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Abstract. Estimation of the groundwater (GW) recharge from rainfall is important for determining GW resources
in water resources development and management. GW is currently extensively exploited and is an important source
of freshwater for people in the Mekong Delta, Vietnam, especially during dry seasons. To achieve sustainable
utilization of GW resources in the delta, it is essential to determine the annual renewable GW reserve from the
rainfall recharge. The study provides evidence for the application of the cumulative rainfall departure (CRD) method
for the GW recharge estimation for deep aquifers. The monitored rainfall data and GW levels of the aquifers in Bac
Lieu province are used. The results of the analysis by the CRD method show that the fractions of cumulative rainfall
departure for Holocene (gh), Upper Pleistocene (gp,), Middle-Upper Pleistocene (gp, ,), and Lower Pleistocene
(gp,) aquifers are 0.08 %, 0.18 %, 0.55 %, and 0.50 %, respectively, which only equals 1.31 % of the total rainfall.
The Pearson correlation between the observed and model water levels is high, from 0.898 to 0.925. The total GW
annual recharge from the rainfall over the province is estimated to be 74.07 million m?, equivalent to 203 000 m?/day,
i.e., which is 16 % lower than the current water abstraction of 23 600 m*/day. The obtained results are important
for subsequent comparison with the Red River basin in northern Vietnam, where it is necessary to keep track of the
groundwater inflow along with its volume/resource, including the inflow from the geothermal system of the rift zone
of the Red River.

Keywords: Mekong Delta, groundwater monitoring, Pleistocene, Holocene, Pearson correlation,
net recharge
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Pe3tome. Ouenka moanutku rpyHToBbIX BoJ (I'B) 3a cyet aTMOChepHBIX 0CaIKOB BasKHA [UIS OMPEACIICHHUS PECYPCOB
I'B put ocBOCHUM ¥ yIIpaBJICHUN BOJHBIMHU pecypcaMu. B Hactosimiee Bpems I'B mipoko SKCITyaTupyroTes U sIBISTIOT-
Cs1 BAYKHBIM MCTOYHUKOM IIPECHOM BOJIBI ISl HACETICHUS] BO BLETHAMCKOH JienbTe p. MEeKOHT, 0COOCHHO B 3aCyIUINBBIE
ce30HBI. J{J1s1 TOCTH)KEHMsI yCTOHYMBOTO MCHOJIB30BaHMs pecypcoB ['B BakHO onpenesnTh eXeroJHbli BO30OHOBIIsIC-
MBI pezepB ['B Gmaronapst moanuTke 10kaeBoi Bomoll. B pabore mpuBeneHa apryMeHTanus IPUMEHIMOCTH METO/Ia
KyMYJIITHBHOTO ITpUTOKa ocaakoB (cumulative rainfall departure, CRD) st onenku mognutku I'B uist niry6oknx Bozto-
HOCHBIX TOPU30HTOB. VCIIONB3yIOTCS JaHHBIE O KOJIIMYECTBE 0CaIKOB M YPOBHAX I'B BOJOHOCHBIX TOPH30HTOB B IIPO-
BuHmHu bakibey. [1o pesynbraram anammza metonom CRD, nomm KymysasTHBHOTO OTTOKA OCAJKOB JIsl BOZOHOCHBIX
TOPHM30HTOB roJIoNeHa (¢/), BEPXHETO TIEHCTONE A (gp,), CPEIHETO—-BEPXHETO TIEHCTONE A (gp, ;) ¥ HIKHETO TIIEH-
crouena (gp,) cooTBeTcTBeHHO cocTapnstoT 0.08 %, 0.18,0.55 u 0.50 %, To ecThb Beero 1.31 % OT kKoMMYECTBA OCAIKOB.
Koppensiuns [Tupcona mexxay HaOII0AaeMBIMUA U MOJICNIBHBIMH YPOBHSIMH BOABI BbIcOKast, oT 0.898 mo 0.925. O6mmit
rofoBoii 3amac I'B ot ocaikoB Hajl npoBuHIKE# oreruBaercs B 74.07 mutH M3, uto skBuBasieHTHO 203 000 M*/1eHs, T.c.
Ha 16 % Hmwke Tekymiero 3abopa B 23 600 m*/nenb. [loayueHHbIC pe3ynbTaThl BAYKHBI IS TOCIEAYIOMIETO CPABHEHUS
¢ bacceiinoM p. Kpacnas Ha ceBepe BoeTHama, rj1e KpoMe OLIEHKH PECypCOB ITPYHTOBBIX BOJ HEOOXOAMMO BECTH YUET
MIOCTYIUICHHS TTIOJI3EMHBIX BOJI, B TOM YHCJIE U3 TEOTePMaIbHON cucTeMbl prudToBoii 30HBI p. KpacHast.

