E proceedings WVI\D\Py

Proceedings

Modeling Flow and Nitrate Transport in an Over-
Exploited Aquifer of Rural Basin Using an Integrated
System: The Case of Lake Karla Watershed *

Pantelis Sidiropoulos *, Georgios Tziatzios, Lampros Vasiliades, George Papaioannou,
Nikitas Mylopoulos and Athanasios Loukas

Laboratory of Hydrology and Aquatic Systems Analysis, Department of Civil Engineering, School of

Engineering, University of Thessaly, Volos 8334, Greece; getziatz@uth.gr (G.T.); Ivassil@uth.gr (L.V.);

gpapaioa@uth.gr (G.P.); nikitas@civ.uth.gr (N.M.); aloukas@civ.uth.gr (A.L.)

* Correspondence: psidirop@uth.gr ; Tel.: +30-24210-74153

t Presented at the 3rd EWaS International Conference on “Insights on the Water-Energy-Food Nexus”,
Lefkada Island, Greece, 27-30 June 2018.

Published: 1 August 2018

Abstract: The paper proposes an integrated modeling system consisting of a surface hydrology
model, a water reservoir model, a Lake-Aquifer Interaction model, aground water model, and a
transport and dispersion model to study ground water quality through two different operational
management scenarios. The first scenario is examining the existing condition of groundwater
quality without the reservoir operation while the second scenario is assessing the impact of the
reconstruction of Lake Karla in the groundwater quality. The study highlights the importance of
using an integrated hydrological modeling approach to investigate the groundwater quality in a
region which is characterized by extensive agricultural activity.
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1. Introduction

Nowadays, hydrologic impacts of climate, land-use, and other natural anthropogenic change is
a scientific endeavor that is necessary on the water resources management. Addressing this need
Integrated Surface and Ground Water Modeling is used in water resources research and management
of watershed-scale hydrologic cycle. The integrated approach is required because traditional
hydrology focus only on a single component cannot properly predict the effects of changing
conditions and feedbacks. Moreover, integrated approach provides spatial and temporal distribution
for a large variety of hydrological and hydraulic parameters [1,2]. Lakes and artificial reservoirs are
important coefficients of hydrologic and land biogeochemical water cycle. They affect flow regimes
by changing the magnitude and timing of stream flow, usually by attenuating and delaying flows [3].
From the groundwater point of view, a reservoir which is in a hydraulic contact with an aquifer leads
to increase the renewable groundwater resources. Moreover, it contributes to the raising of
groundwater level due to the possibility that part of the restored water in the reservoir can be used
to cover irrigation requirements [3,4].

The objective of this work is to study and analyze the importance of the reservoir of Lake Karla
basin on groundwater quality regarding to the nitrate parameter. Nitrates are characterized as water
soluble contaminants. Nitrate easily dissolves in water but it is very difficult to remove [5,6]. Among
various fertilizers, the use of nitrogenous fertilizers in the last 50 years accounted for 60-80% of the
total use [7]. According to Pefia-Haro et al. (2010) nitrate can be lost from the system in a variety of
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ways [5]. From the groundwater quality point of view, nitrate leaching into groundwater is the only
concern. Leaching is defined as the downward movement of water and nitrate through the soil on
the aquifer. The potential for nitrate leaching depends on soil physical characteristics, soil type and
the amount of water in precipitation and irrigation [5,6].

2. Study Area

Lake Karla watershed is a rural basin and is located at the southern eastern edge of the Larissa
plain and is a closed basin 35 km length and 9-15 km width (Figure 1). There are two altitude zones
(sub-basins); the mountainous zone (altitude > 200 m) and the lowland zone (with altitude <200 m).
The aquifer of the study area is entirely located in the low altitude zone. The major crops cultivated
in the basin are cotton, wheat, alfalfa, maize, and trees. The intense and extensive cultivation,
especially of water demanding crops such as cotton and maize, has led to a remarkable water demand
increase which is usually determined by the over-exploitation of groundwater resources [8,9]. In
addition, overpopulation and the increasing food production demand lead to excessive nitrogen
fertilization, increased crop production as well as quality improvement [5,6]. The geological structure
consists mainly of recent grains of varying size originally from Lake Karla deposits. The plain consists
of aquiferous, essentially sand intercalations separated by layers of clay to silt-clay and Neogene
deposits consisting of marls and conglomerates and is bound by schists and karstic lime stones or
marbles. Impermeable geological structures cover 30.6% of the total area, karstic aquifers cover 14.5%
and permeable structures, which dominate on the plain, cover 42.7%. The basement rocks consist of
impermeable marbles and schists. The watershed boundaries in the east are the Mavrovouni
Mountain which consists of impermeable bedrocks as schist whereas in the southwest the
Halkodonio Mountain is located [9].

