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Abstract. Since the 1990s, under the pressure of socio-economic growth in the Ho Chi Minh City and nearby
provinces, the heavy-extraction of groundwater of this area has dramatically increased to meet high water
demand for domestic and industrial purposes. Although the groundwater — Saigon River interaction
significantly contributes to groundwater reserves, researchers have been less attentive to fully describe and
understand the river recharge. This study attempts to explore the impact of groundwater-river interaction to
aquifer system due to pumping increase via field seepage and (O18, H2) isotopic measurements in the Saigon
River Basin, South East of Vietham. The analysis showed that river bed conductance at 0 km, 30 km, 60 km,
80 km, and 120 km were 4.5 m?/day/m, 4.2 m?/day/m, 2.5 m?/day/m, 1.7 m?/day/m, and 0.25 m2/day/m
respectively. The riverbed conductance relies on the sand percentage of sediment. The composition 60’8 in
groundwater, river, and precipitation indicates that river recharge to groundwater exists mainly in the lower
part of the basin. In contrast to downstream, the composition of 8O18 was signified that the river primarily
gains water from groundwater upstream. Under pressure of developing economies, the groundwater pumping
in the Saigon tiver basin increased from 175,000 m3/day in 1995 to 880,000 m3/day in 2017. As a
consequence of the increased pumping rate, the groundwater discharge to the river decreases from 1.6 to 0.7
times of groundwater pumping in upstream, while the amount of Saigon river recharge increases by 33% to
50% of the total groundwater pumping downstream. Under the exceedance pumping rate, the aquifers in the
Saigon River Basin release less water to the Saigon river and it tends to gain more water through the river -
groundwater interaction process. Therefore, groundwater management in downstream aquifers needs better
joint planning with surface water development plans, particularly for surface water supply utilities which still
struggle to satisfy the water demand of the development plan.
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1. Introduction

The river fluxes to aquifer systems ate a significant
component to estimate the potential long-term yield of
groundwater from those systems [1-4]. Since the 1980s,
numerous researchers have developed many methods to
estimate the fluxes exchange as well as river-groundwater
interaction parameters: quantify the rate of river gain and
loss through small cross-section riverbed via seepage
meters [5-7], i.e., to estimate flows in and out at streambed
utilizing measurement piezometric head differences
between the river and the subsurface flow via streambed
piezometers [5, 8-10] and to identify possible groundwater
recharge sites obtained the isotopic characterization of
rainfall, surface water, and groundwater [11, 12]. Somehow,
the nonlinear interactions among river recharge-discharge
into aquifers remain challenge tasks on ditect measurement
and distribution spatial variability for long-term on a
regional scale. In addition, despite recent advancements in
numerical modeling, the complexity of surface water and
groundwater interaction parameters probably drive to
inappropriate estimated groundwater storage. The lithological
composition of streambeds and aquifers mostly are
considered as static, homogeneous entities. [13]. Thus, the
simplified conceptualization of complex surface watet-
groundwater interactions also produces uncertainty inputs
for the hydrogeology process [14, 15]. Henceforth, the
estimated system parameters without a perception of
the groundwater-river interaction mechanism may bring
inappropriate inputs into groundwater model solutions,
especially in an alluvial plain area [16].

Since the 1990s, under the pressure of social and
economic growth in the Ho Chi Minh City and nearby
provinces, the excessive groundwater extraction has
caused aquifers to be dramatically drawn down, resulting
in critical groundwater shortages downstream [17, 18].
In order to preserve groundwater resources in Saigon
River, numerous publications attempted to investigate
groundwater resources in the Saigon River basin. In 2000,
Win Boehmer [19] developed conductance values for all
hydraulic stations of the river system by utilizing hydraulic
conductivity from pumping tests in the Nambo Plain,
including the Saigon River Basin. The calculated conductance
in the Saigon River is from 2.2 m/day to 4.4 m/day. In
2010, Chan and Ky [20] and Khai [21] assessed potential
groundwater recharge via inverse numerical groundwater
modeling. The groundwater-river interaction parameters
were followed by the conductance values of Win Boehmer
[19]. The results indicated that the river recharge
contributes 20% to 40% of the groundwater budget in the
Saigon River Basin. Moreover, the river recharge amount
has a linear relationship with groundwater abstraction.
Tuan and Koontanakulvong [22] developed a function of
interaction parameters for the middle part of the Saigon
River via the piezometric head. However, most studies
focused on the hydraulic conductivity of aquifers without

