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ABSTRACT 

The Kiti coastal aquifer system in Southern Cyprus consists of an upper unconfined alluvial aquifer 
and a lower, confined, carbonate aquifer, separated by a marly, leaky aquitard. Over-exploitation has 
caused seawater intrusion during the past decades. In this study, analyses of historical data have 
been combined with field investigations to characterise the aquifer system. The salinity distribution in 
the alluvial aquifer forms a plume-like body reaching far into the central area, where agricultural 
activity is intense. In the present study the process of the mass that is extracted from increasingly 
seawater-affected wells and re-distributed on the fields and subsequently transferred again to the 
groundwater during the rainy season was to be evaluated with a three-dimensional finite element 
model of the area, using the computer package FEFLOW. Mass transport simulations were carried out 
for the time-span between 1978 and 2001 using two scenarios to evaluate the differences in mass 
budgets and mass distributions. Having identical flow boundaries and initial conditions, the difference 
between the two simulation scenarios lay in the mass boundary conditions. These were implemented 
as follows: 1) by ignoring the mass extracted by the wells, and 2) by annually cumulating the mass 
leaving the system by the well boundaries and re-introducing it into the model as diffuse input. 
Including such a mass return flow from irrigation into the model led to a far better calibration of the 
observed concentrations as opposed to the transport simulations without mass return flow. The 
comparison of the cumulated well masses of the two scenarios at the end of 20 years revealed that 
the extracted mass in the second scenario was 3% higher, thus indicating the percentage derived from 
return flow from irrigation.  

INTRODUCTION 

In the Kiti aquifer, as in numerous coastal aquifers in the Mediterranean region, over-exploitation has 
led to seawater intrusion in the past decades. The main objective of this study was to investigate the 
evolution of the seawater intrusion in the Kiti area by means of historical data, field measurements and 
subsequent numerical modelling, and to specifically evaluate the impact of mass return flow from 
irrigation as a mechanism of mass recycling and re-distribution after seawater intrusion. Building of 
regional three-dimensional numerical models of seawater intruded areas, either with finite elements 
(XUE et al. 1995, GAMBOLATI et al. 1999, PANICONI 2001) or finite difference codes (VOSS 1999, 
GUALBERT & ESSINK 2001), is usually a difficult task, not only with respect to computational constraints 
due to density-coupled flow and transport simulations but also due to the lack of sufficiently complete 
data sets allowing cross-validation. The processes underlying the two salinization mechanisms 
(seawater intrusion and mass return flow from irrigation) are entirely different, but they are linked by 
the fact that the water quality degradation within the pumping wells caused by seawater intrusion 
enhances salinization by irrigation. On the other hand, intensive agricultural activity (e.g. over-
exploitation) leads to enhanced seawater intrusion by the lowering of the water table. 
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Groundwater quality degradation due to mass return flow from irrigation is a problem, which has 
obtained a lot of attention, particularly in the United States and Australia. The focus in papers by 
KONIKOW & PERSON (1985), BOUWER (1987), CLOSE (1987), BEKE et al. (1993), PRENDERGAST et al. 
(1993), for instance, is on the understanding and quantification of the mechanisms of groundwater 
quality degradation by mass loading of the unsaturated soil due to irrigational practices and 
subsequent flushing and transfer to the groundwater body. The detection and description of secondary 
salinity sources in coastal aquifers have also been discussed, and methods developed to identify them 
(VENGOSH & ROSENTHAL 1993; STRIGTER et al. 1998, EL ACHHEB et al. 2001).  
In this present study, a brief survey of the results obtained from data analysis and from field 
investigations allowed an overall characterization of the Kiti aquifer. Particular focus was placed on the 
hydrogeological and geological context, as well as on the particular pattern of the electrical 
conductivity distribution. In the following, the construction and calibration of the three-dimensional finite 
element model is discussed, prior to a presentation of the main results from the transport simulations. 

