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Abstract: The Ca Mau peninsula (CMP) is a key economic region in southern Vietnam. In recent
decades, the high demand for water has increased the exploitation of groundwater, thus lowering
the groundwater level and leading to risks of degradation, depletion, and land subsidence, as
well as salinity intrusion in the groundwater of the whole Mekong Delta region. By using a finite
element groundwater model with boundary expansion to the sea, we updated the latest data on
hydrogeological profiles, groundwater levels, and exploitation. The basic model setup covers seven
aquifers and seven aquitards. It is determined that the inflow along the coastline to the mainland is
39% of the total inflow. The exploitation of the study area in 2019 was 567,364 m3/day. The most
exploited aquifers are the upper-middle Pleistocene (qp;-3) and the middle Pliocene (m2?), accounting
for 63.7% and 24.6%, respectively; the least exploited aquifers are the upper Pleistocene and the upper
Miocene, accounting for 0.35% and 0.02%, respectively. In the deeper aquifers, qp,_3 and n,?, the
change in storage is negative due to the high exploitation rate, leading to a decline in the reserves
of these aquifers. These groundwater model results are the calculations of groundwater reserves
from the coast to the mainland in the entire system of aquifers in the CMP. This makes groundwater
decision managers, stakeholders, and others more efficient in sustainable water resources planning in
the CMP and Mekong Delta (MKD).

Keywords: groundwater modeling; hydrogeology; aquifers system; water balance; validation of
model; Ca Mau peninsula; Kien Giang; Soc Trang; Hau Giang; Bac Lieu

1. Introduction

Nearly 600 million people are living in river delta areas worldwide [1-3], of which
about 17 million live in the Mekong Delta (MKD) [4]. River deltas are important for human
civilization, as they are major agricultural production and population centers. Different
natural and human-related activities led to enormous changes to the hydrogeological
processes in delta areas, which are described in the following sections.

Vietnam is a country with a long coastline consisting of Quaternary sediments. Two
large rivers transport sediments from the Himalayas toward Vietnam and discharge into
the Pacific Ocean via the Red River Delta (RRD) and the MKD. Geomorphologically, the
mouths of both rivers form typical deltas. Both deltas have witnessed transgression and
regression phases and consist of complex sediment structures. More than the RRD, the
MKD is of geopolitical concern, since it forms sediment bodies expanding southwards into
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the free ocean and extends the exclusive economic zone 200 miles from the coast toward
the open sea, determining the borders of Vietnam.

The southernmost part of the MKD, the Ca Mau peninsula, is under intensive stress
in terms of erosion processes. The coastline is eroded up to 50 m each year [5], and
intensive erosion occurs along the banks of the rivers and channels. One driver of this
erosion is the change in land use since coastline-stabilizing mangroves were replaced by
intensive agricultural activities such as rice and shrimp farming [6]. Another stress driver
is the intensive land subsidence of up to 3 cm each year due to a lack of sediments from
monsoon flooding, which is no longer occurring due to dam-based flood management.
Nguyen et al. [7] used the MODFLOW model to simulate shallow aquifers on Tay Island
in the Mekong River (Dong Thap province, near Hong Ngu city). The authors showed that
the groundwater flow system is strongly affected by the interannual variation of the water
levels in the Mekong River, especially by floodwater during the rainy season. The Ca Mau
peninsula formerly was a mangrove area. Now, the management and the saltwater policy
have decreased the mangrove population. Many dams are built to keep out saline water
and freshen the ecosystem. In addition to this, many hydropower plants upstream of the
Mekong are built against the natural streamflow. In former times, much more sediment
was deposited during floods. The amount of sediment deposited due to floods every year
is reduced by the aforementioned measures, and sedimentation almost no longer exists.

An additional stress driver for land subsidence is the intensive overexploitation of
groundwater resources from the different confined aquifers in this region. Thus, over-
exploitation is one of the most relevant drivers of land subsidence. Numerous privately
installed groundwater wells pump groundwater from the different aquifers without any
supervision. According to the report of the project “Statistical and assessment of the current
status of groundwater exploitation in the Ca Mau peninsula” [8], the whole Ca Mau penin-
sula comprises a total of 521,911 household wells and 1632 pumping stations, of which
3200 wells are damaged or abandoned.

Minderhoud et al. [9] used the open-source MODFLOW to set up a model for the
large MKD area on a regional scale, within a grid size of 1 x 1 km. The results showed that
their groundwater model is able to simulate the processes of land subsidence dependent
on overexploitation with high accuracy in comparison to in situ measurements from
space. Minderhoud et al. [10] projected extraction-induced subsidence and elevation of
the MKD for the 21st century. The model result showed that the largest abrupt change
in the subsidence rate happens in scenario M4, where the subsidence rate drops sharply
from 8.9 (range: 5.5-12.5) to 1.6 (range: —1.3—4.9) mm/year because of the abrupt stop of
all groundwater extraction. With current overexploitation, the amount of groundwater
extraction in the delta is about twice the amount of recharge. The maximum recovery of
the hydraulic heads in the MKD’s aquifer system is achieved when extraction is completely
stopped (scenario M4).

