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ABSTRACT

Almost all types of surface water are interrelated with the groundwater. Therefore, the knowledge of interactions
between ground- and surface water is very important for understanding processes within the whole water cycle.
This paper presents surface water-groundwater interactions from different perspectives and with various
emphases including investigations of flow processes, the impact on the ecosystem functioning, the local biota
and chemical turnover rates. The application and extension of an integral single-domain model for flow and
transport processes in the groundwater - surface water interaction space is the objective of one research project.
Most numerical investigations consider ground- and surface water as separate environmental compartments or
couple of the corresponding models. For the integral model concept, the three-dimensional Navier-Stokes
equations are extended by the consideration of porosities using the open source CFD software OpenFOAM. In
a further project, the retention of chemical compounds in hyporheic reactors of urban freshwater systems is
examined. Biogeochemical factors that affect retention and dynamics of micropollutants as a function of flow
characteristics in hyporheic zones are determined with the help of laboratory experiments and field approaches.
A simple one-dimensional transport and reaction model will be extended for the quantitative prediction of trace
compounds such as organic micropollutant dynamics in sediments. Furthermore, various effects of bank
filtration are investigated in two projects. Passing the soil layers, different purification processes and chemical
reactions are taking place resulting in a modified water quality and changed properties. The reductive
metabolism of iodinated X-ray contrast media as important organic pollutants in urban surface water as well as
changes in groundwater seepage including effects on lake ecosystems are examined. This contribution gives
an overview on different research activities with special emphasis on the integral model concept for the surface
water-groundwater interaction space.

Keywords: Hyporheic exchange; Computational Fluid Dynamics (CFD); OpenFOAM, fluid mechanics; bank
filtration.

1 INTRODUCTION

The Urban Water Interfaces Research Training Group (UWI), funded by the German Research Foundation,
aims to achieve a broad process understanding in urban water systems, focusing on various natural and
technical interfaces (Gessner et al., 2014). Engineers as well as natural scientists collaborate closely in different
interdisciplinary topics. Surface water — groundwater interactions is one of the so-called common topics. Within
this group, interactions between groundwater and surface water from lakes as well as from lotic systems are
considered. These interfaces are characterized by diverse microbial communities and highly active biota leading
to steep biogeochemical gradients (Birgand et al., 2007; Greskowiak et al., 2006). The temporal and spatial
variability of surface water and groundwater exchange driven by steep hydrodynamic gradients and
biogeochemical cycling are considered by experimental measurements as well as by modelling these
processes. The very complex exchange processes require interdisciplinary approaches, exchanging
knowledge, expertise and technology from different backgrounds. Within this group, engineers as well as natural
scientists collaborate for an advanced understanding of surface water-groundwater interactions with emphases
on different researches. Figure 1 shows an overview of the four research topics, which are focused on the
hyporheic zone as well as on bank filtration.
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Figure 1. Research topics of UWI for surface water-groundwater interactions

1.1 Hyporheic Zone

The hyporheic zone is the transition zone between saturated river sediments and groundwater (Boano et
al., 2014). This zone is considered to constitute a major sink for trace organic compounds from wastewater
treatment plant in lotic systems and thus plays a pivotal role in urban water cycles, with regards to both,
ecosystem functioning as well as drinking water protection (Li et al., 2015; Lewandowski et al., 2011; Hester &
Gooseff, 2010). The stability of trace organic compounds in saturated sediments is generally thought to be
dependent on biogeochemical conditions like the redox potential (e.g., Heberer et al., 2008), availability of labile
organic carbon or the distribution of reactive surfaces (Borch et al., 2010). The biogeochemical processes are
significantly controlled by the fluxes, the flow paths and the residence time within the hyporheic zone, which can
be calculated with the help of different model types. For the quantitative prediction of trace compounds a simple,
one-dimensional model is sufficient. Spatially explicit results investigating hyporheic exchange processes can
be achieved with numerical models and were applied on different scales. However, most numerical
investigations consider groundwater and surface water as separate environmental compartments or couple of
groundwater and surface water model. The objective of one UWI research is to apply and extend an integral
model in the groundwater-surface water interaction space for investigating flow and transport processes. The
modelling results can be used for another UWI research, investigating the retention of chemical compounds in
hyporheic reactors of urban freshwater systems. A quantitative as well as qualitative understanding of the
behavior of many trace organic compounds as a function of the interactive effects of both transport
characteristics and biogeochemical conditions, commonly encountered in hyporheic zones, is still lacking.
Likewise, chemical mechanisms that govern the numerous transformation and translocation processes of trace
organic compounds in the subsurface are unclear. The lack of mechanistic understanding also results in a lack
of predictive tools. Hitherto comprehensive models describing the dynamics of trace organic compounds in
hyporheic zones as a function of both biogeochemical and hydrological conditions have not been developed.
The primary goals of one research are thus to: (i) further our conceptual understanding of the factors that control
the overall efficiency of hyporheic zones with respect to trace organic compounds removal and ii) to determine
first order attenuation rates for a variety of trace organic compounds under different environmental conditions.

1.2 Bank Filtration

Two further research topics within this group are focused on bank filtration, which is one of the oldest
techniques used for drinking water production and purification. Close to the bank of a river or lake, the
groundwater level is lowered by water abstraction causing an infiltration of the surface water through the bank.
Although bank filtration has been used for more than 100 years, especially purification efficiency and infiltration
capacities were investigated so far, whereas significant knowledge gaps concerning the effects on the
ecosystem of rivers and lakes still exist. Based on the present knowledge, various hypotheses are tested in
order to examine whether bank filtration affects macrophytes in lakes and lake water quality in one research
project.

Besides physical effects like filtration and sorption, microbiological degradation occurs for flow time of
several weeks or months. Pathogens, but also different organic micropollutants can be partially removed or
transformed by these processes. The degradability of many substances is dependent on the prevailing redox
conditions which are changing along the flow length. In the first section, molecular oxygen is still available and
allows for aerobic respiration. This section is followed by anoxic and anaerobic conditions with nitrate,
manganese, iron and sulfate reduction. (Baumgarten, 2013; Jekel & Czekalla, 2017)
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lodinated X-ray contrast media are found at much higher concentrations than any other pharmaceutical
compound in wastewater and surface water (Umweltbundesamt, 2014). Under aerobic conditions, an almost
complete transformation of the contrast medium lopromide has been observed, however, without any
deiodination of the molecule (removal of iodine) (Wiese et al., 2011). A release of iodide has been found under
anoxic/anaerobic conditions (Stieber et al., 2008). The deiodination is assessed by the decrease of the sum
parameter adsorbable organic bound iodine (AOI) which measures unchanged or partially deiodinated
molecules as well as molecules with only altered side chains.

One research project of UWI concentrates on the deiodination of ICM in bank filtration of urban waters to
achieve a better understanding of the already observed deiodination and to contribute to the further
understanding of the decrease of anthropogenic trace substances in the aquatic environment. While the AOI
decrease of contaminated water at the production side, e.g., by nanofiltration (Drews et al., 2003) or ozonation
(Putschew et al., 2007) has been studied extensively, the deiodination in natural environments is still widely
unknown.

2 INTEGRAL MODELLING APPROACH FOR FLOW AND TRANSPORT IN GROUNDWATER-
SURFACE WATER INTERACTION SPACE
It is a research project that is presented more detailed, which applies and extends an integral modelling
approach for the hyporheic zone. The concept behind as well as first results are presented in the following
sections.

2.1 Governing equations and numerical model

The three-dimensional Navier-Stokes equations are extended by the consideration of the porosity ¢ and
an additional drag term D. For all calculations, the free, open source computer fluid dynamics (CFD) software
“OpenFOAM” (Open Field Operation and Manipulation) is applied. The two-phase flow solver “interFoam”, which
is usually applied for surface water simulations, serves as starting point for the integral solver and solves the
three-dimensional Navier-Stokes equations. Values, that are represented by [ | are averaged only over the void
region, which means that the solid fraction is not considered. For the integral solver, the equations are defined
after Oxtoby et al. (2013):

Mass conservation equation
sv -] =0 [1]

Momentum conservation equation
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For the drag term pressure loss, due to the friction of fluid with the porous medium (Ergun, 1952), is
considered through the first term in first line. The second term in second line acts to increase the effective mass
of the fluid due to flow recirculation caused by porous medium with an effective added mass coefficient after
van Gent (1995).
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Volume of Fluid equation
! r. 6
¢a[g—t]+¢V-([a]/[U]f>=o 2

U is the velocity, t is time, p is the density with the subscripts a and w for air and water, a is a volume
fraction which varies between 0 (for air) and 1 (for water), p is pressure, u is the dynamic viscosity with the
subscripts a and w is the density and turb for turbulent and g is the gravitational acceleration.

First of all, an advection-diffusion equation was implemented into the interFoam solver (see Equation 7) to
examine the transport of a passive tracer with a concentration C. The user can define the physical diffusivity
Dphys as well as the turbulent Schmidt number Scum, which defines the turbulent diffusivity coefficient Duwurb
(Equation 8).

Transport equation

8C+V(CU")+V(D YV.Cc =0 [7]

Ep st D

turb

M I P [8]

turb =
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2.2 Validation and results

First simulations relating to this research consider the upper boundary of the hyporheic zone focusing on
flow and transport processes around varying ripple morphologies and flow conditions using the interFoam solver
with the implemented transport equation. The pressure distribution, related to the exact flow paths as well as
the pressure gradient that is connected to the volumetric exchange flux in the hyporheic zone were significantly
affected by the ripple geometries and the present flow rates. Moreover, the simulations showed the relevance
of transport processes in surface waters for the spreading and retention of substances at the interface, probably
influencing biogeochemical reactions within the hyporheic zone. The results of this research were submitted to
Limnologica, Ecology and Management of Inland Waters (see Broecker et al., 2016). More information can be
achieved by adding the sediment at the lower boundary with the help of the integral solver.

For the integral simulations, an algorithm by Oxtoby et al. (2013) simulating two-fluid flows in porous media
with arbitrary heterogeneous porosity fields is tested. In a further step, a tracer transport equation will be
implemented to this solver.

As first test, the seepage through a homogeneous earth dam with height of 22 m and constant water level
of 17 m on the right side of the dam was simulated until steady state was achieved. The foundation is
impermeable. The dam has a porosity of 0.25 and a median grain size radius of 1.59 cm which corresponds to
a gravel material. Consequently, the influence of the drag term is relatively small. After 100 s, steady state was
achieved. The simulated water table is compared between an analytical solution by Kozeny (see Lattermann
2010) and an improvement of this solution by Casagrande (1937). Close agreement is obtained between the
numerical and the analytical results (see Figure 2). At the entrance of the water into the dam and at the outlet,
a very good agreement can be observed between the numerical simulation and the solution after Casagrande
(1937). Inside the dam, the water table is slightly higher in the numerical simulation.

Dam

Numerical simulation: Integral solver
Analytical solution: Kozeny
Analytical solution: Casagrande

Seepage
25
20 -
T 15 \
= 10 -~
5 ! o,
0 S,
0 20 40 60 80 100
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Figure 1. Comparison of seepages through a homogeneous dam with an impervious foundation for a
numerical simulation using the integral solver and two analytical solutions
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For a second test case, a rectangular dam (again with an impermeable foundation) is considered with the
same soil properties as for the previous simulation. The dam has a height of 24 m and a width of 16 m. For
this test case, the seepage calculated with the integral solver is compared with: an analytical one-dimensional
solution (after Kobus and Keim, 2001), an analytical two-dimensional solution (after Di Nucci, 2015) and two
further numerical solutions (Westbrook, 1985 and Aitchison, 1972). Figure 3 (left) shows the seepages for
each approach. The lowest seepage is calculated for the analytical one-dimensional solution. With a look at
the velocity vectors inside the dam calculated with the integral solver (Figure 3, right) it is obvious, that a one-
dimensional solution is not sufficient for this case. In contrast to the analytical one-dimensional solution, the
analytical two-dimensional solution shows very similar results compared to the seepage calculated with the
integral solver. The numerical solutions by Westbrook 1985 and Aitchison 1972 show slightly lower seepages,
but are still in a similar range.

Dam

Numerical solution: Integral solver
Numerical solution (Aitchison)

N ical solution (Westbrook) R
S Analyical souon 10 Velocity U (m/s)
Analytical solution 2D 0 .| 0 2
L ' L |
Seepage
0 0.239
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. . X Iml .
Figure 2: Comparison of seepages through a homogeneous, rectangular dam for three numerical and two

analytical solutions (left) as well as velocity vectors inside the dam for the integral solver (right)

The integral solver is further examined concerning the applied drag term using the test case with the
rectangular dam. In a first test, the drag term is completely deleted. Inside the dam the water level decreases
and at the left side of the drag, disproportionately high turbulences can be observed even after 300 s simulation
time due to the absence of a drag.

The test cases showed that the integral solver shows good results for groundwater-surface water
interactions as long as the median grain size diameter of the soil is not too small. In the next step, smaller grain
sizes will be applied and an advection-diffusion equation for the investigation of a passive tracer will be
implemented. The model will be validated with the help of a flume experiment by Fox et al. (2014). After a
successful validation, the presented study for varying ripple morphologies and flow conditions can be examined
again considering surface water and groundwater at the same time in one model. Moreover, field measurements
from partners within this group will be used for further simulations. In this context, modeled flow paths and
residence times can be used to explain the retention of chemical compounds within the hyporheic zone for a
further research project working on groundwater-surface water interactions (see section 3).

3 RETENTION OF CHEMICAL COMPOUNDS IN HYPORHEIC REACTORS OF URBAN
FRESHWATER SYSTEMS
Next to flow and transport dynamics within the hyporheic zone, biogeochmical aspects are investigated in
a further project. In this project it is hypothesized that the overall behavior of trace organic compounds in river
sediments and the overall effectiveness of the hyporheic zone in removing trace organic compounds is, to a
large extent, controlled by transport limitations. Hydraulic conditions in hyporheic zones do not only influence
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the availability of terminal electron acceptors and electron donors and the spatial distribution of reactive
surfaces. They also determine flow velocities and flow path lengths and hence reaction times and bioavailability
on the pore scale. We further hypothesize that under similar flow characteristics, differences in attenuation rates
between various trace of organic compounds will reflect their relative stability under different biogeochemical
conditions and hence may provide mechanistic insights into their attenuation processes.

In order to derive relevant and transferable results, experiments were predominantly conducted in situ,
which is in wastewater treatment plant influenced lotic systems. Hydrological methods such as temperature
depth profiles (Anderson, 2005; Gordon et al., 2012), heat pulse sensors (Lewandowski et al., 2011) and
seepage meters (Solder et al., 2015) were used to characterize hyporheic flow with respect to both direction
and magnitude. A novel approach to determine flow velocities and hydrodynamic dispersion coefficients
employing time series of pore water electrical conductivity is currently developed and tested in the field. In
conjunction with flow measurements, samples of interstitial water are taken using both active and passive pore
water sampling techniques. Porewater peepers, for instance, were deployed to obtain time integrated
concentration profiles of trace organic compounds and various biogeochemical parameters in the hyporheic
zone of a wastewater treatment plant effluent of urban river in Berlin, Germany. At the same site, a novel Mini
Point Sampler was successfully used to obtain porewater time series over the course of 32 h. A 1D - transport
and reaction model was subsequently used to calculate first order attenuation rate constants from the measured
concentration profiles and flow characteristics. The findings of this project will be compared with those of the
integral solver explained in section 2.

Preliminary results show that, under losing conditions, the hyporheic zone of an urban lowland river can
indeed be considered a sink for wastewater treatment plant that is derived from trace of organic compounds.
The overall magnitude of calculated first order attenuation rate constants reflects the general compound
susceptibilities to biodegradation and sorption. The influence of biogeochemical conditions on trace organic
compounds stability in the hyporheic zone was found to be compound specific. For most trace organic
compounds studied, biogeochemical conditions such as the redox potential and the availability of respective
reactive surfaces only had a minor influence on attenuation rates. These results indicate that, at the field site
investigated, the effectiveness of the hyporheic zone is primarily controlled by hyporheic exchange and transport
characteristics rather than by biogeochemical parameters.

While the majority of field experiments so far have been conducted in urban lowland rivers in central
Europe, current efforts targets montane streams under more arid conditions. Using similar methods over
climatic, geomorphological and geological gradients will not only broaden our mechanistic understanding of
trace organic compound dynamics in hyporheic zones. It will also improve our predictive capabilities and offer
river management and engineering guidelines, which in turn will be useful to meet the water quality challenges
of urban areas.

4 DEIODINATION OF IODINATED CONTRAST MEDIA DURING BANK FILTRATION

While the first two presented projects dealt with the interface of groundwater and lotic systems, the following
project is related to the interface between groundwater and lakes with the focus on degradation processes of
iodinated contrast media.

4.1 Biological deiodination

For environmentally relevant chlorinated and brominated substances, a reductive dehalogenation by
corrinoid containing enzymes of dehalorespiring microorganisms has been shown in various studies. As part of
this UWI project, genus Dehalococcoides mccartyi strain CBDB1 was cultivated in culture bottles under
anaerobic conditions with the iodinated substances lopromide, Diatrizoate as well as 2,3,5- and 2,4,6-
Trilodobenzoic acid (TIBA) as electron acceptors. In addition to the iodinated compounds, positive controls
additionally included hexachlorobenzene which can be completely dechlorinated by strain CBDB1. A CBDB1
culture previously cultivated with hexachlorobenzene was used as inoculum and titanium (ll1) citrate was added
for reducing conditions. During a period of several weeks, the concentrations of the added iodinated
compounds, iodide and the sum parameter AOI as well as the cell density were measured. In additional tests,
the enzyme activity of CBDB1 with iodinated substances was photometrically determined by the extinction
decrease of methyl viologen which served as artificial electron donor and redox indicator changing color from
blue in its reduced state to colorless in its oxidized state.

The degradation tests in culture bottles showed a deiodination of lopromide of up to 95% but no cell growth
in the absence of the additional electron acceptor hexachlorobenzene. Abiotic controls without microorganisms
showed a similar deiodination degree, implying that the deiodination is not traced to microbiological activity. The
activity tests with different iodinated substances in the presence of CBDB1 cells indicated a high electron
transfer resulting in a deiodination (correlation was proven in preliminary tests). The specific activity is defined
here as the amount of product (iodide) formed per second and protein mass and was calculated from the initial
extinction decrease of the assays (Table 1). Control assays with heat-inactivated enzymes (5 min at 100 °C)
did not show any activity.
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Table 1: Enzyme activity and specific enzyme activity for Dehalococcoides mccartyi strain CBDB1 with
different iodinated substances (300 uyM)

Compound activity spec. activity
[pmol iodide / s] [nmol iodide / (mg protein x s)]
lopromide 0.20 0.50
Diatrizoate 0.20 0.50
2,3,5- TIBA 2.45 6.02
2,4,6-TIBA 1.84 4.51
lopromide 0.20 0.50

4.2 Abiotic deiodination in the presence of corrinoids

Abiotic activity tests were conducted with commercially available corrinoids cyanocobalamin (synthetic
form of vitamin B12) and dicyanocobinamide. For dicyanocobinamide, the photometric measurement showed a
significant extinction decrease for all three tested iodinated substances (Figure 4a). A decrease of the extinction
was also shown in the presence of cyanocobalamin with lopromide and 2,3,5-TIBA but not with 2,4,6-TIBA
(Figure 4b).
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Figure 3: Extinction decrease (578 nm) by oxidation of reduced methyl viologen in the presence of 100 uM
lopromide, 2,3,5- or 2,4,6-TIBA and dicyanocobinamide (a) respectively cyanocobalamin (b). Blank values
(extinction decrease in the absence of corrinoids) are subtracted from the graphs

In contrast to the biotic enzyme tests, the catalytic activity of the tested corrinoids is much higher for
lopromide than for the two Triiodobenzoic acids. The results found here will be discussed with those explained
in section 5.