GENERAL SETTING 

The Kiti aquifer is situated in the east of Southern Cyprus, south of Larnaca (Figure 1), an area with 
characteristic semi-arid climate, forming a plain with elevations reaching up to 20 masl in the north and 
with a surface area of approximately 30 km2.  
The aquifer is really a layered aquifer system, consisting of an upper, unconfined, alluvial aquifer of 3-
50 m saturated thickness, separated from a lower, confined, carbonate bedrock aquifer by Pliocene 
marls. In the northwest the bedrock crops out as south-dipping carbonate units, which reappear at the 
Cape Kiti (Figure 1). The shoreline forms the southern and partially the eastern boundary, while two 
salt lakes are situated in the northeast. Six kilometres to the north of the natural Tremithos river mouth, 
the Kiti dam was constructed in the 1960s to avoid any fresh water run-off to the sea and is used for 
controlled recharge of the alluvial aquifer, whenever water is available.  

 

Figure 1 Main physiographic features of the Kiti area, Southern Cyprus, showing the limit of the Kiti aquifer with 
respect to the sea, the main villages, the most important agricultural areas, the Kiti dam, the salt lakes and the 

outcropping bedrock (carbonates). 

The Kiti aquifer was heavily exploited until the late 1980s, when a project allowing partial irrigation with 
imported water brought some relief. Extraction for both domestic and, mainly, agricultural purposes 
lowered the hydraulic head to 12 m below sea level in the early 80s, creating a pronounced landward-
directed gradient and enhancing seawater intrusion. Groundwater abstraction in the area was an 
average of 3 mio. m3/year up to 1981, but was subsequently reduced to 1.8 mio. m3/year by the mid 
90s and to 1.3-1.5 mio.m3/year in the latest years. The water table recovered somewhat in the 90s but 
is still below sea level during most of the year. Annual recharge due to infiltration of precipitation and 
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lateral subsurface inflow has been estimated to be an average of 1.8-2.5 mio. m3/year (SCHMIDT et al. 
1988). 

RESULTS FROM DATA ANALYSIS AND FIELD INVESTIGATIONS 

Hydrogeological setting 

Analysis of about a hundred borelog records has been done with respect to hydraulic head 
measurements, and this allowed the delimitation of the zone within which the alluvial aquifer is 
saturated. This formed the basis for the lateral model delimitation (Figure 2, Figure 3). The position of 
the bedrock was also deduced from the borelog records and allowed the construction of the limit 
between the alluvial aquifer and the bedrock. The thickness of the unconsolidated alluvial deposits 
reaches between 5-10 m in the east and increases to a maximum of 50 m in the west, where a 
Miocene paleo-erosional surface of the Thremithos River has formed a gully-shaped channel in the 
bedrock (Figure 3). The thicknesses of gravel, sand and marl/clay were interpreted in terms of 
depositional environments with different mean grain-size distributions at the aquifer scale. This 
allowed the delimitation of five zones with internally similar characteristics. These zones were 
subsequently used to constrain an inverse modelling procedure.  
The bedrock consists of Pliocene transgressional marls overlying Cretaceous-Miocene calacarenitic 
and chalkey units of the Lefkara and Pakhna formations (EATON & ROBERTSON 1990), some of which 
are known as aquifers due to well-developed secondary porosity. Due to the lack of sufficient 
geological data from the bedrock, the lateral continuity and constant thickness of the aquitard and of 
the carbonate aquifer horizons cannot be guaranteed but forms one of the hypotheses made for the 
construction of the numerical model in which the bedrock has to be considered as an equivalent body.  

The analysis of the spatial and temporal piezometric evolution revealed the difference in hydraulic 
behaviour of the two aquifer layers (Figure 2). The confined bedrock aquifer shows far higher hydraulic 
heads and a steeper gradient than the unconfined alluvial aquifer. Particularly the temporal behaviour 
of both aquifer horizons is very different. Within the bedrock aquifer the temporal head evolution is 
characterised by very sharp rises and slower recessions, whereas long-term variations with small 
amplitudes can be observed in the alluvial aquifer. 
Figure 3 shows an idealized N-S geological cross-section through the Kiti aquifer system with 
indicated zones of potential drainage from the carbonate aquifer towards the alluvial aquifer and also 
the areas where the alluvial aquifer can be found to be unsaturated.  