considering sediment riverbed properties and evaluating
the ratio between land recharge and river recharge.

In order to have more robust groundwater resources
planning for sustainable socio-economic development, the
groundwater recharge mechanism must be explored more
intensively under transient conditions. The aim of this
study is to derive interaction patameters, to understand
groundwater and river interaction impacts on the aquifer
system in the Saigon River basin, Vietnam. First,
interaction parameters along the Saigon River basin were
confirmed via piezometric head and field seepage
measurements. Second, the seasonal water balance of
river-groundwater was evaluated in 5 sections by utilizing
(O3, H?) isotopic. Finally, by comparing the signatures, it
is possible to understand the interaction groundwater-
surface water impact on the aquifers system.

2. Background, Procedures, and Theories Used
2.1. Background and Study Area

The area of Saigon River Basin comprises of a total
area of 6,640 km?2 located between latitudes 10.320 E to
11.201 E and longitudes 106.215 N to 107.024 N. (Fig. 1).
The study domain experiences a tropical climate,
particulatly a tropical wet and dry climate, with an average
humidity of 75%. There are two distinct seasons in a year:
the rainy season from May to October and the dry season
from Nov to April. The mean annual rainfall amounts to
1,612 mm and means annual temperature to 27°C. The
topography of the area varies from 0 m. MSL to 70 m.
MSL. The Saigon river originates in Cambodia. In
Vietnam, it passes through the Dautieng Dam in Tay Ninh
Province, Binh Phuoc Province, Binh Duong Province,
and Hochiminh City before flowing into the sea. The
Saigon river stretches 280 km from the Dautieng Dam to
estuary. At 60 km from the Dautieng Dam, the Saigon
river distinguishes in 2 parts: the upper reach with 100 m
wide and 12 m water depth and the lower reach including
225 to 370 m width and up to 24 m water depth (Fig. 1 a).
The storage capacity of the Dau Tieng reservoir is from
470 (at the dead water level of 17 m) to 1.68 billion m? at
the normal operating water level of 24.4 m, whose
functions are flood control and irrigation for agricultural
production in Ho Chi Minh City region. Moreover, the
reservoir simultaneously assumes the role of controlling a
salinity of 4% at Phu An station (downstream of the
Saigon River) during the drought period [23]. This study
focused on the impact of groundwater and river
interaction on the fresh aquifers in Saigon River Basin,
Vietnam excluding the potential areas of salt intrusion
movement and seawater rise impacts. The groundwater
model area covers from dam release location till Phu An
station as shown in the dashed line in Fig 1 a).
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Fig. 1. Location map (a), Seepage measurement cross-section(b) and Hydrogeology cross-section in the study area (c)

24, 25].

Saigon River Basin has six confined aquifers consisting
of alluvial sediments. Each aquifer is separated from the
others by clay layers (Fig. 1b [24]). The aquifers were
named according to the formation sequence, from the
uppermost to the lowest, as follows: the Upper
Pleistocene aquifer (qps), with an average thickness of 23
m; the Upper—Middle Pleistocene aquifer (qp2-3), with an
average thickness of 27 m; the Lower Pleistocene aquifer
(gp1), with an average thickness of 27 m; the Upper
Pliocene aquifer (n2?), with an average thickness of 38 m;
the Lower Pliocene aquifer (n»'), with an average thickness
of 34 m. Based on a TDS cutoff of 1,000 mg/L [26],
groundwater in the study area could be divided into two
groups: the central and the northern areas, exhibited TDS
concentrations of <1,000 mg/L, corresponding to
freshwater, whereas the southern area, and part of the
western  area, had higher TDS concentrations
corresponding to saline water (Fig. 1a [24, 25]). After 23
years of rapidly increased abstraction, groundwater levels