KnroueBble cnoBa: JCJbTa MeKOHFa, MOHHUTOPHUHI TOA3CEMHBIX BOJ, HHGﬁCTOHeH, TOJIOLICH, KOppeJIsIus HI/IpCOHa,
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Introduction

Groundwater (GW) is an important freshwater
source for people in the Mekong Delta, Vietnam,
especially during dry seasons when the quality of
surface water is deteriorated in most parts of the del-
ta [1-4]. Groundwater is abstracted via dug wells,
small-scale household tube wells, or medium- and
large-scale central supply wells that were dug as
part of the Rural Clean Water Supply Program [5—
71]. The Division for Water Resources Planning and
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PaGoTa BeIONHEHA B paMKax HCCIEIOBATENHCKOrO IIPO-
exta UQDTCB.01/23-24, ¢punancupyemoro BreTHamMcKoit
Axanemuerr Hayku u TexHonoruii (VAST), u Tocynap-
CTBEHHOM POCCHHCKON NporpaMMbl (yHIaMEHTaIbHbBIX
Hay4yHBIX uccnenoBanuii (tema Ne 124022100078-7),
a Takxe TIpH Tmoguepxke Poccuiickoro Hay4HO-
ro ¢onma (rpant RSF-VAST Ne 24-47-04001; https:/
rscf.ru/project/24-47-04001/). B pamkax  mpoekTa
UQDTCB.01/23-24 BeimonHeHbl 0T00p Mpod, 06padoTka
JaHHBIX ¥ 0a30BbIN aHaNU3, BKJIIOYas oOIIyI0 MHTEpIIpe-
TAIMI0, METOJOJOTHIO U TIOJITOTOBKY PYKOINCH; 3a CUET
rpanTa RSF-VAST No. 24-47-04001 — Bu3yanu3amus, HH-
TeprpeTanus, 00CyKIEHUE Pe3yIbTaTOB M NTOTOBBIM Ba-
pHaHT cTaThy, B pamKax TeMsl Ne 124022100078-7 — muian
CTaThy ¥ (HOPMaNbHBIH aHAIH3.

ABTOpBI BEIPaXar0T HCKPEHHIOK OarogapHocTh A-py Do
Huy Cuong, nupektopy IMGG VAST, 3a noaaepxky co-
BMECTHBIX HCCIEIOBAHHNH W COTPYIHHUYECTBO. ABTOPEI
OnmaromapsaT peleH3eHTOB 32 KOHCTPYKTHBHbIE 3aMEIAHMUS
¥ PEIKOJIJIETHIO JKypHAaa 3a BHUMaHue K pabore.

Investigation found that 60 percent of wells access
the Pleistocene aquifers of the delta (gp, , and gp,
in Fig. 1 a), and that most water supply projects
for domestic and industrial water supply use this
aquifer. The GW exploitation, especially over-ex-
ploitation, causes land subsidence, which in coastal
areas poses a flood inundation hazard in the Delta.
The average annual rate of GW decline is about
0.3 m and the land subsidence is at an average an-
nual rate of 1.6 cm [8]. From 1991-2015, the Delta
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sank on average about 18 cm and in 2016 within
1.1 cm/yr — 2.5 cm/yr as a consequence of GW
withdrawal [9, 10]. Minderhoud et al. [11] present-
ed projections of extraction-induced subsidence
and consequent delta elevation loss for this century
using a 3D hydrogeological model with a coupled
geotechnical module. The results show that if the
GW extraction continues to increase continuously
as in the past decades, extraction-induced subsid-
ence would drown the Mekong Delta before the
end of the century. The combined effect of global
sea-level rise [11] and groundwater abstraction and
its induced subsidence result in further saltwater in-
trusion [8, 12].

To have a future sustainable utilization of GW
resources in the Mekong Delta, the determination
of the annual GW renewable component, including
the recharge of GW in flood periods, is an important
issue [13]. One of the components of GW renew-
able reserves is the dynamic reserve thanks to the
rainwater recharge. Although the annual rainfall in
the Mekong Delta is from 1300 mm to 2500 mm
[14], the wide distribution of the top surface soil
from medium (sand, silty sand) to weak (silt, semi-
permeable clay) formations limits the GW recharge
from rainfall. The authors Jan et al. [15] pointed
out that, the fresh GW volume in the Mekong Delta
is huge in comparison with the present yearly ex-
traction rate. However, the annual replenishment
is very limited, the extraction rate can cause rapid
upcoming of brackish and saline GW, which is a
serious salinization threat to the fresh GW volume.

Within this work, a study on the GW recharge
via the rainfall infiltration using the revised cumu-
lative rainfall departure (CRD) method [16] for
GW levels obtained in the monitoring GW bore-
holes in Bac Lieu province in the Mekong Delta is
carried out and presented.