5 BANKFILTRATION: POTENTIAL EFFECTS ON SURFACE WATER QUALITY

There are many studies made on bank filtration, but almost all of them focus on water abstraction capacity
and/or purification efficiency (e.g. Othman et al., 2015; Pholkern et al., 2015; Romero et al., 2014; Hoffman &
Gunkel, 2011). However, there might also be effects of bank filtration on surface water quality and one of the
research projects within UWI focuses on this question. This new research field is being opened using mainly
three different approaches: 1) critical literature review of potential effects, 2) modeling of shallow lakes using
the ecosystem model PCLake, and 3) field investigations and laboratory work.
5.1 Review of potential effects

Bank filtration may affect physical, chemical and biological parameters and processes and these might in
turn affect one another, resulting in consequences for the surface water quality. Among the physical parameters
water level, retention time, flow velocity and water temperature are subjected to be affected. Taking water
temperature as an example, as the groundwater is hindered to enter the surface water by water abstraction
wells, its cooling effect in summer and its warming effect in winter will disappear, an impact that potentially will
change the conditions for water-living organisms and their interactions (e.g. Imholt et al., 2010; Boisneau et al.,
2008; Boscarino et al., 2007; Wehrly et al., 2007; Harper & Peckarsky, 2006; Alvarez and Nicieza, 2005). Among
the chemical parameters nutrients, toxic substances, dissolved organic and inorganic carbon (DOC and DIC)
might be changed by bank filtration. Taking dissolved inorganic carbon as an example, groundwater often has
higher concentrations than surface waters (Cole et al., 1994). When this source of DIC is removed, especially
macrophytes solely relying on free CO:2 as their carbon source might disappear (Korner, 2001). This has been
shown in cases not directly related to bank filtration, but under other circumstances (e.g. Maberly et al., 2015).
The review assesses how the impact on physical and chemical parameters in turn might change the biodiversity,
the macrophyte abundance and harmful blooms in surface waters. All in all, a comprehensive assessment of
the potential effects on surface water quality by bank filtration is in progress.

5.2 Modeling of effects on shallow lakes

The shallow-lake model PCLake (Janse, 2005) provides the possibility of simulating whole-lake effects of
bank filtration. Compared to what is possible in a field or a lab setting, the opportunity arises to examine the
effects on more parameters and under more various conditions. PCLake is constantly being developed and
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adapted to extend its original applications with for the example is shown in the study of deep lakes by Sachse
et al. (2014). Early trials show promising prospects for the model to provide relevant results that will give insight
to potential effects of bank filtration on (shallow) lakes.

5.3 Field investigations and laboratory work

Field investigations are being conducted in Lake Muggelsee, which is located in eastern Berlin and is fed
by water from the Spree River. Around the lake bank filtration has been conducted since more than 100 years
and at the moment approximately 50 million m® water per year is being abstracted in the area around the lake
(BWB, 2015), the water being a mixture of groundwater and bank filtrated lake water.
Early results from a minor field campaign indicate that higher rates of bank filtration increases the sediment
organic content in Lake Miiggelsee, a result that is in accordance with studies performed in Lake Tegel, Berlin
(Hoffmann & Gunkel, 2011). The results from Lake Muggelsee still need to be confirmed by conducting a more
comprehensive field campaign. Next to this, field experiments aimed at investigating the effect of different levels
of CO2 on the water plant Fontinalis antipyretica will be conducted. While this has been done in a laboratory
setting (Maberly, 1985a; Maberly, 1985b), it has not been performed in a field setting.

6 CONCLUSIONS

Interactions of groundwater and surface water are complex. They are related to the quantitative exchange
of water, but also to chemical and ecological aspects. The UWI thematic group groundwater-surface water
interactions addresses various knowledge gaps from different scientific disciplines, facing parts of all mentioned
aspects. Within this group, engineers as well as natural scientists work on different projects, but at the same
time knowledge as well as technologies are exchanged. Two projects are related to the hyporheic zone, while
further two projects consider bank filtration. Overall, we expect to achieve a new quality of process
understanding.

One project investigates flow and transport processes within the hyporheic zone with an integral numerical
model. First of all, the upper boundary of the hyporheic zone was examined injecting a pulse of a passive tracer
with various streambed morphologies. It was shown that the streambed morphology significantly influences
where and for how long a tracer reaches the hyporheic interface. In a next step, the integral solver was applied
and tested for two cases that account for groundwater as well as for surface water. For the validation of the
integral solver, analytical as well as numerical results were compared. A good agreement was observed for big
medium grain sizes of the soil. In a next step, smaller grain sizes will be investigated and an advection-diffusion
equation will be implemented in the integral solver. The solver will then be validated with the help of a flume
experiment and data from another project within UWI, which includes field experiments. The field experiments
are conducted to elucidate next to flow and transport processes also biogeochemical processes. Moreover, the
project aims to improve measurement techniques for the hyporheic zone. Control factors for the efficiency of
trace organic compound removal in the hyporheic zone are investigated, using next to field experiments also a
1D — transport-reaction model. Present results from a wastewater treatment plant effluent urban river in Berlin
show that biogeochemical conditions had only a minor influence on attenuation rates. Consequently, the
effectiveness is predominantly affected by flow and transport characteristics at the investigated field site. Actual
analysis targets montane streams under more arid conditions.

Next to the hyporheic zone, the interaction of lake and groundwater is examined in two further projects.
One project concerns the degradation process of iodinated contrast media during bank filtration. lodinated X-
ray contrast media are known for their persistence in the aquatic environment. The results to date indicate a
deiodination of these compounds during anoxic/anaerobic bank filtration quantifiable by the sum parameter AOI.
The microbiological deiodination of iodinated contrast media with Dehalococcoides mccartyi strain CBDB1 could
not be demonstrated by cell growth. However, an enzymatic activity with CBDB1 cells was shown for two
contrast agents and two other iodinated aromatics. High deiodination rates, especially for lopromide, were also
achieved by using synthetic dicyanocobinamide as catalyst. Further microbiological experiments are planned
with other dehalogenating bacteria strains. Abiotic batch tests will be conducted under nature related conditions
in the presence of manganese(ll), iron(ll), iron(ll) sulfide or sodium. One other project is also examining effects
of bank filtration, but with a different focus, namely the effects on surface water quality. Since it is a new research
field, much work has been done to think of potential effects and to come up with hypotheses to test using the
ecosystem model PCLake as well as field investigations. Early results indicate that there are noticable effects,
for example by increased sediment organic matter content in the littoral zone of lakes.
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ABSTRACT

The objective of this study is to evaluate the performance of the differential evolution (DE) and the particle
swarm optimization (PSO) approaches for solving the construction site dewatering optimization problems. In
the proposed approaches, the same analytical groundwater flow model was considered in the simulation part.
The objective of both DE and PSO based optimization approaches is to determine the locations and the
pumping rates of the dewatering wells by minimizing the total groundwater withdrawal rate as the objective
function. The constraints related with the drawdown and well locations were considered by means of the
penalty function approach during the search process. The performance of the proposed approaches were
evaluated on a hypothetical construction excavation site in detail for different well numbers. Identified results
indicated that both DE and PSO based optimization approaches can effectively determine the optimum
dewatering system for the given construction site.

Keywords: Construction dewatering; simulation-optimization; groundwater modeling.

1 INTRODUCTION

With development of the community, the requirement to the large construction projects increases. These
projects usually require deep foundation excavations such that some problems in terms of safe working
conditions and slope stability may occur in the case of the bottom of the excavation is below the groundwater
table. Therefore, high groundwater table elevations need to be lowered in the site before starting the
excavation works. One of the most widely used approach for this purpose is to use of the construction
dewatering systems. The main purpose of these systems is to take the water out of the excavation site.
Regarding this problem, there are various dewatering approaches which are usually site-specific, meaning
that the geology, groundwater conditions, and the type of the excavation influence the selection of the
dewatering approach (Nemati, 2007). Among the proposed approaches, dewatering through pumping wells is
one of the best options since they can be used in large areas and high excavation depths (Nemati, 2007).
However, since drilling and operation of these wells are costly, it is required to determine the best dewatering
system in terms of the engineering point of view. For this purpose, the following questions can be asked
before starting to design a dewatering system: How many pumping wells should be used for lowering the
groundwater table below a certain level? Where these pumping wells should be located over the site? What
amount of groundwater should be pumped from each pumping well? These questions are usually answered
by the site engineers based on their previous experiences. However, such a configuration may not be optimal
in terms of the safe working conditions, slope stability problems and drilling-dewatering costs. Therefore,
determination of the optimum dewatering system is considered as an optimization problem in this study.

The current literature includes several studies regarding the construction dewatering optimization
problems (Ayvaz, 2017; Jiang et al., 2013; Ayvaz et al., 2011; Zhou et al., 2010; Demirbas et al., 2008; Altan-
Sakarya and Onder, 2003; Tokgdz et al., 2002; Onder and Degirmenci, 2000). These studies considered
different simulation and optimization approaches and almost all of them solved the problem for the fixed
dewatering well locations. Although it is a simple and useful solution approach, practically, locations of the
pumping wells are still unknown just as their numbers and pumping rates. Therefore, simultaneous
determination of the numbers, locations, and pumping rates of the dewatering system becomes an important
problem for optimally designing the construction dewatering system.

The main objective of this study is to evaluate the performance of two different optimization approaches
which are the differential evolution (DE) and particle swarm optimization (PSO) for solving the construction
site dewatering problems. In both approaches, the problem is solved by considering the same analytical
groundwater simulation model to calculate the hydraulic head or drawdown values at the given monitoring
locations. The objective of the DE and PSO are to minimize the total groundwater withdrawal by considering
locations and pumping rates of the dewatering wells as the decision variables. During the solution of the
problem, two managerial constraints need to be satisfied by the model. Since both DE and PSO are the
unconstrained optimization approaches, these two constraints are included to the optimization process by
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means of the penalty function approach. The performance of the proposed approaches are compared on a
hypothetical construction excavation site for different number of wells and the identified results are evaluated
in detail.

2  SIMULATION MODEL

Simulation model is one of the most important components of the proposed optimization approaches
since it transforms the pumping information of the dewatering system into the hydraulic head or drawdown
values at the monitoring locations. As indicated previously, an analytical groundwater simulation model is
used to simulate the drawdown values at any location for the given dewatering system. Figure 1 shows the
hydrogeological cross-section view of an ideal, homogeneous, isotropic, unconfined aquifer with uniform
thickness and horizontal base. As can be seen, aquifer system includes a pumping well and a piezometer
whose length fully penetrate the entire aquifer thickness. In the case of steady-state groundwater pumping
from this well with a constant pumping rate of Q [L3T '], hydraulic head value at piezometer P1 can be
calculated as follows (Kresic, 2007):

’l

i \2
WW/WWWWWWWWWWWWM

7 7
< r >|
< R
Figure 1. Hydrogeologic cross-section of an unconfined aquifer with a fully penetrating pumping well and a
piezometer.
Q R
h= |H2-—mn(>) [1]

where h is the hydraulic head value at piezometer location after pumping [L], H is the hydraulic head value
before pumping [L], K is the hydraulic conductivity of the aquifer [LT ], R is the radius of well influence [L], r
is the measured radial distance from piezometer to well [L]. After calculation of hydraulic head using Eq. [1],
the drawdown value (s [L]) at P1 can be calculated as follows:

s=H-h 2]

It can be seen that the drawdown value is calculated by taking the difference between the initial hydraulic
head and the hydraulic head after pumping. Note that the value of s in Eq. [2] is the result of a single pumping
event. For more pumping wells, the drawdown of s at any point can be calculated by taking the algebraic sum
of drawdowns caused by each independent well operation. This principle of the flow superposition allows a
simple application of the governing equations describing the flow toward a single well in an unconfined aquifer
(Kresic, 2007; Usul, 2007). A detailed explanation of this flow superposition principle is shown in Figure 2. As
can be seen, the total drawdown is calculated by taking the algebraic sum of the two individual drawdown
events (s = s; + s;,). This flow superposition principle allows the calculation of the final drawdown values at
any point due to the groundwater pumping from any location of the aquifer system.
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Figure 2. Superposition of flows toward two pumping wells.

3 OPTIMIZATION MODEL

As indicated previously, optimum construction dewatering system design problem was solved by using
both DE and PSO based solution approaches. In the following, after giving the basic computational schemes
of the DE and PSO, how these algorithms were applied to the construction dewatering system optimization
problem is explained in detail.

3.1 Differential Evolution (DE) Optimization Algorithm
DE, first proposed by Storn and Price (1997), is a population-based evolutionary optimization algorithm.
Basically, it has similar computational scheme with the genetic algorithms (GA) where the given solutions are
evolved by using the mutation, crossover, and selection operators. The key difference between DE and GA is
that all the individual solutions in DE are subjected to evolution whereas the same task is performed based on
a probability in GA. After this evolution process, all the evolved solutions are directly transferred to next
generations if their corresponding fitness values are improved. The basic computational steps of DE can be
given as follows (Gokge and Ayvaz, 2014):
o Randomly initialize all agents X (e.g. candidate solutions) in the population (NI being the number of
individuals in the population).
o Repeat the following until a termination criterion is met:
o For each agent ¥ in the population do:
o Randomly select three distinct solutions a, b and ¢ from the population
o Pickarandomindex R € {1,2,3,-:-,n} (n being the dimension of the problem).
o  Compute the agent’s potentially new position ¥ = [, ¥, ¥, -+, ¥,,] as follows:
o Foreach k, pick a uniformly distributed random number, r, = U(0,1)
o Ifr, < CR (CR is the crossover rate) or k = R, then set y,, = a, + F(b, — ¢;) (F € [0,2]
is the differential weight) otherwise, set 3, = %,.
o Iff(¥) < f(X), replace the agent in the population with the improved candidate solution, that is,
replace X with y in the population
o Pick the agent from the population that has the highest fitness or lowest cost and return it as best
found candidate solution.

3.2 Particle Swarm Optimization (PSO) Algorithm

PSO, first proposed by Kennedy and Eberhart (1995), is a population based heuristic optimization
algorithm which is based on the social behavior of the animals like bird flocking or fish schooling. In PSO, the
population is called as the swarm and each individual solution in the swarm is called as the particle. During
the solution, each particle in the swarm explores the search space to seek the optimum solution by using their
current positions and velocities. These positions and velocities are generated randomly from the possible
search space in the beginning of the optimization process. Then, velocity of each particle is updated based on
their individual experiences and experiences of the other particles in the swarm. Finally, the position of each
particle is updated by using the updated velocities and this process is repeated until the convergence criterion
is met. This solution sequence guarantees that each particle in the swarm move towards the optimum solution
based on their own experiences (local search) and the experiences of the other particles in the swarm (global
search). The computational scheme of the PSO can be given as follows (1995):

o Randomly initialize all positions ¥ and velocity vectors ¥ for each particle in the swarm (NP being the

number of particles in the swarm) such that ¥ € rand (¥ i, Xmax) @and ¥ = 0

o Pp=%and §=arg @(f(‘f))

X
o Repeat the following until a termination criterion is met:
o  For each particle:
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Generate uniform random numbers

Update velocities of each particle: 7**! = w¥* + ¢, rand(0,1)(P — *) + ¢, rand(0,1) (g — x*)
Update positions of each particle: %1 = x¥* + p<+?

Calculate f(x**1)
Update local best: p =
Update global best: g

O O O O O O

% if f(®) < f(P)
=% if f®) < (@

4 PROBLEM FORMULATION

As indicated in the previous sections, the objective of the DE and PSO based optimization approaches
are to determine the numbers, locations, and pumping rates of the wells which will be used in the construction
dewatering system. Since the cost of the dewatering system is directly related with the pumping rates, the
objective function of the optimization model is used as the minimization of the total groundwater withdrawal
rate which is supplied from all the pumping wells. The problem was solved for different number of wells and
the identification results were evaluated together. Regarding this solution scheme, the problem of construction
dewatering optimization can be mathematically formulated as follows:

Let n,, be the number of pumping wells to be used in the dewatering system; Q(x;, y;) be the pumping
rate of the well located at (x;,y;) where i=1.23,-,n,; n, be the number of piezometers where the
groundwater table elevations are controlled; and s; is the calculated drawdown value at j™ piezometer where
j=1.2,3,-,n,. Depending on these definitions, the objective function and the constraints of the optimization
model is defined as follows:

ny p
z=mind > [0y + 4Pyl + 4 ) P(s) 3
i=1 j=1
subjected to
Qmin < Q(xi: yi) < Qmax [4]
Xmin =< Xi =< Xmax [5]
Ymin < Vi < Ymax [6]

(7]

0 ifthelocation (x;,y;) is a suitable region
P(x;,y;) = i
(x 1) { 1 otherwise

|sj - 8| otherwise

P(s,) = { g

where P(x;,v;) is the penalty function regarding the well location suitability, P(sj) is the penalty function
regarding the allowable drawdown of §, A; and A, are the penalty coefficients which are used to adjust the
magnitude of the penalty terms, Q,,;» and Q,,4, are the minimum and maximum pumping rates, X,in, Vmins
Xmax>» and Yn., are the minimum and maximum limit values of the well locations in x and y directions,
respectively. The decision variables of the optimization model are x;, y;, and Q(x;,y;) forall i = 1,2,3, -+, n,,.

5 NUMERICAL APPLICATION

In this section, the applicability of the proposed DE and PSO based solution approaches were evaluated
by solving a hypothetical construction site dewatering problem. The plan view of the site and the surrounding
buildings can be seen in Figure 3. Note that this is a shopping mall construction site, and thus, it has a deep
foundation with a depth of 20 m.
Hydrogeological studies around the site indicated that the aquifer system was unconfined and the
groundwater table was 5m below the ground surface. The hydraulic conductivity value, radius of well
influence, and aquifer thickness before pumping were determined as K = 0.00002m/s, R = 250 m, and H =
60 m, respectively. In order to measure the variation of the groundwater table elevations, this site was
surrounded by 9 piezometers with each of them fully penetrated the entire aquifer thickness. In order to
maintain safe working conditions and prevent the slope stability problems, groundwater table elevations must
be lowered to 5m below the bottom of the excavation site (6 = 20 m). For this purpose, the contractor
planned to drill new pumping wells which were equipped with the submersible pumps with a maximum
pumping rate of 401/s. Since these wells will be active throughout the construction period, it is required to
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minimize their numbers and pumping rates for obtaining the best solution in terms of the final dewatering cost.
Therefore, the objective here is to determine the numbers, locations, and pumping rates of these submersible
pumps by minimizing Eq. [3] subjected to the constraints in Eq. [4]-[8]. Note that DE solution of this example
problem was already performed by Ayvaz (2017) by using the following parameters: NI = 20, F = 0.80, CR =
0.90, and the maximum generation numbers of 10,000. In these parameters, NI corresponds to the number of
individuals in the population, F is the scaling factor which corresponds to the mutation operator in GA, and CR
is the crossover rate which is used to produce new offspring from the parents. Note that although NI = 20
may be sufficient to solve a complex optimization problem in DE, the same situation may not be observed in
PSO. Therefore, NP = 200 is used in the PSO solution depending on the recommendations in literature and
the previous experiences. Note that since 10,000 DE generations with NI = 20 corresponds to 200,000
simulation model runs, the same limit value is also considered in PSO by assuming the maximum generation
number of 1,000. Depending on the recommendations of Hu and Eberhart (2001), the other solution
parameters of PSO are used as w = (0.5 +rand(0,1))/2 and ¢; = c, = 2. Selection the value of these
parameters are very important in PSO. While the value of w controls the impact of previous historical values
on their current ones, ¢, and c, are used to determine the contribution of particle’s own experiences and the
experiences of the other particles in the swarm. By using these parameters in PSO, the construction site
dewatering problem was solved for different number of pumping wells. In order to maintain the consistency in
DE and PSO solutions, the following parameter bounds were used just as given in Ayvaz (2017): xin = 0,
Ymin = 0, Xmax = 500, Vinaxr = 300, Qpax = 401/S, Qmax =401/s, 2, =100, 1, = 100. Table 1 compares the
identification results for n,, = 1 to 5 pumping wells in the system. As can be seen from Table 1, for n,, =1,
both DE and PSO resulted with the same objective function values of 9973.78 and this value has a penalty of
9933.78 for both models. Similar situation is also observed for n,, = 2 such that both model takes about the
penalty value of 3459. These results indicated that the dewatering optimization problem cannot be solved by
using 1 or 2 pumping wells due to the locations and drawdown constraints if the upper bound of the pumping
rates are fixed to Q. = 401/s. Forn, =3 to 5, it is observed no penalty value in both DE and PSO based
optimization models which indicates that the dewatering optimization problem can be solved without any
constraint violations in terms of Eqgs. [7] and [8]. When the objective function values are compared, it can be
seen that their final values decrease with inclusion of the new pumping wells in both models. However, these
improvements are not significant in both DE and PSO solutions. For each solution, the identified well locations
for both DE and PSO based optimization approaches are compared in Figure 4.