This overexploitation not only results in land subsidence processes but also has the
potential to promote the salinization of groundwater aquifers. Due to unstable aquifers,
conditions with high-density saline water on top of deep freshwater aquifers, and the
general drop of hydraulic heads, saline water may infiltrate from the ocean, channels
and river systems, and shallow saline Holocene aquifers [11]. Contaminated surface
water may infiltrate the groundwater and cause pollution. Saline water cannot be used
for living purposes (salinization), such as cooking, drinking, or washing. Freshwater
sources are mainly rainwater and groundwater. The overexploitation [12] of freshwater
for domestic use and saltwater for aquaculture has depressed the groundwater levels,
causing land subsidence [10] and saline intrusion [13]. Thus, overexploitation reduces the
hydraulic pressure and contributes to the compaction of the sediment layers, resulting in
land subsidence [14]. During the period 2010-2015, Vuong et al. [13] researched salinity
intrusion into the MKD by GMS-MODFLOW with a grid size of 2 x 2 km and calibrated
groundwater monitoring data from 2000 to 2010. The climate change scenario together
with an increase in estimated exploitation of groundwater until 2100 shows that the saline
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intrusion occurs strongly under the impact of climate change and overexploitation. Many
other authors deal with salinity modeling in the MKD, such as Thu et al. [15], Hoan [16],
and Trung [17], with special adaptations to different issues.

These studies mainly focus on land subsidence and saline intrusions due to groundwa-
ter extraction. Additionally, the models do not show hydrogeological windows or complex
geological structure (with many fine-grained lenses, coarse grains intercropped with pow-
dered clay) due to the limitation of hydraulic conductivity data. Moreover, the majority of
relevant studies conducted in Vietnam, as well as internationally, concern hydrogeological
strata, and hydrogeological parameters have not been collected fully and reliably. Along
with that, with only a few monitoring wells in a large area with many aquifers, it will be
difficult to accurately assess the water balance of the study area.

In order to manage for sustainable exploitation of water resources, the government
of Vietnam has installed a national monitoring network for groundwater, with up to [18]
457 monitoring stations (941 observation wells in aquifers). In southern Vietnam, there are
50 monitoring locations (including 223 observation wells), and in the Ca Mau peninsula,
there are 22 locations.

Sustainable groundwater protection needs a comprehensive scientific understanding
of the complex processes and structures of the sediment layers acting as aquifers, aquitards,
and aquicludes. The process of land subsidence in a delta is a complex process, having
different causes and taking place in different hydrogeological structures (aquifers). These
processes and the detailed processes of salinization on a local scale are unknown.

Thus, a well-founded model of the groundwater bodies is urgently needed, since
until now, only a rudimentary understanding of the sediment body has been available.
This is the basis of our study. Based on available new drilling data, a finite element
FLOW (FEFLOW) approach was used to develop a model for groundwater in the complex
structures of the sediment bodies of the Ca Mau peninsula. Therefore, a detailed high-
resolution hydrogeological model for the Ca Mau peninsula must be set up to investigate
the different processes on a local scale in different aquifers. In this paper, we describe the
setup and calibration of this new model, FEFLOW, with an extension of the boundary to the
sea. In the future, this model will be adapted to salinity and land subsidence modeling.

2. Study Area
2.1. Location and Situation

Ca Mau, Bac Lieu, and Kien Giang are located in the southern MKD region (Vietnam,
see Figure 1). The terrain is low and flat with many rivers and canals. Most of the area has
a low elevation, between 0.4 and 2.0 m.s.l. The terrain gradually slopes from north to south
and from the northeast to the southwest. The Ca Mau peninsula has an interlacing river
and canal system, which facilitates the exchange between surface water and groundwater
of the shallow aquifers.

The tidal system in the Ca Mau peninsula is affected by the irregular semi-diurnal tidal
regime of the East Sea, with an amplitude change of about 3.5 m, and the irregular diurnal
tidal system of the West Sea (Gulf of Thailand), with an amplitude change of only 1 m [19].

The hydrological regime is directly affected by the tidal system with broad river
mouths leading to the sea. Moving inland, the effect of the tides is reduced gradually,
which causes the tidal amplitude and the propagation speed in the river to decrease. The
systems of interlaced rivers and canals form a wetland that is suitable for agriculture.
Saltwater intrusion into the surface water of the Ca Mau peninsula river system occurs
during the dry season due to reduced freshwater flow in the canals and is directly related
to the sea tides [20].
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Figure 1. Location of the study area in the Ca Mau peninsula (sources of data: MONRE, NAWAPI,
Esri, HERE, Garmin, © OpenStreetMap contributors, and the GIS user community).

2.2. Climatic Situation in Ca Mau Peninsula

According to the statistics of Ca Mau station 2015-2019 [4], the Ca Mau peninsula has
a high average temperature (28 °C); the average temperature of the whole area is relatively
homogeneous. The highest average temperature is in April (29.6 °C) and the lowest is in
January (26.9 °C).

The annual average comparative relative humidity is from 82.2% to 87.2%. In Septem-
ber and October, the highest relative humidity levels occur (86-89%). In January and
February, the relative humidity levels are the lowest (75.6-83.2%).

The area of research has two seasons: the rainy season, which lasts from May to
November, and the dry season, from December to April. The total annual rainfall is about
2008-2304 mm/year. The rainfall is concentrated mainly in the rainy season, accounting
for about 90-92% of total annual rainfall.

The evaporation level in the research area is substantial, with an annual average
above 1000 mm (Picher-mm). In the dry season, due to the extensive sunshine and low
humidity levels, the evaporation is the highest, particularly in March—April, with 130 mm.
In the rainy season, the evaporation is lower, and October has the lowest evaporation level
of 60 mm.