Aboutrecharge estimation methods

Groundwater recharge estimation is a dif-
ficult, sensitive, and delicate problem and varies
very much in accuracy and uncertainty. The au-
thors Kinzelbach et al. [17] in their survey work
on the most common methods of recharge esti-
mation have classified into the following groups
with accuracy ratings in three classes, according
to regional recharge estimates: 1) class 1: factor
of 2 (two times larger or two times smaller than
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the true value); 2) class 2: factor of 5 (of the same
order of magnitude); and 3) class 3: factor of 10
or more (with large errors likely). Following Kin-
zelbach et al. [17], the CRD method proposed by
Bredenkamp et al. [18] has advantages in simplic-
ity and error stabilization thanks to the long time
series, and the disadvantage in requirement of
storage coefficient, of known discharge (including
abstractions), and the accuracy class 2 to 3.

GW recharge may occur thanks to different
mechanisms, four types of which can be distin-
guished by Xu and Beekman [19]: 1) vertical wa-
ter flow through the unsaturated zone reaching the
water table; 2) lateral and/or vertical inter-aquifer
flow; 3) artificial recharge, such as from in-
filtration ponds or injection water wells; and
4) induced recharge from nearby surface water
bodies (rivers, streams, lakes), which results from
the groundwater abstraction.

The CRD methods have been applied in sev-
eral studies, mainly for shallow aquifers. The au-
thors Xu and Van Tonder [16] demonstrated the
application of the CRD method to several shallow
fractured aquifers with low storativity. Adams et
al. [20] used the chloride mass balance (CMB), the
saturated volume fluctuation (SVF), and the CRD
methods to quantify GW recharge of the aquifers in
the Central Namaqualand of South Africa and ob-
tained that the SVF and CRD results are of a good
agreement and that the GW recharge is higher in
the mountainous areas than in the lower lying areas,
and that the GW recharge mainly occurs through
the alluvial aquifers with significant soil cover.

The author Baalousha [21] applied the CRD
method for quantification of GW recharge in the
Gaza Strip (Palestine), a transitional zone be-
tween the semi-humid zone and the semi-arid
loess plains. The aquifer system in the area of
study. The aquifer is mainly phreatic with thick-
ness from a few meters at the east to 170 m and
consists of Pleistocene calcareous sandstone and
gravel and Holocene sands interbedded with some
silts, clay, and conglomerate. The aquifer stora-
tivity values range between 0.0005 and 0.03. The
average GW recharge had been determined to be
from 31.64 % to 41.10 %, on average 36.74 %.

The authors Rasoulzadeh and Moosavi [22]
utilized CRD and revised CRD methods to esti-
mate the GW recharge from rainfall to the Qua-
ternary aquifer, with thickness from 30 m to more
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than 300 m in the Tashk Lake area, Iran. The aq-
uifer consists of rubble stone, gravel, sand, and
silt with a small amount of clay and has a storativ-
ity of 0.0342 as determined by the pumping test
data. The results showed that the rainfall recharge
is 35 % with a lag time of 1 month between the
rainfall and GW level change.

The authors Sun et al. [23] applied the rain-
fall infiltration breakthrough (RIB), a modified
revised CRD model for the estimation of GW re-
charge by the rainfall percolating through the un-
saturated zone to the water table in two research
sites characterized by two extremely different
types of geology in west coastal South Africa: the
coastal plain sand aquifer with a diffuse recharge in
Riverlands Nature Reserve (Western Cape, South
Africa), and the mountain group aquifer (TMGQG)
with a localized recharge in Oudebosch catch-
ment in the Kogelberg Nature Reserve (Western
Cape, South Africa). The storativity ranges from
0.05 to 0.15 for fine to medium sand cover, and
the water table depth ranges from 1.6 m to 3.5 m.
The GW recharge estimated is 1647 % at the
daily scale and 9.3-27.8 % at the monthly scale at
Riverlands, while at Oudebosch is 51.5 % of MAP
at the daily scale and and 15.7 % at the monthly
scale. Similarly, Nguyen Duc Roi [24] applied the
RIB method to the shallow Holocene aquifer in
Hung Yen province, Northern Vietnam.

Some issues remain with the CRD method,
such as the applicability of the method for deep
aquifers [16], for different climatic areas un-
der different hydrogeological conditions [23].
The present study attempts to deal with the cli-
matic conditions different from the arid and semi-
arid, i.e., the tropical climatic conditions, and
for deep aquifers with vertical inter-aquifer flow
through semi-pervious aquitards and rainfall per-
colation through the ground surface aquitard in
the Vietnamese Mekong delta in the southernmost
region of Vietnam.