I_ -
l; Bmldlngs
; — — Lw Excavation I | r—ll—l ; g
C :I ' :l Site |—j— : I_l C &
Y P L] N bt Y
= P I g e
= I = [ &
5 500 m &> v

Figure 3. Example construction site dewatering problem.
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Table 1. Comparison of the identification results for n,, = 1 to 5 in both DE and PSO.

Identified Pumping Rates (1/s)
n, z Total Penalty Value
QCx,y1) | Qlxzy2) | Qlxs,y3) | Q(xaya) | Q(xs,¥s)
1 9973.78 9933.78 40.00 - - - -
2 3538.91 3458.91 40.00 40.00 - - -
DE 3 118.18 - 40.00 38.38 39.80 - -
4 113.09 - 37.05 24.63 11.40 40.00 -
5 108.78 - 40.00 5.89 21.59 13.94 27.36
1 9973.78 9933.78 40.00 - - - -
2 3539.03 3459.03 40.00 40.00 - - -
PSO 3 118.30 - 40.00 38.30 40.00 - -
4 111.78 - 22.88 33.35 15.55 40.00 -
5 111.34 - 18.19 21.32 30.49 13.22 28.12
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Figure 4. |dentified well locations for the PSO and DE based optimization models for (a): n,, = 1; (b): n,, = 2;
(c): n,, = 3;(d):n, =4; (e):n, =5.

4976 ©2017, IAHR. Used with permission / ISSN 1562-6865 (Online) - ISSN 1063-7710 (Print)



Proceedings of the 37th IAHR World Congress
August 13 — 18, 2017, Kuala Lumpur, Malaysia

As can be seen from Figure 4, for both models, all the wells are located around the border line of the
excavation site which is an expected behavior. While the same or very close locations are identified for n,, = 1
to 3, there are some differences in the identified locations for n,, = 4 and 5. However, these differences are
not too much. For these results, the measured drawdown values at piezometer locations are compared in
Table 2. As can be seen, the drawdown constraint given in Eq. [8] is not satisfied for n,, = 1 and 2. Although
all the piezometers satisfy the given drawdown constraint for n,, = 3 for both DE and PSO, it obtains big
drawdowns especially in P2, P5, and P9. Since the cost of pumping is directly related with the magnitude of
drawdowns, use of this solution may not be feasible in terms of the operation cost of the dewatering system.
Note that these big drawdown values can be significantly reduced by including additional pumping well in
n,, = 4 especially for the DE solution. Finally, in n,, =5, all the drawdown values become more uniform
except for the piezometer P5 in DE although it is obtained as acceptable in PSO. After evaluating the model
results in terms of the final pumping rates and measured drawdown values, the solution of n,, = 4 for DE may
be selected as the feasible solution in terms of the engineering point of view. However, by considering well
drilling, dewatering equipment, and operation costs, a detailed analysis should be conducted which is the
beyond of the scope of this study. For n,, = 4, variations of the identified well locations for each generation
and the final locations of the pumping wells are compared in Figure 5 and 6 (small icons represent the
variations of the well locations through different generations and big icons represent the final locations). As
can be seen, although the wells are located over the buildings and/or excavation site in early generations, the
final locations are all obtained in the feasible regions due to the use of the constraint in Eq. [7].

Table 2. Comparison of the measured drawdown values at piezometer locations for n,, = 1 to 5.

Number of Wells (n,,)
Piezometers 1 2 3 4 5
DE PSO DE PSO DE PSO DE PSO DE PSO
P1 4.49 4.49 12.65 12.64 20.00 20.00 25.66 20.70 20.00 20.00
P2 9.31 9.31 14.59 14.58 32.19 33.60 20.75 20.00 20.00 20.00
P3 9.31 9.31 14.24 14.23 20.00 20.00 20.00 20.26 20.00 20.01
P4 11.47 11.47 20.00 20.00 21.47 22.07 20.00 21.68 20.31 20.00
P5 23.53 23.53 20.06 20.05 38.46 34.85 26.65 34.24 28.70 23.53
P6 9.88 9.88 14.86 14.86 20.00 20.00 20.00 20.00 20.00 20.00
P7 7.09 7.09 15.73 15.73 20.13 20.00 20.12 23.39 20.00 20.00
P8 4.31 4.31 15.35 15.37 20.00 20.00 20.35 20.00 20.00 20.00
P9 4.79 4.79 20.00 20.00 32.02 31.77 20.00 20.02 20.00 20.32

bd 5 e

[ [ [

P
P
P

b
P

©Ql =Q2 - Q3 - Q4 Q1 (Final) Q2 (Final) ® Q3 (Final) A Q4 (Final)

Figure 5. Locations of the identified final well locations for DE.
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Figure 6. Locations of the identified final well locations for PSO.

For these dewatering configurations, the calculated groundwater table elevations are compared in Figure
7 for the cross-sections of A-A, B-B, and C-C given in Figure 3. As can be seen, minimum drawdown condition
is satisfied in all the piezometers for both DE and PSO solutions.
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Figure 7. Groundwater table elevations through cross-section A-A.
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Figure 8. Groundwater table elevations through cross-section B-B.
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Figure 9. Groundwater table elevations through cross-section B-B.

6 CONCLUSIONS

In this study, performance of DE and PSO optimization approaches were evaluated by considering the
same analytical groundwater flow model to solve the excavation site dewatering problems. The objective of
the both approaches is to determine the locations and the pumping rates of the dewatering wells by
minimizing the total groundwater withdrawal as the objective function. The best number of wells was
determined by solving the problem for different number of dewatering wells implicitly. After obtaining the
results for each solution, the identified results were compared in terms of both objective function and
drawdown values in the piezometer locations. Comparison of these solutions indicates that both DE and PSO
cannot determine a feasible solution for the configurations with 1 and 2 dewatering wells. For the other
obtained configurations, although both approaches resulted with feasible solutions, the accuracy of the DE
results is slightly better than PSO for the solutions with 3 and 5 dewatering wells. After evaluating the model
results for both solutions, the configuration with 4 dewatering wells is selected as the best alternative solution.
However, this decision should be supported with a detailed decision-making analysis by considering different
physical and managerial criteria. Note that since the proposed model uses an analytical groundwater flow
model in the simulation part, it requires to satisfy the steady-state flow and the idealized hydrogeological
conditions. However, these limitations can be handled by integrating a more sophisticated numerical
groundwater flow model, such as MODFLOW in the simulation part.
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ABSTRACT

Partial penetration well is a well which its depth or tip of its casing does not reach an impermeable stratum
beneath the aquifer. Basic pumping system equations of Dupuit-Thiem formulas is based on Darcy’s Law for
confined and unconfined aquifer as well as for full penetration well with fully perforated casing. In the practical
implementation, this condition rarely occurs especially for thick aquifer; therefore, many researchers
developed a correction for those formulas from full penetration to be partial penetration wells. Despite the
correction, those formulas still have difficulty to compute the design of pumping system due to its need for
hydraulic gradient data which can only be defined by two real time data of piezometric head before and after
pumping related to horizontal distance of both points. This value is not a constant for different discharge of
pumping. This study developed 16 equations for the confined and unconfined aquifer based on Forchheimer’s
formula. There are 6 configurations of confined aquifer which all of those equations are valid for computation
of pumping as well as of recharging. For the unconfined aquifer, there are 10 configurations which contain 4
equations valid for computation of pumping as well as of recharging, 3 equations are valid only for
computation of pumping of partly perforated casing and the 3 remaining equations are valid only for
computation of recharging of fully perforated casing. All of those above equations are in steady state flow
condition and it can be harmonized easily to be unsteady state flow condition by following Sunjoto’s equation.
With these proposed equations, the design of well systems can be computed easily, as to a relationship
between coefficient of permeability, shape factor, discharge of pumping and drawdown or built-up.

Keywords: Full penetration well; partial penetration well; pumping; recharging; correction factor.

1 INTRODUCTION

1.1 Darcy’s law

Darcy (1856) developed in his book ‘Les fontains publiques de la ville de Dijon’, an equation which it
became basic equation of groundwater flow especially for theoretic solution was:

In scalar expression:

V=Ki or V= K@ [1]
dl
In vector expression:
V = KVH [2]
Discharge:
q = KiA [3]

1.2 Dupuit-Thiem’s formula

Based on Darcy’s Law (1856), Dupuit (1863) developed a formula of groundwater flow for unconfined
aquifer and then it was completed by Thiem (1906) on confined aquifer, and it became more comprehensive,
finally both equations were called Dupuit-Thiem equations which were determined as basic groundwater
engineering computation for steady state radial flow, and the general equations were:

1.2.1  Unconfined aquifer

_nK(h — h))
- In (%)
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1.2.2 Confined aquifer.

0= 2nKD(h, — h,) 5]
- In (ﬂ)

)

where,

Q: discharge of pumping; K: coefficient of permeability; D: thickness of confined aquifer; r1 ¢ r2: distance
from well to observation well 1 and 2 respectively; hs & h2: head of water in observation well 1 and 2
respectively.

Equation Eq. [4] or Eq. [5] need two real time data which it should be found only by pumping test, there
are difference between hs and hz related to horizontal distance of the both observation wells with the radius r«
and rz.

1.3 Forchheimer’s formula
Forchheimer (1930) developed a steady state radial flow condition to determine coefficient of
permeability (K) of bore holes test with watertight casing, as:

Q, = FKh [6]

The formula is a relationship between discharge outflow from well to the ground (Qo) is equal to shape
factor (F) multiplied by coefficient of permeability (K), multiplied by hydraulic head or built-up (h), where this
equation can be executed without pumping test data. In this equation, he also proposed a new parameter,
which was ‘shape factor’.

1.4 Sunjoto’s formula
Based on Forchheimer (1930), Sunjoto (1988) developed an equation to compute built up of recharging
well on the unsteady state condition which was derived mathematically by integration solution, as:

h= el ew () 7
where:

Q: recharge or discharge (L*T); F: shape factor of well (L); K: coefficient of permeability (L/T); h: built-up
(L); t: duration of flow (T); rw: radius of well (L).

The equation, Eq. [7] is an unsteady state condition and when radius of well r,=71 and duration of flow
T=e, the equation will become Q=FKh or equal to Forchheimer (1930) of equation Eq. [6] which is a steady
state condition.

2 EXISTING CORRECTION

The basic concept of existing corrections formula development of partial penetration well was the
computation result using full penetration well parameters multiplied by correction factor; though some
researchers also introduced new parameters of partial penetration well. All of this formula are based on the
Darcy’s Law and most of them used Dupuit-Thiem equations.

For the purpose to better understand the comparison between each formula, to the extent that it is
possible, the parameters in this paper are changed to the same legend without decreasing its substance, for
example, all thickness of confined aquifer is D, radius of well is rw etc., as on the original formula are differed
from each other.

2.1 Unconfined aquifer

Formulas of partial penetration well in unconfined aquifer are wells with configuration that watertight
casing in upper side and perforated casing in lower side with pervious and impervious base of well as shown
in Figure 1.

Figure 1. Schematic illustration of unconfined aquifer well parameters.
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211 Forchheimer
Forcheimer in Bogomolov et.al. (1955) developed formulas for partly perforated casing, which are:
e Pervious well base (Fig.1b.):

0 i JL +0.507, 4\/2hw )
=

@\ b l

e Impervious well base (Fig.1a.):

H? — ha, L 4|2h,, — L
Qp = 27TK7 h_ X A [9]
In (a)
2.1.2 Porchet

Porchet (1931) developed a formula for partly perforated casing and impervious well base (Fig.1a.) as:

(1 +3) ~(he+3)

In (%)

2

Qp = K

[10]

21.3 Castany

Inspired by Bogomolov et.al. (1955) of equations Eq. [18] & Eq. [19], Castany (1967) developed a similar
formula for partly perforated casing formula and for:

e  Pervious well base (Fig.1b.) was:

0 —2 R (JL +0.507, thwp - L> -
p=en R; h h
In (ﬁ) wp wp

e Impervious well base (Fig.1a.) was:

0. =2 KHz_hgvx< L ><42th—L> 12
el Bl

m(®) " \JPr P
214 Todd

In his book ‘Groundwater Hydrology-Second Edition’, Todd (1980) improved the previous formula for
partly perforated casing and pervious well base (Fig.1b.) as follows:

2nKL(hy — hyp)
T [13]

175,

14
1—-—)L
( L ) ln( hw)
2.2 Confined aquifer
Formulas of partial penetration well in confined aquifer are well with configuration that perforated casing
placed below the impermeable layer with pervious and impervious well base as shown in Figure 2.

$

A

N8

n o

Figure 2. Schematic illustration of cfined aquifer well parameters.
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221 Samsioe
Samsioe (1931) considered a bundle of line sink and from this starting point and he derived the
approximate formula as follows:

0, - 2nKL(H — hy,) 4]
P _l _(@)L/D (D O72L)040
2L D +0.72L
2.2.2 Muskat
Muskat (1932) applying method of images, developed approximate formula:
2nKD(H — h,,)
Q= = [15]

1 x{21 4D, 7(0.875L/D)T(0.125L/D) }_l 4D
2L/D e "T(1-0875L/D)I (1—-0125L/D)f _ "R,

2.2.3 Kozeny

Based on Muskat’s (1932) formula and number of calculated example, Kozeny (1933) has proposed a
formula for impervious well base (Figure 2a.), as:

_ 2nKD(H —h,,) L (147 Tw L 16
O = i (&) D N2L * % 2D [16]
rW

2.2.4 Li, Bock, Benton
According to Li et.al. (1954), the formula for impervious well base (Fig.2a.) was:

0, — 2nKD(H — h,,) (7]
P /R, D\" D
m() +{(2) - 1fm(2)
and,
- Z<100rw> [17a]
This formula valid for:
D L
800> —>25;r,>D—L; 1> = 2>0.10 [17b]
Ty D

2.2.5 Bogomolov & Silin-Bektchourine
Inspired by Forchheimer of equation Eq. [8] and Eq. [9], Bogomolov et.al. (1955) developed a formula for:
e  Pervious well base (Fig.2b.) which was:

(H—h,) L+050r, +2D—1L
Qp = ZﬂKDT X D X D [18]

e Impervious well base (Fig.2a.) which was:

Q, = 2nKD (H - hw) f ’ [19]
226 Todd

Todd (1980) developed a formula with partly perforated casing and pervious well base, which is valid for
L/D>0.20 (Fig.2b.) as:
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0, = 2nKL(h,, — hwz,) (20]
(1-pulsD)

Tw

where:

Qp: discharge of partial penetration well (m%/s); K: coefficient of permeability (m/s); D: thickness of aquifer
(m); L: length of perforated casing (m); H: initial depth of groundwater (m); H”: depth between groundwater
level to tip of well for full penetration well (m); hw: depth of water at well for full penetration well (m); hwp: depth
of water at well for partial penetration well (m); hzm: piezometric head at 2meters from well axis for full
penetration well (m); rw: radius of well (m); and R;:: radius of influence for full penetration well (m).

Besides full penetration well parameters, Castany (1967) introduced a parameter of partial penetration
well hwp or depth of water at well for partial penetration well and Todd (1980) proposed a parameter sp or
drawdown of partial penetration well, which is sp=(H-hwp), where it was found from pumping in equal discharge
between full and partial penetration well.

2.2.7 Hantush

According to Hantush (1962), when an aquifer is pumped by partial penetration well the assumption that
the well receives from horizontal flow is no longer valid and leading to an extra loss of head. He developed a
formula of partial penetration well in confined aquifer and the drawdown was:

5,0 = o Wi+ £ [21]

and,
fs = n(buj DL (%) w (s %) {Si" <n%b) ~sin (Tl%d)} (cos %) [21a]

where:

Q: discharge (m®/s); T: transmissivity (m?/s); s(r,t): drawdown (m); W(u, ntrr/D): Hantush well function; b:
penetration depth of pump (m); b’ piezometer head (m); d: non-screened part (m); d”: piezometer head (m);
and z=(b’+d’)/2 (m).

Besides the above correction formulas, most researchers examining the topic used formulas developed
based on Dupuit-Thiem equation. Nonetheless, they still have difficulty to compute a design of well system
due to the existence of parameters of hydraulic gradients which can only be figured out by pumping test first.

3 ANALYSIS

3.1 Shape factor

Besides his new formula, Forchheimer (1930) introduced a parameter which was called shape factor.
Shape factor (F) multiplied by hydraulic head (h) (Eq. [6]) are representation of gradient hydraulic (i) multiplied
by area of flow (A) in Darcy’s Law (1856) (Eq. [3]). The shape factor value depends on radius and perforated
length of casing and condition of base of well and soil layers existence.

Figure 3. shows a configuration of confined and unconfined aquifer without an information of
impermeable layer existence. Dahler (1936) derived the formula based on the concept that flow line is
hyperbolic form, equipotential was ellipse form and the value of shape factor (F) of well with perforated casing
on confined aquifer Fig.3a. was:

27l
F= T [22]
L L\?
lTl a-l' (a) +1

and for unconfined aquifer Fig.3c. was:

2mL
F = [23]

2
In %+ (%) +1
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of impermeable stratum existence.

When the value of L=0, the well Fig.3a. becomes Fig.3b. and the well Fig.3c. becomes Fig.3d., therefore,
the shape factor will be equal respectively. However, when L=0, the value of shape factors of Eq. [22] and Eq.
[23] are ‘indefinite’. The shortage of those formulas validity caused by the assumption that the well base is
pervious while the formula derivation based on impervious base of well.

To solve the problem on practical implementation, Dahler (1936) determined that the both equations only
valid for L/rv>10. However, Sunjoto (2002) proved that equation Eq. [22] is valid for L/rv>0.96 and equation
Eq. [23] is valid for L/rv>2.71.

Forchheimer in Bogomolov et.al. (1955), Bogomolov et.al. (1955) and Castany (1967) attempted to differ
the formula of a well with pervious base and impervious base. They decided for the well with pervious base
that the transformation value from area of well base to length of perforated casing was 0.50rw, see equations
Eq. [8], Eq. [11] and Egq. [18], but Sunjoto (2002) proved that transformation value was r«/in2. Based on this
value, equation Eq. [22] of Fig.3a. can be improved to:

2L + 2mr;,,In2
Fe T nr,ln [24]

2

In %+ (%) +1

and equation Eq. (23) of Fig.3c. to:
P 2L + 2mr;, In2 (25]
L+ 27, L \?
o, T (er) +1

In

When L=0, rv=1 or L/rv=0 and these values are substituted to equation Eq. [24], the shape factor of
Fig.3a. will be equal to F=3.964r,. This value is almost equal to analytic value of equation Eq. [26] which was
derived mathematically, that is F=4rw.

Forhheimer (1930), Dachler (1936) and Aravin (1965) with different ways, derived analytically the shape
factor formula of Fig.3b. and it should exactly be equal to:

F = 4z, [26]

However, on the field test to find coefficient of permeability, Forcheimer (1930) implemented the shape
factor value of confined aquifer equation Eq. [26] for condition of unconfined well Fig.3d.

Five years later, on their laboratory test, Harza (1935) using sand tank obtained F=4.8rv to 5.6rw for
shape factor of well Fig.3d. Then, Taylor (1948) by flow net obtained F=5.7rw, and Hvorslev (1951), by using
electric analog apparatus, concluded the compromised value of those shape factors (Fig.3d) became:

F = 5507, [27]

Moreover, Sunjoto (2002) proved that when L=0, of equation Eq. [25], well Fig.3c. will change to be
Fig.3d. When L=0, rw=1 or L/rv=0, the value of shape factor (F) will be equal to 6.283rw, and based on this
reason it was concluded theoretically that the shape factor of well Fig.(3d) is:

F = 2mr, [28]

This value of equation Eq. [28] improved Eq. [27] since it was derived analytically so it has better validity
and reliability than above laboratory test which had differ result.
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3.2 Correction factor

The basic idea of the proposed equations is a modification of shape factor (F) by a correction factor (£2).
Correction factor is comparison of space between tip of well and impermeable stratum beneath of aquifer (A1)
to value of transformation of well base area to be length of perforated casing. Then, based on Forchheimer
equation Eq. [6], discharge of partial penetration well can be developed using corrected shape factor.

