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Groundwater flow systems are strongly influenced by heterogeneity and anisotropy of
hydraulic conductivity (K). Particularly in stratified clastic sedimentary aquifers, the vertical
hydraulic gradient (dh/dz) is often very high, due to the low vertical hydraulic conductivity (K,)
or high anisotropy (Ki/K,). However, data on the vertical hydraulic gradient to calibrate the
anisotropy is seldom available. We investigated the relationship between the variable K/K,
and the dh/dz computed by a groundwater flow model to improve the regional parameterization
using an extensive data base on 3D distribution of hydraulic head. Although it is commonly
assumed that the value of K,/K, is 10, our values typically ranged between 10 and 10°,
because the maximum Kj/K, was 10° in this regional basin. The simulations used MODFLOW-
2000. We found that the high K,/K, contributed to high dh/dz, while identifying locations of
potentially good vertical connectivity between the aquifer zones, where dh/dz is very low and
difficult to measure sufficiently accurately. Sensitivity analysis of dh/dz to recharge and
pumping from wells showed that recharge led to change in inflow of groundwater that led to
head change, which in turn led to change in dh/dz. While, pumping contributed to aquifer
outflow, as change in head drawdown around the influence zone, in turn changed dh/dz.
Additionally, dh/dz in a shallower aquifer was more strongly affected by recharge and

pumping.

1. Introduction

flow patterns. The clastic sedimentary systems, that form many
of the world’s major aquifer systems, commonly consist of

Horizontally stratified depositional environments such as fluvial,
alluvial fan, and deltaic regions have considerable heterogeneity
in all three spatial dimensions. These influence groundwater
characteristics, especially of the hydraulic conductivity (K), its
heterogeneity and vertical anisotropy (K;/K,) with respect to
horizontal (K,), and vertical hydraulic conductivity (K,), which
in turn affects the groundwater flow rate and pattern. Winter and
Pfannkuch (1984) investigated the interaction of lake and
groundwater flow under variable anisotropy in the groundwater
system and found that, as anisotropy decreased, the seepage from
the lake also decreased. Zlotnik et al. (2011) examined the
impacts of anisotropy on groundwater system and found that the
small-scale anisotropy contributed to local flow patterns, while
the large-scale anisotropy affected intermediate and regional

alternating vertical sequences of coarse (sand and gravel) and
fine (silt and clay) units, that can dramatically reduce the average
or effective K, relative to K, (Fogg, 1986; Belitz et al., 1993;
Fogg et al., 1998; Fogg et al., 2000).

Calibration of groundwater models, using groundwater fitting
error and the hydraulic heads was not enough for the regional
groundwater models because there was insufficient groundwater
data (Du et al., 2018) and an additional technique was required.
Izady et al. (2017) and Du et al. (2018) used groundwater balance
technique and derived better contour matching observed and
calibrated head, the key was the water balance estimation across
the boundary, which gave important boundary data for further
modeling. Patriarche et al. (2004), Jiménez-Madrid et al. (2017)
and Stuopis et al. (2012) used the chemical concentration and
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isotope technique, and showed the adequacy of water balance, in
which the isotope dating supported the model. Hoque and
Burgess (2012), Michael and Voss (2009), Sheets et al. (1998)
and Sanford (2011) used the groundwater age technique and
showed that their conceptual model led to improved agreement
between tracer ages and simulated travel times, and also between
measured and simulated heads and flows.

Data on K, are scarce as compared to data on Kj, which can
typically be measured directly through the use of well testing
methods. There are also field well test methods for estimating K
of aquitard layers that control the effective K|, but the observation
well data, needed for such tests is seldom available, especially
for use in regional models. One can estimate effective K, by
assuming all the layers are perfectly continuous laterally, and
applying the harmonic mean (Belitz et al., 1993), but the actual K
of the silt and clay aquitards are seldom known, and these
layers are seldom perfectly continuous laterally (Fogg et al.,
2000). One way to bypass these problems is to estimate
effective K, values through model calibration by attempting to
reproduce the vertical hydraulic gradients (dh/dz) measured
with hydraulic head (%) data from wells of different depths.
Fogg (1986) did this based on regional mapping of dh/dz
values that showed general trends in dh/dz can indeed be used
to demonstrate that the commonly small ratios between
horizontal and vertical hydraulic gradients (e.g., on the order of
10%) cannot be reproduced without quite large ratios in K,/K,
(e.g., on the order of 10%). Fogg (1986) also found that the
computed dh/dz in the model are very sensitive to K,. For
example, he found that where zones of enhanced vertical
connectivity exist, vertical groundwater fluxes can become
extremely high locally, with the dh/dz values becoming quite
low. In other words, when one has dh/dz data, it can not only be
invaluable for calibrating K;/K,, but it can also indicate where
zones of good local vertical connectivity might exist. Identifying
such zones can be very important for modeling multi-aquifer
dynamics, mapping recharge areas for deep aquifers, and
identifying vulnerability of deep aquifers to contamination.
Samper-Calvete and Garcia-Vera (1998) compared isotropic and
anisotropic groundwater models in Los Monegros, Northeastern
Spain and found that anisotropy played a major role in the
lower aquifer and led to a better match to measured heads and a
more realistic representation of the hydrogeological conditions.
Heilweil and Hsieh (2006) determined anisotropy in Navajo
Sandstone, Southwestern Utah, using the minimum of three
observation wells method, and revealed that the transmissivity
in each direction could be used to derive approximate anisotropy
values, from which local discontinuities could be inferred.
Michael and Voss (2009) estimated regional scale groundwater
properties (K and K,/K,), using hydraulic heads, '“C concentrations
and driller logs and found that a high value of vertical anisotropy
indicated disconnected aquitards, which, if numerous, could
strongly control the equivalent hydraulic parameters of the
aquifer system.