Cumulative rainfall departure
method (CRD)

Method description

The revised CRD method utilizes the rela-
tionship between water level fluctuations and the
departure of rainfall from the mean rainfall of a
preceding time [16] which is defined as:
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Y
n=l Ravl n=l1 n=l1

(n=1,2,3..N), (1)

where:
N is the total length of rainfall series;
R, is the rainfall amount at i time scale (daily,
monthly, or annually);
R is the mean precipitation of the whole time
series;
P is a threshold value representing the boundary
conditions.

A linear relationship between the CRD, value
and water level change during the i time duration
1s assumed:

1

r .
Ah, =E(3CRDI.); (i=0,1,2,3..N), (2

where:

Ah, is the water level change during the i time
duration;

r is the fraction of cumulative rainfall departure
which results in recharge;

S is the aquifer storativity (i.e., the aquifer storage
coefficient S* for confined aquifer or the specific
yield u for the unconfined aquifer).

Therefore, Eq. (2) may be used to estimate
the ratio of the aquifer recharge to the aquifer
storativity through a regression analysis between
CRD, and 4h..

In case the monitored groundwater level fluc-
tuations are effective by the natural aquifer dis-
charge and/or pumping out, the following is used
instead of Eq. (2):

Ah =1(}CRD,.)—%;
S AS
(i=0, 1, 2, 3...N) 3)
where:

Q.. 1s the total natural aquifer discharge and
pumping out during the i” time duration;
A is the area under the effect of the aquifer dis-
charge, pumping out, or pumping in.

If the rainfall departure is positive, the water
level definitely will rise and vice versa. However,
as long as there is a surplus of recharge over the
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discharge of an aquifer, the natural water level
may continue to rise even though the departure is
negative.

About Rt values

Following the authors Xu and Van Tonder
[16], the value of R = 0 represents a closed aquifer
system, which means that the recharge at i™ time
scale only depends on preceding rainfall events,
while a value of R, = R represents an open sys-
tem, which perhaps is regulated by spring flow.
Both 7 and R, values are determined during the
simulation process. The value of R, slightly great-
er than R had been revealed in the current work
and shall be addressed and discussed as follows.

For accessing the R, value, let us consider the
case that there is no recharge other than the rain-
fall recharge and any discharge, and rewrite (1)
and (2) as follows:

Sah,_

- i 1 i ,
R 2—— R R
nZ:l: ! ( Rlnl ]Z '

n=l1

(n=1, 2, 3...N) (4)

For R, = 0: A ZR (n=1,2, 3..N)

nl

which shows that 4/ is increasing with time as

ZRn; (n=1, 2, 3...N) increases with n.

" For R,=R _, the rainfall events R do not have
a trend, and the cumulative rainfall average would
conformto R [16]:

zg{g& [2——21% JZRW} =

av n=1 n=1

=1(2Rn —iRavj; (n=1, 2, 3...N)
S\ n=l (5)

Eq. (5) is the CRD formula proposed by
Bredenkamp et al. [18] with £ =1, i.e., there is no
pumping and/or natural discharge:

/CRD, = Zi:Rn - kzi: R,:
n=1 n=1

(n=1, 2, 3...N). (6)
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Let us consider the case of using R, > R
for coping with the net effect of pumping and/or
natural outflow O in Eq. (3), as the actual CRD
analysis has shown an increasing water level fluc-
tuation tendency with the use of R = R .

thRDi (Rav)_ thRDi (Rt) =

= _Zi:Rn [2——21{ JZRW}

n=l1 av® n=1

- Z}R (2——213”]213 } =

av® n=l

= 2—— Rj(iRt—iRavj;
R n=l1 n=1

av n=1

where: |CRD,(R,)), |CRD,(R) are CRD values
determined withR, =R _and R > R, respectively.

Therefore, the groundwater level drawdown
(4s,) due to the net effect of pumping and/or natu-
ral discharge is:

As, = (2——213 J[ZR —ZRWJ;

av® n=1

(n=1, 2, 3...N). (8)

Application of CRD method
toBac Lieu province, South Vietham
Hydrological conditions of the study area

The study area is Bac Lieu province with an
area of 2669 km?, located in the southernmost re-
gion of Vietnam in the Vietnam Mekong Delta,
the most downstream area of the Mekong River
basin Delta (Fig. 1 a). The Vietnam Mekong Delta
region includes Can Tho city and 12 provinces
(Long An, Tien Giang, Ben Tre, Vinh Long, Tra
Vinh, Hau Giang, Soc Trang, Dong Thap, An Gi-
ang, Kien Giang, Bac Lieu and Ca Mau). The Me-
kong Delta has a total area of 40816 km? and a
total population of nearly 18 million [25].