With transformation approval of Sunjoto (2002) from horizontal circle area with radius rv as a well base to
be a vertical cylinder as a casing is rw/n2, and A is a space under tip of well, the correction factor becomes:

0= 4 29
L) [29]

When value of ©=0, the flow is a full penetration well, and when 7>0Q >0 it is a partly partial penetration
well, then when ©>7 the flow of water under the tip of well has no obstacle anymore and this condition is
called a partial penetration well.
where:

2 correction factor; A: gab between tip of well to impermeable stratum (L); and rw: radius of well (L).

3.3 Drawdown versus built-up

Drawdown is an occurrence of decreasing of groundwater table near a well and surroundings caused by
pumping (s) and on the contrary when it increases caused by recharging it is called built-up (h). For the equal
condition of discharge, shape factor, coefficient of permeability and duration of pumping or recharging the
drawdown and built-up will be equal value but with inverse direction or s = - h, and for the next analysis for
Fig.4. to Fig.7. and for the equations Eq. [30] to Eq. [47] the legend of built up is equal to drawdown, that is s
and the equation will be (Sunjoto, 2014):

For the unsteady state condition:

_ FKs 30
e G "
exp g
For the steady state condition:
Q = FKs [31]

where:
Q: recharge or discharge (L3T); F: shape factor of well (L); K: coefficient of permeability (L/T); s:
drawdown or built-up (L); t: duration of flow (T); and rw: radius of well (L).

4 RESULT OF STUDY

Base on Forchheimer (1930) equation Eq. [6] then using shape factor (F) and take into consideration the
correction factor of equation Eq. [29] for the appropriate position of impermeable stratum beneath of the
aquifer, equations of each condition can be developed. All of the proposed equations derived analytically
based on the previous equations which the validity had been proved on the laboratory test.

4.1 Confined aquifer

For the confined aquifer, all of equations Eq. [32] to Eq. [3]) are valid for ‘pumping as well as recharging’,
when the perforated casing is always below the groundwater surface on steady state condition pumping (H-
s>L+A) and before recharging (H>L+A). The configurations of pumping are presented as Fig.4a. to Fig.4f. and
for recharging are presented as the figure Fig.5a. to Fig.5f., but built-up s has equal value with upward
direction. The symbol s is parameter of drawdown as well as built-up because of pumping and recharging.

For ‘pumping as well as recharging’ on the confined aquifer, there are six configurations with the
parameters which can be seen in Fig.4. and Fig.5., and based on shape factor (Sunjoto, 2002) the equations
become:

4.1.1  Full penetration well with fully perforated casing (Fig.4a & 5a), where L=D & 1=0:

2nDKs
Qpr = [32]

2

In %+ (%) +1
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4.1.2 Partial penetration well without casing and pervious well base (Fig.4b & 5b), where A1=D & L=0:
Qpr = 4 21,Ks [33]

4.1.3 Full penetration well with partly perforated casing (Fig.4c & 5c), where L<D & 1=0:

2nLKs

l{i (%)2 , 1}

Qpr =

[34]

O

T

Figure 4. Schematic of illustrating confined aquifer well parameters for pumping.

\\\\N\\\\ P

\‘%‘.

Figure 5 Schematic of |IIustrat|ng confined aquifer well parameters for recharging.

4.1.4 Partial penetration well with fully perforated casing and impervious well base (Fig.4d & 5d), where
A+L=D:

2nLKs
L+ 2r, L\*
in {T + (a) + 1}

4.1.5 Partial penetration well with fully perforated casing and pervious well base (Fig.4e & 5e), where
A+L=D:

Qpr = [35]

2nKs(L + Q21,In2)
L + 27, L\?
In {T + (E) + 1}

4.1.6 Partial penetration well without perforated casing with pervious well base (Fig.4f & 5f), where A<D:

Qpr =

[36]

Qpr = 4021,Ks [37]
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4.2 Unconfined aquifer

For the unconfined aquifer, there are two conditions, firstly is for full or partial penetration well with partly
perforated casing which are valid for pumping as well as recharging (Fig.6.), secondly is full or partial
penetration well with fully perforated casing which are only valid for pumping only and for recharging only

(Fig.7).

4.2.1 Pumping as well as recharging for partly perforated casing

Well with watertight casing in upper side and perforated casing in lower side which all of the equations
are valid for pumping on the steady state condition (H-s>L+A) as well as recharging (H>L+A) with the
parameters which can be seen in Fig.6, and for pumping as well as recharging, the equation is as follows:

Figure 6. Schematic of illustrating unconfined aquifer well parameters for pumping as well as recharging.

o  Full penetration well with partly perforated casing (Fig.6a & 6e), where 1=0:

2nLKs
Qpr = [38]
L + 2r, L \?
= (m) +1

o Partial penetration well without perforated casing and pervious well base (Fig.6b & 6f), where 120 &

L=0:

Qpr = 202771, Ks [39]

e Partial penetration well with partly perforated casing and impervious well base (Fig.6¢c & 6g), where
2120 & L=0:
2nLKs
Qpr = [40]
L + 27, L \?
mi=gm et () +1

e Partial penetration well partly perforated casing and pervious well base (Fig.6d & 6h), where 120 &
L=0:

2nKs(L + Qr,In2)
L+ 27, L2
ln{ ZTW + (m) + 1}

4.2.2 Pumping and recharging for fully perforated casing

For full or partial penetration well with fully perforated casing, the length of casing that water can flow into
or out from the casing will differ between pumping and recharging. On the pumping it will decrease and
become shorter and on the recharging it will increase and become longer.

The configuration of figures Fig.7a., Fig.7b., Fig.7c. is valid for pumping and Fig.7d., Fig.7e., Fig.7f. is
valid for recharging and the development of equation of these configurations using previous shape factors
(Sunjoto, 2002) become:

Qpr = [41]
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Equations for pumping
e Partial penetration well with fully perforated casing and pervious well base (Fig.7a.) where A= 0:

2nKs{(H' —s) + O, In2}
(H'—s) + 2r, (H' - 5)\*
ln{ PESIN UESS

e  Partial penetration well with fully perforated casing and impervious well base (Fig.7b.) where 1= 0:

Q= [42]

2nKs(H' —s)

Qp = - [43]
In {(H’ —252W+ 21, n ((Hé;/ s)) + 1}
o  Full penetration well fully perforated casing (Fig.7c.) where A=0:
0, 2nKs(H' —s) [44]
n {(H’ _zsr)w+ 21, . ((Hér; s))2 N 1}

eremen - =

Figure 7. Schematic of illustrating unconfined aquifer well parameters, for pumping and for recharging.

Equations for recharging
o  Partial penetration well fully perforated casing and pervious well base (Fig.7d.) where A= 0:

2nKs{(H' + s) + 2r,,In2}

In {(H’ +5) + 21, ((H’ +s))2 N 1}

Q = [45]

27, 27,

e Partial penetration well with fully perforated casing and impervious well base (Fig.7e.) where 1= 0:

2nKs(H' + s)
Qr = [46]
(H'+s) + 27, (H' + 5)\
m{ PESI (RS
e  Full penetration well with fully perforated casing (Fig.7f.) where A=0:
2nKs(H' + s)
Qr = [47]
(H" +s) + 2m, (H' + 5)\*
ln{ 2 W ( T ) +1

where (for Fig.4. to Fig.7. and Eq. [32]. to Eq. [47].):
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Qpr: discharge of pumping and recharging (L%/T); Qp: discharge of pumping (L%T); Q- discharge of
recharging (L%T); K: coefficient of permeability (L/T); D: thickness of aquifer (L); H: initial groundwater depth
(L); H gap between initial groundwater level to tip of well (L); rw: radius of well (L); s: drawdown or built-up (L);
L: length of perforated casing (L); A4: gap between tip of well to the impervious layer (L); and (2 correction
factor (when ©2>7 on equation put ©2=1).

4.3 Condition
All of the proposed equations, Eq. [32] to Eq. [47] based on equation Eq. [31] are in steady state flow,
and for unsteady state condition it must be harmonized based on equation Eq. [30].

5 CONCLUSIONS

e The proposed equations are relationship between discharge (Q), coefficient of permeability (K),
drawdown or built-up (s) and shape factor (F) and are easily computed for design;

e  When Q2 = 0, the condition is full penetration well, when 7 >Q> 0, it is a partly partial penetration well
and when 2 > 1, the condition is a complete partial penetration well and put the value of correction
factor on the equations is ‘equal to one’ (2= 17);

e  When the wells Fig.4., Fig.5., Fig.6. and Fig.7. have no information of stratum layer position beneath
aquifer like Fig.3., therefore the condition of all equations, Eq. [32] to Eq. [47] are complete partial
penetration wells, and put the value of correction factor on the equations is ‘equal to one’ (2= 17).
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ABSTRACT

The aim of this study is quantifying irrigation effect on the groundwater recharge in crop fields of the
subtropical island, Izena (N24' 55', E127 56'), which is located in southwestern Japan. Izena Island is relatively
plain and the soil of this island is classified as the special red-yellow clay soil (called Kunigami Maaji). This soil
is acidic, and the hydraulic conductivity is high. The staple crop in this island is sugar cane and land use
conditions can be categorized as the crop field, forest and artificial surface. In crop fields, a large amount of
water is irrigated for not only supply water loss of evapotranspiration but also various purposes, for example,
protection of salt breeze damage or leaching. Since main water resource for irrigation is dependent on
groundwater in the study site and there is a serious risk of drought, subsurface dams have been constructed
to supply the agricultural water and it is important to evaluate the groundwater movement to develop the
subsurface dams, considering the land use condition and agricultural water use. The groundwater analysis
was performed using MODFLOW in a subtropical island which is located in southwestern Japan. To simulate
the groundwater flow, surface water balance in each land use condition was estimated in the study site.
Boundary conditions were specified using elevation, surface water balance and sea water level. Scenario
analysis was performed to evaluate the effect of irrigation water of crop fields on groundwater recharge under
several assumed land use conditions. The results indicated that the irrigation water in crop fields contributed
to the groundwater recharge and the water loss by the rainfall and the evapotranspiration in the crop field was
less than the amount of that in the forest.

Keywords: Groundwater storage; multi-functionality of agriculture; land use condition; surface water balance; water
demand.

1 INTRODUCTION

There are lots of subtropical islands in southwest Japan and various crops are produced taking
advantage of warm climate. On the other hand, irrigation water demand has increased to produce various
crops and water resources for agriculture are insufficient. In addition, since a large amount of water which is
not only for supply water loss of evapotranspiration but also various purposes for example, protection of salt
breeze damage or leaching, is irrigated in crop fields, there is a serious risk of drought in these islands.
Agricultural water depends on the groundwater in most of these islands and subsurface dams have been
constructed to supply the agricultural water (Kuronuma, 2015). In crop fields, the irrigation water and rainfall
are consumed as the evapotranspiration and surface runoff. The surplus water infiltrates into the ground, and
is stored in the permeable layer as the groundwater. It is important to evaluate the groundwater movement to
develop the subsurface dams, considering the land use condition and agricultural water use.

The groundwater analysis, considering the land use condition, has been studied by many researchers. A
simulation model to analyze the impacts induced by different irrigation management schemes on groundwater
levels was established by Saleh et al. (1989). An integrated water management model for decision-making in
irrigation water management to maintain the groundwater table was developed by Kumar and Singh (2003).
Anan et al. (2007) quantified the effect of irrigation in rice paddy fields on groundwater recharge. These
studies clarified the significant effects of irrigation on the groundwater; however, effect of crop fields in
subtropical islands on the groundwater recharge has not been yet evaluated quantitatively.

The aim of this study is quantification of irrigation effect in crop fields of a subtropical island on the
groundwater recharge. The groundwater analysis was performed using MODFLOW in a subtropical island
which is located in southwestern Japan. To simulate the groundwater flow and quantify the groundwater
storage, surface water balance in each land use condition was estimated in the study site. Boundary
conditions were specified using elevation, surface water balance and sea water level. Scenario analyses were
performed to evaluate the effect of irrigation water of crop fields on groundwater recharge under assumed
several land use conditions.
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2 STUDY SITE

A groundwater analysis was performed in Izena Island (N24°55°, E127°56°), which is located in Okinawa
Prefecture (Figure 1). Climate of Okinawa Prefecture is subtropical and various crops are produced
throughout the year taking advantage of warm climate as shown in Figure 2.

Figure 3 shows the elevation and land use condition in the study site. Using the geographic information
system software (TNT lite), the land use conditions were specified with a resolution of 100m squares. As
shown in this figure, the study site is relatively plain. The land uses are classified into three categories: crop
field, forest, and artificial surface. The total area of the study site is about 1540 ha. The crop field and forest
are about 52% and 29% of the total area, respectively. Sugar cane is the staple product and is cultivated in
most of crop fields in the study site.

The soil of the study site is classified as the special red-yellow clay soil (Kunigami Maaiji soil). The
Kunigami Maaiji soil is acidic, and the hydraulic conductivity of this soil is rather high. In the study site, the
water resource for the agriculture is heavily dependent on groundwater. The drought occurs frequently
because hydraulic conductivity is high and the soil water retentivity is relatively low and agricultural product
has had large impact at the study site. In addition, irrigation water demand is increasing because of crop
diversification as shown in Figure 2. To cope with the water resource problem, the development of the
subsurface dam was conducted at the study site from 1999 to 2011.

Study site(lzena Island)

]
x) 200 400 600 o0 1000 km

Figure 1. Location of study site.

m Sugarcane m Sugarcane

= Pork u Beef cow
Chrysanthemum Pork
Beef cow 20 Chrysanthemum
Leaf tobacco 3% Egg

0

= Raw milk 2% 49 u | eaf tobacco
Egg Raw milk

m Beans m Bitter gourd

m | eaf vegetable = Mango

m Bitter gourd u Pineapple
Others Others

(a) 1997 (b) 2007

Figure 2. Gross agricultural production in Okinawa Prefecture in 1997 and 2007.
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Figure 3. Elevation and land use condition in the study site.
3 MATERIALS AND METHODS

3.1 Governing equation

MODFLOW was used for groundwater analysis. MODFLOW is one of the most frequently used codes in
groundwater hydrology (Anderson and Woessner, 1992). In this code, groundwater flow can be described with
a following three-dimensional equation (McDonard and Harbaugh, 1988).

Saﬁ:i(kxha—HjJri kyha—H +£(kzha—Hj+Q+L [1]
ot ox ox ) Oy oy ) 0Oz 0z
where, S : effective porosity(-)

H : hydraulic head(m)

t: time(d)

k : hydraulic conductivity(m d-')

h : sectional length of the groundwater flow(m)
Q : percolation of water from surface(m day™')
L : outflow rate from the region(m day")

3.2 Initial and boundary conditions

The boundary condition was specified using the measured seawater level, which was given by the Japan
Meteorological Agency. Figure 4 shows the schematic view of the specification of the initial conditions. Using
the seawater level and elevation in Figure 3 of the study site, the initial heads at all nodes were specified with
interpolation as shown in Figure 3.

Surface boundary condition can be specified using the water balance at the ground surface as follows:

DR+ A= (E+0+0)=0 2]

where, R : precipitation (m day™'),
A :irrigation(m day™")
E : evapotranspiration (m day')
O : runoff rate of rainfall (m day™")

Evapotranspiration E in Eq. [2] was calculated as follows:
E =K ET, [3]

where, K. : crop coefficient
ETo :is the reference evapotranspiration (m day')
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ETo was estimated by the FAO Penman-Monteith method as follows:

900
0.408A(R, -G _— -
( n )+7 Ta 1273 Uy (es ea) [4]

A+y(1+0.34u,)

ETO =

where, R» : net radiation at the crop surface(MJ m=2 day™')
G : ground heat flux(MJ m= day™")
Ta : air temperature(°C)
u2 : wind velocity(m s™)
es : saturation vapor pressure (kPa)
ea : actual vapor pressure (kPa)
y : psychrometric constant (kPa °C )
A : slope of vapor pressure curve(kPa °C ).

Runoff rate of rainfall, O, can be calculated by the following equation:
O=aR [5]
where, a : runoff coefficient
Figure 5 shows the simulation model introduced by coupling the groundwater analysis and the land use

information. For specifying the surface boundary conditions at all nodes, data on the land use condition
(Figure 3) stored in the GIS database were transferred into the groundwater model using MODFROW.

Izena Island

Seawater level

Seawater level

Groundwater leve

Figure 4. Schematic view of the specification of the initial conditions.

Artificial surface

Upland field (Residence, road, etc.)

(Sugar cane)

Land use
condition

Rain fall .
oo i
+ c A }Permeable
vapotranspiration
p e /2 v layer
Hydrological -
model

Impermeable layer

Figure 5. Schematic view of the simulation model.

4 SCENARIO ANALYSIS

The groundwater level was simulated in the area of 5400m times 4600m. The MODFLOW mesh for the
study site had 54 columns and 46 rows. Each mesh size was 100 m square. The finite difference method was
used to solve the governing equation in MODFLOW. The calculation was pursued with the SOR (Successive
over-relaxation) method. The initial conditions were set using data in 1 Jan. 2003, and boundary conditions
were specified by daily data from 1 Jan. to 31 Dec.
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In the calculation, as the land use conditions was categorized as the crop field, forest, and artificial
surface, the parameters in Eq. [2] should be estimated, considering the land use condition.

The amount of the irrigation water in the crop fields was given, assuming that all crop fields are used for
cultivating the sugar cane from the present land use condition. The amount of irrigation water can be specified,
considering the growth stages of the sugar cane, as shown in Table 1. Irrigation in the crop field was
conducted until late in September, and irrigation interval was 7-8 days. Irrigation at the forest and the artificial
surface were specified as 0.

The parameters for estimating the evapotranspiration E by Eq. [2] were estimated using the method
suggested by Allen et al. (1998) with the meteorological data of the weather station. To estimate the
evapotranspiration, considering the sugar cane growth stage, Kc of the crop field was given as shown in Figure
6 (Allen et al., 1998). The growth stages of the sugar cane were estimated using the cultivation guideline of
the sugar cane (Okinawa Prefecture, 1999). K. of the forest and artificial surface were set as 1.5 and 0.0
throughout the year, respectively.

The values of runoff coefficient in the crop field, the forest, and the artificial surface were assumed as
0.45, 0.5, and 0.9, respectively (Yoshikawa, 1966).

To evaluate the effect of the crop field irrigation on the groundwater storage, the groundwater level was
simulated under three scenarios shown in Table 2. The groundwater movement was evaluated under the
present land use condition (Scenario 1). The groundwater analysis was conducted, assuming that all forests
are converted into crop fields and the land use condition was classified as the crop field and artificial surface
(Scenario 2). In Scenario 3, land use condition was assumed as two categories (crop field and artificial
surface) and runoff coefficient in the crop field was set as 0. This condition represented that facilities for water
harvesting were constructed in crop fields.

Table 1. Irrigation schedule of the sugar cane.

Growth stages Irrigation amount (mm)
Seeding 30-35
Germinating 15-20
Tillering 20-25
Mid-season 35-40
14 -
1.2
1.0
g 0.8 -
0.6 -
04 Develope- Late-
0.2 - Initial ment Mid-season [season
OO | 1 /‘\
1-Jan 1-Apr 1-Jul 1-Oct 31-Dec
Date

Figure 6. Growth stages and crop coefficient of the sugar cane.

Table 2. Scenarios for groundwater analysis.