To calibrate K,, following Fogg (1986), however, one needs
data on not only lateral hydraulic gradients, but also the vertical
gradients. Such 3D A mapping is still much less common than
the more typical, 2D # mapping, and cases having fully 3D 4
characterization over a region are rare. In this study of the Lower
Chao Phraya (LCP) Basin, Thailand, there exists an unusually
comprehensive 3D mapping of 4. This allows us to perform an
unusually detailed exploration of the interplay between model
anisotropy and computed vertical and lateral hydraulic gradients.
Moreover, the 3D data and model allow us to explore the
possibility of using the dh/dz data to ascertain possible locations
of good vertical connectivity.

Thailand’s Lower Chao Phraya (LCP) basin (100°33°1” E,
14°21°19” N) was selected for investigation for three reasons: 1)
it is the largest groundwater aquifer in Thailand and covers
Bangkok, the capital city, 2) intensive groundwater pumping has
led to water resource sustainability concerns, for example
groundwater overdraft and land subsidence, and 3) it has extensive
three-dimensional hydraulic head data, that presents an opportunity
to identify the values of vertical hydraulic gradients and to
calibrate the upscaled anisotropy.

We investigated the inverse three-dimensional groundwater
flow model in the LCP basin to determined anisotropy, using the
hydraulic gradient technique, because it is very sensitive to K,
values (Fogg, 1986). First, we describe the study area, including
location, hydrogeology and groundwater problems. Then, we
discuss the main data, from groundwater monitoring and measured
hydraulic gradient, from which the groundwater model was
constructed. Then details of the calibration for variable anisotropy,
e.g. hydraulic head and gradient matching, are provided. Since
the hydraulic gradient is also sensitive to the groundwater
recharge and pumping, sensitivity analysis is included.

2. Study Area

2.1 Location and Groundwater Development

Figure 1(a) shows Thailand’s LCP basin, located in the central
plain, which covers 21 provinces including Bangkok (capital
city). In this triangular basin, the northern tip is in Kamphaeng
Phet province, and the base covers Chao Phraya River delta
along the shore of the Gulf of Thailand. The plain is ~220 km
from east to west and ~300 km from north to south, with a total
area of 43,300 km®. The western part of LCP basin bounds the
Tenasserim hills. The northern part is the Upper Chao Phraya
basin which Chao Phraya River flows and the eastern part is
bounded by a series of small hills. The southern part connects to
the Gulf of Thailand. It has four major rivers, the Chao Phraya,
Mae Klong, Pa Sak and Tha Chin Rivers. Bangkok clay is found
from the Gulf of Thailand to Ayutthaya province. The basin is
relatively flat with water flowing from the north to south. The
highest point is ~60 m above mean sea level (MSL) and the
lowest altitude at sea level: the average elevation is 15 m above
MSL Fig. 1(b).
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Fig. 1. Thailand’s Lower Chao Phraya Basin: (a) Location Map, (b) Elevation Map

2.2 Geology

2.2.1 Geologic Framework Related to Groundwater

The Thai Department of Mineral Resource (2001) and the Thai
Department of Groundwater Resources (DGR) (2015) showed
the geologic formations could be classified into three age ranges.
The LCP basin consists of unconsolidated and semi-consolidated
sediments aged from the Tertiary-Quaternary, including coastal
deposits (Qn), e.g., the beach, mangrove, swamp, marsh, and
fluvial deposits (Qy), e.g., flood plains, alluvium, terrace and
colluvium. Piancharoen (1977) and Piancharoen and Chuamthaisong
(1978) concluded that, during these periods, the depositions
probably occurred under fluvial and deltaic environments, with
occasional shallow sea sedimentation. During the Permian,
deposits belonged to the Ratchaburi (P,) and Saraburi (Py)
Groups. The P, group consisted of dry and hard clays, including
limestone, dolomitic limestone, chert, dolomite and granite. The
P, group was composed of hard clays, including limestone, chert,
basalt, ultramafic and serpentinite. The P, and P, groups were the
uplands at the southwest (P,) and southeastern (P;) portions of the
basin. The P, and P, groups are relatively low in K. In the rainy
season, water may be lacking, because the clays hinder the
recharge. In the Devonian, the Thong Pha Phum Group (SDC),
e.g., calcareous shale, shale, chert, siltstone and limestone
deposits, formed the upland at the western side. The permeability
was low in K due to the dense clay lenses. Then, soil groups were
classified as impermeable rock, due to the low K.

The aquifer system consists mainly of Pliocene—Pleistocene—
Holocene fluvial and deltaic sands, gravels and fine-grained
deposits (silts and clays). These sediments compose eight principal
confined aquifers with thicknesses of 30 — 70 m, each including

the Bangkok (BK), Phra Pradeang (PD), Nakorn Luang (NL),
Nonthaburi (NB), Sam Khok (SK), Phayathai (PT), Thonburi
(TB), and Pak Nam (PN) aquifers as described by Seeboonruang
(2014) and Seeboonruang (2018). The maximum thickness of
the basin near the Gulf of Thailand is ~2,000 m, but it was
studied to only ~600 m depth. The top of the BK aquifer from
the Gulf of Thailand to Ayutthaya has Bangkok clay (BKC), soft

QUATERNARY ::
Qm : Coastal Depositi
Qf : Fluvial Depcmls

PERMIAN
Pr : Ratchaburi Group
Ps : Saraburi Group

150

o #1350
\\3\

390
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SK : Samkhok Aquifer

PD: Phra Pradcang Aquifer PT : Phayathai Aquifer
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DEVONTAN BKK Bangkok -1
SDC : Thong Pha Phum Group AYT : Ayutthaya . :
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Fig. 2. Stratigraphy of LCP Basin (Adapted from Phien-wej et al., 2006)
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clay with a depth 0 — 20 m below ground surface. In addition, all
aquifers have clay lenses, on the top and bottom of each one, and
are confined aquifers, as shown in Fig. 2.