The hydrogeological conditions of the Me-
kong Delta in general and Bac Lieu province in
particular, are characterized by the following 7 aq-
uifers and 7 semi-permeable layers (Fig. 1 b) [26].

GEOSYSTEMS OF TRANSITION ZONES, 2024, 8(4)
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Fig. 1. Map of Southern Vietnam showing the study
area (Bac Lieu province) within the Mekong delta
including groundwater monitoring wells and hydro-
geological cross-section AB location illustrated (at
the top). Hydrogeological cross-section along line AB
(below). The bore-holes (wells), their ID and depth
indicated as well as semi-permeable sediment layer
(quaternary, yellow colored), aquifers (blue colored)
and fault position provided.
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Holocene porous aquifer (qh)

The Holocene aquifer (g/) consists of layers
of ash-gray, blue-gray, yellow-gray fine sands to
medium sands with grits or gravels, in some plac-
es interbedded with layers of silty sands and silt.
The Holocene aquifer is exposed to the ground
surface in some places but is mostly underlain by
the Holocene semi-pervious layer (Q,) and lying
above the upper Pleistocene layer (Q ). The Hol-
ocene aquifer thickness varies from 4 m to 32 m,
on average 18 m.

Aquifer storativity (S) which is equal to the
multiplication of the specific storativity of the ag-
uifer material (S ) and aquifer thickness is an im-
portant required parameter in the determination of
the rainwater recharge in the aquifer. The aquifer-
specific storativity is determined by the water unit
weight, water, and aquifer material compressibili-
ties, and total porosity. The water at 25 °C has a
compressibility of 4.6x107'° m*N. For fine sands
to medium sands with grits or gravels, the com-
pressibility would be 1.3x108 m*N [27]. With the
porosity of the Holocene and Pleistocene aquifers
of around 0.25 [26], the specific storativity of the
aquifers’ materials is around 0.00013/m. There-
fore, the aquifer storativity is 0.00234.

There is only a groundwater monitoring well
(Q17701T) in the gh aquifer which is located near
the study province Bac Lieu in the west of prov-
ince Ca Mau (Fig. 1).

Upper Pleistocene porous aquifer (qp,)

The Upper Pleistocene aquifer (gp,) con-
sists of layers of ash-gray, blue-gray, yellow-gray
fine sands to medium sands with grits or gravels,
in some places interbedded with layers of gray,
blue-gray, gray-yellow, light gray silty sands, silt,
and silty clay. The Upper Pleistocene aquifer is
underlain by the upper Pleistocene semi-pervious
layer (Q,?) and is lying above the Middle-Upper
Pleistocene semi-pervious layer (O *°). The gp,
aquifer thickness varies very much from 2 m to
65 m, on average 17 m. Similarly to aquifer gh,
the aquifer storativity is 0.00221.

The groundwater monitoring well (Q5970)
in the gp,, qp, ,, and gp, aquifers is located in the
east of province Bac Lieu in the west of Ca Mau
province (Fig. 1).
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Upper Middle—Upper Pleistocene porous

aquifer (qp, )

The Middle-Upper Pleistocene aquifer
(gp, ;) consists of layers of ash-gray, blue-gray,
yellow-gray fine sands to medium sands with
grits or gravels, in some places interbedded with
layers of gray, blue-gray, gray-yellow, light gray
silty sands, silt, and silty clay. The Upper Pleis-
tocene aquifer is underlain by the Upper Pleisto-
cene (Long Toan formation) semi-pervious layer
(0,*?) and is lying above the Lower Pleistocene
(Ca Mau formation) semi-pervious layer (Q,").
The gp, , aquifer thickness varies very much from
5 m to 100 m, on average 46 m. Similarly to ag-
uifers gh and gp,, the aquifer gp, , storativity is
0.00598. The groundwater monitoring well in the
qp, , aquifer is Q5970 (Fig. 1).

Lower Pleistocene porous aquifer (qp,)

The Lower Pleistocene aquifer (gp,) con-
sists of layers of dark-gray, ash-gray fine sands to
medium-coarse sands, in some places interbedded
with layers of gray, dark-gray silty sands, and silt.
The Upper Pleistocene aquifer is underlain by the
Lower Pleistocene (Ca Mau formation — Q,'cm)
semi-pervious layer (Q,') and is lying above the
Middle Pliocene (Nam Can Formation — N *ac)
semi-pervious layer (N,*). The gp, aquifer thick-
ness varies from 25 m to 53 m, on average 37 m.
Similarly to aquifers gh and gp, and gp, , the
aquifer gp, storativity is 0.00481. The groundwa-
ter monitoring well in the gp, aquifer is Q5970

(Fig. 1).

