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ABSTRACT 
 

The aim of this paper is to characterize the regional groundwater flow system in the Tirnavos 

alluvial basin, and to develop and apply appropriate models for assessing artificial recharge as 

a way to restore and manage regional groundwater resources in eastern Thessaly-central 

Greece. Simulation of the aquifer system in the study area was performed on FEFLOW and 

the calibrated model was then used for the feasibility assessment of alternative groundwater 

management strategies based on groundwater artificial recharge. It was demonstrated that 

groundwater artificial recharge is technically feasible and financially reasonable, thus presents 

a viable solution to restoration of the aquifer system in the study area. 

 

1. INTRODUCTION 

 

Creative water management will become essential in many countries, as the growing rarity of 

fresh and clean water is among the most important environmental issues in the 21st century. 

Groundwater is a major water resource, and runs the risk of depletion because water demands 

are rising and this can lead to overexploitation. In parallel, groundwater quality deterioration 

is evident and becoming a generalized issue due to the various anthropogenic activities. 

In order to effectively protect and manage water resources, a comprehensive suite of 

European Directives (e.g. 2000/60/E.C. Water Framework Directive (WFD), 2006/118/E.C. 

Groundwater Daughter Directive (GWDD), etc), and national legislative Acts have been 

established. Mathematical models are among the most efficient and valuable tools that are 

becoming popular in the framework of designing and assessing the efficiency and 

applicability of strategic water resources management policies and plans. 

In eastern Thessaly-central Greece where 14% of the domestic agricultural products originate 

from, groundwater resources cover the largest part of water demands, whilst surface water 

also accounts for a small percentage of water demands. Due to the lack of a rational water 

resources management scheme and the poor operation of monitoring networks, signs of over-

exploitation and water quality deterioration are documented and exhibit an alarming trend. To 

alleviate the problem, alternative water management scenarios are tested and evaluated, using 

FEFLOW, a relatively new finite element flow and pollution transport numerical code. The 

effectiveness of artificial recharge as a management scenario which could enable conjunctive 

use of surface and groundwater resources is specifically tested and evaluated to prove it an 

efficient and environmentally friendly solution to water shortage and on the long run to 

aquifer rehabilitation and sustainable management. This was deemed a necessary step prior to 



proceeding into the required infrastructure to apply artificial recharge, thus safeguarding tax-

payers capital into a sound and viable investment. 

 

2. STUDY AREA 
 

Thessaly is one of the most productive (agriculturally) areas of Greece and is distinguished in 

two main plains: eastern and western Thessaly that are separated by the mid-Thessalian hills.  

Carboniferous-Middle Triassic gneiss and schists of the Pelagonian zone crop out along the 

northern edge of Tirnavos plain and form the bedrock of the basin. To the west the basin is 

delineated by the karstified Tirnavos-Damasi-Koutsohero system (Fig. 1) [1]. Two major 

springs emerge at the contact of the karstified system with the alluvial deposits. The Mati 

spring is used for irrigation, while the Agia Anna spring provides most of the domestic water 

demands of the adjacent town of Tirnavos [2]. 

Neogene marls and marly limestones crop out along the south-western and north-eastern 

margins of the alluvial basin (Fig. 1). The presence of these formations, especially so the 

former known as mid-thessalian hills, is important because they separate hydrogeologically 

the eastern from the western Thessaly plain [3].  

The basin is filled with deposits of fluvio-lacustrine to fluvio-torrential origin that are 

characterized by considerable lithological variations, and consist of intercalations of sand, 

gravel and clays [4]. Groundwater occurs in those deposits within which a lower thick, 

predominantly confined aquifer, and a superimposed unconfined aquifer may be distinguished 

on a regional scale, separated by an essentially clay layer of varying thickness [5]. 

 

 
Figure 1: Geological setting of study area and alternative locations for Groundwater Artificial 

Recharge Application (GWAR).  

 



Cultivated land expands to some 86% of the spatial extend of the basin and out of this 32% 

are non-irrigated fields. Consequently, irrigation is the dominant water user in the region and 

accounts for some 90-95% of total water demands, whilst domestic water supplies take up 

only 3% of the annually abstracted volumes of water. Groundwater essentially covers all 

water demands through abstractions from numerous shallow wells and deep boreholes and 

surface water contributes only a minor percentage [6, 7]. 