 

Figure 2 Piezometric map (May 2001) showing the steep gradient within the bedrock aquifer and the pronounced 
depression in the western part of the alluvial aquifer. Temporal water table fluctuations in the bedrock and alluvial 

aquifers show the different aquifer behaviours. 
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Figure 3 Simplified geological N-S-cross-section through the Kiti aquifer system visualising the conceptual model 
based on geologic and hydrodynamic data. The highest piezometric line indicates the hydraulic head distribution 

within the bedrock, and the stippled line shows the water table in the alluvial aquifer. The subdivision of the 
alluvial aquifer into an unsaturated and a saturated zone can be seen, which enabled the delimitation of the 

aquifer system in the northern area. The bedrock topography or base of the alluvial aquifer is indicated but can be 
seen in more detail on Figure 5. 

Hydrochemical aspects 

To characterise the seawater intrusion in the Kiti aquifer, historical chloride concentration distributions 
were compared with the time-equivalent piezometric maps. The most pronounced hydraulic 
depressions, situated in the west, never corresponded to the most prominent salinity anomalies, which 
were observed in the central zone. During a field campaign (May 2001), the main aim was to assess 
the spatial salinity distribution. This was mainly done with electrical conductivity measurements. Figure 
4 shows the distribution of electrical conductivity derived from 76 measurements taken at depths of ca. 
3-5 m below the water table within the alluvial aquifer. In the area of the Tremithos paleo-channel, the 
seawater intrusion has advanced but the salinity iso-contours indicate a relatively narrow transition 
zone between the seawater and the freshwater. In the central area, where the saturated alluvial 
aquifer thickness is only a few meters and agriculture is intensive, a large tongue-like structure 
reaches 3 kilometres inland. In this area, a high salinity anomaly (exceeding 10 mS/cm) is laterally 
disconnected from the seawater front. Most of the central area is characterised by electrical 
conductivities between 2-6 mS/cm and the transition zone cannot be easily located. Pumping wells 
used for irrigation in the entire area are not abandoned before the electrical conductivity has reached 
5-8 mS/cm. The degree of water quality degradation appears patchy and smeared with locally high 
variations. This distribution is believed to be at least partially related to mass loading and return flow 
from irrigation.  

Chemical sampling of 20 wells on the alluvial plain and within the area of the bedrock, as well as in the 
seawater-intruded area, revealed a prominent impact of agriculture in all the samples taken within the 
alluvial aquifer, with nitrate concentrations up to 360 ppm. A positive tendency between chloride and 
nitrate concentration can be seen on Figure 4, which cannot be explained by pure mixing of the two 
end-members. Evaporation of irrigation water (extracted groundwater) leads to a mass loading within 
the unsaturated zone, which is subsequently flushed and leached during heavy rain (SITES & KRAFT 
2000, PEARCE & SCHUMANN 2001). Such a process can explain the tendency of increased nitrate 
concentrations being correlated with increased chloride concentrations and supports the hypothesis of 
mass return flow from irrigation and salinization of the groundwater by leaching of the unsaturated 
zone in the central plain. 
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Figure 4 Electrical conductivity distribution as derived from 78 measurements at depths between 3-5 m below 
water table in the alluvial aquifer (May 2001). NO3 versus chloride concentrations are shown with chloride 

concentrations on a logarithmic scale. The nitrate concentrations show an increasing tendency with increasing 
chloride concentrations. The samples taken in the bedrock show very low nitrate contents (i.e. unaffected by 

agriculture) and the seawater sample no nitrate content at all. 

RESULTS FROM NUMERICAL SIMULATIONS WITH FEFLOW  

Up to the present study, two 2-D models have been done of the Kiti aquifer with finite difference 
computer codes (JACKOVIDES et al. 1982; SCHMIDT et al. 1988) to test potential artificial recharge sites 
(sewage injection) but the interaction of the superimposed aquifer horizons could not be simulated. 

As seawater intrusions in general but also the local recharge patterns and interaction between the 
aquifer layers, as well as the mass return flow, have a very dominant vertical component, the present 
numerical approach was done with the finite element code FEFLOW (DIERSCH 1998), allowing density-
coupled three-dimensional flow and transport modelling. The Boussinesq approximation was 
employed, which neglects all density dependencies in the balance terms except for the vital buoyancy 
term in the Darcy-equation. The simulations were done for saturated media only. The model was 
discretized into 152’544 wedge elements (91’833 nodes) of average 40 m lateral extend and a vertical 
discretization into 6 variably thick layers  (alluvial aquifer: 4 layers; marly aquitard: 1 layer; carbonate 
aquifer: 1 layer). The transient simulations were done with time-steps of maximum 5 days, whereas an 
automatic time-step control was used. 

