitored since 2000;
BS - Supplementally wells since 2006).

2.2. Data collection

The data series of groundwater levels was collected from the Department of Natural
Resources and Environment of Can Tho city, and the Division for Water Resources Planning
and Investigation for the South of Viet Nam. The rainfall data were provided from the
Hydrometeorological station of Can Tho city. Table 2 outlines the data sources.

Table 2. Collected data series.

Data Duration Notes

Groundwater quality 2001 - 2016 10 momtormg_ wells
Frequency 2 times/year

Groundwater level 2001 - 2018 16 momtormg_ wells
Frequency 1 time/month

Groundwater exploitation | 2004 - 2016 Z;ﬁgly’ in Tra Noc Industrial

Rainfall 2001 - 2018

Groundwater recharge 2001 - 2009

2.3. Groundwater quality index

The Groundwater Quality Index (GWQI) method reflects the combined effects of different
water quality parameters, depending on the characteristics of the study area and the target use.
Groundwater quality is calculated using the GWQI formula (2001 - 2016) [26], which is
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compared with the permissive standard of the Vietnamese Regulation (QCVN 09-MT:

2015/BTNMT).
W, C.
—! —1x100 1
ZI:lVVi X[Si x J ( )

where n is the number of groundwater parameters; w; is the weightage of the parameter i as
presented in Table 3 (referenced from [27]); C; is the measured value of the parameter i; and S; is
the maximum permissible standard of the parameter i (based on QCVN 09-MT: 2015/BTNMT).

After calculation, GWQI is classified as shown in Table 4. Besides, the probability of
exceedance was also calculated by equation 2 to compare the GWQ between the dry and wet
Seasons.

GWQI :i:zlSIi :i(\/v. xQ;) =

X
p(x;) == (2)
n

where p(X;) is the probability of exceedance value; X, is the total number of samples with

values higher than the standard values (compared to QCVN 09:2015/BTNMT); and n is the total
number of samples observed.

Table 3. Weight, correlation weight and limit values of GWQI.

. Correlation Limit values (S;)
. Weightage X
Parameter Unit W) Weightage (QCVN 09-
' (W5) MT:2015/BTNMT)
pH - 4 0.17 55-85
Hardness mg/L 2 0.09 500
Cr mg/L 3 0.13 250
NO3 mg/L 5 0.22 15
S02- mg/L 4 0.17 400
Fe®* mg/L 4 0.17 5
Coliform | MPN/100mL 1 0.04 3
1 1
Z w; = 21 Z w; =1
n n

Table 4. Water quality classification based on GWQI.

Classification GWQI value
Good <50
Bad 50-100
Very bad >100
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2.4. Groundwater recharge

In this study, the groundwater recharge was estimated for the Holocene aquifer (gh)
through the statistical relationship between the rainfall amount and the groundwater level (in gh
aquifer) for the period 2001-2018 using the following equation [28].

AH=a+bxR, 3)

where AH is the recovery of groundwater level; R, is the total precipitation during the wet
period; a and b are the regression coefficients. The relationship between the two variables (R,

and AH) was established by a simple statistical technique, thereby the correlation equation
between the amount of groundwater recharge and the rainfall at each monitoring well was
estimated (or a and b were found).

3. RESULTS AND DISCUSSION
3.1. Fluctuation of GWR in Can Tho city

The fluctuation of rainfall and water level of the Hau River in Can Tho city from 2001 to
2018 is presented in Figure 2. Both monthly rainfall and river water levels show the same
fluctuation trend. It suggests that in general, the water level of the river has not changed
considerably over the last two decades.

Can Tho Rainfall —Hau River
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A

Figure 2. Rainfall and water levels in the period 2001-2018 of Can Tho city.
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The trend of GWLs at Phong Dien (PD), Cai Rang (CR), Binh Thuy (BT), O Mon (OM),
Thoi Lai (TL), Thot Not (TN), Vinh Thanh (VT), and Co Do (CD) districts versa the surface
water level at the Can Tho station (2001 - 2018) is shown in Figure 3. It can be seen that the
GWL in the Holocene aquifer was relatively stable during the majority of the last 20 years, while
a gradual decrease in GWLs is found in the Upper Pleistocene (qps) and Upper-middle (qp;-3)
Pleistocene aquifers. The GWLs in Upper Pleistocene (gp3) and Upper-middle (gp2-3)
Pleistocene aquifers both decreased approximately by 5 m. The possible reason is due to the
increasing exploitation of GWR to meet the domestic (small driver) and industrial (dominant
driver) demands as reported by [29]. However, it is also noted that the fluctuation of GWLs

96



Evaluation of groundwater level, guality and recharge: a case study of Can Tho city, Viet Nam

shows the same decreasing trend from 2001 to 2010, and then retains a certain stability as
observed in districts such as CR, BT, OM, TL and VT. This may be the result of groundwater
exploitation being gradually phased-out due to the expansion of the water supply network from
surface water.
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Figure 3. The trend of GWLs at districts vs surface water levels recorded at Can Tho station
(2001-2018).
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Figure 3 (continue). The trend of GWLs at districts vs surface water levels recorded at Can Tho station
(2001-2018).