2.3. Hydrogeology

In the MKD, a series of unconsolidated Cenozoic sediments (marine transgression
cycles) cover a Mesozoic basement. In the Ca Mau peninsula, these Cenozoic deposits
are 300400 m thick on average. The subsidence of the Ca Mau peninsula in the Neogene
was caused by the uplift of the Himalayan orogenesis, with high erosion rates in the
mountains that provided large amounts of debris transported by the Mekong River to
its delta, where it formed, due to sedimentation, the Ca Mau peninsula. Several cycles
of marine transgression and regression during the Pleistocene led to a stratification of
marine and alluvial faces. The change between high sea levels, which caused saltwater
intrusion into the Ca Mau peninsula sediments, and the low sea levels during the glacial



Hydrology 2022, 9, 61

50f 20

events, which caused the freshwater lenses, comprised the hydrogeological situation
(Figure 2b). The mostly fine-grained Holocene sediments protected the deeper layers
against recent salinization. The situation is described in Figure 2b. There are seven
aquifers (Holocene—gh, upper Pleistocene—qp3, upper-middle Pleistocene—qp;_3, lower
Pleistocene—qp1, middle Pliocene—n,?, lower Pliocene—n,!, and upper Miocene—n;?)
and seven aquitards (Figure 2c).
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Figure 2. Position of cross-section NW-SE (a). Schematic representation of sedimentary aquifer
succession in Ca Mau province (b). Cross-section of Ca Mau peninsula following the path NW-SE
(c). (Sources of data: hydrogeological profiles collected by NAWAPI [21].)

2.4. Groundwater Exploitation

The exploitation of groundwater in the Ca Mau peninsula mainly supplies domestic
use in urban areas as well as rural areas, industrial parks, and services. In addition, ground-
water (including saline water) is used for aquaculture, agriculture, and other purposes. A
summary of data collected in six provinces shows that the total amount of groundwater
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exploited in the whole region is 453,850 m®/day [8]. In the research area, the exploitation
of the various aquifers is very different, depending on the area. Households (unlicensed
wells) mainly concentrate on shallow aquifers such as qps (Kien Giang) and qp,-3 (Kien
Giang, Ca Mau, Bac Lieu). Licensed exploitation wells are concentrated mainly in deeper
aquifers, such as qp,-3 (Kien Giang), qp; (Ca Mau, Bac Lieu), and n,2 (Ca Mau). Based on
data collected starting in 2010 by the ViWaT project, Ca Mau groundwater exploitation is
mainly concentrated in the n,? aquifer with a flow of 40,000 m®/day; in part of the Kien
Giang area, with concentrated exploitation of the qp,_3 aquifers of 12,600 m®/day; and Bac
Lieu, with concentrated exploitation of the qp,_3 aquifers of 56,300 m>/day.

3. Data Collection

For the Ca Mau peninsula study area, many data from previous projects are avail-
able. The quality and accuracy of the data collected depend primarily on the responsible
organizations (DONRE’s Ca Mau, MONRE, and NAWAPI) and officials who conduct their
surveys and report on their results. Although some of the projects were conducted in
the same research area, they produced different results about the groundwater extraction
volume due to the estimation of the source from households [22]. In the research area, for
the exploitation data, we rely on DONRE’s licensed exploitation data. The unregistered
extraction volume data from households is interpolated when calibrating the model.

The following data were collected for the evaluation of the hydrogeological model:

Seventy-eight hydrogeology profiles [21,23];

Fifty-four surface water profiles [13];

Rainfall from six different stations (1990-2018) [18];

Surface water level data (2011-2018) [18];

Water exploitation data from DONRE’s Ca Mau (2011-2018).

The monthly hydraulic heads were taken over the period January 2011 to December
2019 with a total of 74 observation wells (16 locations with well groups collecting data from
different aquifers) from the National Center for Water Resources Planning and Investiga-
tion [21] and BGR projects [22]. Forty-one observation wells in the model area and eight
locations started recording data from 2019 onward. The information on the observation
well groups is shown in Figure 3. For the long period, two locations (Q410 and Q597) with
10 wells were used for the boundary condition, and three locations (Q177, Q188, and Q199)
were used in which there are some monitoring wells with a full validation period from
January 2011 to December 2019.
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Figure 3. Observation well availability from 2011 to 2019 (source: NAWAPI [21]).
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4. Methodology

The modeling process starts with planning, which focuses on gaining clarity on the
intended use of the model, the questions at hand, the modeling objectives, and the type of
model needed to meet the project objectives. The next stage involves using all available
data and knowledge of the region of interest to develop the conceptual model (conceptual-
ization), which is a description of the known physical features and the groundwater flow
processes within the area of interest. Then, a mathematical model must be selected with the
consistency of mesh, hydrodynamic characteristics, and boundary conditions. Afterward,
the initial model will be calibrated by trial and error to understand the response of the
model to parameter changes. FePest [24] with the zoning approach was used to achieve
optimum calibrations using observation wells as control points. The ongoing procedure
is shown on the right side of the flowchart (Figure 4) and is described in detail in the
following subsections.

Objective: Groundwater model Build the Numerical Model

) (Hydrogeological characterization) » Deflne the Me.sh (Sectl.on 4.2.1)
— Assign Properties (Section 4.2.2)
¢ Assign Boundaries (Section 4.2.2)
Data Collect
(see Section 3) A
Calibrate an Validate the Model (FePEST)
¢ a) Hydraulic Head (Section 5.1)
Build the Conceptual Model b) Groundwater Balance (Section 5.2)
Identify Model Domain c) Hydraulic Conductivity (Section 5.3)

Idealized Hydrogeology

No
Enough Data?
Yes
Predict results
Making Decision
Model Software Selection Performance Monitoring
(Done in next Paper)

Figure 4. Flowchart of the processing method.

4.1. Model

The MODFLOW model of MKD for an area of approximately 43,000 km? was built
by DWRPIS [13] in the GMS environment. The model simulates the situation from 2000 to
2010 and focuses on accessing the influences of climate change and sea level rise. In 2017,
Minderhoud et al. [9] used MODFLOW based on environment iMOD (image processing,
modeling) [25]. They extended the Mekong model to Ho Chi Minh city and focused on
land subsidence. The purpose of the development of a groundwater model in this paper is
to design an early warning system for groundwater level depletion and saline intrusion
into the aquifers of the Ca Mau peninsula. In the study area, a 3D hydrogeology model
was built using the finite element method to simulate the groundwater flow in the Ca
Mau peninsula.