Scenario No. Land use condition Runoff coefficient
. Crop field: 0.45
1 Present condition Forest: 0.5

(Crop field, Forest, Artificial surface) Artificial surface: 0.9

Crop field: 0.45
Artificial surface: 0.9

Forests were converted into crop
2 fields
(Crop field, Artificial surface)

Forests were converted into crop
3 fields
(Crop field, Artificial surface)

Crop field: 0.0
Artificial surface: 0.9
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5 RESULTS AND DISCUSSIONS

Figure 7 shows daily changes of evapotranspiration in the crop field and forest. As shown in this figure,
evapotranspiration in forest was relative high throughout the year. In the crop field, evapotranspiration was
relative low from January to April and increased gradually with crop growth.

Figure 8 shows total amount of groundwater retained in the permeable layer simulated under three
scenarios shown in Table 2. Under the present land use condition (Scenario 1), the groundwater storage
increased during the growth period of the sugar cane. However, after the end of the growth stages, the
groundwater storage decreased gradually, and in December, the amount of the groundwater storage reached
0 m3. The groundwater storage, calculated on the assumption that all forests are converted into crop fields
(Scenario 2), was larger than the storage under Scenario 1 as shown in Figure 8. The result indicated that
irrigation in crop fields recharge the groundwater and water losses by evapotranspiration and runoff in crop
fields were low compared with forests. Groundwater storage simulated under Scenario 3 increased compared
with Scenarios 1 and 2. This result indicated that facilities for water harvesting are effective to increase the
groundwater storage.
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Figure 7. Daily changes of evapotranspiration in the crop field and forest.
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Figure 8. Daily changes of groundwater storage in three scenarios.

6 CONCLUSIONS

To evaluate the effect of the irrigation in crop fields on the groundwater recharge, the groundwater
analysis was performed in Izena Island. A numerical model of groundwater flow using MODFLOW was
introduced for quantifying the groundwater storage. To specify the initial groundwater level using the
seawater level as the initial condition of the numerical model, the elevation data at the study site stored in GIS
database were transferred into the model. Additionally, to set the surface boundary condition, data on the land
use condition in the study site stored in the GIS database were transferred into the groundwater model. To
quantify the effect of irrigation in the crop field on groundwater recharge, the groundwater flow was simulated
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under three scenarios with various land use condition. The result of scenario analysis indicated that
groundwater storage, when all forests are converted into the crop field, was larger than the groundwater
storage under the present land use condition and the irrigation in crop fields recharge the groundwater and
water losses by evapotranspiration and runoff in crop fields were low compared with forests. Groundwater
storage simulated assuming that all forests are converted into the crop field and facilities for water harvesting
were constructed in crop fields was the largest compared with other scenario. This result indicated that
facilities for water harvesting are effective to enhance the infiltration of rainfall and reduce the water loss by
runoff.
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ABSTRACT

Groundwater hydrogeochemical assessment of Lower Kelantan Basin has been carried out to determine the
chemical constituents that controlled the groundwater quality. About 148 groundwater samples were collected
from 37 wells and analysed for pH, electrical conductivity (EC), total dissolved solids (TDS), major cations
(Ca?*, Mg?*, Na*, K*), anions (ClI, SO4*, COs%>, HCOs, NOs3), Fe?* and Mn?'. Results revealed that
groundwater is slightly acidic to alkaline. Four major hydrochemical facies Ca-HCO3, Na-Cl, Na-HCO3 and Ca-
Cl were identified using a Piper trilinear diagram. The Ca-HCOs water type represents 57% of the
groundwater samples suggest that the calcite solution has played an important role in controlling the
groundwater chemistry in the study area. Na-Cl water type generally close to the coastal area and indicates a
strong influence of ancient seawater and Na-HCOs water type show strong indicator of cation exchange
process. The saturation indices demonstrate oversaturated condition with respect to iron containing minerals
like Fe(OH)s and hematite and undersaturated with anhydrite, aragonite, calcite, dolomite, gypsum and
manganite. Oversaturation of Fe(OH)s and hematite indicate the abundance of iron minerals in the study area
aquifer. The study explains that the groundwater quality is controlled by anthropogenic activities and natural
weathering processes.

Keywords: Correlation coefficient; groundwater quality assessment; hydrogeochemical facies; lower Kelantan
basin; saturation indices.

1 INTRODUCTION

Groundwater has been proven to play an important role in the development of human civilization and
economy growth of major developed countries in the world. Approximately one third of the world’s population
depend on groundwater for drinking purpose (Nickson et al., 2005). Groundwater overexploitation and other
anthropogenic activities is a serious environmental issue nowadays. To protect the groundwater quality from
degradation, geochemical assessment and monitoring are needed (Srinivas et al., 2015).

Coastal area particularly in Kelantan state, groundwater resource is abstracted from alluvial aquifers for
drinking water, industrial and agricultural uses. Due to the increasing demand for water resources and
pollution risks which pose a threat to human health, a deeper understanding of the availability and quality is
necessary (Montcoudiol et al., 2015). Anthropogenic activity can affect the groundwater quality through
agricultural, residential, industrial and municipal activities (Nas and Berktay, 2010). The poor water quality
may also be attributed to the excessive content of ions and affect the soil fertility (Nishanthiny et al., 2010).
Groundwater quality changes could be due to rock-water interaction and oxidation-reduction reactions during
the water percolation through the aquifers (Krishnakumar et al., 2009).

Hydrogeochemical study is a useful tool in understanding and identifying the processes that are
responsible for groundwater quality (Kumar et al., 2014). An understanding of the hydrogeochemical
evolution, pollutant sources and regular water quality monitoring of groundwater is important for a sustainable
development and effective management of water resources in any regions (Tiwari and Singh, 2014).
Therefore, groundwater hydrogeochemistry assessment and sustainability consideration are of extremely
importance especially in the Lower Kelantan Basin as almost 100% of urban and rural population still depend
completely on treated and untreated groundwater resources. Moreover, very little study on assessing the
groundwater hydrogeochemistry has been carried out in the study area. The aim of the study is to assess the
groundwater hydrogeochemistry in shallow groundwater aquifer. Hydrogeochemical study could provide
information that may be used for the utilisation of groundwater resources in a sustainable manner and can
also help in the planning of water resources in the future.
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2 MATERIALS AND METHODS

2.1 Study area

The study area is located in the most north-eastern part of Peninsular Malaysia which cover the Kota
Bharu and Bachok districts. It lies between 5° 53' N and 6° 14' N and 102° 10' E and 102° 28' E covers an
area of approximately 675 km?. It is facing the South China Sea to the east and is bounded by the Kelantan
River to the west. The study area is generally characterised by low lying coastal plain in the east and river
plain in the west with surface elevations range a few meters to more than 150 m above mean sea level near
the coastal area.

The study area is mainly drained by the three major rivers, namely; Pengkalan Datu, Kemasin and
Semerak Rivers. Generally, all the rivers system flow northwest direction before discharging into the South
China Sea. The land use is predominantly covered by agricultural followed by cleared land, built-up area, peat
swamp and forest. The dominant agricultural land uses are paddy cultivation, mixed agricultural such as
tobacco and vegetable, other crop (fruit), rubber and coconut. The study area has a hot and tropical climate
with mean annual air temperature is 27°C and air temperatures are generally uniform throughout the year.
Monthly mean of relative humidity is high and ranging from 80-87%. The average annual evapotranspiration
and rainfall is about 1,510 mm 2,646 mm respectively (DID, 2011).

The geology of the study area is composed of marine Quaternary alluvium and fluviatile origin deposits
(MacDonald, 1967). The Quaternary alluvium has the thickness of a few meters near the foot hills to more
than 150 m in coastal area and forming the various layers of sand and gravels making up the productive
aquifers (Ang and Ismail, 1996). The clay layer on the top can reach up to 8 m thick and disappear towards
the coastal area. The alluvium is underlain by granitic bedrock and some small hills outcropping in south-
eastern part of study area. The sedimentary or metasedimentary bedrock generally occur in south and
western part consisting mainly of shale, sandstone, phyllite and slate (Abdul Rashid, 1989). The geological
map of the study area is shown in Figure 1.

2.2 Sampling and analysis

Groundwater samples were collected 4 times from 2009-2014 from 37 wells utilized for domestic and
agricultural purposes. The depth of sampling wells ranges from 3.0 to 12.0 m. The water samples were
pumped out at least three well volumes to remove the stagnant water using a portable stainless steel
submersible pump. The in-situ measurement was performed immediately after sampling on the samples
pumped out from wells using YSI multiparameter instrument package with a built-in program and data-logging.
Each portable meters were calibrated with standard solutions according to instrument manual. The
parameters measured were temperature, pH, electrical conductivity (EC) and total dissolved solid (TDS).

The groundwater samples were filtered through 0.45 um membrane filters and split into 2 polyethylene
bottles, which contained the 250mL unpreserved water sample and another 250 mL was acidified with nitric
acid (HNO3") to a pH less than 2 to stops most bacterial growth, minimise adsorption of metals to container
walls, oxidation reaction, and prevents adsorption or precipitation of cations (Appelo and Postma, 2005). The
bottles were rinsed with distilled water before collecting the sample water. All groundwater samples were
stored at a temperature of 4°C until the analysis were performed.

Total dissolved solids (TDS) were estimated by weighing the solid residue obtained by evaporation of a
measured volume of water samples to dryness (Chopra and Kanvar, 1980). The calcium (Ca?*), magnesium
(Mg?*), sodium (Na*), potassium (K*) were analysed using Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) NexION® 300 (PerkinElmer). Anion concentration were determined using lon Chromatographs (IC)
DX-500 (Dionex). Carbonate (COs) and bicarbonate (HCOs) concentration were determined using acid
titration method. Chloride (Cl') concentration was measured by AgNQOs titration method; sulfate (SO4%) was
measured by SulfaVer 4 method (HACH) using a spectrophotometer.
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Figure 1. Sampling location and geology of the study area.

All the groundwater collection method and the water sample analysis followed APHA (2005). The
concentrations were expressed in milligrams per litre (mg/L), except for pH and EC. Quality controls and
quality assurance were applied to obtain reliable data by checking the blank samples and a calibration curve
was constructed for the elements. The analytical precision for ions was checked again by the ionic balances
calculated as (cations - anions)/ (cations + anions) x 100, which is generally within +5% (Hem, 1985). The
water types were determined using Aquachem 2014.2 software.

3 RESULTS AND DISCUSSIONS

3.1 General hydrogeochemistry

Groundwater chemistry is an important factor in determining water quality for domestic, agricultural and
industrial purposes. The statistical summary of physicochemical parameters analyzed is presented in Table 1.
The pH value ranges from 5.13-7.53 with an average of 6.63, reflecting slightly acidic to alkaline condition.
The concentration of EC ranges from 46-1105 pS/cm, with an average value of 257 uS/cm. The higher EC is
a result of ion exchange and influence of anthropogenic sources, such as domestic sewage and septic tanks
(Sanchez-Perez and Tremolieres, 2003). The relative abundance of major cations and anions were ranked in
the order Ca?* > Na* > Mg?* > K* = HCO3 > CI > CO3% > SO4? respectively.

HCOs concentration varied in range of 1.74-296.00 mg/L with an average of 72.04 mg/L. The high
concentration of HCOgs™ is an indication of carbonate weathering and organic matter decomposition (Avtar et
al., 2013). The concentration of CI~ ranges within 3.63 and 118.36 mg/L with an average of 22.18 mg/L. Most
groundwater samples lie within the recommended a maximum permissible limit of 250 mg/L (WHO, 2004).
The relatively higher concentration of CI- in some groundwater samples can be attributed from natural sources
such as dissolution of CI- bearing minerals.

The concentration of SO4? was found to range from 1.00-56.87 mg/L with an average 15.92 mg/L, the
enrichment of groundwater from SO.% could be due to the decaying of organic matter in soil layer. The
concentration of NOs™ varied from 0.18 to 86.45 mg/L with an average value of 11.81 mg/L. About 18% had
nitrate concentration above the WHO and MOH drinking water guideline of 10 mg/L. High concentration of
NOs in groundwater is an indication of excessive use of fertilizers in agricultural and anthropogenic pollution
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caused by lack of domestic sewage. High concentrations of NOs™ can cause methemoglobinemia or blue baby
syndrome in infants (Samatya et al., 2006).

Table 1. Comparison of hydrochemical parameters with WHO (2004) and Malaysian Ministry of Health
national standard for drinking water quality (MOH, 2004).

Parameter Unit Shallow aquifer WHO MOH
Range Mean SD (2004) (2004)
pH - 5.13-7.53 6.63 0.52 6.5-9.2 6.5-9.0
EC puS/cm 46-1,105 257 215 1,500 NA
TDS mg/l 39-696 180 139 1,000 1,000
Ca?* mg/| 1.94-88.85 22.77 22.41 200 NA
Mg?* mg/I 0.39-38.26 4.79 7.00 150 150
Na* mg/I 3.40-71.57 13.27 12.51 200 200
K* mg/l 1.16-16.02 5.93 3.47 200 NA
COs* mg/I 0.50-6.38 1.07 1.31 NA NA
HCOs" mg/| 1.74-296.00 72.04 80.49 NA NA
Cl- mg/I 3.63-118.36 22.18 23.49 250 250
S042* mg/| 1.00-56.87 15.92 13.15 250 250
NOs mg/I 0.18-86.45 11.81 16.80 10 10
Fe?* mg/I 0.08-21.99 3.13 4.17 NA 0.30
Mn2* mg/I 0.03-0.83 0.19 0.21 0.4 0.1

Note: SD (standard deviation); NA (no available standard), DO (dissolved oxygen), EC (electrical conductivity), TDS (total
dissolved solids)

3.2 Hydrogeochemical facies

Hydrogeochemical facies interpretation is a useful tool for evaluation of the geochemical processes and
mechanisms in the aquifer system based on the dominant cation and anion (Piper, 1953). Based on the Piper
trilinear plot (Figure 2), groundwater of study area was classified into four major water types, namely Ca-
HCOs, Na-Cl, Na-HCO3 and Ca-Cl. The Ca-HCOs water type is the most common hydrogeochemical facies
found in the study area. It represents 57% of all the groundwater sampled and suggest that calcite solution
has played an important role in controlling the groundwater chemistry in the study area. Na-Cl water type
generally close to the coastal area indicates a strong influence of ancient seawater (Pulido-Leboeuf, 2004).
The Na-HCOs facies is a strong indicator of cation exchange process.

3.3 Saturation index (Sl) and mineral equilibrium

The saturation index (Sl) describes the deviation of water from equilibrium with respect to dissolved
minerals quantitatively (Stumm and Morgan, 1981). Saturation index of minerals was calculated by the USGS
geochemical PHREEQC Version 2.14.3 software (Charlton and Parkhurst, 2002) to evaluate the degree of
equilibrium between water and the respective mineral. Mineral equilibrium calculations are useful in predicting
the presence of reactive minerals in the groundwater system and estimating mineral reactivity. Saturation
indices (SI) could be used to predict the reactive mineralogy of the subsurface from groundwater data without
collecting the samples of the solid phase and analysing mineralogy (Deutsch, 1997). Saturation index (SI) is
the logarithm of the ratio of ion activity product (IAP) to the solubility product of the mineral expressed as:

Saturation index (Sl) = log (IAP/Ksat) [1]
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Figure 2. Piper diagram plot of chemical analysis of groundwater samples in the study area.

A negative saturation index (SI<0) indicates that the groundwater is undersaturated with respect to
particular mineral and reflect insufficient amount of mineral for solution or short residence time. A positive
saturation index (SI>0) indicates that the groundwater is oversaturated with respect to a particular mineral and
therefore incapable of dissolving more of the mineral and under suitable physico-chemical condition, the
mineral phase in equilibrium may precipitate. Such an index value reflects groundwater discharging from an
aquifer containing ample amount of mineral with sufficient resident time to reach equilibrium. A neutral Si
(SI=0) indicates the saturation in equilibrium state with the particular mineral phase.

The calculated saturation index values of minerals demonstrate that the groundwater in the area is
oversaturated with iron containing minerals like Fe(OH)s and hematite. The groundwater is undersaturated
with anhydrite, aragonite, calcite, dolomite, gypsum and manganite. Oversaturation of Fe(OH)s and hematite
indicate the abundance of iron minerals in the aquifer. Sufficient residence time to be in contact with these
minerals and their weathering has resulted in abundance of iron in the groundwater. The high concentration of
calcium may be attributed to the dissolution of calcite and dolomite as carbonate weathering. Variation of the
saturation index for minerals in different aquifer is shown in Table 2.

Table 2. Saturation indices for the minerals in shallow aquifer.

Parameter Minimum Maximum Average Standard Deviation
Anhydrite -4.86 -2.11 -3.43 0.70
Aragonite -3.57 -0.22 -1.77 0.99
Calcite -3.43 -0.08 -1.63 0.99
Dolomite -6.94 0.06 -3.58 1.93
Fe(OH)s 1.08 3.31 2.26 0.59
Gypsum -4.64 -1.89 -3.21 0.70
Hematite 15.93 20.41 18.31 1.19
Manganite -6.46 -5.36 -6.09 0.33

3.4 Correlation coefficient

The correlation coefficient is commonly used to measure the relationship between two variables and
illuminating the links between parameters and controlling factors (Wang and Jiao, 2012). A correlation
coefficient of less than 0.5 exhibits poor correlation, 0.5 represents the good correlation, and greater than 0.5
show the excellent correlation (Vasanthavigar et al., 2013). The pH shows strong positive correlation with
HCOs (r=0.67). HCOs in groundwater is mainly derived from the dissolution of carbonate minerals with CO2
present in the atmosphere and in soil above the water table. Carbonate-rich material principally formed from
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deposition of biogenic marine materials. High alkalinity and pH value relatively high on the coastal area are
due to the presence of calcium carbonate. EC shows positive correlation with TDS (r=0.78), Ca?* (r=0.84),
Mg?* (r=0.829), Na* (r=0.83), HCOs (r=0.84), CI- (r=0.70) and SQO.?% (r=0.70). This indicates that the quality of
groundwater is characterized by sea water influence of marine origin. The Fe?* shows strong positive
correlation with Mn?* (r=0.68). The correlation coefficient of physicochemical parameters was tabulated in
Table 3.

Table 3. Correlation coefficient of major cations and anions in shallow groundwater aquifer.

Parameters  pH EC TDS Ca* Mg* Na* K*  CO3* HCOsz CI S04 NO3 Fe?* Mn?*

pH 1

EC 0.46 1

TDS 0.20 0.78 1

Ca®* 0.60 0.84 0.65 1

Mg?* 048 0.83 0.71 0.75 1

Na* 029 0.83 0.66 0.68 0.73 1

K* 0.12 045 041 045 041 034 1

COs* 029 032 021 018 031 0.07 0.08 1

HCOs 0.67 084 064 0.88 073 053 034 033 1

Cr 0.16 069 056 050 059 080 032 006 0.37 1

SO42* 017 069 058 055 052 076 036 009 039 0.80 1
NOs -0.27 019 0.12 0.04 -0.03 0.156 0.37 -0.03 -012 032 0.37 1
Fe?* 0.18 0.11 027 021 034 005 028 003 020 004 0.05 -0.06 1

Mn?2* 025 009 012 0417 027 001 0.17 0.03 0.21 0.02 -0.02 -0.09 0.67 1

4 CONCLUSIONS

The shallow groundwater aquifer in Lower Kelantan Basin is slightly acidic to alkaline in nature. The
relative abundance of major cations and anions were categorized in the order Ca?* > Na* > Mg?*> K* = HCO3s"
> CI> CO3? > SO4? respectively. Ca-HCOs is the dominant hydrogeochemical facies that strongly reflects the
calcite solution has played an important role in controlling the groundwater chemistry in the study area. The
saturation indices of anhydrite, aragonite, calcite, dolomite, gypsum and manganite exhibit oversaturation
condition signify the presence of calcareous material in the subsurface soil profile. The groundwater is
oversaturated with iron containing minerals like Fe(OH)s and hematite indicate the abundance of iron minerals
in the aquifer. The study reveals that the groundwater quality is controlled by the anthropogenic activities such
as agricultural and lack of sanitation, and natural weathering process influences.
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ABSTRACT

The objective of this study is to investigate the seasonal fluctuation of groundwater level in Sukhuma District
by using observed data on groundwater, rainfall and streamflow from June 2015 to May 2016 and remote
sensing data derived from the Gravity Recovery and Climate Experiment (GRACE) and the Global Land Data
Assimilation System (GLDAS) for the period of June 2015 to March 2016. The results show that the
groundwater level in Sukhuma District increased to the peak elevation during the late wet season (September
— October) and it started declining from November until reached the lowest elevation during the late dry
season (April — May). Rainfall was found at a significant (P<0.01) factor influencing the groundwater level
fluctuation. The delay time between rainfall and groundwater level rise was also estimated at about 4 weeks.
Moreover, the results also show that groundwater level during the study period in Sukhuma District was not
yet depleted. However, the time-series for this analysis is very short to investigate the trend of groundwater
level in Sukhuma District. The results of this research also showed good correlation between the soil moisture
from GLDAS and groundwater level measurement in Sukhuma District (R? = 0.91) and also showed a good
agreement between the soil moisture from GLDAS at a GRACE footprint and the equivalent water height
(EWH) derived from GRACE at a GRACE footprint with an R? value of 0.72. Therefore, regarding the results
of this study, a further investigation using these remote sensing data for groundwater study in this region will
be carried out to support in groundwater study for Sukhuma and Southern Laos. The products from GRACE
and GLDAS will provide pivotal data for the study of hydrogeology in the areas with limited field observation
data.