In addition, due to lack of data on GWR exploitation for the whole city, based on the
assessment of the exploitation rate of GWR in Tra Noc Industrial Zone carried out by Ty et al.
(2018) [22], a total exploitation rate of GWR from 2004 to 2016 is shown in Figure 4. The
Figure shows that from 2004 to 2010, the policy of encouraging investment in the Tra Noc
Industrial Zone led to a corresponding increase in GWR exploitation. The total GWR
exploitation in 2004, 2009 and 2011 was 3,568 m°/day, 18,876 m*/day and 20,210 m®day,
respectively. It is clear that the total exploitation of GWR increased by almost six times over this
7-year period. However, the enforcement of Decree No. 2946/UBND-KT dated June 23, 2010 of
the People’s Committee of Can Tho city on regulating the use of GWR reduced the exploitation
in 2012, and thus GWLs became gradually stable [30]. In addition, the enterprises in Tra Noc
Industrial Zone have used a combination of different water sources for production and daily
needs. Only 18.18 % of enterprises used GWR, while other enterprises used main water with
GWR accounting for 63.64 %; and the rest used combined sources (data not shown here).
However, the exploitation of GWR for production nevertheless shows an increasing trend after
2012.
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Figure 4. Total GWR exploitation rates in Tra Noc Industrial Zone (2004 - 2016).
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3.2. Quality of groundwater

In this study, the groundwater quality was evaluated using basic water quality parameters,
including pH, hardness, nitrate, sulfate, chlorine, and coliform. Generally, the values of pH,
hardness and nitrate parameters were much lower than the standard values according to QCVN
09:2015/BTNMT.

Cai Rang (a) Cai Rang (b)

100%

Phong Dien Binh Thuy  Phong Dien 5 Binh Thuy

O Mon

Vinh Thanh Thoi Lai Vinh Thanh Thoi Lai
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o-Cloride o Sulfate -oTotal iron -e-Coliform oChlorine oSulfate oTotal iron eColiform

Figure 5. Comparative graph for GWQI parameters in both the dry (a) and wet (b) seasons.

Therefore, Figure 5 only shows the comparison of chlorine, total iron, sulfate and coliform
contamination in the groundwater of the city between dry and wet seasons. It can be seen that
the groundwater quality in Can Tho is contaminated mainly by coliform through both seasons.
However, the contamination was reduced significantly due to the reduced exploitation of GWR
and by rainwater dilution in the wet season. Moreover, chloride contamination was also
observed during the dry season at most of the monitoring clusters. This is because the
concentration of CI" may result from human activities (e.g., agricultural runoff, discharged
wastewater, septic tank effluent, and landfill leachates) [31 - 34]. The groundwater pollution by
sulfate was seen mainly in the wet season. This is because sulfate anions from fertilizers can be
permeabilized easily into aquifers by rainfall runoff and infiltration. As a result, the increasing
exploitation of groundwater for both domestic and industrial uses [29] can be considered as the
main reason for the degradation of groundwater over the entire city.

The total water quality values to evaluate GWQI based on the permissive standard of
QCVN 09:2015/BTNMT in the wet and dry seasons are presented in Figure 6. As mentioned,
the GWQI of Can Tho city was affected mainly by the high value of coliform, hence the GWQI
value was usually at a high level (> 100) in the dry season between 2001 to 2016. However, the
GWQI improved significantly in the wet season with increased rainfall dilution. It is also noted
that the groundwater pollution remained quite high in some districts that are considered as the
suburbs of Can Tho city, where domestic waste may be discharged directly into the aquatic
environment. Furthermore, the growth of population and production also contributes to the
pollution of groundwater quality from 2005 onwards. On the other hand, rapid urbanization may
help to reduce the groundwater pollution from 2016 thanks to the replacement of GWR by the
surface domestic water supply, and improved technologies for water treatment.
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Figure 6. GWQI in the dry and wet seasons over eight districts of Can Tho city.
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3.3. Groundwater recharge
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Figure 7. Groundwater recharge in 8 districts of Can Tho city.
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Figure 7 presents the hydrograph of groundwater recharge from annual rainfall to the
Holocene aquifer in Vinh Thanh, Thot Not, Binh Thuy, Cai Rang, O Mon, Thoi Lai, Co Do, and
Phong Dien districts for the period 2001-2018. Overall, there is a certain recharge from rainfall
to gh aquifer in Can Tho city. However, it is clearly seen that the GWL graph has different
trends over the two periods of 2001 - 2009 and 2010 - 2018. The results show that the
groundwater recharge in Can Tho city was relatively stable in the period 2001 - 2009, but
became unpredictable in the years 2010 - 2018. This suggests an imbalance between the rate of
exploitation and recharge. Therefore, the groundwater recharge from rainfall over the entire Can
Tho administrative area is only calculated from 2001 to 2009.