Different from using the finite difference method in MODFLOW, the finite element
method in FEFLOW [24] shows more advantages in calculating speed and the ability to
construct aquifers that are more complex. FEFLOW can create layer-based, partially un-
structured, or fully unstructured meshes in 3D and produces precise spatial representations
of complex diversity and geometrical settings such as rivers, fractures, pipes, tunnels, and
well locations (www.mikepoweredbydhi.com (10 February 2022)). Finite element methods
provide a better representation of anisotropy, whereas MODFLOW requires conductivity
to be perpendicular to the faces of the finite difference cells [26].
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4.2. Model Setup and Calibration
4.2.1. The Modeling Framework

The model area covers the Ca Mau province and parts of the provinces Soc Trang,
Bac Lieu, and Kien Giang. A three-dimensional numerical hydrogeological model with
finite elements (FEFLOW) was developed to simulate groundwater flow and fluctuations in
hydraulic heads over the past 10 years (2011-2020) applying monthly time steps. The model-
ing area is about 19,900 km?, of which the mainland is about 9600 km?, with 1,963,276 nodes
and 1,056,390 elements (Figure 5b). The finite element meshes are created together with the
wells, monitoring points, and rivers. The distance between elements is approximately 10 m
to 2.5 km depending on the area.

/\ Elements and nodes
. Hydrogeological
~ profile
o 10 20
[km]

(b)

Figure 5. Finite element model areas and 3D hydrogeological model. (a) The mesh and hydrogeologi-
cal profile; (b) A three-dimensional hydrogeology.

The Ca Mau peninsula subsurface is divided into seven main hydrogeological units
using 78 hydrogeological profiles (Figure 5a) and additional information provided by the
“Division for Geological Mapping for the South of Vietham” (governmental organization).
Each hydrological profile consists of a permeable bottom layer and the tops for seven
aquifers and seven aquitards (Figure 5b). This information was used to create the 3D sub-
surface model using the linear interpolation method. This resulted in 14 layers comprising
the subsurface model, representing seven aquifers, six aquitards, and a phreatic (Q,) top
layer (Figures 2c and 5).

Average hydraulic conductivity (K) values are depicted in Table 1. In addition, the
most important rivers are included in the model to calculate the interaction between surface
water and the aquifers gh and qp3. The river widths and river depths were derived from
surface water profiles.

Table 1. Statistical average hydrogeology parameters of the aquifers.

Layer 2 4 6 8 10 12 14
(Aquifer) (qh) (qp3) (qp2-3) (qp1) (n2?) (nzh) (1)
Number of wells 7 30 64 43 41 25 11
Kp, (m/day) * 1.66 x 10! 2.78 x 10 2.22 x 10! 1.95 x 101 1.81 x 100 1.44 x 10!  1.10 x 10!
Ky (m/day) ** 1.66 2.78 222 1.95 1.81 1.44 1.10

Ss

5.00 x 1074 3.26 x 1073 1.95 x 1073 420 x 107% 226 x 1073 442 x10~* 5.00 x 105

* Kj: horizontal hydraulic conductivity, ** Ky: vertical hydraulic conductivity. Data sources: NAWAPI [21] and
DWREPIS [23].
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To set up the model, the groundwater model must be parametrized by horizontal and
vertical K, and by porosity and specific storage for each aquifer and aquitard. According
to collected data, the average horizontal conductivity (vertical conductivity is taken as
one-tenth [27] of the horizontal conductivity) and specific storage (Ss) are shown in Table 1.
These values were interpolated using the inverse distance method to import the model.

4.2.2. Model Boundary Conditions

The boundary conditions (BCs) that are critical for the groundwater flow model of
the Ca Mau peninsula are the flow from the northern boundary and the ocean and the
surface water levels from the river and channel system. In addition, the recharge from
rainfall and the pumping rates are included in the model. The boundary conditions are
shown in Figure 6.

Legend
— Fluid transfer BC
— Hydraulic head BC
— No flow BC
® Observation well
— —Coastline
Sea

Figure 6. Boundary conditions in the model.

Along the northern boundary of the model, the first type of hydraulic head BC was
assigned. The hydraulic head on the northern boundary was determined based on the
interpolation of two well groups along the northern line (Q597 and Q401), and for each
aquifer, a monthly value from January 2011 to December 2019 was used. The boundary
conditions are shown in Figure 7.
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-13.0

we?

N\ —
N T e~
S TNAA

Groundwater level elevation, m
I
w
o

-11.0

g\} ,Lg‘\(’ ,Lg'&b ,190 ,Lg‘&q’ ’1«0’&93 ,LQ’LO\’&“,LQ’I’\

Year Year
Q40101Z-qp3 Q40102Z-gp23 —Q597020M1-qp3 Q597030M1-qp23
——Q40104T-n22 —Q40104Z-n21 Q59704TM1-n21 Q59704ZM1-n13

T T -13.0

LT TR, SN N Y T | & WO a0
O 40 A0Y 48 40 40N A0 4O 8 O S
Wt 2t T R L N e e N

Figure 7. Observation data from different aquifers at Q401 and Q597 (source: NAWAPI [18]).
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Figure 6 shows the hydraulic heads for different aquifers. In most of the aquifers, a
depletion of the hydraulic head can be seen with an interannual variation. The depletion
is caused by an extraordinary increase in exploitation during the past 11 years (Table 2),
totaling nearly 30%.

Table 2. Total pumping rates in the model for different aquifers.