in all aquifers have been declined by 12 meters in the
upper Pleistocene aquifer and by 40 meters in the lower
Pleistocene aquifer. Currently, groundwater pumping
volume in Saigon River Basin was estimated at 880,000
m3/day [25, 27], of which 484,000 m3/day and 396,000
m3/day were used for domestic activities (residents, public
works and services) and industry, respectively [25, 28].
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Fig. 2. Groundwater pumping in Saigon River Basin [25, 27].

ENGINEERING JOURNAL Volume 24 Issue 5, ISSN 0125-8281 (https:/engj.org) 17



DOI:10.4186/€j.2020.24.5.15

Regarding hydrogeology cross-section [25, 29], the
upper-Pleistocene (qps: aquifer 1), and Upper Middle
Pleistocene (qp2s3: aquifer 2) interact with Saigon river
from Dautieng dam to Phu An. Moreover, the piezometer
heads of both aquifers oscillated with fluctuation of the
Saigon river stage (Fig. 8). Therefore, this study only
focused on the interaction between the Saigon river and
Pleistocene aquifers due to the availability of leakage from
the river to aquifers. Our results provide information
essential for an effective management plan to protect and
preserve the groundwater resource.

2.2. Procedures

1. Collect sample H2 and 0% isotopes at 5
river stations quarterly

3. Calibrate and validate conductance
via piezometric
4. Validate interaction parameters with
seepage field measurementalong
Saigon River

|
|
|
|
|
| 1 |
|
|
|
|

2. Analysis stable isotopes composition of
rainfall, river, groundwater

5. Evaluate groundwater recharge
proportion at 5 river sections
6. Assess groundwater - river interaction impact to
groundwater storage in regional

Fig. 3. Study Procedures.

To understand the river - groundwater interaction in
Saigon River Basin, the impact assessment procedure in
the study comprises of 6 steps: (1) Collect sample H3 and
O'8 isotope at 5 river stations quarterly; (2) Analyze stable
isotopes composition of rainfall, river, groundwater; (3)
Calibrate and validate river bed conductance along Saigon
river via piezometric head; (4) Develop groundwater
modeling and validate interaction parameters with five
seepage measurements along Saigon River; (5) Evaluate
groundwater recharge at 5 river sections via oxygen — 18;
(6) Assess groundwater-river interaction Impact to
groundwater storage in regional scale. The overall study
procedure is shown in Fig. 3.

To develop groundwater systems in Saigon River
Basin, the boundary condition of aquifers modeling used
average monthly observed piezometric heads surrounding
the Saigon River Basin. The land recharge rate was applied
by multi effective rainfall with a recharge ratio as Long
[30]. Water levels along rivers were established using an
average monthly of monitored river stage. The pumping
rate and hydrogeology parameters were extracted from the
hydrogeology map data of Vuong [25]. The grid size of
modeling is 1km x 1km. The simulation duration is from
the year 1995 to 2017. To investigate the characteristics of
river bed conductance, the field seepage measurement was
conducted and compared with parameters from inverse
groundwater modeling along the Saigon River Basin. In
order to evaluate groundwater recharge composition,
stable isotope samples of groundwater, river, and rainfall
were collected at 5 sections (as Fig. 1b) quarterly in the
year 2018.