2.2.2 Aquifer-Aquitard Stratigraphy

Sediments in Thailand’s LCP basin were deposited mainly by
fluvial-deltaic processes. The part of the basin underlying the
Gulf of Thailand consists mostly of Quaternary marine clay from
130 — 140 m to 350 — 400 m depth. During this period, sea level
rise and fall due to the ice ages resulted in fine-grained marine
deposits that extended from the present-day shoreline to the
middle of LCP basin and as far north as Chai Nat. The most
recent marine transgression was 6,500 years ago (DGR, 2010).
Later, in the Holocene, aggradation of the terrestrial fluvial-
deltaic systems deposited the shallowest parts of the aquifer
system. In the Pleistocene, most of sediments consisted of various
sizes of gravel, sand, silt and clay, that was deposited in layers
and lenses. The sediment was borne by rivers and streams and its
deposition depended on the slope of the area: sediments from the
Pleistocene have been penetrated by groundwater wells at depths
of about 30 — 600 m.

2.2.3 Fraction of Sediments

DGR (2015) studied four of the groundwater aquifers (BK, PD,
NL, NB): lithology was analyzed using 4,492 bore logs, including
electrical resistivity logs and core samples, and concluded that
the LCP basin consisted of 39.2% fine, 54.2% sand, 5.6% gravel
and 1.0% of other types. The bore logs were collected along
eight LCP tracks - four along an east-west axis and the others
along a north-south axis. The fraction of sediment in each aquifer
is shown in Table 1. The stratified sedimentary nature of these
coarse and fine units give rise to the high values of K;/K, ratio.

2.3 Groundwater Resource Problems

2.3.1 Overdraft

Thailand’s LCP basin is the largest groundwater basin with a
yield ~100 — 300 m*/hr (Japan International Cooperation Agency,
JICA, 1995). Most of rainfall recharge to groundwater in the
north and west of the region is enhanced by land use and soil
permeability. Groundwater development for the public water
supply, began in 1954, with an extraction of 8,360 m*/day (Gupta
and Babel, 2005). The daily groundwater extraction continuously

Table 1. Materials in the LCP Basin

Material (%)
Aquifer layer

Fine (Silt/Clay)  Sand Gravel Other
BK aquifer 36.4 61.1 2.1 0.4
PD aquifer 44.1 50.9 42 0.8
NL aquifer 39.3 45.1 14.0 1.6
NB aquifer 37.1 59.7 2.1 1.1
Average 39.2 542 5.6 1.0

increased over the years and more private wells were commissioned
in some areas, because groundwater was free and public water
supply was not available. The LCP basin had a groundwater
overdraft, because total pumping exceeded 1.4 million m*/day by
1982. Groundwater levels dropped and contributed to land
subsidence and seawater intrusion. After 1983, DGR (2012)
attempted to reduce groundwater extracted, by charging for
water pumped, whereas tap water was supplied at a lower fee.
The pumping rate decreased from 1985 — 1990. However, overdraft
groundwater pumping started again in 1991 and DGR continued
to charge a higher fee to control the ground-water level. By early
1997, the total groundwater withdrawal in four provinces
(Bangkok, Samut Prakarn, Nonthaburi and Pathum Thani) was
1.67 million m*/day (Ramnarong, 1999). Groundwater well data
indicated that the total withdrawal by private wells was over 2
million m*/day from 1998 — 2001. By 2003, the pumping rate
decreased to 1.7 million m*/day (Kasetsart University, 2004). From
then to now, although, there were more than 19,000 groundwater
pumping wells, pumping decreased to ~0.65 million m*/day. The
groundwater levels in the City of Bangkok correspondingly
increased, because most people used the tap water and reduced
groundwater pumping, and have been close to the ground surface
in recent years. The hydraulic heads increased at rates of up to 2
m/year in some areas. However, the lowest observed hydraulic
head was 60 — 70 m below MSL in the NL and NB aquifers at
Samut Sakhon province in 2009 and 2014 (Fig. 3), indicating
ongoing groundwater overdraft.

The groundwater overdraft contributed to the land subsidence
that affected groundwater properties, as described in section
23.2.

2.3.2 Land Subsidence

Cox (1968) reported subsidence from groundwater overdraft in
Southeast Asia. From 1978 to 1981, the Royal Thai Survey
Department (RTSD) created benchmarks for surface elevations.
From then, the Asian Institute of Technology, AIT (1981)
measured subsidence in the LCP area. The maximum observed
subsidence was 540 mm: the maximum rate was 100 mm/year.
Moreover, the average ground settlement was 114 mm. Although
control of groundwater pumping started in 1983, the subsidence
rate, in the suburb areas (Samut Prakarn, east Bangkok and Samut
Sakhon), still increased to 30 — 35 mm/year, due to response time
delay to settling. However, recently, RTSD surveyed land sub-
sidence based on 67 benchmarks: they reported that most of
benchmarks showed that the rate of subsidence in Bangkok and
its vicinity, decreased slightly: the annual subsidence became 10
— 30 mm. This showed that the ground settlement rate reduced,
because of groundwater control, as shown in Table 2.