Pumping Rate (m3/day)

Aquifers Percentage Increase (%)
January 2011 December 2019 Difference
qp3 —1649 —1987 —338 20.5
qp2-3 —294,010 —361,580 —67,570 23.0
qp1 —24,801 —33,278 —8477 342
ny?2 —104,820 —168,600 —63,780 60.8
ny! —340 —1805 —1465 430.9
n;® —100 —114 —14 14.0
Total —425,720 —567,364 —141,644 33.3

To reduce the influence of the outer boundary on groundwater flow in the mainland,
extending the border offshore is a good solution. Its southwest and southeast borders
are artificial boundaries in offshore areas where hydraulic heads were assigned no-flow
boundary conditions. For the river/canal, fluid transfer BC was chosen as the third
kind/Cauchy BC [24]. This flow (infiltration/exfiltration) depends on the water level
difference between surface water and groundwater. The boundaries are assigned to phreatic
layer 1 and layer 2 (aquifer gh), representing the main rivers/canals and the area around the
coast. According to different authors [25], recharge from the river system to the aquifers in
the downstream part of the Ca Mau peninsula is expected to be limited due to the presence
of a thick, largely impermeable, Holocene aquitard near the surface, effectively sealing off
the aquifers below.

Considering recharge from rainfall, the thick aquitard strata at the surface sepa-
rate the deeper aquifers from the surface water system and may prevent direct aquifer
recharge [22]. Moreover, the very dense river and canal network quickly discharges the
intensive runoff generated by frequently occurring heavy rainfalls. Therefore, the recharge
from rainfall is very small. In the model, initial recharge input amounts to 1% of the mean
monthly rainfall (based on two Ca Mau and Bac Lieu stations, in the model divided into
three recharge zones).

Regarding pumping from 2011 to 2019, the licensed exploitation of Ca Mau city
has increased by 66%. This increase is similar within Bac Lieu province. Unregistered
extraction wells grow at an annual rate of 2.5% based on estimates of extraction increase
by DWRPIS [10]. The following pumping rates (Table 2) were calculated from the licensed
wells for the different aquifers. An interannual variation of the pumping rates is assumed.

5. Results of Model Calibration and Validation

Ahmed Hassan [28] discusses groundwater model validation in detail. He distin-
guished between scientific, philosophical, operational, and confidence-building views of
model validation. The scientific view implies that the model is representing reality. Jack-
son et al. [29] demand, for specific models, “validation that one might reasonably expect
someone with relevant technical knowledge to consider the model acceptable”. From
the operational view of model validation, Flavelle [30] argues that most of the validation
definitions available in the literature make explicit reference to the need to demonstrate that
a model is a good, correct, or sufficient representation of reality and that “these definitions
require subjective interpretation”. In addition to this, from the confidence-building view,
Davis and Goodrich [31] postulated two acceptance criteria for an existing model: “The
first is a measure of the adequacy of the model structure (conceptual model, mathematical
model) in describing the system behavior and the second is a measure of the accuracy of
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the model input parameters relative to experimental results and field observations.” This
leads to the following criteria, which are commonly accepted by groundwater modelers as
criteria for an integrated view of a scientific, operational, and confidence-building view of
model validation.

To validate a groundwater model, different aspects should be validated:

Does the model represent reality (scientific and confidence-building validation)?
Best fit to measured and calibrated hydraulic head (confidence-building validation);
Validate the groundwater balance (scientific validation);

Validate hydrogeological parameters such as conductivity and porosity (scientific and
confidence-building validation).

Ll o

After consideration of the availability, credibility, and distribution in each aquifer/area
of the Ca Mau peninsula, 46 monitoring wells were selected for validation. Groundwater
model calibration is performed by systematically adapting the model parameters of con-
ductivity, specific storage, leakage factor, and porosity to the measured groundwater levels
and the measured discharge in the river system to a plausible estimate of discharge at the
hydraulic head boundaries and to a plausible groundwater balance. This results in the error
value (positive or negative), which must be minimized during the process of calibration.

The calibration of the model is limited by three different conditions:

1. Interpolation of unregistered extraction wells with an increase in annual growth
of 2.5% from 2011 to 2019. Licensed exploitations were compared with the actual
licensed exploitation in 2018 from Ca Mau DONRE, in total by 65.7%, so in the model,
the corresponding increase was 6.5%/year.

2. Based on the data collected, the transient calibration phase is from January 2011 to
December 2019.

3. Areduced information base of groundwater monitoring data for the period January
2011 to December 2019 (only three stations are available: Q199, Q188, and Q177). Since
the beginning of 2019, more groundwater measurement stations have been available
(Figures 1 and 3).

5.1. Model Validation of Hydraulic Head

The quality of the model is tested in space and time for different aquifers according to
Davis and Goodrich’s [31] second point mentioned at the beginning of this section.

A usual model test in groundwater modeling can be performed using scatter data
plots. These are shown for 46 monitoring wells for two different time steps in Figure 8.
In addition to this, the 1:1 line is shown. For January 2018 (dry period) and October
2019 (rain period), values are shown for all the aquifers. The computed hydraulic head is
consistent with the measured data. The absolute error E, the root mean square (RMS), and
the standard deviation (sigma) values are very small; the correlation coefficient is very high
in both cases.

Another methodology for testing the model in space is the use of groundwater iso-
hypses, which were used within the error between the measured and calculated hydraulic
head points for different well groups. A confidential error of 1.5 m is chosen to verify the
quality of model, taking into account the fluctuations of groundwater level during the day
and the influence of tides. The difference due to these influences is about 1.5 m and can be
up to 2.5 m [14].

In Figure 9, the simulated hydraulic heads from December 2019 for qp; and n,? are
shown. The green marked error bars show the confidential error for observation wells,
and the center of the target corresponds to the observed value. From the isohypses, the
continuous hydraulic head in space is shown. The deepest hydraulic heads for both aquifers
are shown in the city of Ca Mau, caused by large pumping rates. With a longer period
calibrated, Q177 has an important role in the groundwater-monitoring network in the city
of Ca Mau with large exploitation.
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Figure 8. The comparison of computed vs. observed head values in January 2018 and October 2019.
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Figure 9. Hydraulic head for aquifers gp; and ny? in December 2019.