2.3. Theories Used
Groundwater model

Aquifer storage change to natural and human-induced
stresses is simulated using a groundwater flow model, with
a piezometric head (groundwater level) and fluxes into and
out of an aquifer as model parameters. The governing
equation of the three-dimensional movement of groundwater is

) Sh ) Sh ') Sh Sh
5 Kol +s—y[Kyy5] t oK+ W =83

©)

where the hydraulic conductivity along the x, y, and z
coordinate axes (m/da) are Ky, Kyy, and K, respectively,
and h is the potentiometric head (groundwater level)
(m/day),

The volumetric flux per unit volume of sources
and/or sinks of water is denoted by W, where water
exploitation  results in  negative and
injections/rechatrge as positive. W is to be considered a
function of space and time (i.e. W = W(x, y, z, t)),

S, is the porous material’s specific storage as a function of
space,
tis time (day).

values

River bed conductance

The Darcy approach is a common method for
quantifying the exchange of flow between groundwater
and surface water, specifically on large pond or basin scale.
The gradients and exchange water flow between the wells
and the surface-water body are calculated via the
measurements of water levels in wells near the river and
measurements of river water stages. The formulas describe
as follows:

Q=C(hi-hy)
2
c=SA gy
L
©)

Q is the volumetric flow (m?/day),

C is river bed conductance (m?/day/m),

K is the hydraulic conductivity of the material in the
riverbed (m/day),

A is the cross-sectional area perpendicular to the flow
(m2,

h; is the head of the river (m),

hy is the head of the aquifer to flow (m),

L is the length of the prism parallel to the flow path (m),
tis the thickness of the sediment in the bottom of the river
(m),

w is the width of the material along the length of the arc

(m).
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In addition, the river bed conductance can be
measured via seepage measurement, a device commonly
used to directly measure the water flux across the
sediment-water interface [31]

_ QxAzxw
~ Ap.Ah ®)

where Q is the flow rate, which can be measured by
seepage meters (m3/day),

Az is the thickness of sediments (m),

Ah is the difference piezometers (m),

Ay is the cross-section area of seepage meters
(m?3),

w is the width of the cross-section river (m).

Mass balance of isotopic compositions of groundwater

The groundwater resources of the Saigon river basin
were dominated by land recharge and Saigo river. For
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better understanding the river — groundwater interaction
process, the proportion of river charge and land recharge
was analyzed through the use of a concentration of stable
isotope. The analyst for simple two-component mixing
model is applied as [7]:

Qewoew = Qs6s + Qpdp
o)

where  Q is volume discharge,

d is the stable-isotopic composition in parts per
thousand enrichment or depletion (“per mil”)
relative to a standard,

S is stream water,

GW is groundwater,

P is precipitation.

Aquifer properties
(Vuong, 2010)

Parameters Aquifer 1(qpy Aquifer 2 (qp9 Aquifer 3 (qpy - Aquifer 4 ()
Distribution area (ki) 3,158 a1 4983 6,640
Saline GW areakkm?) 1199 119 1157 912
Fresh GW arca (km) 1,959 2,951 3,826 5,78
Average thickness 26 272 271 376
Hydraulic conductivity (nvday) 540 530 10-30 5.45
Specific yield (1) 0255 0261 0258 0238

Specific storage (14 ) 0002 0002 00001 00001

Groundwater Model

Pumping location
(Vuong, 2010)

Legend
Sand dayloam
Res1 201%™
Sand day.

e 932"
Clay
Re0 44"

Fig. 4. Conceptual groundwater model and inputs in the study.

Figure 4 presented the conceptual groundwater
modeling for the Saigon River aquifers system. The
boundary conditions of the study area include no-flow,
specified head, general head. In the interface of mountain
areas and at the places perpendicular to the groundwater
flow direction, the boundary is defined as a “no-flow”
boundary as they are impermeable boundaries [32]. Along
the constraint line of the study area, the boundary of
aquifers is defined as a “specific head” boundary. The
specified head was set from average monthly observed

Conceptual groundwater model

piezometric heads surrounding Saigon River Basin. The
aquifer properties utilized from the hydrology map [24].
Since the groundwater use comes from domestics and
industries, the groundwater pumping in the dry season was
set as same as in the wet season. The locations of observed
wells and pumping wells are collected from the Division
for Water Resources Planning and Investigation for the
South of Viet Nam [24]. To limit the rate of saline
intrusion movement into freshwater areas, the pumping
well in Saigon River Basin mainly allocated distant from
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the saline boundary. Moreover, the hydraulic gradient line
of the saline boundary is stable for 23 years pumping.