Water supply wells operate at the studied area of aquifer in order to cover the demands in
potable water of the city of Volos and of the surrounding villages. The basin has been characterized
as one of the seven vulnerable zones of Greece according to the requirements of the Directive
91/676/EEC with respect to nitrogen pollution from agricultural run-offs.

LEGEND

Figure 1. Map of the study area indicating the reservoir.
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3. Materials and Methods

In this study, an integrated modeling system has been applied on a monthly basis for the period
1995-2007. The modeling system, shown in Figure 2, consists of the UTHBAL [7] for the assessment
of the surface hydrology and groundwater recharge, the UTHRL [8] for reservoir operation
simulation, the LAK3 [10] for reservoir/lake-aquifer interaction simulation, the USGS MODFLOW
[11] for groundwater flow simulation and finally MT3DMS [12] for nitrates transport and dispersion
simulation. The modeling system of UTHBAL, UTHRL, LAK3 and MODFLOW has been calibrated
and successfully applied to Lake Karla watershed by [9,13]. MT3DMS is the new model added in the
system, proposed by this study. MT3DMS utilizes the groundwater recharge from UTHBAL, the
nitrate leaching by the use of agrochemicals on cultivations, and the groundwater flow velocity from
MODFLOW for the assessment of groundwater quality regarding the nitrate parameter.

UTHBAL

Estimates basin surface runoff and
groundwater recharge

l Basin surface runoff

UTHRL

Balances the inflows and outflows of reservoir to
calculate the spillway overflows and reservoir water
storage

‘Withdrawals Inflows, evaporation

k.

LAK3

Uses the inflows, the evaporation, the
withdrawals and calculates the seepage to
groundwater

Groundwater Recharge

Seepage to groundwater

MODFLOW

,| Utilizes the parameter of the groundwater recharge,
creates maps of hydraulic heads and finally calculates
the water budget of aquifer

k.

MT3DMS

Compute the mass flux, the mass transport and
dispersion processes determine the extent of plume
spread and the geometry of the concentration
distribution

Figure 2. Integrated modeling system of the study.

In this study, the nitrate fate on groundwater is examined according to two operational scenarios.
The first one examines the current situation without the reservoir operation, while the second one
includes reservoir operation. Since reservoir will cover the irrigation needs of the cultivations, many
irrigation wells will be closed as proposed [13]. Therefore, UTHRL and LAK3 have been applied only
for the second scenario. At this point it is worth to mention that the agricultural practices and crops
pattern which are applied remain stable on both scenarios.
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Nitrate Transport and Dispersion Model

The mass transport process determines the extent of the plume spread and the geometry of the
distribution on groundwater contaminants concentration. The Nitrate mass transport process on the
groundwater is dominated by advection-dispersion. Nitrates is dispersed longitudinally and
transverse drifting by groundwater flow [14]. It is recognized that dispersivity depends on geological
characteristics. Concerning the geology of Lake Karla aquifer, the longitudinal dispersivity (ar) was
set to 20 m. and the transverse dispersivity (ar) value was equal to 0.1 [15]. The parameter of
molecular diffusion was considered as neglected [6,16]. The effective porosity used is 0.3 [9]. For
nitrate transport modeling, advective flux masses are defined at flow sources/sinks [14]. Cultivation
data were obtained from the Integrated Management System of cultivated areas [17]. The spatial
reference of cultivations has been done with the use of a Geographical Information System at
Municipal District Scale (Figure 3). The volume of nitrate leaching to the aquifer estimated by the
empirical equation (Equation (1)), that is approximately 30% to 50% of the applied nitrogen fertilizer
leaches to groundwater in the nitrate form [16]. Furthermore, the nitrate loading parameter based on
bibliography research [18]. The MT3DMS code was used for the nitrate fate and transport simulation.

nitrate loading (;Tgy) * 0.4

. mz
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Transient mass transport starts from the June of 1995 and terminates by the September of 2007.
In this period the systematic observation of groundwater quality was implemented by the Institute
of Geological and Mineral Exploration [19]. Nitrate concentrations from 11 observation wells have
been used as initial values. The locations of these observation wells are presented in Figure 3.
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Figure 3. Location of wells and Municipal Districts.
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4. Results

4.1. Surface Hydrological Model (UTHBAL)

The UTHBAL model is applied to semi-distributed mode simulating the runoff generated from
the lowland area, where the aquifer is located in and receives the percolation from that area. Since,
there is no difference of climatic conditions, the results of UTHBAL are the same for the two
operational scenarios. The mean annual recharge is calculated to be 15.93 hm? for the low zone and
98.43 hm? for the upper zone respectively. Furthermore, the mean annual surface runoff is estimated
to be 32 hm? for the low and 60.61 hm? for the upper zone.