In Figure 10, the monthly measured and calculated groundwater levels are shown
as a time series. Q177 and Q199 (Figure 10, left side) show the measured and calculated
values with the best fits in the model. The aquifers gh and qp3 show that the fluctuation
of the water level tends to be stable, while the qp; and n,? layers are influenced by
groundwater exploitation and the dry and rainy seasons of the MKD. Figure 10 (right side)
shows simulated (Q608 and Q609) groundwater level trends and captures the groundwater
system behavior for a one-year validation period in the complicated exploitation setting.
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Figure 10. Time-dependent measured and calculated hydraulic heads for different well group and
aquitard models.

As a common result of the criteria detailed in the beginning of Section 5, the system
behavior described for the hydraulic head is accepted in a confidence-building view of
model validation, because the calculated hydraulic head is validated against point mea-
surement hydraulic head data in time and space. This leads to the second criterion for the
operational view of model validation, “that a good, correct, or sufficient representation
of reality” in time and space (Figures 9 and 10) can be assumed. Moreover, according to
the scientific view of validation, which is mentioned above, the authors considered the
model as acceptable, considering the knowledge of the hydrogeological situation in the Ca
Mau peninsula.

5.2. Valuation of Groundwater Balance

Another important model of quality control is the groundwater balance, which should
be plausible. According to the different mentioned criteria for model validation, only the
operational and scientific view of model validation occurred, given the fact that under-
ground flow along huge boundaries could not be measured. In Figure 11, the different
components are shown for the Ca Mau peninsula. The overall averaged total sum (January
2011 to December 2019) in the Ca Mau peninsula is 742,876 m3/ day, and the total sum out
is 742,979 m3/day. The parts of the different components are shown in Figure 11. The
flow in from the hydraulic head net rate boundary north (see Figure 6) is about 12%, and
the inflow along the coastline of the Ca Mau peninsula is about 39%. One important part
(approximately 23%) is also the exfiltration from the huge river and channel system. The
interaction takes place in the two upper layers. The rainfall (or groundwater recharge) is
negligible. Nearly 24% of the total sum is part of the positive internal storage flow inside
the Ca Mau peninsula.



Hydrology 2022, 9, 61

14 of 20

hydraulic inflow outflow
head Infiltration exfiltration along the alongthe positive negative
Netrate from rivers from river coastline coastline Internal internal
boundary and and rainfall Pumping CaMau CaMau Storage  storage
north channels channels Rate rate peninsula peninsula flow flow
60.0
39.0
3z 40.0
<_% 23.5 23.8
=
5 200 154
8
o
2 .
- .
3 -10 L
5 -6.7
a
£ -20.0
()
E -23.3
<_§ -40.0
- - InFlow
—60.0 - OutFlow
-69.0
-80.0

Figure 11. Groundwater balance of the model (components in percent of total flow).

The biggest export out of the model area is the pumping rate, with 69% of the total
outflow; approximately 23% is the total outflow flow rate along the coastline of the Ca Mau
peninsula into the sea. The exfiltration from the river and channel system is negligible. The
negative internal storage flow inside of the model is about 6.5% of the total outflow. To
sum up these results, exploitation takes place in the deeper aquifers with nearly 70% of the
flow. The filling up of the groundwater system is caused by the positive hydraulic head
net rate boundary north, the infiltration from the channel system, and the inflow along the
coastline of the Ca Mau peninsula from the ocean, especially for the upper aquifers.

The overall analysis of the groundwater components can be seen on a timescale with
variation from January 2011 to December 2019 in Figure 12. There are notable differences
in the components. The vertical axis is shown on a logarithmic scale. The most significant
component is the pumping rate, within a seasonal variation and an increase from 2011
to 2019. The inflow along the coastline of the Ca Mau peninsula is nearly constant. The
hydraulic head net rate boundary north inflow has a high interannual variation, mostly
caused by pumping along the northern boundary. In addition, the exfiltration from the
river and channel system is assumed constant. There is an interannual variation in the
storage, as shown in positive internal storage flow and negative internal storage flow
within an increase in the maximum and minimum in the past nine years, which is also
caused by pumping.

To conclude, the knowledge of the components of the groundwater balance and their
seasonal variation is highly important for groundwater management. Thus, the groundwa-
ter balance is considered acceptable from the scientific view of model validation, given the
authors’ detailed hydrogeological knowledge of the Ca Mau peninsula based on previous
studies [9,12,13,32]. The groundwater balance is not mentioned in any known publication.
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Figure 12. Groundwater balance of the model (monthly variation).
5.3. Valuation of Hydraulic Conductivity
Another possible method of validating the hydrogeological model is comparing the
“measured hydraulic conductivities” with the “calibrated hydraulic conductivities”. As an
example, the results for the aquifers ny? and qp; are shown in Figure 13.
N 805B-RG TP. CAN THOTP. CANTHO /VINH LONG| & ) 3?07-RG TP. GAN THOTP. CANTHO. /VINH LONG
\M@E ,:’ Q607049 W%‘? ' / Q607050
s q
s 062724o|£;” 24 s Q827050 By
T whu siane s L ) 1,1,,'9% rvene J
\ Q211030 96;
dar il b 04 :
=il 21.6g A
il 907
sOC TRANG

sOC TRANG

1.3 Q618050

Legend

/
Legend

i / [ Model Area [ Model Area
/ [ I Province [ |Province
Original K, qp1 Original Ky n22
Upper: Name Upper: Name

®  Lower: Value (m/d)
Calibrated Kn n22

Lower: Value (m/d)
Calibrated Ky qp1

(m/d) (m/d)
B <5 I <10
[l 5-10 [ 1117
11115 [ ]18-25
0 10 20Km [ 1625 2837
105" E ! I >25 [ -37
(a) Kn of qp1 (b) Kn of n22

Figure 13. Calibrated K}, for gp; and n,? in comparison with K}, from pumping test.
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For the aquifer qp1, the horizontal hydraulic conductivity (K}) varies between 1.0 and
40 m/day. The highest K}, is located in the northwest in Kien Giang province. The regions
with Ky, higher than 25 m/day are located at the northern border. The regions with lower
Ky (green regions) stretch from the middle of the northern border along the west coast,
including the southern part of the Ca Mau peninsula. The comparison of the measured K
to the calibrated K shows an overall good correlation.