3. Results and Discussions
3.1. Groundwater — River Interaction Parameters

First, from groundwater modeling, the conductance
coefficient was estimated via inverse modeling at 5
sections which named R1-Q102, R2-N2, R3-BD06, R4-
BD11, R5-Q202 (as Fig. 1a). The model calibration and
verification depended on good statistical performance

between computed piezometric to observe piezometric
heads at 5 wells named: Q102; N2; BD06; BD11; Q202
(as in Table 1). The sample of calibration and validation
conductance presents in Fig.5. The mean errors range
from 0.07 meters to 0.61 meters. The maximum errors are
from 0.37 meters to 2.5 meters. The R-squared ate in the
ranges of 0.6-0.86. Moreover, the simulation values are in
the confidence interval range of observation data (see
example in Fig. 6). This suggests that the overall
performance of the model is fairly good. Therefore, the
conductance parameters are able to apply for the further
river — groundwater interaction analysis.

Table 1. Statistics performance of calibration and verification.

Sectionname  Rl- R2-  R3-  R4-  R5-  RI- R2-  R3- R4 - RS -

Q2 N2 BD06 BDIl Q202 Q102 N2 _ BD06 _ BDIl Q202
Calibration (1995 - 2006) Verification (2007-2017)

Max Eror (m) 173 015 25 0.37 1.99 178 028 0.8 0.58 122

Min Error (m) 0 0.04 004 0 0 001 003 0 0.02 0

Mean Error (m) 061 012 01 0.12 0.02 0.16 011 0.6 0.05 0.07

R? 086 094 068 072 0.65 083 079 0.6 0.7 0.57

(Cr;’f/i‘;t;‘;‘;e 45 42 2.5 17 0.25 45 42 2.5 17 0.25

Second, the computed riverbed conductance was
validated with the seepage field measurements along the
river during August and October 2018. The results from
tield seepage measurements are shown in Fig. 6. The value
near the dam is from 4 m2/d/m to 6 m2/d/m. The value
at 35km ranges 3.2 — 4.7 m2/d/m. At 60 km, the riverbed
conductance varies from 2.1 m2/d/m to 2.9 m2/d/m. At
80 km, the measured values are in the range of 1.2-1.7
m2/d/m. At 120 km, the riverbed conductance measures
0.25 m2/d/m. Hence, the estimated riverbed conductance

2
Section R5-Q0202

2'1 v ' ,\}" A‘ *A : ;,& (]
‘;’ L Cormpasion \ vy %?[ %g j:]
8-4 $95% CI .#‘ 1

5 Calibration Validation
-6

2000 2005 2010

Year

2015

Fig. 5. Sample of calibration and verification result.

20

by modeling agrees with the seepage field measurement
(Fig. 6). In addition, the soil test analysis reveals the
proportion of sand-sized sediment tends to decrease along
the river (see Fig. 6). The change in sediment properties
along the river implies that Saigon River's lithological
sediments are the direct consequence of the decreasing
conductance from upstream to downstream.
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Fig. 6. Groundwater — river interaction parameters and

river bed soil type along the Saigon river (e previous
study - Tuan and Koontanakulvong [22]).
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3.2. Quantifying Water Recharge Budget by O