Middle Pliocene porous aquifer (n)

The Middle Pliocene aquifer (n,?) consists
of layers of blue-gray, light yellow fine sands
to coarse sands, interbedded with layers of silty
sands, and clayey sands. The Middle Pliocene ag-
uifer is underlain by the Middle Pliocene semi-
pervious layer (V,?) and is lying above the Lower
Pliocene (Can Tho Formation — N,'ct) semi-per-
vious layer (V,'). The n* aquifer thickness varies
from 18 m to 123 m, on average 78 m. Similarly,
to the above aquifers, the aquifer n* storativity is
0.01014.
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Lower Pliocene porous aquifer (n.')

The Lower Pliocene aquifer (#,') consists of
layers of ash-gray, blue-gray, light gray fine sands
to coarse sands mixed with some clay, in some
places with gravels, interbedded with layers of
gray, ash-gray silty sands, silts. The Lower Plio-
cene aquifer is underlain by the Lower Pliocene
semi-pervious layer (N,") and is lying above the
Upper Miocene (Phung Hiep Formation — N *ph)
semi-pervious layer (V). The n,' aquifer thick-
ness varies from 33 m to 52 m, on average 43 m.
Similarly, to the above aquifers, the aquifer 7.’
storativity estimate is 0.00559.

Upper Miocene porous aquifer (n 13)

The Upper Miocene aquifer (7 °) consists of
layers of fine sands to coarse sands, in some plac-
es interbedded with layers of silts. The Upper Mi-
ocene aquifer is underlain by the Upper Miocene
semi-pervious layer (V). The n* aquifer thick-
ness varies from 15 m to 122 m, on average 51 m.
The aquifer n?storativity estimate is 0.01586.

Semi-pervious layers

The semi-pervious layers that have been
mentioned above have the lithological contents
and the thickness as follows.

— The semi-pervious Holocene layer Q, has a
thickness from 11 m to 25 m (20 m on average)
and consists of ash-gray, dark-gray, yellow clay-
ey silts, and silts interbedded with lenses of fine
sands.

— The semi-pervious Upper Pleistocene layer
Q,® has a thickness from 5 m to 43 m (16 m on
average) and consists of ash-gray, dark-gray, blue-
gray silty clay, silts, silty sands, in some places
interbedded with lenses of fine sands.

— The semi-pervious Upper-Middle Pleistocene
layer O *7 has a thickness from 7 m to 65 m (26
m on average) and consists of ash-gray, blue-gray
laterite clay, silts, and clayey silts.

— The semi-pervious Lower Pleistocene layer
Q,' has a thickness from 3 m to 60 m (15 m on
average) and consists of blue-gray, dark-gray, red-
gray laterite clay, silty clay, silts, in some places
interbedded with fine sands mixed with many silts.

— The semi-pervious Middle Pliocene layer N}
has a thickness from 3 m to 28 m (11 m on av-
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erage) and consists of blue-gray, light-gray, and
red-gray clay.

— The semi-pervious Lower Pliocene layer N,
has a thickness from 3 m to 20 m (13 m on aver-
age) and consists of blue-gray, light-gray, dark-
gray, yellow-gray clay, silty clay, clayey silts with
laterite grits.

— The semi-pervious Upper Miocene layer N>
consists of mainly tight silts and clay. Its thick-
ness is not well determined as there is only one
bore-hole drilled through the layer in 14 m of
length.

The semi-pervious layers have low hydraulic
conductivity from 107 m/day to 10~* m/day [26].

The above-described aquifers and aquitards
are all distributed within Vietnam territory, under
the East Sea, and expanded to the Kingdom of
Cambodia and the Lao People’s Democratic Re-
public. The distributed recharge to the aquifers is
exclusively from the rainfall: the rainwater infil-
trates to recharge the Holocene aquifer g4, which
in turn recharges the Upper aquifer gp, and so on
[26]. The water level elevations are in the low-
ering sequence from the topmost aquifer (Holo-
cene aquifer gh) to the lowest Quaternary aquifer
(Lower Pleistocene porous aquifer gp,) as shown
in Fig. 2.

On the capability of the CRD method
of dealing with deep

vertical inter-aquifer flow

aquifers in the study area

The groundwater level of the aquifer gp,
and gp, , have been being monitored since 1995,
during which very insignificant groundwater ab-
straction took place in the context of the country’s
extremely low economic activity. The quality of
the groundwater level monitoring is not so good
during the first monitoring year. Analyzing the
monitored data, reasonable and seemingly good
monitoring data in the monitoring well Q5970
(shown in Fig. 1) is from the 27th of February
1996 to the 27th of March 1997 [28] (Fig. 2 b).
The Pearson correlation analysis shows a high
relationship (the correlation coefficient is 0.930)
between the daily water level of aquifers gp, and
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qp, , (Fig. 3). This would allow us to conclude
that the increase of qp, water level causes verti-
cal groundwater flow from gp, to gp, , through
the semi-pervious layer Q*°. The component
of the vertical flow rate which recharges aquifer
qp, , may be estimated using Darcy law and that
vertical flow rate may be calibrated with the as-
sumption that the rate is determined by the dif-
ference in water level of aquifers gp, and gp, .,
the thickness and the hydraulic conductivity of
the semi-pervious layer Q *°.