Due to lack of specific water resources management policies and the inefficient water 

resources monitoring network, groundwater overexploitation is evidenced since mid 1970’s 

and has resulted in head declines and quality deterioration. Earlier studies for the period  

1974-1994 suggested that for the entire Thessaly plains region the volume of groundwater 

overexploitation exceeded 1,000Mm
3
, out of which 800Mm

3
 alone related to the period  

1984-1994 [8]. Documented signs are dramatic especially at the southeastern extension of the 

eastern Thessaly aquifer system which is being recharged mainly through lateral crossflows 

from Tirnavos sub-basin [9]. Spring discharge is also reduced dramatically and in some 

occasions seasonal or permanent discharge interruptions are noticed [8]. In specific cases 

quality deterioration is such that renders water inappropriate even for irrigation, based on 

standard parameters. 

 

3. METHODS 

 

Several alternative options and suite of measures have been considered for alleviation of the 

documented problems of heads decline and quality deterioration. Out of these, groundwater 

artificial recharge, and more specifically Aquifer Storage Recovery was deemed to be the 

most appropriate and suitable for the particular region [10]. The main principle of 

groundwater artificial recharge is to store surplus water that occurs during the low demand 

season, for later use at peak demand periods while improving water quality by recharging the 

aquifer with high quality water. Artificial recharge was selected because it’s an efficient, 

environmentally friendly solution to water shortage and aquifer restoration that has been 

successfully tested under specific precautions for its efficacy in similar hydrogeological 

environments in Greece [11, 12] and may be suitable for the study area. 

For the application of the artificial recharge the construction of well field comprising 20 wells 

is estimated to be required, based on the main hydraulic characteristics of the study area [5]. 

Through this well field winter time surplus discharge from the Mati Tirnavou spring will be 

injected to the aquifer system (and more specifically to the deeper confined aquifer unit), over 

a period of 153 days, from October to April annually. The system will be supplied with 60 

m
3
/h/well, thus it will receive an overall annual recharge volume of 4,406,400 m

3
, which 

corresponds roughly to 20% of the mean winter-time discharge of the Mati Tirnavou springs, 

thus allowing sufficient water to sustain all functions supported by the spring (wetland, 

ecological river discharge, etc). This way, conjunctive use of surface and groundwater 

resources is achieved and in parallel unused valuable winter time runoff is being utilized. 

Conveyance and distribution pipe networks are designed and their cost calculated.  

Calculation of the cost of water in accordance to the Water Framework Directive (and 

consequently split it to the consumers), requires to take into account numerous parameters, 

amongst which the environmental cost, as this is reflected by the capital investment to 

construct the required infrastructure for groundwater artificial recharge and the running costs 

required to operate the scheme [10, 14]. As groundwater artificial recharge entails 

considerable investment and running cost, that is lower compared to other solutions but still 

existent, prior to adopting it as the most appropriate solution, it is wise to test and assess its 

effectiveness and usefulness for the Tirnavos alluvial basin and its southeastern extension that 

is hydrologically linked to it. To do so FEFLOW code was used. FEFLOW is a relatively new 



three-dimensional finite element model for the simulation (amongst others) of groundwater 

flow.  

The compiled model comprises three layers and was calibrated for 21 years at steady and 

transient state conditions, [15]. More specifically, the groundwater flow model was calibrated 

at dynamic steady state conditions (DSS) for the hydrological year 1973-1974, consequently 

at transient state conditions (TS) for the period 1973-1995 and verified for the period 1995-

2000.  

Five alternative management scenarios were then tried, accepting the prevalent water 

resources exploitation regime and the adopted land use plans: one without groundwater 

artificial recharge and four with the application of groundwater artificial recharge at 2 

alternative areas, as depicted in figure 1 (at the river Pinios and Titarisios confluence, and at 

the river Titarisios fan). The two alternative areas were selected as the most susceptible to 

artificial recharge, the most convenient in terms of their distance from the source of recharge 

water and also the hydraulically most appropriate in order to ensure recharge water disperse 

within the main areas of interest in the aquifer system. Those scenarios were simulated and 

assessed for the time periods 1995-2006 (as indicative of what could have been gained in 

terms of water resources at a critical period) and 2006-2020 (as a strategic plan of what can be 

still achieved at realistic terms). Hence, two of the scenarios assume groundwater artificial 

recharge since 1995 (purely theoretical approach to demonstrate the theoretical gain lost), and 

two of the scenarios assume groundwater artificial recharge since 2006 (a realistic approach to 

assess what can still be gained). The impact of each of the five tried scenarios is assessed on 

the basis of the predicted hydraulic head changes imposed on three key areas of the modelling 

domain, as illustrated in figure 1, and the forecasted groundwater balance.  