To qualify the exchange fluxes of the river into
groundwater, the isotope analysis from rain, well and river
water samplings were conducted quarterly in year 2018. As
shown in Fig. 7, there exists a good correspondence
between the hydrogen and oxygen isotope compositions
obtained from the groundwater sample of the observation
wells and to those of along the Saigon River. The §O'8 and
S8H? isotopic sample of groundwater collected at five
stations vary between —7.4%o and —5.5%o0 and -46.3%o and
—38.2%o, respectively. The river consisted of 8O
from—7%o to —5.5%0 and S8H? from -47%o0 to—39%o.
Meteoric Water Line was built from isotopic samples of
Hochiminh City precipitation. The 8O3 of precipitation
varies from —8.89%o to —6.57%o, while 8H? are in range -
53.79 %o to —32.16%o. In general, the slope isotopic of
groundwater, river, precipitation distinguished in three
different lines. The isotopic composition of groundwater
is in line with the river’s upstream and downstream. The
collected isotope samples of groundwater and Saigon
River water in the upstream exhibit similarity isotopic
composition. This shows that the groundwater and river
in the upstream would be from the same origin. Also, the
groundwater level above the river stage in upstream drives
groundwater leakage along the riverbank (see Fig. 8).
Therefore, the groundwater mainly discharges to Saigon

DOI:10.41806/€j.2020.24.5.15

River in the upstream. Contrarywise, the 80O of
groundwater is lower than the 3O'8 of the river but higher
than the 8018 of rainfall in downstream. Besides, the
fluctuating groundwater level corresponds with the river
stage and rainfall event. The groundwater level also below
the river stage downstream (see Fig. 8). With the above
evidence, it concluded that groundwater in downstream
was dominated by mixing sources of land recharge and
Saigon river.
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40 . ¢
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-55—
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Fig. 7. The relationship between 6H? and 8018 of
groundwater sample, river sample, rainfall sample in
Saigon River Basin.
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Fig. 8. Groundwater level, Saigon river stage, and precipitation in Saigon River Basin.

Table 2. Comparison of isotope composition and fluxes
recharge from modeling,.

Distance Isotope Groundwater modeling

Name from Land River Land River
section  Dautieng GW (%) recharge  recharge  recharge recharge
dam (%) (%) (m’/day)  (m}/day)

R1-Q202A  (Okm 100 0 100 336 (100%) 0 (0%)

R2-N2 35km 100 86 4 336 (100%) 0 (0%)
R3BDS  60km 100 & B 8O0 64 (0%)
R4-BD11 80km 100 61 39 148 (64%) 83 (36%)
RS-QU2A  D0km 100 7 B W8@%) S (T)

In order to correctly understand how groundwater
recharges, it was essential to assess the actual recharge of
groundwater by rainfall and river water. The ratio between
land recharge and river recharge from isotope analysis
showed agreement with exchange fluxes in Saigon regional

ENGINEERING JOURNAL Volume 24 Issue 5, ISSN 0125-8281 (https:/engj.org)

groundwater model (see Table 2). At the distance 0 km,
the water from the groundwater with an enriched isotopic
signature is mainly discharged source to the Saigon river.
Since the distance 36km, the composition 8O'8 in surface
water and groundwater indicated that river water
accounted for 14%-73% of the total groundwater
recharge. While the land recharge archived 27%-86% of
total groundwater recharge. The percentage of river
recharge gradually increase from distance 60-km to 120-
km. Because of the intensive pumping rate downstream,
the declining groundwater level below the river level. It
drives the river recharge to aquifers to complement the
groundwater storage. According to Saigon regional
groundwater modeling, the land recharge at five field
workstations vaties 148 - 336 m3/day, while the river
recharge range -1005 - 874m3/day. Regarding river —
groundwater interaction evidence above, Saigon River

21
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Basin could be divided at 60 km distance from the
Dautieng Dam into two parts: the upstream where the
groundwater absorbs land recharge and release to the
Saigon river, and the downstream where the river
significantly dominated to groundwater recharge.