Land subsidence affected the groundwater recharge, because
land subsidence contributed the consolidation of clay, that, in
turn, led to decrease in hydraulic conductivity (Galloway and
Burbey, 2011). Additionally, it impacted groundwater pumping,
because the land subsidence allowed seawater intrusion, when
groundwater was pumped, and groundwater hydraulic head was
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Table 2. Significant Hydraulic Events Effecting the LCP Basin

Timeline Pumping hHe};((ijrauhc ]S“l?éli dence :r};ggz;lilc Comment

priorto 1982 T ¥ n/a n/a First time to observe subsidence

1983-1990 | 0 n/a DGR started to control the groundwater level

1991-1997 7T J n/a Groundwater over pumped again

1998 —-2003 =~ ~ ~ ~ Maximum groundwater withdraws

2003 -2009 0 ~ 0 Maximum observed subsidence

2009-2014 4 0 3 0 Samut Sakhon’s hydraulic head in NL and NB aquifers were still low

2014 —now =~ 0 \2 ~ Benchmarks slightly decreased the rate of subsidence in Bangkok and its vicinity
Note: T = increase, ¥ = decrease, ~ = constant, n/a = no data available

decreased 40 times compared to the seawater head, expressed by
the Ghyben and Herzberg equation (Sun et al., 1999; Galloway
and Burbey, 2011).

3. Data and Methods

We used the finite-difference groundwater flow model of the
U.S. Geological Survey (Harbaugh et al., 2000). The governing
equations for three-dimensional saturated flow combined Darcy’s
Law and the principle of conservation of mass (Bear, 1972). The
general form of the equation for groundwater flow over the
physical dimension is:

ol , Oh Ol ., Oh], O, 0Oh oh

a[[(ha] + a}[[(haj + (3_Z|:Kv£i| + W, = SAE )
where K, and K, are the horizontal and vertical hydraulic
conductivity, (dimensions LT™), /4 is the hydraulic head
(dimension L), S, is specific storage (dimension L™), W, is sink
or source (dimension T™') that showed external flow stresses
such as pumping, recharge, and rivers. The hydraulic gradients,
Oh/Ox, Oh/Oy and Oh/0z, are replaced by dh/dx, dh/dy and dh/dz
(dimensionless), in the following, and the anisotropy is K/K,
(dimensionless).

3.1 Groundwater Monitoring

Although the LCP basin had more than 650 monitoring stations
in 2014, only 273 stations were selected in this study, because we
had comprehensive data from 2009 to 2014 for them, distributed
over the PD, NL and NB aquifers as showed in Fig. 1(a).

The available observation wells, distributed across the whole
basin, were installed by considering contamination, flow direction
and geologic structure. Each station consists three observation
wells screened separately in three aquifers (PD, NL and NB).
The screen height depended on the aquifer level: the screens
were only one meter high to minimize disturbance of the
groundwater level. DGR observed the groundwater level in the
well using a portable sounder, piezometer and electric tape
measure, so the ground surface was the datum. Moreover, to
reduce the tape measure error from bow, a small PVC pipe was
installed for guiding the tape. Then, groundwater levels were
corrected to the elevation from MSL.

A contour map, interpolated, using the inverse distance
method and DGR data for hydraulic heads from 273 wells, in
2009 and 2014 is shown in Fig. 3 (DGR, 2015). We can observe
that the hydraulic heads in 2009, for the PD, NL and NB
aquifers, are alarmingly low, with levels as low as -25 m in PD,
-45 m in NL and -60 m in NB, largely due to the excessive
groundwater extraction for industrial use. Although most of the
land in the study area is agricultural, the hydraulic head beneath
croplands is not deep, because groundwater pumping wells,
supporting agricultural irrigation, are widely spaced, and much
of the water supply is provided by surface water. Toward the
Gulf of Thailand, however, where industrial and urban water
demands are high, groundwater extraction rates are quite high,
especially in the NB aquifer. As shown in Fig. 3, between 2009
and 2014, the head increased noticeably because of higher
pumping rates, despite fewer wells.

3.2 Measured Vertical Hydraulic Gradients
Data on dh/dz to calibrate K,/K, are seldom available, because
the common groundwater model focused only on the hydraulic
head. Here, dh/dz values were computed for the PD-NL and NL-
NB aquifer pairs for 2009 and 2014 as shown in Fig. 4. We
averaged h over 1 x 1 km? grid cells, differences in / values from
pairs of adjacent grid cells were divided by the difference in mid-
point elevations of the aquifers. In monitoring stations, the wells
were sufficiently close in well nests that we determined dh/dz
directly. The screens were only a meter high, so no well was in more
than one aquifer. Then, / data was used for calculating dh/dz.

Positive vertical hydraulic gradients indicated upper—to—
lower groundwater flow: most measured gradients were positive,
thus, regionally, vertical groundwater flow was mostly downward,
driven by recharge from rainfall and groundwater pumping from
wells. However, some zones had negative gradients, i.e., flow
was reversed or lower—to—upper in the aquifers, due either to
groundwater discharge to the surface or locally greater rates of
pumping in the upper aquifers. Zones of upward flow were more
prevalent in the deeper NL-NB (Figs. 4(c) and 4(d)) zone than in
PD-NL (Figs. 4(a) and 4(b)).