Therefore, the fluctuations of the water lev-
els of the aquifers in the multi-aquifer system in
the study area are synchronized with each other.
This would also be supported by the high Pearson
correlations between CRD simulated GW levels
and observed GW levels for all aquifers under
consideration.

Fig. 2. Groundwater levels time series monitoring data: (a) qh
(monitoring well Q17701T) and gp, (monitoring well Q5970) dur-
ing 01.12.2019-29.07.2022; (b) gp, and gp, , from 27.02.1996 to
27.03.1997 in monitoring well Q5970. On the (a) and (b) vari-
ations of groundwater levels observed, fluctuated seasonally and
annually. Clearly exposed by monitoring data that even during dry
season’s groundwater level stay still keep enough high values. This
is optimistic observed phenomena making rainfall method helpful
to use data for groundwater management in the area.

GYDROGEOLOGY GEOECOLOGY

375

Let us now consider the relationship between
rainfall and groundwater level of the uppermost
aquifer gh. The aquifer gh receives recharge from
the rainfall via the rainwater infiltration neither
through the unsaturated or saturated zone above
the uppermost aquifer. The water level fluctua-
tion of the uppermost aquifer is dependent upon
that rainwater infiltration rate. In our case, the
rainwater infiltration takes place in the Holocene
semi-pervious silty layer O, of thickness of 20 m
on average. The lack time of for the water to re-
spond to the rainfall is the time the wetting front
reaches the semi-pervious layer bottom. Roi [24]
showed that the lag time would be 5.5 days for
the Holocene silty unsaturated zone thickness of
3 m in Hung Yen province (North of Vietnam),
based on the assumption that the lag time is lin-
early proportional to the thickness of a semi-per-
vious layer, the lack time of the water level re-
sponse of the Holocene aquifer g/ to the rainfall
in this study area would be around one month.
Yet, the CRD method is also capable of analyz-
ing the lag time through the time series of CRD
simulated water level fluctuations and the time
series of monitored groundwater levels.

The lag time of one month is initially used
in the CRD model: the data series of the monthly
rainfalls and the groundwater levels at the month’s
end are used.

gp;; Water level - y (MSL)

-1.4 -1.2 -1.0 -0.8 0.6

gp; water level - x (MSL)

04 0.2

Fig. 3. Correlation between water level of gp, and gp, , in monitor-
ing well Q5970. Here and on the Figures 4-7, R indicates the cor-
relation coefficient. Good correlation of water levels in the well on
different depth reflects high permeable and dynamic groundwater
systems entirely reflecting variations under the certain local and
regional factors.
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An illustration with long-term
semi-hypothetical repeated rainfall
and GW level

The data series of the monthly rainfalls and
the groundwater levels of the aquifer gp, at the
months’ ends from the 31st Mar. 1995 to the 29th
Feb. 1996 are used for the next 7-year duration
(Fig. 4 a). The total rainfall during the 12 months
from the 31st Mar. 1995 to the 29th Feb. 1996 is
1.989 m. With the storage coefficient of the aqui-
fer equal to 0.003, the fraction of the rainfall that
recharged the aquifer is equal to 0.12 %. There-
fore, the aquifer gp, annual recharge from the
rainfall is 0.0024 m. The Pearson correlation co-
efficients for R = R _and R, = 1.023R  are 0.965
and 0.952, respectively (Fig. 4 b). The observed

and CRD simulated water level fluctuations are
presented in Fig. 4 a along with the month rain-
falls. It seems that the lag time of one month is
appropriate for the aquifer water level. The CRD
simulated monthly water level (WL) fluctuations
for R, = 1.023R_ seem to be of a 12-month cycle.

The application results

As it was mentioned before, the groundwa-
ter level monitoring has been not so well imple-
mented, i.e., the monitoring wells in the aquifers
had not been installed at the same time, and the
monitoring data are most likely not corrected for
some periods. Therefore, some separated periods
for each of the aquifers have been selected for
the analysis. Each couple of figures, Figures 5—7

Fig. 4. Observed and CRD simulated WL fluctuations of gp, in monitoring well Q5970 for long-term semi-hypothetical repeated rainfall
(a) and the correlation between them (b). This figure clearly illustrates approval of CRD method verified by experimental observations
and simulated computing during 31.03.1995 — 31.03.2003 confirmed by well correlated values for demonstrated sites of gp3.