3.3 Groundwater — River Interaction Impact to
Aquifers System due to Pumping Increase

Figure 9 illustrate the impact of river interaction on to
aquifer system due to pumping increase towards
drawdown at Saigon River Basin during 1995-2017. Due
to the pumping pattern in the downstream Saigon river
basin, the water budget can be divided into 3 periods: low
pumping from 1995 to 2000, increasing pumping during
2001 -2010, and maintain high pumping since 2011 until
now. For the low pumping period, the groundwater
storage in upstream is high (100 million m3/year). In
upstream, the groundwater discharged to the river is 1.6
times of groundwater pumping. In downstream, the
groundwater storage is positive during the low pumping
period. The river recharge in downstream contributes
33% volume for groundwater pumping. Under pressure
of developing economies from 2001 to 2010, groundwater
pumping started to exceed the total groundwater recharge
in downstream. Aftereffect, hydraulic head have
progressively declined in downstream Saigon River Basin.
Thus, the gap between river and groundwater has been
enlarged in recent years, which inadvertently enhanced the
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Saigon river recharge process into the aquifer system. The
ratio between river recharge and pumping rate
downstream reach 0.47 in year 2010. However, the river
recharge is insufficient to balance the increasing pumpage
during this period. Hence, groundwater storage and
groundwater levels at downstream Saigon River Basin
have been dramatically fallen. Likewise, groundwater
storage upstream and groundwater discharge to the river
slightly reduce. The groundwater discharge to the river
decrease from 1.6 times to 0.6 times of groundwater
pumping. Not surprisingly, since the groundwater level
downstream is lower than the Saigon river stage, the
groundwater upstream tends to divert flow direction to
aquifers downstream instead of the Saigon river. Since
2011, the groundwater abstraction in Saigon River Basin
retained a high pumping rate (~880,000 m3/day). The
Saigon river continues supplying 40-50% amount of the
total  groundwater pumping downstream. The
groundwater storage downstream become stable in recent
years. Meanwhile, in the upstream, the groundwater
storage and the groundwater discharge to the Saigon river
marginally decrease. The groundwater discharge to the
river in recent years equals 0.2 to 0.7 times of groundwater
pumping. Under the exceedance pumping rate, the
groundwater not only gains more the flux from the
downstream Saigon river but also release less water to the
upstream Saigon river. Therefore, the river — groundwater
interaction plays a vital supply source for groundwater
reserves in the Saigon River Basin.
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Fig. 9. The impact of river interaction to aquifer system due to pumping towards drawdown at Saigon River Basin.

4. Conclusions

The groundwater-river interaction parameters were
evaluated via field measurements and invert groundwater
modeling. The conductance values at Okm, 30km, 60km,
80km, and 120km are 4.5 m?/day/m, 4.2 m2/day/m, 2.5
m?/day/m, 1.7 m?/day/m, and 0.25 m?2/day/m,
respectively. The conductance values derived reduce from
upstream to downstream in accordance with riverbed
materials which changed from sand in the upstream to silt
in the downstream.

22

The exchange fluxes of the river into groundwater was
qualified via the stable isotope sampled of groundwater,
river, rainfall. The results indicate that the groundwater
discharge to the river upstream and gain recharge from the
river downstream.  The river recharge percentage
increases from upstream to downstream.

Under pressure of developing economies, the
groundwater pumping in the Saigon river basin increased
from 175,000 m3/day in 1995 to 850,000 m3/day in 2017.
Because of the growing pumping rate, the river —
groundwater interaction flux has been impacted and
altered in both upstream and downstream. The
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groundwater discharge to the river decreases from 1.6 to
0.7 times of groundwater pumping in upstream. The
amount of Saigon river recharge increases by 33% to 50%
of the total groundwater pumping downstream. To
balance the high groundwater abstraction, the aquifers
system in Saigon River Basin tends to release less water to
the Saigon river and to gain more water through the river
- groundwater interaction process.

Thus, aquifer management in downstream area will
require good coupling with river water plan, especially
HCMC surface water supply expansion works, an area
which has not fulfilled the rapid increase of water demand.
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