In general, the vertical hydraulic gradients were strongly
downward along the northern, eastern and western boundaries of
the basin and decreased to lower values, toward the interior and
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the coast. dh/dz magnitudes varied mainly due to pumping,
recharge and K. The high dh/dz in the uplands were likely due to
higher rates of recharge in those areas. The higher rate of
recharge contributed the higher / in the upper aquifer but, in the
lower aquifer, # remained constant. The differential % led to
increased dh/dz. In some areas, dh/dz =~ 0 indicated good vertical
interconnection due to local high K, (Fogg, 1986).

dh/dz ~ 0, surrounded by higher dh/dz values, indicated local
zones of interconnection where K, ~ K. In that case, dh/dz
values can drop to be the same order as dh/dx, which, in this
basin, is ~107. In that case, accurate dh/dz could not easily be
determined, because small errors in /4 and small vertical distances
between the well screens can obscure the exact dh/dz values. In
the dh/dz map, such zones show up as effectively dh/dz ~ 0.

Somewhat counterintuitively, such zones of low dh/dz can support
the highest vertical flow rates. In contrast, we were able to
measure very low dh/dx values, despite errors in 4 because the
wells are km apart.

3.3 Groundwater Modeling of the Lower Chao Phraya
Basin
MODFLOW-2000 was developed by Harbaugh et al. (2000) at
the U.S. Geological Survey; it was used for LCP basin groundwater
modeling, because it is a three-dimensional finite difference
model, capable of simulating flows in an aquifer system, as well
as handling saturated flow with homogeneous, heterogeneous,
isotropic, and anisotropic aquifer systems, under steady state and
transient conditions (Dawoud and Allam, 2004). This model
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Fig. 5. 3D Groundwater Model of the LCP Basin (Tanachaichoksirikun
etal., 2018)

used physiography, geology, hydrogeology, rainfall patterns,
constituent rivers and groundwater extraction data from 2009 to
2014 (Arlai and Koch, 2006; DGR, 2012; Fornés and Pirarai,
2014; Taweesin et al., 2018).

Table 3. Parameters for Groundwater Model Layers (DGR, 2012)

Figure 5 depicts the LCP basin conceptual model and boundary
conditions and its eight aquifers. The conceptual model was
divided into nine layers, consisting of the eight aquifers and a top
layer of Bangkok clay (BKC). The nine layers were divided into
1 km? cells - 350 rows x 300 columns - a total of 945,000 cells.
The aquifer parameters and boundary conditions were described
in section 3.4 — 3.6. An anisotropy of 10 was chosen for the first
calculation, because this is a common assumption of groundwater
modelers, such as DGR (2010), Saraphirom et al. (2013), Taweesin
et al. (2018).

3.4 Aquifer Parameters
Characterization of the aquifer parameters was derived from
DGR (2012). The hydraulic conductivity is usually the important
parameter for groundwater models. The K, is derived from
averages calculated from pumping tests. Here, the K, was
characterized by underlying aquifer-aquitard stratigraphy and the
faction of sediment as well, as shown in Table 3. The hydraulic
conductivity of BKC was estimated to be 1 x 10®*—1 x 10~ m/s,
following JICA (1995).

JICA (1995) suggested setting the specific storage (S,) in
confined aquifers as 1 x 10— 1 x 10~ based on Todd and Mays
(1980). S, was not determined because its uncertainty is much

Aquifer layer K, (m/s) Specific yield (S,) Specific storage (S,, m ')
BKC and Unconfined 1x10°5-1x10° 0.03-0.35 -
BK 5x10°-5x10° - 1.10x10°-4.80x 10 3
PD 2x10°-7x10° - 335x10°-450%x10°
NL 1x10*-6x10° - 3.85x10°-9.50x10°
NB 2x10*-7x10° - 3.95x10°-9.50x10°
SK 1x10*-6x10° - 1.00x 10 *~1.15%x 103
PT 1x10%-5x%x10°¢ - 1.35x10°-3.85x10°
TB 1x10%-6x10° - 1.15x10°%-2.60 x 103
PN 5x10°-7x10° - 1.65x10°-5.00x10 ¢
= = =
= = =
= S =
g g g
= =z =
2 = 2
=] =] =]
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Fig. 6.
Data: (a) Land Use, (b) Soil Group, (c) Recharge Zone

Land Use, Soil Group and Recharge Zone. Recharge Zone Estimates Based on the Thai Land Development Department (LDD) (2015)
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lower than the others i.e., K,, pumping and recharge.

3.5 Recharge Boundary Condition

The Thai Land Development Department (LDD) (2015) divided
land use in the LCP basin into five categories: 40% for A42:
paddy field, 22% for A1: field crop, 15% for F: forests, 15% for
U: urban and 8% for W: water body (i.e., rivers) - see Fig. 6(a). In
addition, soil group was assigned to five categories: clay 72% of
the total area; loam 16%; clayey loam 6%; sand 4% and rock 2%
- see Fig. 6(b).

Furthermore, the rainfall pattern in the LCP basin is
influenced by the Northeast Asian monsoon from China, that is
responsible for a dry and cool season between November and
February; and the Southwest Asian monsoon, that brings rain
from the Gulf of Thailand, between June and September.
According to the Thai Meteorological Department (TMD)
station in Fig. 1(a), 10 hydrometeorological stations are available
(TMD, 2015). The annual rainfall in the LCP basin, between
2009 and 2014, varied from 1,300 to 2,000 mm. Specifically,
Pathum Thani province had the highest monthly rainfalls (535
mm) in September 2010, while the capital Bangkok had the
highest average monthly rainfall (142 mm), particularly in the
areas close to the Gulf of Thailand. In addition, the rainy season
(June—September) accounts for 60% of the annual rainfall in the
LCP basin.