4.2. Water Reservoir Model (LAK3)

Among the results of LAKS3, the only variable affecting the methodology is the groundwater
seepage from the reservoir which is estimated, for the second scenario, to be 18 hm?on an annual
basis [13].

4.3. Groundwater Flow Simulation (Modflow)

In the first scenario the over-exploitation of the aquifer is obvious, as 80 hm?® of water are
extracted per year from its non-renewable resources. This leads to hydraulic head drawdown to the
absolute height of =50 m, as shown in Figure 4a. In the second scenario, only 10.84 hm? per year of
groundwater non-renewable resources are exploited concluding to a very small hydraulic head
drawdown not below the absolute height of 10 m (Figure 4b). This is due to irrigation wells closeness
and to water reservoir seepage to aquifer.

Figure 4. The hydraulics heads on the operational scenarios. (a) Presents the hydraulic heads at the

first operational scenarios and (b) indicates the hydraulic heads at the second operational scenarios.

4.4. Transport and Dispersion Model

A sensitivity analysis has been performed to identify the most sensitive parameters affecting
groundwater contamination [20]. Sensitivity analysis indicates that neither the hydraulic coefficients
(hydraulic conductivity, porosity) nor the hydrodynamic dispersion coefficients of longitudinal and
transverse dispersion (ar) and (ar), influence significantly the nitrate transport and dispersion. On
the contrary, nitrate leaching is the parameter with the greatest uncertainty. Therefore, the model is
calibrated based on the nitrate infiltration parameter (Figure 5).
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The simulation results indicate the contribution of reservoir to groundwater quality remediation.
As far as the first scenario is concerned, the nitrate concentrations that are recorded are especially
elevated reaching even 45 mg/L, locally. The elevated nitrate concentrations are explained due to the
application of nitrogen over fertilization in the region. The value of 45 mg/L is observed at south
eastern part as well as the south-western part of the study area. On the contrary, with respect to the
second scenario the nitrate concentration is considerably lower. The lower nitrate concentrations
which are presented vary between 25 and 30 mg/L. At this point, it is important to mention that the
lowest value of the nitrate concentration is observed in the south eastern part of the aquifer. This is
explained by the fact that this is the region where the reservoir is placed (Figure 6a,b). The presence
of the reservoir signals increased recharge. Subsequently, the increased recharge leads to lower
nitrate concentration (as nitrates are water soluble contaminants). Comparing the two operational

scenarios, the differences of nitrate concentration values in the surrounding area of reservoir range
from 10 to 15 mg/L.
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Figure 5. Comparison of the observed and simulated nitrate concentration values.
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Figure 6. (a) records the nitrate concentration in the no reservoir scenario; Conversely (b) indicates
the nitrate concentration in the reservoir scenario.
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5. Conclusions

As a conclusion it should be mentioned that the purpose of the study was to highlight the
importance of a reservoir using an integrated approach on water resources management. The
proposed integrated modeling focuses on the positive contribution of reservoir on groundwater
quality, especially to the nitrate parameter. Nitrate transport modeling shows rising nitrate
concentration on groundwater correlate with fertilizer application rates in the watershed in the case
of the no reservoir scenario. Conversely, the presence of the reservoir leads to the decreasing nitrate
concentration on groundwater that is explained by the reservoir’s increased recharge. Therefore, as
previous work was reported [21], there is a decrease in the concentration of nitrates ions in regions
where there is an increased recharge. However, one important factor is the fact that the operation of
the reservoir decreases locally the nitrate concentration even below the 25 mg/L in the surrounding
areas. The concentration of 25 mg/L in the groundwater has been characterized as a “’threshold” value
by Directive 91/676/EEC. The continuous existence of nitrate concentration above this “threshold”
value defines the water as improper for domestic use due to the health problems it may cause. To
invert this environmental degradation, radical measures ought to be taken in the study area such as
the application of good agriculture practices to prevent water pollution and the adoption of efficient
irrigation methods.
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