Model limits and boundary conditions 

The northern model limit was defined as the area within which the alluvial aquifer is saturated. Along 
the northern limit a lateral flux boundary condition was imposed within the bedrock aquifer (slice 6 and 
slice 7).  

The seashore defines the southern and partially the eastern limit of the model area along which depth-
dependent head boundary conditions were imposed (Figure 5).  

The eastern boundary leads through the salt lakes to the north. On the surface of the salt lakes, a flux 
boundary condition was assigned on the first slice. The salt lakes act as evaporative pans and 
therefore an outgoing flux corresponding to 80% of the evaporation over grass surface was applied. 
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On the rest of the first slice, a mean effective infiltration as estimated with the Thorntwaite method was 
equally imposed. For the transient calibration, the monthly infiltration rates were transformed to a 
smooth time-varying function. From the salt lakes, the model limit leads directly westwards to 
Dromolaxia as a no-flow boundary.  
The pumping wells were implemented on slice 4, as extraction within the defined model limit takes 
place within the alluvial aquifer only (shallow wells). For the steady-state calibration, the mean 
extraction rates between 1994 and 1997 were imposed whereas, for the transient calibration, the time-
varying extractions based on monthly extraction volumes were introduced.  The imposed boundary 
conditions and model limits are illustrated on Figure 5, as well as the bedrock topography forming the 
base of the alluvial aquifer. 

Steady-state and transient flow calibration 

Steady state model calibration was done by adjustment of mean heads for the time period between 
1994 and 1997. However, as the model includes the bedrock aquifer as well as the alluvial aquifer, the 
observation wells had to be placed accordingly. Assignment of aquifer parameters (hydraulic 
conductivity, recharge patterns) by fault and error allowed a preliminary calibration of the model, which 
greatly facilitated the optimization of the hydraulic conductivity by inverse modelling using the well-
known PEST algorithm, which is integrated in the FEFLOW package. Table 1 summarises the 
optimised parameter distribution, and Figure 5 indicates the different hydraulic conductivity zones, as 
derived from geological borelog information as well as two cross-sections showing the final the 
hydraulic conductivity distribution. Due to the lack of sufficient data, an equivalent hydraulic 
conductivity was assigned to both the marly aquitard as well as to the carbonate bedrock aquifer, and 
their thicknesses were defined as constant (10 m and 15 m respectively). 
Transient state calibration was done for the same time period by changing the boundary conditions 
(apart from the sea boundary condition) to time-dependent functions allowing calibration of the storage 
coefficient (Table 1). 

Figure 6 shows the model calibration for 26 observation wells in steady state and for 9 observation 
wells in transient state: the average error lies within 0.4 m. Table 2 shows the water budget as derived 
from steady-state calibration and indicates that seawater inflow compensates the 8% deficit created by 
over-exploitation. The calculated head distributions (steady-state calibration) are shown in Figure 7, 
where the difference between the carbonate and the alluvial aquifer can be seen on the sections. 

Flow parameter distribution after calibration: K (*10-4m/s); S (1/m) 
 Central area Tremitos 

riverbed 
Tremitos river 
mouth  

Cape Kiti Meneu 
(Saltlake) 

 K  S  K  S  K  S  K  S  K  S  
Layer 1 K = 5; S= 0.01 (constant thickness 0.5 m) 
Layer 2 0.08 0.01 0.5 0.01 1.67 0.02 0.41 0.01 0.1 0.01 
Layer 3 0.257 0.05 0.367 0.005 1 0.02 0.5 0.01 1.2 0.01 
Layer 4 0.08 0.005 0.5 0.001 0.08 0.001 0.1 0.005 0.1 0.01 
Layer 5 K=0.00025; S=0.002 
Layer 6 K=0.1; S=0.0003 

Table 1 Parameter distribution as obtained after optimization of hydraulic conductivity in steady state and 
adjustment of the storage coefficient in transient state calibration for the time span 1994-1997.  