We overlayed the land use (Fig. 6(a)) and soil group (Fig.
6(b)) to the recharge zones, based Saraphirom et al. (2013) and
Pholkern et al. (2018) technique, as shown in Fig. 6(c). Note that
the water body was assigned in river boundary. The Clay 42 area
is the largest recharge zone (43%), whereas the smallest is Sand
F (0.05%).

The Thiessen polygon method divided the area of influence of
rainfall in each hydrometeorological station. Then, the recharge
rate boundary was generated by overlaying the recharge zone
and the Thiessen polygon area. Then, the hydraulic conductivity
and recharge rate values were adjusted by changing these
parameters, based on the transient state simulation, so that the
simulated and actual hydraulic heads were comparable. Although,
the recharge rate and hydraulic conductivity were adjusted at the
same time, the recharge values were adjusted in the range
reported by DGR (2012). The recharge rate in the LCP Basin
was adjusted to a range of 8 — 12% of rainfall (DGR, 2012). In
addition, the recharge rate for Bangkok and vicinity, that was
considered urban in the land use map, was estimated as ~1% of

rainfall, because the city surface was mostly paved with concrete.
So, the measured and simulated hydraulic heads were matched.
The water body (i.e., rivers) was not considered as a recharge
boundary, because it was assigned in the river boundary, so the
recharge rate was set to 0% of rainfall.

3.6 Other Boundary Conditions

3.6.1 No-Flow Boundary Condlition

The LCP basin is connected to the Tenasserim mountain range in
the west: it was assumed to divide the groundwater, so the
western edge was treated as a no-flow boundary. Similarly, the
small hills to the east were treated as no-flow boundary.

3.6.2 Constant Head boundary Condition

The northern edge is separated the LCP basin with the Upper
Chao Phraya basin, so was considered a constant head boundary,
using measured hydraulic heads near the north edge. Similarly,
the southern part of LCP basin connects to the Gulf of Thailand,
so that groundwater and seawater are interconnected. Thus, the
Gulf of Thailand was treated as a constant head boundary: the
heads in wells near the shore were adjusted to MSL.

3.6.3 Rivers Boundary Condition

The LCP basin has four main rivers: the Chao Phraya, Mae
Klong, Pa Sak, and Tha Chin Rivers. Fig. 1(a) illustrates the
runoff monitoring stations, whose data was used in the river
boundary, where C; denotes the stations along the Chao Phraya
(13 stations), K; stations on the Mae Klong (5 stations), S; on the
Pa Sak (5 stations), and 7; on the Tha Chin (4 stations) rivers.
The riverbed conductance, COND, in dimension L*T, was
calculated, following Harbaugh et al. (2000):

RCHLNG x RBWIDTH x K,

COND = RBTHICK

@

where RCHLNG is the reach length of the river in each grid cell
(dimension L), RBWIDTH is the riverbed width in each grid cell
(dimension L), RBTHICK is the riverbed thickness in each grid
cell (dimension L), and K, is the riverbed vertical hydraulic
conductivity (dimension LT™).

River boundaries were calculated using river package in
MODFLOW-2000 (Harbaugh et al., 2000). The reach length
(RCHLNG) was digitized from the river line. The riverbed width
(RBWIDTH), riverbed thickness (RBTHICK), and riverbed

Table 4. River Boundary Parameters (The Thai Royal Irrigation Department, 2015)

RSTAGE (m) RBBOT (m) COND (m*day)
River Name

Minimum Maximum Minimum Maximum Minimum Maximum
Chao Phraya -5.63 19.85 -12.39 -0.45 232 15,302
Mae Klong -6.37 3.72 -6.62 0.31 526 6,688
Pa Sak -4.59 17.66 -12.69 7.60 1,588 8,709
Tha Chin -3.03 3.46 -4.32 -2.82 174 2,458

Note: Heights in m are referred to MSL.
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hydraulic conductivity (K;) data were determined from the Thai
Royal Irrigation Department data (2015). The riverbed K, values
were estimated, using permeability lab test. Table 4 tabulates the
river stage (RSTAGE), riverbed bottom (RBBOT) and riverbed
conductance (COND) of the four rivers.

3.7 Pumping

The LCP basin has 8,330 legal groundwater pumping wells, with
a total pumping rate set by law in each province, leading to a
total of ~0.65 million m*/day. For each well data consist of the
location, screening depth and permitted pumping rate. These
permitted groundwater pumping rates were used to represent
pumping in this study. The groundwater pumping rates based on
permitted pumping rates in PD and NL was ~0.25 million m®/
day and in NB ~0.1 million m*/day.

For this reason, this research focused on the three aquifers —
the PD, NL, and NB aquifers — due to their heavy use for
consumption, industry, and agriculture and the availability of
data. Although the BK aquifer is close to the ground surface,
water has not been drawn, due to seawater intrusion and chloride
levels beyond the drinking water standard (The Thai Ministry of
Natural Resources and Environment, 2009). The model also
includes the SK, PT, TB and PN aquifers, but these have not
been pumped significantly, because the aquifers are deep,
making groundwater extraction expensive.

Figure 7 shows the groundwater extraction rate in each
province. Low pumping wells in Bangkok and vicinity were a
consequence of DGR groundwater control, whereas, high
pumping is due to industry. High total pumping rates in paddy
and crop fields, from many widely distributed wells, did not
cause the hydraulic head to drop significantly, whereas industrial
pumping did cause the head to drop.
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Fig. 7. Groundwater Pumping Rate in the LCP Basin

3.8 Simulation Strategy

Because a primary purpose of this paper was to explore the
interplay between dh/dz and vertical anisotropy, we first simulated
the effects of K;/K, on the regional performance of the model.
Next, we explored the effects of recharge and pumping on the
simulated values of dh/dz by varying recharge and pumping
within plausible ranges. Although, additional calibration of the
model could improve agreement between measured and modeled
heads, here we concentrated on the vertical anisotropy and the
ability to calibrate it in a model of this type. Future studies will
likely be able to further improve the model through calibration of
spatial variations in K, and other variables.

