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Abstract:  This paper investigates the potential conjunctive use of surface water and groundwater in order to optimize the 
exploitation and utilization of the available water resources from the River Nestos, NE Greece, and to confront the 
continuous groundwater salinization at the coastal part of the eastern part of River Nestos Delta. This attempt aims at 
contributing to the rational water resources management in the study area by improving the flow conditions through 
the main water course of the irrigation network of the study area with a proposal of proper technical interventions. 
Several maps, figures and tables were compiled, indicating the positions and technical details of the proposed 
interventions based on a topographic survey and a numerical simulation, using the well-known one-dimensional 
software HEC-RAS. The proposed intersections, tested in the simulation, were distinguished in modifications into the 
watercourse bed and engineering works concerning the pipeline. At the same time, a managed aquifer recharge 
(MAR) pilot project was designed including a system of recharge basins. The relevant design elements were 
calculated based on the hydrogeological and hydraulic characteristics of the underlying aquifer system. 
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1. INTRODUCTION 

 In general terms, conjunctive use implies the planned and coordinated management of surface 
and groundwater, in order to maximize the efficient use of total water resources. It is only in recent 
years that conjunctive use is being considered as an important water management practice (De 
Wrachien and Fasso, 2002). According to Zhang (2015), conjunctive use of surface water and 
groundwater is of importance for integrated water resources management. It has provided an 
effective means to satisfy the ever-increasing water demands from different water users and deals 
with surface water shortage problems. 

Scanlon et al. (2016) state that two basic approaches for managing groundwater storage include 
(1) conjunctive use of surface water and groundwater and (2) managed aquifer recharge (MAR). 
Conjunctive use involves substituting surface water for groundwater, resulting in reduction of 
groundwater pumpage and retaining groundwater in aquifers (Bredehoeft and Young, 1983). MAR 
can be considered an extension of conjunctive use whereby, instead of substituting surface water for 
groundwater, surface water is used to recharge groundwater (Gale and Dillon, 2005).  

Conjunctive groundwater use with surface-water resources, in terms of practical water 
management, represents one of the most important responses to improving drought water-supply 
security and for long-term climate-change adaptation. Furthermore, and in terms of underpinning 
science, its design requires a refined understanding of resource interconnectivity (both naturally and 
perturbed by irrigation works or practices) and of aquifer salinization processes (Foster and van 
Steenbergen, 2011). 

In the framework of the rational water resources management at the eastern part of River Nestos 
Delta, Greece, the present study targets are: (i) to improve the flow conditions through the main 
watercourse K2 (Figure 1) of the irrigation network of the study area by applying proper technical 
implementation proposals, and (ii) to design an aquifer managed recharge (MAR) pilot project, 
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while assessing the effectiveness of the recharge procedure. In particular, this paper investigates the 
potential conjunctive use of the main watercourse K2 and the underlying aquifer system in order to 
meet more effectively the irrigation and drainage needs of the wider Dekarcho - Maggana area 
(Figure 1), as well as to confront the continuous groundwater salinization at the coastal part of the 
investigated area. The whole research procedure aims at optimizing the exploitation and utilization 
of the available water recourses from the River Nestos.  

2. DESCRIPTION OF THE STUDY AREA  

Watercourse K2 (Figure 1) as a main part of the irrigation network of River Nestos East Delta, 
fails to transport adequately fresh water due to its incorrect design and the various erroneous 
interventions through its course. This defective flow function results in causing flood episodes 
upstream and hardly meets the water demands at the coastal zone. 

 

Figure 1. Left: study area; location of the proposed pilot MAR project - Right: cross-sections.  

Moreover, several hydrogeological researches in Eastern Delta of Nestos River (Sakkas et al., 
1998; Pliakas et al., 2001; Gkiougkis et al., 2010; Gkiougkis et al., 2011; Pliakas et al., 2014a; 
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Pliakas et al., 2014b; Gkiougkis et al., 2015; Pedreira et al., 2015; Pliakas et al., 2015) have pointed 
out the continuous quality degradation of the coastal aquifer system of the area due to groundwater 
and soil salinization.  