 

4. RESULTS 

 

DSS and TS calibration and verification of the model were successful [15] and the model is 

therefore capable to adequately reproduce the main hydrodynamic evolution mechanisms that 

control the Tirnavos aquifer system. This becomes more essential taking into consideration 

that the calibration and verification periods are characterized by excessive stresses imposed 

on the system [13]. Consequently, it may be argued that predictions simulated by the specific 

model are characterized by a high confidence level. The results of the tried and assessed 

scenarios that were presented in the previous chapter of the paper are tabulated in Table 1 and 

discussed in the following paragraphs. 

Under the primary scenario tried (1), in which no artificial recharge is applied and 

exploitation pattern and trend is maintained, it is forecasted that in the period 1995-2020, 

average groundwater heads will have further declined within the modeled area by almost 

2.7m. 

 

TABLE 1: Predicted average groundwater head (m) changes over the modeled domain for 

the three tried management scenarios. Negative sign denotes head decline and positive sign 

head recovery (relative to the 1995 values). 

 

No 

Artificial 

Recharge 

(1) 

Artificial Recharge 

Marginal Cone River confluence 

GWAR 

1995-2020 

(2) 

GWAR 

2006-2020 

(3) 

GWAR 

1995-2020 

(4) 

GWAR 

2006-2020 

(5) 

Dh  Ap.95-Ap.06 -2.209 -2.209 4.221 -2.209 2.209 

Dh  Ap.06-Ap.20 0.459 0.049 0.930 0.218 0.218 

Dh  Ap.95-Ap.20 -2.667 -2.160 5.151 -1.991 1.991 



Under scenario 2 (groundwater artificial recharge at the river Titarisios fan since 1995), an 

average groundwater head recovery of 5.2m is forecasted at year 2020. Likewise, under 

scenario 4 (groundwater artificial recharge at the river confluence since 1995), an average 

groundwater head recovery of 5.9m is forecasted at year 2020. Scenarios 3 and 5 where 

groundwater artificial recharge initiates in year 2006, results are not as impressive, but still 

exhibit gain to the aquifer system. Hence, for scenario 3 (groundwater artificial recharge at 

the river Titarisios fan since 2006), average head decline at year 2020 is 2.2m, i.e. reduced by 

almost 0.5m compared to scenario 1 (no application of artificial recharge). Similarly, for 

scenario 5 (groundwater artificial recharge at the river confluence since 2006), average head 

decline at year 2020 is 2.0m, i.e. reduced by almost 0.7m compared to scenario 1 (no 

application of artificial recharge). 

Based on the afore presented hydraulic head changes per studied scenario and assuming an 

average value of effective porosity ne=10% [16], volumetric changes in stored groundwater 

are calculated. Hence, a total loss of 441Mm
3
 is predicted for scenario 1 by the end of the 

simulation period, whereas for the theoretical scenarios 2 and 4 a volume gain of 290Mm
3 

and 

330Mm
3
 is calculated respectively. For the more realistic scenarios 3 and 5, the volume loss is 

limited to 196Mm
3 

and 186Mm
3
, respectively. 

 

5. DISCUSSION 

 

The presented results of the alternative groundwater artificial recharge scenarios are 

promising (especially so the realistic scenarios 3 and 5), compared to the alternative 

management option of maintaining the current exploitation regime without implementing any 

alleviating measure. It is clearly demonstrated that aquifer storage recovery is definitely not a 

method that exhibits immediate results and leads to instant recovery. However, it may serve 

as a long term solution to stop over-exploitation and reverse the established trends, thus 

alleviating the problems of heads decline, negative balance and quality deterioration. Given 

that this is only the gain to the studied portion of the wider eastern Thessaly aquifer system, it 

may be deduced that the merits from artificial recharge application influence also the 

southeastern extent of the aquifer system. This is due to the fact that lateral crossflows from 

the Tirnavos alluvial sub-basin are the main source of recharge to the southeastern extent of 

the aquifer system. As artificial recharge water is characterized by high chemical quality, it is 

expected that groundwater quality will be progressively improved, since existing pollutants 

will be diluted in larger volumes of high quality water. However, it has to be stressed that in 

similar cases where groundwater artificial recharge was applied in Greece, during the first 

period of application quality deterioration phenomena were observed due to pollutants’ 

washout from the unsaturated zone.  

Working hypotheses of the modeled scenarios are assuming worst case evolution conditions 

with respect to hydrologic phenomena and practiced groundwater abstractions, hence the 

predicted aquifer response is the most conservative with respect to available water 

resources.Analysing the results of the simulations, it follows that if artificial recharge had 

been initiated in the mid 1990’s, the aquifer system would have recovered and operated under 

sustainable conditions, without any compromise to the abstracted volumes of groundwater. 