For the aquifer ny?, the K}, varies between 1.0 and 60 m/day. The highest Ky, is located
in the surrounding area of Ca Mau city. Moreover, the regions with a Ky, higher than 37
m/day (red regions) are located here. The regions with lower K}, (green regions) are located
in the north and in the south part of Ca Mau peninsula. Additionally, in this aquifer, the
comparison of the “measured K” to the calibrated K shows an overall good correlation.

Shrestha et al. [32] and Nguyen et al. [7] developed groundwater models for the
whole MKD and the Tay Island Region (Dong Thap province). The calibrated hydraulic
conductivities used in these models are presented in Table 3 together with those of this
study. The values for the K for groundwater layers gh, qp3, qp2_3, qp1, and n;® of Shrestha
et al. [32] are similar to those of the recent presentation. The K values from Nguyen et al. [7]
are smaller for all aquifers because of limited hydrogeological data collected for the small
study area. Both authors did not present a spatially distributed comparison of calibrated
and measured K.

Table 3. Comparison average of hydraulic conductivity.

Aquifer Hoan, 2022 Shrestha, 2016 Nguyen, 2013
Q 0.50 no value no value
qh 3.57 10.00 6.40

qp3 14.00 25.00 3.70
qp2-3 14.86 18.60 3.20
qp1 9.62 25.00 2.50
ny? 12.95 22.00 1.50
ny! 6.65 33.80 1.20
n;® 5.00 9.40 no value

6. Discussion
The results presented in this paper are discussed according to the following questions:

1.  How realistic are the used estimations on exploitation data?
2. Can we verify the calculated groundwater balance for the Ca Mau peninsula?

The first question is important when considering model calibration and model un-
certainty. As described in Section 5.2, the groundwater model is calibrated assuming the
correctness of the estimated pump rates. Thus, the pump rates (approved by the maximum
delivery quantities of the licensed abstraction wells) have an influence on the hydrogeo-
logical model parameters of permeability coefficient and storage coefficient. In order to
validate the used pumping rates inside the groundwater model, we compared different
literature sources for the groundwater exploitation (Table 4).

To compare the used pumping rates (Table 2), a plausibility check of the pumping rates
can be performed using the daily water consumption per inhabitant. These results vary
between 108 L/person/day in [13] and 297 L/person/day in the BGR Report 2017 [19] for
2010. In the model presented here, a water consumption rate of 144 L/person/day was used.

The current average urban water use standard (including water loss) is 100 L/person/day;
itwas 120 L/person/day in 2015 and 130 L/person/day in 2020 and will be 130 L/person/day
in 2025 [8].
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Table 4. Different sources for pumping data.
Pumping Rate (m3/day) in Different Aquifers Water .
Source Province Time Population _ Usage/Capita
qps3 qp2-3 qp1 ny? ny! ny3 Total (L/day)
Vu‘;r(‘)glf'T" MKD 2010 114,945 977,514 130,077 477,359 87,653 87,653  1,875201 17,306,700 108
BGZI&I;‘?;;’“ Ca Mau 2009 - 265371 49,859 52,570 5532 . 373332 1,258,788 297
ngf;‘?%m Ca Mau 2015 - 223989 92614 106728 3021 - 426352 1,257,788 339
Ml;&%r}(‘;“d Ca Mau 2010 - 160 265371 49,859 52,570 5532 373492 1,258,788 297
Minderhoud Ca Mau, Bac
u Lieu, 1/2 2010 207 17,521 514206 114313 68453 7282 721,982 2,956,583 244
2020 (3) e,
Kien Giang
Ca Mau Ca Mau, Bac
FEFLOW Lieu, 1/2 2010 1649 294010 24,801 104,820 340 100 425720 2,956,583 144
Model Kien Giang
Ca Mau Ca Mau, Bac
FEFLOW Lieu, 1/2 2019 1987 361580 33278 168,600 1805 114 567,364 2,962,401 192
Model Kien Giang
Average 29697 305735 158,601 153464 31,339 20,136 231
Standard deviations 56,837 326420 177,227 148399 37,194 37,879 86

(1) Baseline Study Ca Mau Review of Studies on Groundwater Resources in Ca Mau Province, Technical Report No
I11-2, 2017 [19]. (2) Detailed Investigations on the Hydrogeological Situation in Ca Mau Province, Technical Report
I11-5,2018 [22]. (3) Minderhoud, Groundwater extraction may drown mega-delta: Projections of extraction-induced
subsidence and elevation of the Mekong delta for the 21st century, 2020 [10].

The total sum of groundwater exploitation for industrial use in Ca Mau province was
estimated by DWRM to be approximately 13,000 m?/day in 2014 [8]. This means an amount
of approximately 10 L/person/day (13,000 m3/1,217,822 persons). For the year 2010, the
estimation for the unlicensed wells was (1/3 of 100 L/person/day = 34 L/person/day).
These three components are summed as follows:

+ 100 L/person/day (from statistics)

+ 10 L/person/day (industrial use)

+ 34 L/person/day from unlicensed wells

=144 L/person/day from Ca Mau that is used in the actual model.