The study area is located in a recent sedimentary deltaic environment with a thickness of some 
tens of meters deposited by Nestos River and consisting of alternating sand, clay and silt layering 
depositions (Gkiougkis et al., 2010). According to Gkiougkis et al. (2014), the east delta plain of R. 
Nestos extends to 176.4 km2, from which the irrigated lands (mainly corn and cotton) extend to 
89.90 km2, while the 35 km2 of them meet their irrigation needs from Nestos River. The rest of the 
area meets irrigation needs through groundwater exploitation. There are two hydrogeological 
systems formed within the alluvial deposits on the broader study area, a shallow one, consisting of 
phreatic and mostly of semi-confined aquifers extended down to a depth of about 30 m, and a 
deeper system, consisting of confined aquifers extended to a depth of at least 190 m. Evaluation of 
the relevant groundwater hydraulic parameters of the aquifer system resulted in values for (Pliakas 
et al., 2001; Sakkas et al., 1998): (1) transmissivity (T), ranging from 4.0×10-4 to 1.1×10-2 m2/sec, 
(2) storage coefficient (S), ranging from very low values to 10-3, characterizing the aquifers of the 
study area as confined mainly westward, and in some sites, as semiconfined. Figure 2 shows the 
piezometric map of the upper unconfined aquifer in October 2014, after the irrigation period. The 
major groundwater flow direction is from northwest to south with minor flows from the N.E. and 
central parts of the study area to the south.  

 

Figure 2. Piezometric map of the upper unconfined aquifer (7-10-2014).  
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It is worth mentioning that the longest part of the K2 course is located above an underlying main 
groundwater recharge axis (Figure 2), which was confirmed by groundwater level measurements 
before and after the irrigation period of 2015 (13-5-2015 and 3-11-2015) in 18 monitoring wells 
located near to the K2 course bed. This ascertainment helps in identifying suitable groundwater 
artificial recharge sites. In addition, groundwater level fluctuation shows increased natural recharge 
due to high precipitation values during the time period of 2014-2015 (2009-2015 average annual 
value: 719.9 mm (Figure 3). 

Regarding the groundwater quality in the study area, the conducted chemical analysis during 
July 2015, indicated groundwater salinization in the SE part of the study area, due to possible 
seawater intrusion and lateral groundwater inflow from Laspias stream. Some relevant characteristic 
values are shown below:  

§ Electrical conductivity (EC) values: 274 – 3080 µS/cm 
§ Chlorides (Cl-) concertation values: 10.64 – 5319 mg/L 
§ Revelle coefficient values (Cl-/(CO3

2-+HCO3
-) in meq/L) (Revelle, 1941): 0.10 – 2.52.  

 

Figure 3. Average monthly precipitation values for the time periods 1966-2015, 1981-1990, 1991-2000, 2001-2015. 

3. HYDRAULIC MODELLING AND DESIGN OF WATER COURSE 
INTERVENTIONS  

A detailed topographic mapping of the K2 watercourse (length of approximately 12,000 m) was 
carried out in spring 2015 in 1:25000 scale. Specifically, recording positions were set every 100 m 
along the K2 stream bed, including both embankments and the main channel of the stream. 
Furthermore, the existing technical structures and all points where abrupt flow changes occurred 
were inspected and noted. The hydraulic simulation of this watercourse was carried out with the aid 
of HEC-RAS for the investigation of two scenarios of interventions (Figures 4 - 7), which aim to 
increase the 0.50 m3/s discharge capacity of the channel at the current state. The suggested 
modifications emanate from the inadequate water conveying capacity of the existing infrastructures 
and the necessity to provide water for irrigation. 

§ Scenario 1 pertains to the alteration of the bed slope in specific parts of the watercourse to 
decrease the flow depth and increase the channel discharge capacity up to 0.75 m3/s. 

§ Scenario 2 includes bed slope alterations, such as those in Scenario 1, as well as improvement 
of the existing technical structures, leading to a discharge capacity of 1.00 m3/s. These 
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modifications could lead to increased discharge capacity, up to 1.25 m3/s where water was 
observed to overflow at some specific points. 

 
To validate the watercourse discharge capacity, velocity measurements were carried out at 

specific cross sections (1 to 187, Figure 1), using a Valeport (Model 001) flow meter. 
Figures 4 to 7 show the embankments details, which occurred from the topographic survey. The 

red and green dotted lines correspond to the left and right banks of the watercourse, respectively. 
The same figures present the profile of the bed centerline, following the implementation of the 
suggested modifications in the second scenario, and the water depths of the cross-sections.   