However, even at this stage, implementation of the proposed measures appears to be a viable 

and efficient solution that will reach sustainability and recovery targets within a reasonable 

time frame. Recharge operations were tried utilizing only a small percentage of the average 

winter time spring discharge. It is suggested that doubling the utilized volumes and applying 

artificial recharge at 2 well-fields simultaneously, could lead to quicker recovery, whilst at the 

same time maintaining the functions supported by spring water discharge.  



Since the results are produced from a mathematical model that is compiled on the basis of a 

well established conceptual model [5] that is dully calibrated and verified, it may be argued 

that the level of confidence is high. It therefore follows that management scenarios based on 

groundwater artificial recharge are well assessed and reliable, hence the related capital 

investments are sound. 

The calculated capital investment required for the infrastructure that is necessary to 

systematically apply groundwater artificial recharge is about 7 M€ and the annual operating 

cost about 96,000 € [10]. The capital investment may be financed through the cohesion funds 

of the E.C. or alternatively the national structural funds, since the proposed infrastructure is 

environmentally friendly and certainly of a development character, both of which are eligible 

under either financial tools. Based on the principles set by the Water Framework Directive, 

running costs should be covered by the beneficiaries, i.e. essentially the farmers of the region. 

Groundwater abstractions are utilized for irrigation of about 100,500 stremmas (i.e. ca. 10,050 

ha) within the modeled area, excluding the area irrigated outside the modeled domain. 

Distributing annual operating costs to the irrigated land, a minimal charge of 0.96€ per 

stremma is deduced, that is negligible for the scale of the proposed scheme and the benefits 

gained. It follows that groundwater artificial recharge is an efficient, flexible, economical and 

environmentally friendly, hence viable management option that is characterized as a small 

scale and of local societal interest technical solution.   

Implementation of 2000/60/EC Directive in a particularly stressed area as the wider study 

region is, dictates the study, design, adoption and enforcement of an integrated water 

resources management plan. Such a plan should lead to the resolution of the quantity and 

quality problems that water bodies of this region faces. Additional measures that are seen to 

be implemented in parallel to groundwater artificial recharge include intensification and 

expansion of the Action Plan against groundwater nitrates pollution of agricultural origin, in 

accordance to 1991/676/EC Directive, the restructuring of cultivations, the improvement of 

collective irrigation networks, the ban of private wells and the progressive shift from 

individual wells to organized collective pressurized irrigation networks [10].  

Successful application of a rational groundwater resources management scenario in the wider 

region assumes and therefore requires the establishment of a water resources monitoring 

network that is compiled on the basis of a concise monitoring protocol, in accordance to the 

principles set by the Water Framework Directive and the Groundwater Daughter Directive. 

This is the ultimate tool to assess the efficiency of the applied management measures and also 

evaluate the current conditions and trends established in each and every identified water 

bodies.  

 

6. CONCLUSIONS 
 

Tirnavos alluvial basin is an area which faces quantity and quality problems because water 

resources are over-exploited and no specific management plans have been applied in the past 

40 years. In order to propose an applicable management plan for the restoration of the water 

resources of the study area, a groundwater flow model built on FEFLOW was used for testing 

and evaluating alternative management scenarios. It was demonstrated that the aquifer system 

reacts positively in groundwater artificial recharge, exhibiting hydraulic head recovery and 

consequently storage of considerable volumes of water. 

For the first examined scenario the results clearly illustrated the state of over-exploitation the 

system is in and the progression that is predicted for the future years. The alternative 

scenarios that assume application of groundwater artificial recharge suggest that viable 

conditions may be achieved even utilizing small volumes of the available winter-time spring 

water discharge. Even though that under the realistic scenarios tried complete recovery of the 



aquifer system is not foreseen by year 2020, a clear trend reversal is denoted which is 

promising for the future of the aquifer system and consequently the preservation of the 

regional socio-economic structure that depends upon it.  

Numerical modelling proves to be an invaluable tool that enables accurate and reliable 

assessments of alternative strategic management plans. Results from well calibrated and 

verified models can document and justify the capital investment required for infrastructure 

that is necessary to support water resources management scenarios. In fact, in the absence of 

such tools, decision makers may be led to decisions that lack scientific justification and 

rationale. 

Groundwater artificial recharge appears to be an effective and economical, hence attractive 

solution because it achieves: a) integrated and long term management of the aquifer system, 

b) conjunctive use of surface and groundwater, c) groundwater quality improvement, d) 

reversal of the documented over-exploitation regime, and e) new water resources to cover the 

ever increasing demands, especially during periods of prolonged droughts. 
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