3.8.1 Vertical Hydraulic Gradient Simulation vs Measured
Values

We first attempted to assess the accuracy of the groundwater
model. We stepped through K;,/K, values from 10' to 10°, by
adjusting K, to ascertain the anisotropy resulting in the best
agreement between measured and simulated regional vertical
hydraulic gradients. Because we had excellent data on vertical
gradients and they are very sensitive to vertical anisotropy (Fogg,
1986), we generated the model by adjusting K, to achieve good
representation of the vertical gradients, i.e., correlation coefficient
(R* > 0.8. Because smaller vertical gradients can indicate lower
K,, or greater vertical connectivity in the aquifers, we also
explored the interplay between connectivity and gradients.

3.8.2 Sensitivity to Pumping and Recharge

Previous groundwater models are sensitive to change in pumping
and recharge rate, because these vary the hydraulic head and
quantity of groundwater in the system (Pholkern et al., 2018;
Taweesin et al., 2018). We investigated sensitivity by changing
the parameters in the model, one by one and recalculating, to
determine the vertical gradient (relative to experimental values)
caused by changes in each parameter. Pumping and recharge
rates were varied by + 10% and + 20%, one at a time. For this
experiment, the anisotropy was fixed to 10° — 10%, based on
results from the previous experiment (section 3.8.1.) which
showed good agreement for values in those ranges.

3.8.3 Matching Measured vs Simulated Hydraulic Head
We attempted to accurate the groundwater model by matching
measured and simulated hydraulic head because the optimal
model has to agreement both of / and dh/dz match. We evaluated
sensitivity by using PEST (Doherty and Hunt, 2010), with manual
calibration, by changing K parameters in the model. The model
was considered acceptable, when the groundwater fitting error
was reasonable, i.e., standard error (SE) < 0.5 m, root mean
square error (RMSE) and normalized root mean square error
(NRMSE) < 10% and R*> 0.9 (Du et al., 2018).

4. Results and Discussion

This section focuses on the computed vertical gradients compared
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Fig. 8. Measured vs Simulated Vertical Hydraulic Gradients for Anisotropies of 10' — 10°: (a) PD-NL, (b) NL-NB (A high frequency of points along
the Y = X line represents good agreement between measured and simulated values.)

to the measurements (i.e., Fig. 4). We also checked whether the
model indicated a lower limit for K.

4.1 Simulated Vertical Hydraulic Gradient

The correlation between the simulated and measured dh/dz with
K,/K, values of 10! — 10° was tested. The simulated dh/dz was
computed by gridding the hydraulic head change in each aquifer
and divided by the distance between the middle of aquifers. Low
correlations indicated low anisotropy accuracy, whereas high
correlation along the Y=X line in Fig. 8, for each tested K,/K,,
indicated a good fit for that ratio.

For K,/K,= 10', the simulated dh/dz — 0, because the
anisotropy was too low, meaning that the vertical hydraulic
conductivity was too high. In other words, hydraulic head in the
adjacent layers essentially equilibrated in the model, clearly
indicating K,/K,= 10" was impractical, although the simulated /
was a reasonable match with the measured one.

As anisotropy increased from 10' to 10° and 10*, the model
was better able to reproduce the measured dh/dz values. The best
R’? occurred at K;/K,= 10*; but, because many of the simulated
values of dh/dz were higher than the measured values, the results
suggest that K,/K,= 10* was an upper limit to the anisotropy.
This, together with the fact that the simulated dh/dz values, for
K,/K,= 10°, were lower than the measured values, would suggest
that the actual regional value of anisotropy was between 10* and
10*. K,/K,= 10’ resulted in a lower correlation than the 10* case,
suggesting that an anisotropy of 10° was implausibly high.

There were more scatters for the PD-NL aquifers than those
in NL-NB aquifer. This can be seen from Fig. 8. K, values had
greater variability between these two aquifers and led to a
complex pattern of K,/K, values for the PD-NL aquifers as R*
was lower.

Because dh/dz was also influenced by recharge and pumping,
one should examine estimates of K/K,, assuming estimated

amounts and distributions of recharge and pumping. In the next
section, the roles of pumping and recharge were explored.

4.2 Sensitivity Analysis - Recharge and Pumping

It is well known that the distribution of hydraulic head can be
altered by the influence of recharge and pumping (Pholkern et
al.,, 2018; Taweesin et al., 2018). Accordingly, errors in the
recharge or pumping could lead to erroneous calibrated estimates
of K,. So, this section explores sensitivity between dh/dz, recharge
and pumping. The strong vertical gradients were made possible
by strong vertical anisotropy, but dh/dz was also driven by
recharge and pumping.

Figures 9 and 10 show the sensitivity of simulated dh/dz to
recharge and pumping rates. The simulated dh/dz was computed as
described above. The low correlation indicated high sensitivity of
the groundwater model to the parameters. The increasing recharge
led to more upper aquifer inflow, groundwater flow increased from
upper to lower aquifers, and led to a higher dh/dz. The decreased
recharge contributed to less inflow; groundwater flow rate from
upper to lower aquifer was reduced, so that dh/dz declined.
Increased pumping contributed to aquifer drawdown, extended the
cone of depression, which changed the hydraulic head and led to
change in dh/dz. The groundwater flow increased the velocity near
the pumping wells, because of higher groundwater flow, from upper
to lower aquifers. The decreased pumping reduced the aquifers
drawdown, which, in turn, reduced the cone of depression, so that
the dh/dz outside the cone of depression was still constant. Then, for
some locations, the correlations did not change.