Comparable values for industrial water use exist in DWRM [8] for Bac Lieu (15 L/
person/day), Kien Giang (4 L/person/day), Soc Trang (20 L/person/day), and Hau Giang
(2.5 L/person/day).

The total flow of groundwater exploitation in 2019 in the study area was 567,364 m3/ day.
The groundwater flow is unevenly exploited in the study area as well as in the aquifers,
depending on the real pumping location. The most exploited aquifers are qp,_3, and n,?,
accounting for 63.7% and 29.7%, respectively; other significantly exploited aquifers are qp;
and ny!, accounting for 5.9% and 0.3%, respectively.

Table 5 shows the results of calculating the horizontal net flow transfer in cubic meters
per day, which mainly occurred from the sea, and the net flow transfer in cubic meters per
day from the upper and lower aquitards. For the aquifers qp,_3 and n,?, with the largest
pumping rates, the horizontal and vertical net flows are the biggest (q, = 39,000 m3/day
and qy = 49,892 m?/day for qp,_3 and qy, = 27,100 m*/day and qy = 36,464 m>/day for n,?),
because these are the ones exploited the most in the study area. The vertical and horizontal
net flows in the deepest aquifer, n;3, are the smallest.
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Table 5. Aquifer budget for different aquifers in December 2019.
Net Flow Pumping Change in Storage
Aquifer m®/day m®/day
Vertical (qy)  Horizontal (qy) m?/day %
qp3 16,141 —4500 —1987 0.35 9654
qp2-3 49,892 39,000 —361,580 63.73 —272,688
qp1 21,093 18,300 —33,278 5.87 6115
ny? 36,464 27,100 —168,600 29.72 —105,036
ny! 8368 4100 —1805 0.32 10,663
ng® 4912 2664 —114 0.02 7462
Sum 136,870 86,664 —567,364 100.00 —343,830

The change in storage is only negative in the aquifers qp,_3 and n,2, with the highest
exploitation rate. In the other aquifers, the change in storage is positive.

The storage changes in layers 1 and 2 (QQ; and gh) are positive. These shallow aquifers
are important layers in the system of aquifers in the Ca Mau peninsula and receive recharge
from rainfall as well as leakage from rivers and channels.

The model shows that the groundwater level decline is mainly due to an increase
in the pumping rate. However, the groundwater level from gh and qp3 aquifers mostly
tended to stabilize (Figure 10). For the time of the model run, from January 2011 until
December 2019, the flow of unregistered extraction wells in the aquifer qp,_3 increased in
total by 23%. The pumping rate of licensed exploitation wells in the ny? aquifer increased
in total by 61% (Table 2). The assumed pumping rates show a realistic estimate for the
water exploitation in the Ca Mau peninsula.

In this study, the first groundwater balance for the Ca Mau peninsula is published in
detail for the total area. The results are available for all aquifers. Unlike previous studies by
Minderhoud et al. [9,10,14], Vuong et al. [13], and Shrestha et al. [32], which mainly assessed
land subsidence and climate change, this study focused on assessing water balance, using
newly updated detailed data on groundwater extraction in the period from 2010 to 2018
and a higher number of nine monitoring points (46 monitoring wells all together). The
use of homogeneity K for aquitards in previous studies [13,30] has limited the leakage of
aquifers. The model area was only developed inland, so the coastal boundary conditions
needed to be interpolated. All these results lead to an inaccurate water balance assessment.
In contrast to the former studies mentioned in this paper, the aquitards are open in some
regions, so that more realistic water exchange between aquifers is possible. Therefore, the
model boundary was enlarged to 30 km outside of the mainland. No interpolation of the
boundary conditions along the coastline was necessary. This led to a more realistic estimate
of the groundwater balance.

According to the international standard of groundwater model validation (see Section 5),
the scientific, operational, and confidence-building views of validation are guaranteed in
the presented groundwater model.

7. Conclusions

A new 3D hydrogeological structure groundwater model with the latest available infor-
mation (hydrogeological information from 78 wells, pumping rates from nearly 700 licensed
wells, and 40 wells for groundwater measurements) with a high-resolution triangular mesh
was built.

The model was calibrated in a way that the differences between the measured and
calculated hydraulic heads were consistent with the uncertainties of the measured heads.
The increase in a more accurate calibration required additional changes to the K field. These
changes led to a more realistic understanding of the hydrogeological situation in the Ca
Mau peninsula.

The main aquifers qp; and ny? supply groundwater to Ca Mau city, Kien Giang,
and Bac Lieu, but the exploitation status increases rapidly. The increased exploitation is
examined in a realistic way and validated against the water use of the inhabitants.
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Due to the large exploitation volume of the study area (567,000 m®/day, 2019), recharge
from outside the study area is not enough to compensate extraction, leading to declining
groundwater levels.

In particular, this article calculated and analyzed the water balance according to the
aquifers and identified the sources of reserves (inflow along the coastline, inflow from the
north) between offshore and mainland areas.

The reserves were calculated based on the model. However, reserves include both
saltwater and freshwater; this study has not calculated the total potential exploitable
reserves of freshwater. In the next studies, these results will be confirmed by field studies
as well as adapting a saline intrusion model.

These research results show that the model has contributed to promoting the develop-
ment and innovation of water resources research using the finite element method. With the
current exploitation, the groundwater level is continuing to tend to decrease. In addition,
the inflow along the coastline to the mainland is 39% of the total inflow. Therefore, ground-
water resource managers need to investigate the coastal saltwater sources in detail; develop
an early warning system for depletion and saltwater intrusion; protect zones and reduce
groundwater exploitation; and increase the use of other water sources, such as artificial
groundwater recharge, rainwater harvesting, using surface water, and transporting water
from other places, as alternatives to groundwater.
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