Fig. 5. Observed and CRD simulated WL fluctuations of gk during Mar. 2010 — Mar. 2014 (a) and the correlation between them (b).
This figure approves by the CRD method obtained data verified by experimental observations and simulated computing confirmed by well
correlated values for demonstrated sites of g4 during 30.03.2010 — 30.03.2014.
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present the CRD simulated monthly water level
fluctuations and Pearson correlation between
observed and simulated water level fluctuations
for gh, qp., qp, , anq qp, aqulf.ers, r'espectlhvely.
The Pearson correlation coefficient is relatively

high, from 0.894 to 0.925. Table summarizes the
analysis results.

Meanwhile, the present GW abstraction from
the Quaternary aquifers is 236 000 m?/day, which is
much higher than the net recharge from the rainfall.

Fig. 6. Observed and CRD simulated WL fluctuations during Jan. 2016 — Jan. 2019: gp, (a) and the correlation between them (b);
qp, , (c) and the correlation between them (d). This figure clearly illustrates approval of CRD method verified by experimental observa-

tions and simulated computing confirmed by well correlated values

for demonstrated sites of gp, and gp, , during 31.01.2016-31.01.2019.

Fig. 7. Observed and CRD simulated WL fluctuations of gp, during Jan. 2020 — Jan. 2022 (a) and the correlation between them (b). This
figure illustrates approval of CRD method verified by experimental observations and simulated computing confirmed by well correlated
values for demonstrated sites of gp, during 31.01.2020 — 31.01.2022.
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Table. Determined not to recharge values by the CRD method

Aquifer R c(l))rerg;?ircl)n Annual rainfall Per'centagg of Annual net
coefficient (R) (mm) rainfall (%) recharge (mm)
qh 1.12 0.920 2207 0.08 1.77
qp, 1.25 0.898 2000 0.18 3.60
qp, , 1.20 0.894 2056 0.55 11.31
qp, 1.80 0.925 2216 0.50 11.08
Average: Total
2120 1.31 27.75

Note. From the whole Bac Lieu province: with area of 2669 km?, annual net recharge is 74.07"10° m*/year, or 203 000 m3/day.

Discussions

The CRD method’s authors suggested that
for an open aquifer system, the R, is equal to
the average rainfall R . The present study shows
that R is equal to 1.12 R for the shallowest ag-
uifer gh from which there is no GW exploita-
tion, (1.20-1.25) R for aquifers gp, and gp, .,
and to a very high value (R = 1.80R ) for aqui-
fer gp,. This issue would be significant matter to
be further investigated.

Finally, the fractions of cumulative rainfall
departure for aquifers gh, gp,, qp, , and gp, are
0.08 %, 0.18 %, 0.55 %, and 0.50 %, respec-
tively, which is equal to 1.31 % of the rainfall.
The fractions are rather small in comparison to
34.1 % — 38.1 % obtained by Roi [24] for Hung
Yen province, Northern Vietnam. The total frac-
tion of 1.31 % would provide the total GW annu-
al recharge of 74.07 million m? from the rainfall
over the whole Bac Lieu province, equivalent to
203 000 m?/day. The current GW abstraction of
236 000 m*/day in the province is 16 % higher
than the estimated GW recharge from the rain-
fall, which needs to be paid attention to in the
water planning in general and reconsideration of
the GW exploitation plan in particular for Bac
Lieu province.

Comparable research should be performed
between the Southern (Mekong River basin) and
Northern (Red River basin) Vietnam areas to get
clear pattern of groundwater recharge not only
by rainfall but also by underlying deep water
saturated strata also influenced by hydrogeolog-
ical geothermal processes.
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Summary

The CRD method originally developed for
arid and semi-arid Southern Africa has been
proven to apply to Northern Vietnam [24] and
Southern Vietnam (the present study) with tropi-
cal climates. The applicability of the CRD meth-
od for deep aquifers would be judged through
the Darcy law describing a vertical inter-aquifer
flow which is determined by the difference in
water level of upper and lower aquifers with an
in-between semi-pervious layer having a certain
hydraulic conductivity and the results of the pre-
sent study.

The present study shows that the CRD sim-
ulated GW levels of all four Quaternary aquifers
in the study area have a tight correlation with
the monthly rainfall, which means that the pre-
ceding monthly rainfall results in the water level
fluctuation at the end of the month.

For the further research authors will con-
tinuing these studies using additionally eco-
logical and landscape methods, and performing
hydrochemical, microbiological and gasgeo-
chemical and geophysical research in the study
areas, which will allow us to specify the hydro-
geological situation and clarify the dynamics of
groundwater resources and their quality during
seasonal and annual fluctuations.
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