Keywords: Sukhuma District; seasonal groundwater level fluctuation; correlation; GLDAS; GRACE.

1 INTRODUCTION

Groundwater is the main source of water supply for agricultural and domestic uses in many developing
countries. The monitoring and analysis of groundwater levels fluctuations are necessary for developing an
effective management plan for sustainable use of groundwater resources (Pavelic et al., 2014). In recent year,
groundwater abstraction in Laos has been increasing to enhance the resilience to climate variability, such as
in Southern Laos (Suhardiman et al., 2016; Vote et al., 2015; Wade et al., 2015). However, groundwater
levels measurement data is sparse in Southern Laos (Vongphachanh et al., 2016). This is because
groundwater levels measurement is generally expensive and requires well trained manpower (Anayah and
Kaluarachchi, 2009). There is urgent need to have the groundwater levels monitoring systems along with good
institutional support to acquire sufficient information for the long-term groundwater resource development in
Laos (Pavelic et al., 2014).

Knowing and understanding of seasonal fluctuations of groundwater levels are crucial for sustainable
surface water and groundwater resources management and development (Lutz et al., 2014). In Sukhuma,
groundwater is the only source for domestic water supply. Khamouan River and its tributaries are usually dry
during the dry season and water in the river is commonly unusable during the rainy season due to sediment
content and contamination. In 2015, Sukhuma District Nam Sa-Ath (fresh water) Office reported that about
6,000 bores were drilled in Sukhuma District and this number will be increased in future. However,
assessment of seasonal groundwater fluctuations is limited. Therefore, this study is aiming to assess these
phenomena in Sukhuma by using very limited field data and remote sensing data.

2 METHODOLOGY

2.1 Study area

This study was conducted from June 2015 to May 2016 in Sukhuma District which is located on the
floodplain of Champasak Province, Southern Laos. It lies between latitudes 14° 28’ 15” N and 14° 49’ 16" N
and longitudes 105° 28’ 32" E and 105° 52’ 20" E. It covers an area of about 1,200 km2. The lowest ground
elevation is about 74 m amsl (above mean sea level) along the Mekong River and Khamouan River's mouth
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and the highest is about 600 m amsl on the Western side (along the border with Thailand) (Figure 1).
Sukhuma shares a border with Champasak District to the North, Mounlapamok District to the South, Khong
District to the Southeast, Pathoumphone District to the East, and Thailand to the West.

Geologically, the topsoil layer of about 2 m depth consists of silty clay and sand. The underlying layer has
an average thickness of about 25 m and mainly consists of fractured laterite, clay, sandy shale and mudstone,
shale and sandstone. Generally, the groundwater aquifer in Sukhuma District is identified as a fractured
sandstone aquifer and its actual depth is unknown. It is continuous with the groundwater aquifers of the
Khorat Plateau in Thailand on the west of Sukhuma District. Vote et al. (2014) reported that the average value
of transmissivity and hydraulic conductivity for the fractured sandstone aquifer in Sukhuma were about 98.9
m?/day, 7.34 m/day, respectively. Moreover, Vongphachanh et al. (2016) indicated that an average value of
specific yield for this aquifer was about 0.01.

Sukhuma is subject to a monsoonal climate which consists of wet and dry seasons. Commonly, the wet
season is from May to October and the dry season from November to April. The average annual rainfall is
about 2,052 mm (average from 1993-2015). The daily temperature usually ranges from 23 °C to 33°C with an
average of about 27°C. The average annual evapotranspiration is estimated at about 1,660 mm. The main
source of domestic water use comes from groundwater resources and it has been increasing.

560000 57000|0 58000l0 59000|0
1
N T \
¢ .
A 3 - Lakbeng
P .
.
8- N -3
8 () == 8
8l 2 & 3
= j ,J ~—
< ) T
T 4 opography
F
2 8 L8 (mams))
3 p) S e High : 586
) \ S I
= y 2 ..
y Low : 74
5
2
= ((‘ : o ¢ Raingauges
S ’ e
3 S—Jl 8 @ Deep Observation bores
e F\.\ e Shallow Observation bores
H Domestic bores
gl =T S - River network
8 g {1 sukhuma boundary
T T T T
= 560000 570000 580000 590000 < HP = Houay Pheung
0 S 10 KM = Khamouan
[ .
Kilometers MK = Mekong

Figure 1. Location map of Sukhuma District, stream and rainfall gauges, topography and monitoring wells. KM
is the Khamouan.

2.2 Data collection and analysis

The primary input data for this study include field observation data and remote sensing data. The field
measurement data included the data of groundwater levels, rainfall and stream stage collected in Sukhuma
District from the period of June 2015 to May 2016. The weekly groundwater levels data were measured
manually at the eleven domestic wells and five paired shallow and deep observation wells. These data were
converted into monthly average groundwater level at each observation well. The daily rainfall data were
collected from the 16 rain gauges (Figure 1). The mean daily river flow was measured manually at the
Khamouan River gauge. The daily rainfall and flow data were aggregated into monthly data at each
observation point. The locations of monitoring wells are presented in Table 1.

Due to the limitation of field observation data (including hydrology, climate and geology) in Sukhuma
District as well as Southern Laos, the feasibility of applying remotely sensed data derived from the Gravity
Recovery and Climate Experiment (GRACE) (Tapley et al., 2004) and the Global Land Data Assimilation
System (GLDAS) (Rodell et al., 2004) to the future study of hydrogeology in the region was investigated.
Currently, the monthly total water storage anomalies (TWSA), expressed as equivalent water height (EWH)
from GRACE, are available from August 2002 to March 2016 on the website of the European Gravity Service
for Improved Emergency Management (EGSIEM) [http://plot.egsiem.eu/]. From this website, users can
download EWH data at a spatial resolution of ~12,000 km? (Bourgogne, 2016). The GRACE-TWSA or
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GRACE-EWH data consist of a combined total storage of groundwater, soil moisture and surface water
(including lakes, reservoirs, and rivers) (Leblanc et al., 2009). For this research, the monthly EWH derived
from the GRACE GFZ (GeoFoschungsZentrum Potsdam) RL05a on the EGSIEM website were downloaded
for the period of June 2005 to March 2016 at a grid scale of GRACE that is located between latitude 14.5 to
15.5° N and longitude 105.5 to 106.5° E with a spatial resolution of ~12,000 km? (Figure 2). Figure 2 illustrates
a comparison between the footprint scales of GRACE and GLDAS and Sukhuma District area. This figure also
depicts the locations of monitoring wells, rainfall stations and stream gauges that are located in the study

area.

Table 1. The code and location of monitoring wells.

Elevation of

No. Well code Locations Well status La:ir::;de Lon(gr;‘it)ude me:sil:‘rte(r:ln ent
amsl)
1 SKM_Dom Sukhuma Domestic 585663.00  1620405.00 98.00
2 Pkor_Dom Parkor Domestic 580519.15  1622802.21 107.00
3 NY_Dom Nonyang Domestic 578529.35 1623387.15 105.00
4 KNB_Dom Khoknongboua Domestic 585228.64 1615856.35 100.00
5 THC_Dom Thubcharn Domestic 585661.59 1617564.21 97.00
6 BK_Dom BoungKeo Domestic 591483.00 1617810.00 98.00
7 PPH_Dom Phonphueng Domestic 584290.88 1619336.13 105.00
8 SKH_Dom Sarmkhar Domestic 585526.79 1623896.54 111.00
9 DHB_Dom Donghouabarn Domestic 591383.00 1615913.00 102.00
10  THD_Dom Thadarn Domestic 585346.00 1613938.00 98.00
11 BK_DW Boungkeo Deep Observation 591103.94  1617673.77 101.00
12  SKM_DW Sukhuma Deep Observation 585663.00  1620395.00 98.00
13 Pkor_DW Parkor Deep Observation 580519.15  1622802.21 107.00
14 PKX_DW Pakxang Deep Observation 572798.00 1624489.00 111.00
15 BK_SW Boungkeo Shallow Observation  591103.94 1617673.77 101.00
16 SKM_SW Sukhuma Shallow Observation  585663.00  1620395.00 98.00
17  Pkor_SW Parkor Shallow Observation  580519.15  1622802.21 107.00
18 PKX_SW Pakxang Shallow Observation  572798.00 1624489.00 111.00
19 Hieng_Dom Hieng Domestic 562939.38 1624512.69 125.00
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Figure 2. Locations of stream gauges and rainfall stations in the study area, and comparison between
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GRACE footprint scale, GLDAS footprint scale and Sukhuma District area.
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Since field observations of soil moisture data are not available in Sukhuma District and in the districts
nearby, reliance is placed on the remote sensing data from NASA’s Earth Science Data System website
[https://earthdata.nasa.gov/] with a spatial resolution of 0.25 degree x 0.25 degree (~800 km?) (Figure 2) and a
temporal resolution of 3-hourly and monthly (Rui and GES DISC, 2016). For this research, the soil moisture
data from June 2005 to March 2016 at grid 13 of GLDAS and at a grid scale of GRACE, which cover a total of
16 grids of GLDAS (Figure 2), were downloaded from the National Centers for Environmental
Prediction/Oregon State (Noah) land surface model (Ek et al., 2003) on the NASA’s website. The Noah model
provides soil moisture data for four soil depth layers ranging from 0 to 10, 10 to 40, 40 to 100, and 100 to 200
cm. The unit of soil moisture data is kg/m? or millimeter.

3 RESULTS AND DISCUSSION

3.1 Trend of water table fluctuation

Groundwater level fluctuation in Sukhuma District is different in magnitude at different locations
depending on the groundwater pumping and recharge. The available data at the 19 wells from June 2015 to
May 2016 are plotted as the well hydrographs of Sukhuma District (Figure 3). This figure illustrates that all
hydrographs increased during the wet season (May — October), declined during the dry season (November —
April) with the water table level reaching approximately the same elevation at the beginning of the wet season.
In some locations, groundwater level rapidly increased during the wet season, such as at Pakor domestic,
Pakor shallow and Donghouabarn domestic wells, while other areas had gentle rises. The location of these
bores is presented in Figure 1. During the dry season, well hydrographs depicted smooth decline until the end
of the season in May (Figure 3). Moreover, Figure 3 also illustrates that the highest rainfall intensity in
Sukhuma District was concentrated in July and August for 2015. However, the groundwater level rises to its
peak during September and October (Figure 3). This could also mean that rain water would take some time to
infiltrate into the deep soil and refill the groundwater. More details of lags between rainfall and the start of rise
in groundwater level are given in Section 3.3. From this study, it was observed that the trend of groundwater
level in Sukhuma District remained the same from the end of dry season 2015 to the end of dry season 2016.
However, the time-series data of groundwater level for this study are too short to provide the accurate result of
the trend of groundwater level fluctuation. Therefore, longer time-series data should be employed for future
study.
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Figure 3. Well hydrograph of 19 monitoring wells and the area-averaged rainfall of 16 stations of Sukhuma
District from June 2015 to May 2016.

3.2 Spatial and temporal variation of groundwater level

Due to limitation of data availability, a representative area encompassing all the observation points is
selected, as shown in Figure 4, to assess the groundwater level fluctuation in the area. The spatial variations
of groundwater level at two time scale, respectively for the end of wet season of October 2015 and for the late
dry season of May 2016 are indicated in Figure 4 and Figure 5.
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The elevation of groundwater level is comparatively high in the West and the North and low in the
Southeastern area of the district. The western area shows the highest groundwater level because the density
of population in this area is not as high compared to the southeastern area and that the groundwater
abstraction is also low. The highest and lowest groundwater level elevations at Hieng domestic well were
123.54 m amsl in September 2015 and 118.70 m amsl in April 2016. The north area had always showed high
groundwater level where Sarmkha (SKM) domestic well was monitored. Some reasons for this are many small
surface water bodies (ponds) occuring there; a small forested upland area is located about 1.5 km north-west
from the Sarmkha well and moreover, there is not many groundwater wells in this area. At Sarmkha well, the
highest water table was observed at 108.89 m amsl in October 2015 and the lowest was 103.55 m amsl in
May 2016.
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Figure 4. Groundwater contour maps of Sukhuma District during the late wet season (October 2015)
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Figure 5. Groundwater contour maps of Sukhuma District during the late dry season (May 2016).

The groundwater level contours near the None Yang (NY) and Sukhuma monitoring wells show a
groundwater sink for both wet and dry seasons (Figure 5). The main reason for this sink in the None Yang
area is because a big bottled water factory has been set up close to it. However, for this study, we do not have
information on the volume of groundwater pumped by this factory. In the case of the groundwater level sink in
vicinity of the Sukhuma monitoring well, it is clearly found that this area is the city center of Sukhuma District.
This area has a higher density of population than other areas. Also, many bottled water factories, guest
houses and restaurants are located in this area. According to the data on bores recorded for 2015 at
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Sukhuma District Nam Sa-Ath (Fresh Water) Office about 6,000 bores had been drilled. This number is more
than half of the households in the district, which is about 9,000 households. The maximum water table
recorded at the Sukhuma well was 96.81 m amsl in October 2015 and the minimum was 93.58 m amsl| in May
2016. However, the groundwater level at the Phone Pheung well, located close to Sukhuma well, has always
showed groundwater mounding (Figure 5) for wet and dry seasons. This is because a big reservoir (about 1
km x 1 km) is located about 500 m from this monitoring point. Therefore, groundwater levels in the Phone
Pheung well could be affected by leaking from this reservoir. The connection between groundwater level
fluctuation at this well and water level change in the reservoir should be taken into account for the future study
of groundwater level fluctuation in Sukhuma District.

The groundwater flow directions and hydraulic gradients were determined by using an Excel spreadsheet
method (Devlin, 2003). The results show that groundwater flows in Sukhuma District from north-west and
north to south and southeast and finally, it drains to the Mekong River in the east. These results are similar to
the previous studies by JICA (1995). Moreover, these results indicate a good connection between
groundwater flow direction and topography in Sukhuma District. The hydraulic gradient of groundwater flow in
this region for wet and dry seasons was estimated equivalent with an average value of 0.0013.

3.3 Statistical analysis

In this research, the time series of weekly rainfall and weekly groundwater levels at each monitoring well
from Jun 2015 to May 2016 were used as the input and the output, respectively, for the cross-correlation
analysis. Regarding the preliminary assessment of these time lags in some areas the domestic bores and
shallow and deep bores were similar. For example, the monitoring wells in Sukhuma domestic, shallow and
deep wells all showed similar lags of 4 to 5 weeks. This similarity could be caused by the way how the wells
were constructed and geological structure. However, the results show that time lags between rainfall and rise
in groundwater levels at all monitoring wells vary at different locations and range from two to six weeks with an
average of four (4) weeks between the start of the rainy season and rise in water level. An example of a lag of
four to five weeks found at the Boungkeo domestic bore is shown in Figure 6. The spatial variation in the delay
between rainfall and water table rise depends on a number of factors, such as: spatial variation of surface soil
types; land use and vegetation cover; and, spatio-temporal variation of rainfall. Lucas and Wendland (2016)
indicated that land use and vegetation cover was a parameter influencing the groundwater recharge rate.
However, the impacts of these parameters (land use and cover, soil type, etc.) on the rainfall recharge are out
of the scope of this research.
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Figure 6. Cross-correlation between weekly rainfall and weekly water table fluctuations at Boungkeo

Domestic well during June 2015 to May 2016.

Dependency of water table fluctuation with rainfall and streamflow is investigated through linear
regression analysis. The monthly change in water table elevation is correlated with monthly rainfall data at
Sukhuma District and with monthly streamflow data at Khamouan River gauge, as shown in Figure 7. The R?
(coefficient of determination) values for correlation of change in water table elevation with rainfall and
streamflow are 0.86 and 0.63, respectively. This implies that the groundwater table responses are much more
dependent on rainfall rather than streamflow. However, it is to be pointed out that groundwater table
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fluctuation observed close to the stream will have a higher correlation with streamflow because of hydraulic
interconnection between stream and groundwater aquifer.
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Figure 7. Correlation between rainfall, streamflow and change in water table (AWT) in Sukhuma District for
the period of June 2015 to May 2016.

Soil moisture data derived from GLDAS at grid 13 are correlated with the area-averaged monthly change
in water table of 19 monitoring wells in Sukhuma District (Figure 8). The result shows good correlation
between two datasets with an R? value of 0.9. This result also provides a potential for taking the further
investigation of using data derived from GLDAS to support the future study of seasonal groundwater level
fluctuation in Sukhuma District. Moreover, GLDAS also provides data for the large scale area; therefore, these
data can be used to estimate the groundwater fluctuation and availability in Southern Laos.
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Figure 8. Correlation between the change in water table in Sukhuma District and the total soil moisture
anomalies derived from GLDAS at the grid 13, which is covered by Sukhuma District boundary, for the period
of June 2015 to March 2016.

In order to assess the possibility of utilizing the products from GLDAS for studying the groundwater in
Sukhuma District and Southern Laos, the total soil moisture of 2 m depth derived from GLDAS at the GRACE
footprint scale was correlated with the equivalent water height (EWH) or the total water storage (TWS) derived
from GRACE at a GRACE footprint scale. This study found that soil moisture from GLDAS and GRACE-EWH
correlates well with an R? value of 0.72 (Figure 9). Liesch and Ohmer (2016) also reported a strong correlation
(R% = 0.74) between these two datasets for the Yarmouk basin in Jordan. GRACE satellite data has been
widely utilized to determine the variations in groundwater storage in many countries, including the areas with
limited field observation data (Shamsudduha et al., 2012). Therefore, the results of this preliminary
assessment of using the products from GLDAS and GRACE show a great potential for conducting further of
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using these remotely sensed data to determine the long-term groundwater storage fluctuation in Sukhuma
District and Southern Laos.
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Figure 9. Correlation between the EWH derived from GRACE and the total soil moisture anomalies derived
from GLDAS at the scale of GRACE footprint for the period of June 2015 to March 2016.

4 CONCLUSIONS

The observed trend of groundwater level in Sukhuma District during the period of June 2015 to May 2016
reflected not much overall decline as the groundwater levels in most of the observation wells at the end of
May 2016 reach more or less the same levels as they were in June 2015. During the study period, the
magnitudes of groundwater level fluctuation were different between west and north and south area of
Sukhuma District. Moreover, this study also found that rainfall is a significant (P < 0.01) factor influencing the
groundwater fluctuation in Sukhuma District. The delay between rainfall and groundwater level rise was
estimated at about 4 week lags.

The soil moisture derived from GLDAS (grid 13) a grid of GLDAS (grid 13) has correlated with observed
groundwater level in Sukhuma District with an R? value of 0.91 and also showed a good agreement between
the soil moisture from a large area, which is the same as the GRACE footprint, and the GRACE-EWH with an
R? value of 0.71. Further evaluation and study of GRACE and GLDAS data will be carried out to assist in
groundwater study for this area.