Moreover, the observed data in Phong Dien district is not enough to calculate groundwater
recharge, hence Figure 8 only shows the correlative equation of groundwater recharge and
rainfall in Vinh Thanh, Thot Not, Binh Thuy, Cai Rang, O Mon, Thoi Lai, and Co Do districts.
Additionally, the average riverbed level of the Hau River is about -25 to -33 m MSL, while all of
the well depths in the Pleistocene aquifer are from 50 to 150 m. Therefore, the possibility of
groundwater recharge from rivers to the Pleistocene aquifer is very low [21]. Groundwater in
this aquifer might be, however, recharged by vertical penetration from the Holocene aquifer.
That is the reason why this study only considers the groundwater recharge from rainfall to the
Holocene aquifer.

Table 5. Summary of groundwater recharge of Can Tho city in 2001 - 20009.

Groundwater recharge (mm)
Clusters

2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009

Vinh Thanh | 777.8 | 6349 | 349.2 | 420.6| 4921 | 4206 | 349.2| 1349 | 1349

Thot Not 655.7 | 4739 | 201.2| 564.8 | 564.8 | 4739 | 2921 | 292.1| 110.3

Binh Thuy | 254.6 | 511.7 | 1403 | 140.3 | 340.3 | 1689 | 283.1| 226.0 | 340.3

Cai Rang 839.8 | 9398 | 739.8| 739.8| 7398 | 639.8| 639.8| 639.8 | 339.8

O Mon 1879 | 616.4| 4736 | 687.9| 6879 | 5450 | 759.3 | 759.3 45.0

Thoi Lai 921.1| 7393 | 1029 | 739.3| 1938 | 6938 | 284.7| 1484 | 6029

Co Do 2087.3 | 2087.3 | 1837.3 | 1837.3 | 1837.3 | 1837.3 | 1587.3 | 1837.3 | 1587.3

In addition, Table 5 shows the calculated quantity of groundwater recharge from rainfall in
the districts of Can Tho city for the years 2001 - 2009. Generally, the amount of groundwater
recharge over the whole city decreased gradually from 2001 to 2009, while the recharge levels
showed a large spatial variation due to different land uses and functions between districts. Based
on the recent research results of [35] documenting urbanization processes in Can Tho, the NDVI
value in Can Tho city tended to decrease gradually over the period 1990 - 2020, this is especially
true in the core central city area and the surrounding suburban areas. For example, in Ninh Kieu
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district, NDVI values from negative 1 to 0 (water system objects) had the highest spatial
coverage (23.4 %) in 2005, yet reduced to relatively stable values of about 11.0 % thereafter. At
the same time, the NDVI from 0 to 0.2 (impermeable surfaces) tended to increase gradually over
the periods of 1990, 2005, 2015 and 2020, measured at 16.27 %, 20.05 %, 53.04 % and 58.29 %
spatial coverage, respectively.

4. CONCLUSIONS

The increased demand of GWR for both domestic and industrial purposes has resulted in
the widespread overexploitation of resources in Can Tho. This study shows that GWLs in the
study area reduced rapidly from 2000 to 2011 in the Middle-upper Pleistocene (gp..s) and Upper
Pleistocene (gps) layers due to the over-withdrawal of GWR. This is markedly seen in almost all
the designated industrial areas. The reduction rate of GWLs slowed from 2012-2018 as Decree
No. 2946/UBND-KT of the People’s Committee of Can Tho City was issued and enacted in the
year 2012. It is found that groundwater quality in Can Tho city is affected mainly by coliform in
both dry and wet seasons. However, the quality of groundwater also improved as a result of
dilution with rainfall. Moreover, it is noted that groundwater recharge has been decreasing
gradually, which may lead to groundwater scarcity in the near future. In addition to the
groundwater recharge from rainfall, other factors such as the effects of urbanization and
industrialization, the water level of the Hau River on groundwater recharge should be
investigated and evaluated in future studies. The obtained results are useful as a preliminary
reference in planning, managing and protecting the groundwater resources of Can Tho city.
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