 
Steady-state water budget in million cubic meters/year 
Recharge by infiltration 0.96 
Lateral inflow (northern 
boundary) 

0.6  

ETP salt lakes -0.285 
Total freshwater budget 1.275 
Extraction by pumping -1.39  
Total sea shore imbalance 0.113  
Total imbalance 0.0004 
Table 2 Water budget, as derived from steady state calibration 1994-1997, showing a freshwater deficit of 10% 

with respect to the extraction volume. Positive values indicate volumes entering the system. MCM: 106m3. 
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Figure 5 Plan view of boundary conditions and bedrock topography. Five zones indicate different depositional 
environments and were used to constrain hydraulic conductivity optimization. The two cross-sections illustrate the 

parameter distribution as obtained from inverse modelling. 

 
Figure 6 Model calibration in steady-state (1994-1997) and transient state (1994-1996): the high water tables 
represent observation wells within the bedrock and the low ones represent observation wells within the alluvial 

aquifer. 
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Figure 7  Plan view (alluvial aquifer and bedrock) of head distribution as derived from the steady-state calibration. 
The vertical variation in hydraulic head and the effect of the intermediate aquitard is shown in the cross-sections. 

Results from transport simulations with and without mass return flow from irrigation 

Extraction volumes and locations are only known for the time span 1994-1997. As piezometric 
chronics were available since 1978, average scenarios were created for 2-4 year spans by imposing 
average recharge in our model, leaving us with the well extraction volumes (and sometimes also 
locations) to be estimated.  In so doing, a synthetic hydrodynamic setting for the last 20 years was 
created, with the parameter distributions as deduced from the steady-state and transient-state 
calibration. Initial concentrations were obtained by transport simulation during 20 years without any 
pumping and subsequently during ten years with the extraction rates as defined for the first time span 
(1978-1981). The resulting concentration distribution roughly corresponded to the existing 
measurements of 1978.  

The following transport parameters and boundaries were defined for both simulation scenarios: 
relative chloride concentrations were imposed along the shoreline on the 4 lower slices (concentration 
Cmax=1), the northern boundary influx was kept at Cmin=0 and the longitudinal dispersion (αL) was fixed 
to the same order of magnitude as the cell sizes due to the lacking knowledge of the physical value of 
αL. The porosity distribution was done according to the three main geological units: porosity 10% for 
the alluvial heterogeneous deposits, 5% for the aquitard and 3% for the carbonates.  
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Figure 8 Results of transport simulations with and without mass return flow from irrigation and, in the central 
column, the measured relative salinity distributions. Relative mass (gr) refers to a relative concentration of C=1 
mg/l for the seawater. The spreading of the low concentration iso-contours can be observed in the simulations 

with mass return flow, whereas the iso-contours remain close together in the simulations without mass return flow. 
The well mass accumulation can be seen, which was cumulated each year and re-introduced into the model in 

the following year as shown by the annual mass recycling curve. 

The top slice, with its constant thickness (0.5 m), was used for the simulation scenario with mass 
return flow but was equally present in the scenario without mass return flow. The mass return flow 
from irrigation was calculated from the mass, which had been extracted from the wells the year before. 
The graph on Figure 8 shows the annual relative cumulated mass extracted from the wells (stippled 
line) and the total annual re-introduced mass (full line). The delay of a year can be seen. Relative 
mass (in gr) refers to a relative concentration of C=1mg/l for the seawater. The well mass 
accumulation is calculated at the end of each year within each square kilometre and re-introduced 
diffusely into the model on the respective square kilometre in the first layer. Leaching and mass return 
flow is believed to take place when percolation down to the groundwater after heavy rainfall takes 
place. A re-introduction period of 10 days was defined with a constant mass input signal. This is not 
based on a well-defined physical process but has the convenience that the diffusely re-introduced 
mass source term is of a magnitude, which is well above the numerical error. The aim is to provide for 
long-term mass-conservation and not to physically simulate the processes taking place in the 
unsaturated zone. Over the total time-span of 20 years, the mass imbalance between the mass 
accumulated in the wells and the mass re-introduced into the model was 1% of the total mass 
accumulated in the wells. 