However, even after the suggested scenario implementations, there were still some problematic 
cross-sections where overflow was noted. In such cases, backfilling was necessary. 

Based on the topographic survey and the results of the hydraulic simulation for the effective 
regulation of the watercourse operations, maps were designed (Figures 8 - 13) and tables were 
compiled indicating the positions and the technical details of the proposed interventions alongside 
the K2 watercourse, such as: 

§ excavation or backfilling of the watercourse bed 
§ interventions in structures, including the alternatives of: (i) deepening the bed, (ii) adding a 

second pipeline of the same diameter, (iii) pipeline replacement with a larger diameter 
pipeline, (iv) pipeline replacement with two larger diameter pipelines. 

 
The number of cross-sections, tested and used in the simulation, was 223. The total amount of 

the proposed interventions was 76, that can be distinguished in 61 interventions related to the 
watercourse bed and 15 interventions related to the technical structures.  

 

Figure 4. Embankments’ altitude and longitudinal profile of the HEC-RAS software for the scenario 2 and flow rates 
Q=1.00 m3/s, Q=1.25 m3/s between the cross-sections 187 to 144. 
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Figure 5. Embankments’ altitude and longitudinal profile of the HEC-RAS software for the scenario 2 and flow rates 
Q=1.00 m3/s, Q=1.25 m3/s between the cross-sections 144 to 94. 

 

Figure 6. Embankments’ altitude and longitudinal profile of the HEC-RAS software for the scenario 2 and flow rates 
Q=1.00 m3/s, Q=1.25 m3/s between the cross-sections 93 to 41. 
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Figure 7. Embankments’ altitude and longitudinal profile of the HEC-RAS software for the scenario 2 and flow rates 
Q=1.00 m3/s, Q=1.25 m3/s between the cross-sections 41 to 1. 

 

Figure 8. Indicative map with the proposed interventions along the watercourse K2: successive cross-sections: 181 -
162 (background map: Google Earth 2013). 
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Figure 9. Indicative map with the proposed interventions along the watercourse K2: successive cross-sections: 150 -
124 (background map: Google Earth 2013). 

 

 Figure 10. Indicative map with the proposed interventions along the watercourse K2: successive cross-sections: 124 -
94 (background map: Google Earth 2013). 
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Figure 11. Indicative map with the proposed interventions along the watercourse K2: successive cross-sections: 181 -
162 (background map: Google Earth 2013). 

 

Figure 12. Indicative map with the proposed interventions along the watercourse K2: successive cross-sections: 42 - 21 
(background map: Google Earth 2013). 
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Figure 13. Indicative map with the proposed interventions along the watercourse K2: successive cross-sections: 21 - 8 
(background map: Google Earth 2013). 

4. PILOT MAR PROJECT 

In the framework of investigating potential managerial interventions in the area of watercourse 
K2 for confronting the groundwater salinization in the coastal part of the study area, a MAR 
(managed aquifer recharge) pilot project is proposed in a position approximately 680 m west of 
village Dafni, near to the watercourse bed (Figure 14). The proposal is based on the following 
ascertainments that the MAR proposed location: 

§ is barren, so it appears that land property and expropriation issues may not occur, 
§ is above an underlying aquifer consisting of soil material suitable for groundwater recharge 

procedures (gravel-sand and sand layers alternating with interposing clay layers),  
§ is positioned above an underlying main groundwater recharge axis (Figure 2), which may 

contribute positively to the effectiveness of the MAR process,    
§ is in close proximity to the watercourse K2, from which the required fresh water for recharge, 

will be provided after a partial diversion into the K2 bed,  
§ is also located in close proximity to a small trench which extends parallel and immediately 

adjacent to the municipal road connecting Avato, Dafni and Maggana villages, whereby: 
− the access to the project is quite easy,  
− the trench seems to be the available recipient of the excess water after the recharge 

procedure.     
 
Figures 15 and 16 present all the design elements of the proposed MAR project. The following 

estimations of the required hydrogeological parameters are listed:  
§ Transmissivity: T = Kb = 4×10-4 ÷ 1.1×10-2 m2/sec = 34.56 ÷ 950 m2/d à  

Tmean = 500 m2/d 
§ Thickness of aquifer system: b ~ 40 m 
§ Hydraulic conductivity: K = T/b = 12.5 m/d = 1.45×10-4 m/sec (according to Cashman and 

Preene, (2001), the estimated average permeability is characterized as moderate to low). 
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Figure 14. Location of the proposed pilot MAR system (background: Google Earth 2015).  