Figures 9 show the correlation between measured and simulated
dhldz for recharge rates for K,/K, of 10° and 10*. In the PD-NL
aquifer, the measured vs simulated correlation for dh/dz showed
that both anisotropies were sensitive to recharge, because recharge
strongly affected the hydraulic head, which, in turn, significantly
affected dh/dz. While, in the NL-NB aquifer, dh/dz, at anisotropy
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of 10*, was less sensitive to recharge, because the high anisotropy in
the upper layer obstructed groundwater recharge to the lower
aquifer, so dh/dz was not sensitive to recharge. Interestingly, both
PD-NL aquifers dh/dz values were more sensitive than the NL-
NB dh/dz ones, because the recharge rapidly added to the aquifer
and became groundwater, indicating that dh/dz in the shallower
aquifer was strongly affected by recharge.

Figures 10 show the correlation between the measured and
simulated dh/dz for pumping rates for K;/K, of 10° and 10*. The
measured vs simulated correlation for dh/dz in both anisotropies
were sensitive to pumping in the PD-NL aquifer, because
pumping contributed to the drawdown, which led to fluctuations
in dh/dz. Meanwhile, dh/dz for anisotropy of 10* was less sensitive
to pumping in the NL-NB aquifer, due to the high anisotropy and
low pumping rate in the NB aquifer. Change in pumping was not
enough to increase drawdown with an anisotropy of 10*, so dh/dz
was less changed, and groundwater then moved horizontally.
Interestingly, dh/dz values in the PD-NL aquifer were more
sensitive than in the NL-NB aquifer, because the relatively high

pumping rate contributed to higher drawdown, that, in turn,
contributed to greater differences in 4 and dh/dz.

The correlations between measured and simulated dh/dz of
recharge and pumping were lower than the normal ones, because
the hydraulic equilibrium was perturbed and the groundwater
should approach equilibrium. Then, dh/dz values were changed
as groundwater flowed across the aquifers. Comparing Figs. 9
and 10, we see that recharge was more sensitive than pumping,
in the simulated dh/dz, because the correlation was lower under
recharge, than with pumping.

4.3 Measured vs Simulated Hydraulic Head

Although, the measured and simulated dh/dz values were
comparable, the # must be comparable also. This section checked
h for anisotropies of 10', 10° and 10*, see Fig. 11 and Table 5.
The result showed that K,/K, = 10° provided a better correlation
with A, thus the anisotropy that provide better simulated / did not
guarantee the best dh/dz. because K;/K,= 10* showed the best
correlation of dh/dz. The cause of better hydraulic head matching
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Table 5. Model Results

Ki/K, SE (m) RMSE (%) NRMSE (%) Mean R? for h Mean R’ for dh/d=z
10! 0.27 5.18 7.93 0.91 0.55
10° 0.14 2.33 3.58 0.97 0.80
10* 0.19 3.77 5.78 0.96 0.85

Note: SE = standard error, RMSE = root mean squared error, NRMSE = normalized root mean squared error, R* = correlation coefficient
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for K/K, = 10° was that the observation wells were in the
discontinuous zone, with low anisotropy. If we did not draw the
dh/dz maps (Fig. 4), hydraulic head matching would mislead the
anisotropy. This shows that the /4 and dh/dz accuracy are
important to improve groundwater models, especially, regional
sediment models with high K;/K..

5. Conclusions

Using a large database of 3D hydraulic head (/) data, we explored
the interplay between vertical anisotropy (Kj/K,) and vertical
hydraulic gradients (dh/dz) in a classic sedimentary groundwater
basin containing multiple aquifers and abundant aquitard strata. We
demonstrated the value of 3D /4 data for model calibration, while
also showing the strong sensitivity between K;/K, and dh/dz, where,
until K,/K, increased to values in the 10° — 10* range, the model was
unable to even approximate the measured values of dh/dz. This also
confirms, as suggested by Fogg (1986), that the initial calibration
step in such a system should be tuning of K;/K, to find the threshold
at which simulated and measured values of dh/dz agree. In contrast,
many previous calibration efforts simply assumed K/K, values and
concentrated on calibrating horizontal hydraulic conductivity (K},) or
horizontal transmissivity (7,) (Saraphirom et al., 2013; Pholkern et
al., 2018; Taweesin et al., 2018).

We also showed that the calibrated values of K,/K, were
sensitive to errors in recharge and pumping. Recharge led to
change in inflow groundwater, that led to head change, which, in
turn, led to change in dh/dz. While, pumping contributed to
aquifer outflow, change in head drawdown, around the radius of
influence, changed dh/dz. Additionally, in a shallower aquifer,
dh/dz was more strongly affected by recharge and pumping,
because high K;/K,, in an upper aquifer, obstructed groundwater
flow to the lower aquifer.

Our mapping of dh/dz revealed localities with low vertical
gradients, indicating potentially good vertical connectivity, or
relatively high vertical hydraulic conductivity (K,). Future work
should exploit the large data base of / and dh/dz values to better
estimate regional and local K;/K, variations. This will help identify
local zones of good vertical connectivity, that are of special
significance for managing groundwater quantity and quality. For
example, such zones could represent important recharge zones
for deep confined aquifers, while also representing contamination
threats, if the shallow aquifers become contaminated.
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