17th Salt Water Intrusion Meeting, Delft, The Netherlands, 6-10 May 2002 

 

113

The cross-sections on Figure 8 show the mass distribution just after the 10 days mass-return flow 
event and after another 355 days of simulation without return flow. Both the plan view as well as the 
sections shows a significant difference of the surface (volume) affected by salinization, with a typical 
spreading of the low range iso-contours. In section B one can see that the introduced mass, which is 
visible in the top layers after the 10 days input period, disappears at the end of the year due to dilution, 
whereas the opposite effect is seen in section A.  Section A having a thickness of only app. 20 % of 
section B does not allow important dilution of the recycled mass. In section B the concentration iso-
contours at the sea front (B’) are influenced by the geometry of the multi-layered aquifer system. The 
lens of fresher water at the very bottom shows an effect caused by the three-dimensionality of the 
model. Comparing the results from the simulated scenarios with the measured relative concentrations 
in 2001 shows, that even though the absolute values simulated with the mass return flow scenario are 
too low, the distribution and particularly the spreading of the iso-contours in the lower concentration 
range are in much better accordance to reality than the scenario without mass return flow. 

Figure 9 shows the comparison of the measured and simulated concentrations at the end of the 20-
year period for the two scenarios (with and without mass return flow) and the comparison between the 
simulated concentrations of the two simulation scenarios. For the scenario without mass return flow, 
all the observation wells placed inland show concentrations below 10-4, which are interpreted as zero. 
Half of the observation wells are in good agreement with the measured relative concentrations and 
reflect the observation points, which are placed within the seawater intrusion. These observation wells 
can also be seen to correlate on the graph comparing the two simulation scenarios. The comparison of 
the scenario with mass return flow with the measured relative concentrations shows a far better 
correlation of the low relative concentrations in the central area, which is not directly affected by the 
seawater intrusion but dominantly by mass return flow.  

 

Figure 9 Correlation between measured and simulated relative salinities as obtained at the end of the 20-year 
simulation periods with and without mass return flow from irrigation, showing that introducing the mass return flow 

into the model approaches the values of the lower concentration range to the correlation line. In the case of no 
mass return flow, these points are all below 10-4, which is interpreted as zero. 

Annual mass budgets were done for both scenarios and revealed an increase in well mass 
accumulation in the scenario with mass return flow of 3% relative to the scenario without mass return 
flow at the end of the 20-year period. This additional extracted mass increases with time and indicates 
contribution derived from mass return flow from irrigation. 
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CONCLUSIONS 

The central area of the unconfined alluvial aquifer is characterised by electrical conductivity values 
between 2-8 mS/cm, forming tongue-like structures reaching far inland with an ill-defined transition 
zone. Its temporal evolution does not correspond to the evolution of the hydraulic depressions but 
rather to the area of intense agricultural activity and to the zones where the saturated thickness of the 
alluvial aquifer is only a few meters. Pumping wells are not abandoned before the electrical 
conductivities have reached values between 5-8 mS/cm, and dilution with imported water from an 
irrigation project allows the mass concentrations to be reduced to the plant tolerance limit. The 
absolute mass loading, however, is not diminished by dilution, causing increased mass return flow 
from irrigation. Extraction volumes have decreased since the late 80s, after importation of irrigation 
water started, but the overall concentrations of the extracted groundwater have increased resulting in 
mass return flow from irrigation. Its order of magnitude depends on the position of the seawater 
intrusion with respect to the pumping wells and respective extraction volumes. The salinization 
mechanisms underlying seawater intrusion and mass return flow from irrigation are entirely different, 
but they are linked within seawater intrusion settings by the fact that the water quality degradation 
within the pumping wells caused by an advancing sea front enhances salinization by irrigation. On the 
other hand, intensive agricultural activity (e.g. overexploitation) leads to enhanced seawater intrusion 
by lowering of the water table.  

In this study, the results of the mass transport simulations for a scenario including the mass return flow 
from irrigation and for another scenario without mass return flow have been compared. The results of 
the simulations should only be considered relative to each other due to the lack of control on transport 
parameters.  The scenario with mass return flow revealed the formation of an important spreading of 
the low concentration iso-contours in the central area, as was observed in the field. By manually 
including the process of mass return flow into the numerical seawater intrusion model, a means of 
long-term contaminant mass conservation was found which, however, did not take any physical 
processes of the unsaturated zone into account. Being a time-consuming manipulation, a future 
challenge will be to implement the mass-return flow from irrigation in a numerical tool and linking it to 
the physical process taking place.  
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