Furthermore, for the future study of groundwater level fluctuation in Sukhuma District and Southern Laos,
the data of groundwater abstraction should be collected, particularly from the bottled water factories. Also, the
continued monitoring of groundwater levels and other hydrological variables in Sukhuma District is of great
importance. This information will improve the accuracy of water balance analyses and will provide sufficient
information for the long-term water resources management in the region.
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ABSTRACT

Sustainability of aquifers is a necessary term for the long-term utilization of groundwater resources.
Groundwater sustainability indicators maintain the sustainable management of groundwater resources and
help to analyze human impacts on groundwater systems. In this paper, the sustainability of phreatic and
confined aquifers in multilayer groundwater system have been evaluated. Assessing sustainability in such
groundwater systems can be complicated due to the different effects of recharge and discharge processes on
each layer. For this purpose, some indicators were selected based on their feasibility in the study area
because they proved to be the most reliable. The indices were applied to a 4700 km? alluvial aquifer located in
Golestan province, northern Iran, which has semi-arid climate conditions. Results have proven that the region
is facing water scarcity and the aquifer is undergoing intensive use. As a result, in spite of detecting no
significant trend in the precipitation data, there were descending trends in the water table and piezometric
level of phreatic and confined aquifers, respectively. According to the results aquifer sustainability index of
phreatic and confined layers were 0.89 and 1.01, respectively that means both layers are unsustainable.
Confined layer’s condition is worse although the issue has been covered by non-renewable groundwater
resources. Phreatic aquifer is also threatened by salty salt-water intrusion. Of course, both layers can be
recovered soon. Altogether changing economic axis of the region from agriculture to less water demand
sectors such as industry and services or at least cropping patterns is highly advised. Eventually, application of
the methodology described here may be proved useful for the evaluation of similar systems in semi-arid
climates.

Keywords: Confined aquifer; falkenmark indicator; golestan province; phreatic aquifer; water scarcity.

1 INTRODUCTION

Water has an important role in urban and rural development especially in arid and semi-arid countries.
Population growth along with consumerism, development of agricultural and urban regions and limited surface
water resources has led to excessive withdrawal of groundwater aquifers that can cause irreparable damages
to these natural resources. Domestic water consumption per capita in the very high human development
index® (HDI) countries, at 425 litres a day, is more than six times than that in the low HDI countries, where it
averages 67 litres a day (Klugman, 2011). Nowadays, densely populated arid areas, Central and West Asia,
and North Africa, with projected availabilities of less than 1000 m?3/capita/year strongly suffer from water
scarcity (Rijsberman, 2006). It causes water withdrawals in developing countries to be 27% higher in 2025
than in 1995 (Watkins, 2006). Continued increase in domestic water withdrawals and demands led to the
recognition of the importance of water for ecological sustainability (Sullivan, 2002; Vorosmarty et al., 2005;
Chaves and Alipaz, 2007).

Groundwater, with a global withdrawal rate of 600—700 km®/year (Zektser and Everett, 2004), is the
world’s most extracted raw material. The use of groundwater has increased significantly in recent decades
due to its widespread occurrence, mostly good quality, high reliability during droughts and generally modest
development costs. Groundwater is the main water supply source in several mega-cities (e.g. Mexico City,
Sao Paulo and Bangkok) and provides nearly 70% of piped water supply in the European Union countries
(Vrba et al., 2007). Poor protection and management in groundwater resources development plans has led to
uncontrolled aquifer exploitation and contamination. Over-exploitation of groundwater may affect springs and
streams base-flow and can lead to downfall in groundwater piezometric levels and land subsidence.
Sustainable groundwater resources development and environmentally sound protection is a holistic process.
The main objective of this process is to ensure quantity, quality, safety and sustainability of groundwater as an
important component of the ecosystem and a strategic source for life (e.g. drinking and other sanitary
purposes) and economic development (e.g. agriculture, industry) (Vrba et al., 2007).

Groundwater indicators provide summary information about the present state and trends in groundwater
systems, help to analyze the extent of natural and anthropogenic impacts on groundwater system in space

® A composite index measuring average achievement in three basic dimensions of human development—a long and healthy life,
knowledge and a decent standard of living [Klugman, J. (2011)].
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and time and support sustainable management of groundwater resources (Vrba et al., 2007). In the past 20
years, many indices have been developed to quantitatively evaluate water resources vulnerability such as
water scarcity or water stress indices (Brown and Matlock, 2011). Some indices are frequently used to
evaluate water availability and sustainability, including Falkenmark indicator (Fl), renewable groundwater
resources per capita (RGPC), dependence to groundwater (DG), dependence of agriculture to groundwater
(DAG), the role of groundwater in the supply of drinking (RGSD), aquifer sustainability (AS), sustainability of
groundwater quality (SGQ), groundwater abstraction development (GAD), pressure on non-renewable
resources of groundwater (PNRG), aquifer recovery potential (ARP) and groundwater decay rate (GDR).
Among above mentioned indices, the first two indices (FI and RGPC), relates to water resources availability of
the studied region, the next three indiceslook at multilayer aquifer as a unit water body and the other indices
deal with each layer of the aquifer separately. The main functions of indicators are simplification,
quantification, communication, ordering and allowing for comparison of different resources. They evaluate the
effect of performed policy making actions and can help to develop new actions. Indicators also serve to
forecast trends in groundwater quality, but only if they are repeatedly generated during a long period of time to
be statistically significant (Vrba et al., 2007).

Combinations of several indicators are frequently used, because implementation of one single indicator
can rarely satisfy the intended objectives. For example, Lamban et al. (2011) applied sustainability indicators
such as AS and GAD to a small carbonate aquifer (26 km?) situated in the province of Seville, southern Spain,
with semi-arid climate. They concluded that the aquifer is undergoing intensive use and exploitation of its
water resources is surpassing the threshold of sustainability when both the quantity and the quality of the
groundwater are taken into consideration. Shrestha and Udmale (2014) studied groundwater resources of
Dhubdhubhi watershed in Maharashtra state of India. They calculated that the FI, RGPC, DAG, AS and GAD
equal to 537, 490, 87.5, 71.5 and 64.5, respectively and concluded that the whole watershed is at the stage of
sustainable development; even though over exploitation are detected in some parts of the region. Also,
Anbazhagan and Jothibasu (2016) used AS and GAD to evaluate sustainability of Uppar Odai sub-basin,
India. The study demonstrates that only in 29 percent of the area groundwater development is possible.

Shiklomanov (2000) assessed world water resources per capita using Fl. The results show that among
the most water scarce regions in the world, FI of Western Asia that IRAN is located in it, is equal to 2110 m?3
per capita and is placed third after Northern Africa and Southern Asia. Golestan province is an agricultural hub
with high water consumption in agriculture. Of course this province has a great talent for agricultural
development if the water is supplied. On the other hand, groundwater resources are the main domestic water
supply of many parts of the region. Almost maximum capacity of the aquifer is using for various tasks,
therefore it is necessary to control water table drop based on studies on groundwater variations and
performing management measures in order to prevent the major source of water to be faced with serious risks
(Kuhestani et al.,, 2013). The groundwater system consists of a multilayer aquifer with both phreatic and
confined layers. The confined aquifer is abstracting all over the plain but it is only recharging across its
southern and south-eastern boundary, that confining layer does not exist. However, rainfall recharges the
phreatic aquifer throughout the plain.

Worldwide researches on water resources sustainability and lack of such studies in the region besides
importance of groundwater among water resources system of Golestan province, altogether lead to do
evaluative works on current hydrological status and future development capability of this vital resource. After
all, different porous media characteristics, recharge regime and accessibility create different geo-hydrological
processes which should be investigated, separately, in order to efficiently integrate water resources
management. Looking at this aquifer as a lump system can cause unsustainability of one layer while the total
system is in sustainable state. In another research, Karimirad et al. (2016) investigated the effect of climatic
variability on multilayer aquifer of Golestan province using groundwater resource index (GRI) and correlation
analysis. They concluded that confined aquifer is more reliable and react to climate fluctuations (as a main
driver) with more delay and recover more quickly. This paper aims to evaluate phreatic and confined aquifers
in the multilayer groundwater system in terms of sustainability through index-based approach.

2 MATERIALS AND METHODS

Golestan is one of the 30 provinces of IRAN, located in the northeastern part of the country, south-east of
the Caspian Sea. Golestan is situated between 36° 44' and 38° 05' north latitude and 53° 51' and 56° east
longitude. The region’s climate classified as semi-arid in the north and semi-humid in the south and southwest
according to De-Martonne method (Mostafazadeh and Sheikh, 2012). There is an alluvial multilayer aquifer in
this province that has about 4720 square kilometers area. The location of Golestan province and the
multilayer aquifer in Iran is illustrated in Figure 1. This groundwater system includes both phreatic and
confined aquifers. The confined aquifer beneath the phreatic one (multi-layer aquifer in Figure 1); it spread
across the phreatic one except about 400 square kilometers in southern part (single-layer aquifer in Figure 1).
The aquifer is extended from the Caspian Sea in the west to the city of Kalale in the East for about 130
kilometers and from the southern mountains to the Great Wall of Gorgan in the north for about 35 kilometers.
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The multilayer aquifer supply almost all demands for drinking water and about 65 percent of agricultural needs

(Kankash-Omran, 2009).
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Figure 1. Location of alluvial multilayer aquifer in Golestan province of IRAN

In the present paper, the long-term monthly precipitation data of 19 gauges in time period of 1976 to
2013 which have a good distribution over the studied area was used. Also, recorded data of 19 observational
wells drilled in the phreatic aquifer with the time period of 38 years (the same as the precipitation data) and 19
piezometric wells in the confined aquifer with 14-year time period (2000-2013) were used. This data were
measured and recorded by the Golestan regional water authority. Consumption of each water resource in
drinking and agricultural sectors and share of each exploitation method in total abstraction of Golestan aquifer
are shown in Figure 2. Also, geo-hydrological characteristics of Golestan aquifer are presented in Table 1

(Kankash-Omran, 2013).
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Figure 2. a. Consumption of each water resource in drinking and agricultural sectors, b. Share of each
exploitation method in total abstraction of the aquifer (Kankash-Omran, 2013)

Table 1. Geo-hydrological characteristics of each layer in Golestan aquifer (Kankash-Omran, 2013)

Characteristic

Phreatic layer Confined layer

Static volume (non-renewable water) (MCM/year) 1533 1121
Dynamic volume (renewable water) (MCM/year)* 513 397
Recharge (MCM/year) 852 398
Underground discharge (MCM/year) 399 2
Discharge into the sea (MCM/year) 2 2
Total abstraction (MCM/year) 358 401
Abstraction from non-renewable water (MCM/year) 0 3
Average thickness (m) 15 150
Average drop in last 10 years (m) 0.047 0.726
Aquifer area (Km?) 4393 4050
Saline water area (Km?) 1402 0

*Calculated according to instruction of FAO' (2003)

1 Food and Agriculture Organization (United Nations)
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Eleven proposed groundwater indicators were selected based on available data in the region. They provide
information about groundwater quantity and quality and are focused on social (groundwater accessibility,
exploitability and use), economic (groundwater abstraction and protection) and environmental (groundwater
depletion and pollution) aspects of groundwater resource. These indices are described as below.

2.1 Falkenmark indicator (FI)

The Falkenmark indicator is perhaps the most widely used measure of water stress (Eq. [1]). Based on
the per capita usage, the water conditions in an area can be categorized as in Table 2. The index thresholds
1,700 m® and 1000 m? per capita per year were used as the thresholds between water stressed and scarce
areas, respectively (Falkenmark, 1989). In the context of this indicator, particular drivers were population
growth and climate change, which can dramatically affect groundwater resource availability. However, Fl do
not consider important variations in demand among countries due to culture, lifestyle and others. Moreover,
the water availability per person was calculated as an average without considering both the temporal and the
spatial scale and thereby neglects water shortages in dry seasons or in certain regions within the region.

Renewable freshwater resources (MCM) M
Population

FI (m? per capita per year) =

Table 2. Water resources conditions according to Fl (Falkenmark, 1989)

FI (m3 per capita per year) Condition
>1,700 No stress
1,000-1,700 Under stress
500-1,000 Scarcity
<500 Absolute Scarcity

2.2 Renewable groundwater resources per capita (RGPC)
The state of this index annually in the study area gives an indication of the availability of groundwater
(Shrestha and Udmale, 2014).

Renewable groundwater resources (MCM) [2]

RGPC (%) =
GPC (%) Population

where, the numerator is total renewable groundwater resources, without considering groundwater quality but
excluding brackish and saline waters. Renewable groundwater resources calculation is explained by FAO
(2003).

2.3 Dependence to groundwater (DG)
This index demonstrate groundwater share in total water consumption in different sectors of the region
(Eq. [3]). Different grades of groundwater dependency given in Table 3 (Beiki-khoshk, 2011).

Total groundwater abstraction (MCM) [3]
Total water consumption (MCM)

DG (%) =

where, total groundwater abstraction is the total withdrawal of water from a given aquifer by means of wells,
ganats, springs and other ways for the purpose of public water supply or agricultural, industrial and other
usage.

Table 3. Grades of Groundwater dependency using DG index (Beiki-khoshk, 2011)

Range Groundwater dependency
G<25% High
25% <G <50 % Moderate
G>50% Low

2.4 Dependence of agriculture to groundwater (DAG)
Regarding the importance of groundwater to supply agricultural needs, this index is defined as follows
(Beiki-khoshk, 2011):

Groundwater used in agriculture (MCM) [4]
Total water used in agriculture (MCM)

DAG (%) =
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2.5 The role of groundwater in the supply of drinking (RGSD)

RGSD can be used to represent the amount of dependence on groundwater to supply drinking water
compared with surface water. This indicator is of particular social importance since it highlights the importance
of groundwater for drinking purposes on a national basis, i.e. the population dependency on groundwater and
therefore, it is the key role in public and domestic water supply. Ideally, at a later stage, the indicator could be
applied separately for urban and rural areas (Vrba and Lipponen, 2007).

Groundwater used for drinking (MCM) [5]
Total drinking water (MCM)

RGSD (%) =
2.6 Aquifer sustainability (AS)
AS index present groundwater abstraction as a portion of aquifer recharge (Vrba and Lipponen, 2007):

AS = Total groundwater abstraction (MCM) [6]
B Aquifer recharge (MCM)

The main sources of recharge are rainfall, surface water bodies, irrigation losses and seepage from
urban water supply distribution and waste water collection systems. For the indicator, two possible scenarios
are conceivable: (1) sustainable use of the groundwater with respect to quantity (total output < recharge) and
(2) non-sustainable use of the groundwater (groundwater mining) with respect to the amount (total output >
recharge). This indicates, in a preliminary manner, the degree of sustainability with regard to the use of
groundwater, although aspects related to quality and/or affections to groundwater-fed ecosystems are not
considered. The meaning of different values of AS are given in Table 4.

Table 4. Aquifer sustainability on basis of AS index (Vrba and Lipponen, 2007)

Range Aquifer sustainability
AS > 1 Critical
1>AS>0.8 Highly unsustainable
0.8>AS>0.6 Unsustainable
06>AS>04 Little sustainable
0.4>AS Sustainable

2.7 Sustainability of groundwater quality (SGQ)

Groundwater quality indicators can inform about the present status and trends in groundwater quality and
help to deal with groundwater quality problems in space and time. One of the parameters that determine the
quality of groundwater is groundwater salinity that SGQ index accordingly defined and is expressed as follows
(Beiki-khoshk, 2011):

Saline zone of aquifer (KM?) [7]
Total area of aquifer (KM3)

SGQ (%) =

2.8 Groundwater abstraction development (GAD)

In many countries there is an intention to quantify GAD as an index to specify usable groundwater
reserves. Accordingly, aquifer's ability to develop is concluded according to table 5. (Vrba and Lipponen,
2007).

GAD (%) = Total groundwater abstraction (MCM) [8]
(%) = Exploitable groundwater resources (MCM)

where, total exploitable non-renewable groundwater resource means that the total amount of water that can
be abstracted from a given aquifer under prevailing economic, technological and institutional constraints as
well as ecological conditions (GIWG, 2004).

Table 5. GAD index values and development capability of aquifer (Vrba and Lipponen, 2007)

Range Development capability
GD<25% Capable
25 % <GD <40 % Limited
40 % < GD No development
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2.9 Pressure on non-renewable resources of groundwater (PNRG)

Non-renewable groundwater is a finite water resource to which no or very little recharge takes place and
has accumulated over geologic time, and therefore is not replenished over human timescales. Its depletion
can cause irreparable damage to the aquifer (e.g. land subsidence) and should be maintained. Through
PNRG index (Eq. 9) the situation of non-renewable part of aquifer can be disclosed somewhat (Vrba and
Lipponen, 2007).

PNRG (year) [9]
Total exploitable non-renewable groundwater resources (MCM)

~ Annual abstraction of non-renewable groundwater resources (MCM/year)

2.10 Aquifer recovery potential (ARP)
This index (Eq. 10) show the ability of aquifer to recover or return to normal state (Vrba and Lipponen,
2007):

Static volume of aquifer (MCM) [10]
Recharge of aquifer (MCM)

ARP =

where, static volume is part of aquifer contains non-renewable groundwater. The potential of aquifer to be
recovered can be determined according to table 6.

Table 6. Aquifer recovery potential classification (Vrba and Lipponen, 2007)

Range Aquifer recovery potential
ARP <10 High
10 <ARP < 30 Fair
30 <ARP <50 Low
50 < ARP No recovery

2.11 Groundwater decay rate (GDR)
Beiki-khoshk (2011) developed groundwater decay rate index to estimate the number of years that an
aquifer is reliable as follows:

GDR (year) = Average thickness of aquifer (m) y E [11]

Average decline in groundwater table or piezometric level in last 10 years (m) 3

3 RESULTS AND DISCUSSION

Monthly time series of precipitation, water table of the phreatic aquifer and piezometric level of confined
aquifer, are shown in Figure 3. Each chart illustrates average of 19 rain gauges and respective wells.
Stationarity checked at 95 percent confidence level using Hurst exponent method and accordingly all three
used time series are stationary. Mann-Kendall test results at 95 percent confidence level show no significant
trend in precipitation data but water level of phreatic aquifer and Piezometric level of confined aquifer declining
at the rate of 1 and 12 mm per month, respectively. It is worth mentioning during the same period with the
confined aquifer data (last 14 years), the water level of the phreatic aquifer has no trend.

FI and RGPC for Golestan province is equal to 855 and 512 M? per capita per year, respectively, which
means that the region is facing water scarcity. Other indices were calculated and demonstrated in Table 7.

Accordingly, calculated Fl is far less than which has been estimated by Shiklomanov (2000) as an
average amount for Western Asia. Sustainability of the studied aquifer looks alike which has been evaluated
by Lamban et al. (2011). Index-based evaluation show better water availability (pay attention to FI and RGPC)
compared to the case of Shrestha and Udmale (2014) but more dependency of agriculture to groundwater
(pay attention to DAG) that caused over-exploitation of both layers specially confined one (pay attention to
AS). It suggests change in cropping patterns or shifting economic axis of the region from agriculture to sectors
with lower water demand such as industry and services. Of course non-renewable groundwater covered
mentioned problem, currently (pay attention to GAD) and maybe it is the reason that Karimirad et al. (2016)
evaluated the confined aquifer more reliable.
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Figure 3 Water table and precipitation monthly fluctuations of (a) phreatic and (b) confined layers

(Karimirad et al.,

2016)

Table 7. Calculated indices of status and sustainability for whole aquifer and its layers separately

Index Multilayer aquifer .
No (Unit) Phreatic layer  Confined layer Interpretation
1 DG (%) 63.37 Dependency to groundwater is higher than
surface water
DAG . .
2 (%) 64.88 Agriculture is more dependent to groundwater
RGSD Drinking water is more dependent to
3 o 77.94
(%) groundwater
4 AS 0.89 1.01 Phreatic Iayer is hlghly unsustalnablle. and
Confined one is worse and critical
SGQ Nearly one third of phreatic aquifer area
5 o 0.32 0 .
(%) become saline
6 GAD 0.32 0.26 Limitations must be considered to develop
(%) ) ) both phreatic and confined layers
PNRG Confined aquifer will be entirely depleted and
7 0 332 . . ; -
(year) irreversibly exterminated after 3 centuries
8 ARP 1.8 2.82 Both layers will be recovered soon
9 GDR 213 138 If current trends continue, phreatic aquifer will
(year) be depleted 75 years after confined one

4 CONCLUSIONS
It can be concluded that the index-based investigation of groundwater resources in multilayer aquifer of

Golestan province, IRAN revealed some valuable information about its current status, sustainability and future
perspective. First of all, the region is facing water scarcity that is a limitation to economic development and
human health and well-being. Studied society is depending on groundwater more than surface water
resources and the situation prevailing in both main sectors of drinking and agriculture. First five indices
clarified the current status of the region in terms of water resources in general and importance of
implementing water management measures. Six other indices have gone more to the details and investigate
quantitative and qualitative aspects of sustainability in each layer of aquifer, separately. Accordingly, both
phreatic and confined layers are unsustainable and confined layer’s condition is worse although it has been
covered by non-renewable groundwater until now. However, in terms of quality situation, it is vice versa and
phreatic aquifer is threatened by salt-water intrusion.
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According to GAD implementation of water resources development plans is allowed with considering
some limitations in terms of water quantity and quality. Some restorative measures are advisable to improve
sustainability including: expanding watershed management actions especially in the confined aquifer recharge
area, more control on abstraction of the aquifer using smart water meters, enforcement of the law through
incentives and penalties such as agricultural subsidies, reduce on-farm water loss by changing traditional
irrigation, covering canals and repairing distribution networks. However, changing economic axis of the region
from agriculture to sectors with lower water demand such as industry and services or at least shifting cropping
patterns is highly advised.