The proposed pilot MAR system should include the following (Figures 15, 16): 
§ The construction of a sediment retention basin (SB), with estimated dimensions 20 m × 20 m 

in order to effectively receive the recharge surface water flowing from the K2 watercourse 
after a relevant hydraulic assessment for detailed dimensioning. 

§ The excavation and formation of 2 systems of shallow recharge basins, each system 
containing 2 recharge basins of individual dimensions: surface area 20 m × 100 m, depth 0.80 
m - 1 m, in order to be filled with water not more than 20 cm – 30 cm in height so that the 
clogging of the basin bottom (and hence the effectiveness of the MAR system itself) will be 
minimized. 

§ Coating of the bottom of the recharge basins with the use of gravels or medium grained sand 
(0.10 – 0.20 cm)  

§ The installation of a monitoring network of groundwater wells and piezometers in order to 
inspect on a frequent basis the qualitative and quantitative effectiveness of the MAR system. 

 
The basin system is considered as a long strip (L/W = 5). The ultimate rise of the groundwater 

mound below the center of the recharge basin system is calculated by the (1) (Bouwer et al., 1999, 
2002; Todd and Mays, 2005): 

Hc − Hn =
iW
2T

W
4
+ Ln

⎛
⎝⎜

⎞
⎠⎟

 (1) 

where Hc is the height of the groundwater mound in the centre of the recharge area, Hn is the height 
of the groundwater table at the control area, i is the average infiltration rate in the recharge area, W 
is the width of the recharge area, Ln is the distance between the edge of the recharge area and the 
control area and T is the transmissivity of the aquifer.  

Thereby (Figure 17): 
§ mound rise Hc – Hn = 2 m (estimated from relevant groundwater level measurements in 

adjacent monitoring wells for the 2014-2015 period)  
§ recharge rate Q = 50 m3/h = 13.9 L/sec = 1200 m3/d, W=40 m, L=200 m 
§ average infiltration rate i = 1200 / (40×200) = 0.15 m/d 
§ width of basin system W = 40 m 
§ Eq. (1) à Ln = 323.33 m 

 

MAR 
project 
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Figure 15. Plan of the pilot MAR basin system. 

 

Figure 16. Cross section of a representative recharge basin.  

 

Figure 17. Cross section with the geometrical characteristics and relevant symbols regarding the recharge mount 
under the MAR basin system. 
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5. CONCLUSIONS AND MANAGERIAL PROPOSALS 

This paper investigates the potential conjunctive use of surface water and groundwater in order 
to optimize the exploitation and utilization of the available water recourses of River Nestos and to 
confront the continuous groundwater salinization in the coastal part at the eastern part of River 
Nestos Delta, NE Greece. The research concludes to proposals for applying proper technical 
implementation in order to improve the flow conditions through the main water course of the 
irrigation network of the study area, and to design a suitable managed aquifer recharge pilot project 
(MAR). 

It is worth mentioning that in the wider region of the study area, there are protected ecosystems 
intended to preserve the rich biodiversity of the existing environment system. Thus, any 
intervention must be in accordance with the relevant environmental protection regulations (Natura 
2000, Ramsar Convention). 

In the framework of this research and based on relevant experience of the Engineering Geology 
Laboratory of Department of Civil Engineering, Democritus University of Thrace, regarding the 
management of aquifers recharge and according to the relevant recommendations, specifications, 
propositions and guidelines of scientific organizations, committees and agencies in Greece and 
worldwide (ASCE 1987, 2001; CMD, 2009; EU, 2006; US EPA, 1992; US NRC, 1994), the 
following research works and managerial proposals are concluded: 

§ detailed hydrological and hydraulic study of the hydrogeological regime of the aquifer system 
and feasibility study of MAR using recharge basins  

§ testing an experimental pilot recharge application and evaluation of the recharge effectiveness 
§ design of a network of wells monitoring the quality of the recovered water 
§ determination of the proper testing parameters 
§ confrontation of potential clogging problems 
§ cost study of the proposed interventions and MAR facilities 
§ environmental impact assessment for the broader region 
§ investigation of possible problems regarding public acceptance and indicative for 

communicating with the involved water users and stakeholders  
§ establishment of safety countermeasures in the designed recharge facilities. 
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