Despite all, fortunately, both layers can be recovered soon if driver factors change toward providing
sustainable conditions. As an estimation GDR and PNRG predict one and three centuries, respectively, for
confined aquifer depletion which anyway is negligible compared with the time it formed during geological
periods. It is necessary to note that aquifer depletion and subsequent land subsidence can cause severe
impact on human settlements in the region such as lack of water in dry season, sinkholes and others.
Altogether, confined aquifer is more endangered quantitatively while quality degradation threatens phreatic
aquifer. Overall, the proposed groundwater indicators are scientifically robust and policy relevant, based on
available data, provide information about the present status, trends and impacts on groundwater system and
support socially and economically sustainable management and environmentally sound protection of
groundwater resources.
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ABSTRACT

A study is conducted to delineate the sources of nitrate and sulphate concentrations in the groundwater of
Kuwait using environmental isotopes. Groundwater sampling campaigns are carried out to collect water
samples from the two main aquifers of Kuwait, namely, the Kuwait Group and Dammam formation aquifers
throughout Kuwait. The samples are analyzed for environmental isotopes, i.e, 2'H, 18160, 34325 and 18160
(S04%), 191“N and '®180 (NOs?%), °H, and '“C. The &°H vs 8'80 results show that most of the groundwater
samples fall below the Global Meteoric Water Line (GMWL) suggesting evaporation prior to recharge and the
recharge has taken place during a different climatic condition than exists today (paleo water). Most of the
groundwater samples measured 3H values less than that of the rainwater indicating that they are not modern
but old water. The &%S(S04%), 5'80(S04+?*) and SO4% values of groundwater samples of Kuwait Group of
Aquifers has revealed that most of the groundwater samples (SO4%: 100 to 4600 mg/L), 5**S(S04+?): +3 to
+24%o, 8'80(S04%): +10 to +15%0) have evaporatic origin. The 3'*N(NQOs?), 5'80 (NOs?) and NOs?*values of
the groundwater samples of Kuwait Group Aquifer has indicated that the majority of the groundwater samples
(NO3%: 3 -100 mg/L, 8"°*N(NO3%*): +4 to +21%., 8'80: +1 to +38%.) are either desert nitrate or nitrate in
precipitation. Similarly, the &'*N(NOs?), 580 (NOs*) and NOs* values of the groundwater samples of
Dammam Formation Aquifer has indicated that they are characteristic of desert nitrates. It is concluded that
the major source of high sulphate and nitrate concentration of Kuwait groundwater is geogenic in nature due
to the dissolution of evaporites and desert nitrates during the flow course of groundwater.

Keywords: Pollutants; aquifer; Kuwait group; Dammam formation; evaporates; geogenic.

1 INTRODUCTION

Groundwater is a very important element of the limited available water resources in Kuwait. Groundwater
contamination is an ever present menace in Kuwait where urban and industrial development occurs at a rapid
pace. A study was conducted to delineate the sources of nitrate and sulphate concentrations in the
groundwater of Kuwait using environmental isotopes. Nitrate and sulphate concentrations in usable
groundwater frequently exceed the normal standards that range between 4 and 110 mg/l and 100 and 2600
mg/l respectively (Akber et al., 2006). The importance of this study stems from the fact that the groundwater is
the only natural water resource of the country; consumption of these high constituents in water may have
adverse health effects. The isotopic composition of the groundwater often points towards the source of the
pollutants affecting the groundwater and hence, leads to the formulation of better protection measures from
these pollutant sources (Fritz and Fontes., 1980; Fukuda et al., 2003). In Kuwait, extraction of groundwater is
from two main aquifers, namely, the Kuwait Group of aquifers and the Dammam Formation aquifer. The total
dissolved solids of the Kuwait Group aquifer groundwater increase generally from about 3,000 mg/l in the
southwest to about 130,000 mg/l in the northeast over a distance of about 150 km. Fresh groundwater is only
encountered in the north, where the unique geomorphology and lithology are responsible for the formation of
freshwater lenses floating over the main saline water body.

2 METHODOLOGY

2.1 Groundwater Sampling

Twenty groundwater samples were collected for deuterium, oxygen 18, tritium, nitrogen 15, sulphur 34,
Carbon 13 and Carbon 14 isotopic parameters from two main aquifers namely, Kuwait group and Dammam
Formation aquifer. These groundwater samples were collected from all over Kuwait and the locations of
sampling are presented in Figure 1. The samples were collected from the existing monitoring and production
wells to cover the different aquifer zones of interest following the established sampling protocol. The
groundwater samples were collected by introducing an electric submersible pump into the well, 1 to 2 m below
the water table. The other end of the submersible pump was connected to a flow-through cell in which a
number of portable field measurement instruments were installed to measure pH, temperature, electrical
conductivity (EC), dissolved oxygen (DO), and oxidation reduction potential (Eh) on site. The purpose of
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measuring these parameters on site is to ensure that purging would remove sufficient quantity of water to
enable the collection of the representative groundwater sample. International Atomic Energy Agency’s (IAEA)
sampling protocols were followed for a sample collection of both stable and radioactive isotopes (IAEA, 2010).
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Figure 1. Groundwater sampling locations.

2.2 Laboratory Analyses.

The samples were analyzed for environmental isotopes, i.e., ?'H, 1®160, 34325 and '®160 (SO4%), "9'“N
and '¥160Q (NOs%), 3H, '3C, 14C and maijor ions. Analyses of stable isotopes 'O and 2H carried out in the
Water Research Center laboratory of Kuwait Institute for Scientific Research using an off-axis integrated
cavity output spectroscopy (OA-ICOS) water isotope analyzer (Los Gatos model 908-0008). The tritium was
measured by the liquid scintillation counter after electrolytic enrichment in Seibersdorf laboratories in Austria.
0"®N(NO3’) and 8%#S(S04%) were measured using an isotope ratio mass spectrometer (IRMS) in Helmholtz
Center for Environmental Research, Germany, with respect to atmospheric air and Vienna-Canyon-Diablo
Troilite (VCDT). Sulfur isotopic compositions were measured after conversion of BaSO4 to SOz using an
elemental analyzer (continuous flow flash combustion technique) coupled with an isotope ratio mass
spectrometer (delta S, ThermoFinnigan, Bremen, Germany). Sulfur isotope results are reported in delta
notation (8**S) as part per thousand (%) deviation relative to the Vienna Carion Diablo Troilite (VCDT)
standard. Sulfur isotope measurements of the prepared BaSO4 were performed with an analytical error of the
measurement of better than + 0.4%.. Oxygen isotope analysis on barium sulfate samples was carried out by
high temperature pyrolysis at 1450 °C in a TC/EA connected to a delta plus XL mass spectrometer
(ThermoFinnigan, Bremen, Germany) with an analytical error of better than +0.5%.. Results of oxygen isotope
measurements are expressed in delta notation (5'®0) as part per thousand (%) deviation relative to Vienna
Standard Mean Ocean Water (V-SMOW). For normalizing the §*S data, the IAEA-distributed reference
materials NBS 127 (BaSOs) and IAEA-S1 (Ag2S) were used. The assigned values were +20.3%0 (VCDT) for
NBS 127 and 0.3%. (VCDT) for IAEA-S1. The normalization of oxygen isotope data of sulfate was carried out
using the reference material NBS 127 with an assigned &'®0 value of +8.6%. (V-SMOW) (Knoller and
Schubert, 2010).

The nitrogen and oxygen isotopic composition of nitrate, expressed in ® notation relative to the standards
AIR and VSMOW, respectively, was measured by the denitrifier method using a Gasbenchll/delta V plus
combination (Thermo). 8'°N and 5'®0 were determined in the measuring gas N20, produced by controlled
reduction of sample nitrate performed with the Pseudomonas chloroaphis supsp. auerofaciens (ATCC 13895)
(Casciotti et al., 2002; Sigman, 2001). For the calibration of nitrogen and oxygen isotope values, the reference
nitrates IAEA-N3 (8'5N: +4.7 %o AIR, 8'80: +25.6 %0 VSMOW), USGS32 (5'"5N: +180 %o AIR, 8'80: +25.7 %o
VSMOW), USGS 34 (8'°N: -1.8 %o AIR, 3'80: -27.9 % VSMOW), and USGS 35 (8'"5N: +2.7 %0 AIR, 5'80:
+57.5 %0 VSMOW) were used. The analytical precision of the denitrifier method for "N and &80 was +0.4%o
and +1.6%o respectively.
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The ™C activity and '*C were analyzed for groundwater samples in Center for Isotope Research
laboratory in the Netherlands. '“C activity was measured using accelerator mass spectrometry (AMS) and
expressed as percentage modern carbon (pmc), and '*C was measured using an isotope ratio mass
spectrometer (IRMS) in the form of CO2 gas and expressed as permil (%o). The standard used was Pee Dee
Belemnite (PDB). The precision of measurement was £0.5%o.

3 RESULTS AND DISCUSSION
The laboratory analyses results of the groundwater samples for isotopic parameters are presented in
Table 1.

Table 1. Laboratory Analysis Results of Environmental Isotopes.

Sample ID C13%. C14% N15 (%0) 180 (NO3) S34(%0) '80(S0s)  Tritium  2H %o 180
(air) VSMOW (VCDT) VSMOW TU %o

T2A -10.19 22.95 4.6 18.9 15.2 12.9 <0.3 -15.58 -2.08
NK-10 -13.35 29.61 20.8 23.8 12.1 12.7 <0.3 -18.04 -2.05
P -02 -12.25 93.15 4.3 0.9 14.7 12.4 <0.2 -14.51 -3.57
SB-01 -7.71 6.79 3.8 19.4 14.3 13.9 <0.3 -10.59 -0.98
NK-08 -8.79 11.95 12.6 37.8 13 13.2 - -23.02  -2.77
NK-03 -9.33 12.09 6.5 34.3 3.1 121 <0.3 -32.96 -4.04
KBL-17 -7.65 23.43 5.2 23.1 12.1 12.6 - -29.35 -349
HS-17 -9.34 15.19 - - 23.6 14.6 - -29.43  -3.17
BN-01 -7.35 4.31 - - 16.7 13.9 - -26.97 -3.34
LF-05 -11.11 69.27 6.6 9.7 13.3 12.4 0.3t0.2  -0.06 0.55
QR-02 -11.28 49.77 8.7 243 11.5 121 - -15.97 -1.89
Liyah -8.42 12.24 45 33.2 11.4 10.4 - -30.48 -3.62
KN-MAB-W-19  -10.44 61.07 7.8 37.7 13.4 11.2 - -8.26  -0.49
AT-PW15K -9.04 8.22 4.2 20.8 13.6 13.3 - -28.48 -3.51
Dammam Formation Aquifer

Kabd -9.58 1.31 - - 15.2 9.6 - -31.04 -3.98
SH-PW-C-12 -6.54 1.69 9.1 18.8 13 12.4 <0.3 -38.51 -5.07
SL-01 -7.75 2.69 5.7 26.6 14.4 13.4 <0.3 -27.85 -3.89
T1-F -18.55 55.49 - - 18.6 13.5 <0.3 -19.15  -2.48
QR-01 15.74 - - - 30 15.9 - -39.47 -3.41
Dual completion Aquifer

UG-PW-43 -7.26 16.02 5 27 14.9 13.7 <0.3 -24.87 -2.98

3.1 ?Hand '®0

The 82H vs 880 plot of groundwater samples is shown in Figure 2. Most of the groundwater samples fall
below the Global Meteoric Water Line (GMWL), indicating that the groundwater samples have undergone
evaporation prior to recharge at the recharge area or near the surface during recharge. Also, the groundwater
recharge has taken place during a different climatic condition than what exists today (paleo water).

3.2 *Hand '“C

The environmental *H analyses of the groundwater samples collected from various locations indicated
that most of the groundwater had very low values suggesting not recently recharged rainwaters. Hence, “C
analyses of the groundwater were carried to estimate the groundwater ages. Various empirical models were
used to correct the “C ages of the groundwater samples. The corrected C ages of the groundwater samples
of Kuwait Group of aquifers range from 1,500 to 15,000 a B.P and that of the Dammam formation aquifer,
from 20,000 to 30,000 a B.P.

3.3 Sulphur-34/32

The 8%S concentration of the Kuwait Group of aquifers ranges from 3.1 to 23.6 %0 and that of the
Dammam Formation aquifer, from 13 to 30 %o.. The depth wise distribution of SO4%, 8**S(S04+*) and
5'80(S04%) concentration in the groundwater samples show any clear trend. In the Kuwait Group of aquifers,
depth wise variation, of SO4% concentration is rather quite complex with large variations up to 60 m depth and
thereafter, decreasing with depth. This probably indicates the different groundwater flow lines and the
associated hydrogeochemical interactions with various sources of sulphate. In the Dammam Formation
aquifer, the distribution shows a decreasing trend with depth.
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Figure 2. Plot of 3°H and 5'80 of groundwater samples.

A plot of 8%S(S04%) vs. SO4* (Figure 3) and 3%S(S04+%) vs 8'80(S04?%) of groundwater samples of
Kuwait Group of aquifers show two groups; First Group samples have very low SO4? and highly depleted &%*S
(2 to 4%o) and relatively lesser 580 (~11%o) values, and the remaining samples fall under a second group with
wide range of SO4% (0 to 3000 mg/L) and highly enriched &S (13 to 15%.) and relatively higher 5'80 (12-
18%o).

The figures which reveal that most of the groundwater samples of Kuwait Group of aquifers (Group 2)
have evaporitic origin. The large variations in sulphate concentrations, with negligible 84S values, indicate
dissolution of sulphates (and not bacterial reduction of sulphate) subsequently during their flow. In addition to
evaporatic origin of groundwater samples, there is an evidence of precipitational origin (acid rain containing
high sulphate) (Group 1).

A plot of 5%S(S04%) vs. 8'80 (S04%) and 5**S(S04%) vs. SO4> (Figure 4) of groundwater samples of
Dammam Formation aquifer indicates two types of groundwater: Group 2: dissolution of anhydride or gypsum
and Group 1: dissolution of secondary sulphates, which originate from the oxidation of metallic sulphides (as
pyrites). The large variations in sulphate and 5%S(S04%) seen in Group 1 suggest various local geological
conditions and diagenetic history. The &%S(S04%) values of Group 2 indicate the dissolution of sulphates
subsequently during the flow.
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Figure 3. 5%*S(S04?%) vs S04 of groundwater samples of Kuwait Group of Aquifers.
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Figure 4. 53*S(S04%) vs SO4% of groundwater samples of Dammam Formation Aquifers.

3.4 Nitrogen-15/14

The 3'5N(NO3?%) values range from +2%o to +37%c and 5'80 (NOs?) values range from +6 to +35%.. The
wide ranges of values are possibly indicative of the varying sources of nitrate and the geochemical processes
undergoing in the subsurface medium. The depth wise distribution of nitrate indicates that in the Kuwait Group
of aquifers there is no unique trend. In the Dammam Formation aquifer, the nitrate concentration decreases
with depth. The depth distribution of 3'°N does not show any clear trend in the Kuwait Group of aquifers but a
fairly decreasing trend is observed in the Dammam Formation aquifer as well with relatively enriched
5'SN(NO3?) values at higher depths (>300 m). A similar observation is seen with the depthwise distribution of
5'80(NQOs%).
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Figure 5. A plot of 3'°"N(NO3?) vs NOs? of groundwater samples of Kuwait Group aquifer.

A plot of 8'5N(NO3?) vs. 5'®0 (NOs%) and &'*N(NO3?) vs. NOs? (Figure 5) of the Kuwait Group of aquifer
indicate three groups; Group 1 samples with very low NOs? (~2 mg/L) and highly enriched "N (~+37%o.) and
5'80 (+35%0) values; Group 2 samples with lesser NOz? (22 to 24 mg/L), intermediate 8'"N (+22 to +24%o)
and relatively enriched 580 (+16 to +20%.) values and Group 3 with a wide range of NO3? (2-100 mg/L),
highly depleted 8'5N (+2 to +9%o) and a wide range of 5'80 (+6 to +26%o).
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As seen from Figure 5, majority of the groundwater samples fall under Group 3 with their isotopic values
indicating that the source of NOs*in groundwater is either desert nitrate or nitrate in precipitation. Desert
nitrates are nitrate-rich salt deposits seen in hyperarid deserts, formed due to long-term accumulations of
atmospheric deposition in the relative absence of soil leaching or biologic cycling. The lower values of 3'N of
Group 3 suggest no septic tank releases/animal waste nor fertilizers (5'°N=0). However, 85N of the Group 2
samples show some evidence of septic tank releases/animal waste but not fertilizers, which are localized in
nature.

The 5'SN(NO3?) of groundwater samples of the Dammam Formation aquifer also show the values that
are characteristic of desert nitrates, and these samples have lesser NOs? values compared to the overlying
Kuwait Group of aquifers.

4 CONCLUSIONS

The &°H vs 8'80 results show that most of the groundwater samples fall below the GMWL suggesting
evaporation prior to recharge, and the recharge has taken place during a different climatic condition than
exists today (paleo water). Most of the groundwater samples measured °H values less than that of the
rainwater indicating that they are not modern but old water (Corrected 14C ages: Kuwait Group Aquifers-
1,500 to 15,000 a B.P. and Dammam Formation aquifer 20,000 to 30,000 a B.P.).

In the Kuwait Group of aquifer, depthwise variation of SOs?concentration is quite complex with large
variations up to 60 m deep and decreasing with depth. In the Dammam Formation aquifer, the distribution
shows decreasing trend with depth. The §%S(S04?), 5'80(S04+%) and SO4% values of groundwater samples of
Kuwait Group of aquifers reveal that most of the groundwater samples (SO4?: 100 to 4600 mg/L), 8%4S(S04+%):
+3 to +24%o., §'80(S04%): +10 to +15%0) have evaporatic origin.

The depthwise distribution of NO3% 8'N(NOs*) and &'80(NOs?-) indicates that in the Kuwait Group
aquifer, there is no unique trend, whereas in the Dammam Formation aquifer the nitrate concentration
decreases with depth. The 8'SN(NOs?), 80 (NOs?) and NOs?values of the groundwater samples of Kuwait
Group Aquifer indicate that the majority of the groundwater samples (NO3?: 3 -100 mg/L, &8'*N(NOs%): +4 to
+21%o, 0'80: +1 to +38%0) are either desert nitrate or nitrate in precipitation. Similarly, the 3'°*N(NOs%), 580
(NO3%) and NOs? values of the groundwater samples of Dammam Formation aquifer indicate that they are
characteristic of desert nitrates.

It is concluded that the major source of high sulphate and nitrate concentration of Kuwait groundwater is
geogenic in nature due to the dissolution of evaporites and desert nitrates during the flow course of
groundwater.
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