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Abstract A coupled groundwater-flow-modelling and
vulnerability-mapping methodology for the management of karst
aquifers with spatial variability is developed. The methodology
takes into consideration the duality of flow and recharge in karst
and introduces a simple method to integrate the effect of temporal
storage in the unsaturated zone. In order to investigate the appli-
cability of the developed methodology, simulation results are
validated against available field measurement data. The criteria
maps from the PaPRIKa vulnerability-mapping method are used
to document the groundwater flow model. The FEFLOW model
is employed for the simulation of the saturated zone of
Palaikastro-Chochlakies karst aquifer, in the island of Crete,
Greece, for the hydrological years 2010-2012. The simulated
water table reproduces typical karst characteristics, such as steep
slopes and preferred drain axes, and is in good agreement with
field observations. Selected calculated error indicators—Nash-
Sutcliffe efficiency (NSE), root mean squared error (RMSE)
and model efficiency (E")—are within acceptable value ranges.
Results indicate that different storage processes take place in
different parts of the aquifer. The north-central part seems to be
more sensitive to diffuse recharge, while the southern part is
affected primarily by precipitation events. Sensitivity analysis is
performed on the parameters of hydraulic conductivity and spe-
cific yield. The methodology is used to estimate the feasibility of
artificial aquifer recharge (AAR) at the study area. Based on the
developed methodology, guidelines were provided for the
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selection of the appropriate AAR scenario that has positive im-
pact on the water table.
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Introduction

The exploitation of water resources in many coastal carbonate
aquifers relies on pumping wells. Also, in most cases, the
natural output of coastal aquifers is submarine springs.
Given the increased risk of overexploitation and seawater in-
trusion problems in these systems, coastal karst aquifers re-
quire specific management plans.

Numerical models have been widely employed in the field
of groundwater resources management. In karst hydrogeolo-
gy, lumped-parameter or black-box models are traditionally
used to study the global response of the aquifer recharge.
They are usually applied to karst systems with distinct mea-
surable discharges such as one or more springs (Fleury et al.
2007; Le Moine et al.; 2008; Juki¢ and Deni¢-Juki¢ 2009;
Charlier et al. 2012; Ladouche et al. 2014). The application
of lumped parameter models requires long time series of input
(precipitation) and output (spring discharge) variables. On the
other hand, distributed parameter models are more applicable
to management scenarios exhibiting spatial variability such as
land use modifications and artificial recharge plans.
Distributed parameter models take into consideration the spa-
tial variations of the aquifer and allow the definition of vari-
able conductivity fields, storage zones and boundary condi-
tions. The main disadvantage of these models is that the lim-
ited knowledge regarding the geometry and spatial distribu-
tion of the hydraulic parameters of the aquifer may introduce a
high degree of uncertainty to the results.
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Over the past years numerous distributed parameter models
have been developed and applied to karst aquifers following
three principal modelling approaches: (1) equivalent porous con-
tinuum (EPC) (Teutsch and Sauter 1998; Scanlon et al. 2003;
Dafny et al. 2010), (2) discrete fractures (DF) (Jeannin 2001),
and (3) combined equivalent porous continuum with discrete
fracture (EPC-DF) (Kiraly 2002; Quinn et al. 2006; Liedl et al.
2003; Birk et al. 2006; de Rooij et al. 2013). According to
Teutsch and Sauter (1991), the hybrid EPC-DF models are more
adequate for large-scale modelling of karst; furthermore, the du-
ality of infiltration and especially the role of epikarst has been
addressed with the integration of epikarst models (Kiraly 1998;
Bauer et al. 2005; Fleury et al. 2007; Tritz et al. 2011) and the
zonal distribution of recharge (Martinez-Santos and Andreu
2010; Chen and Goldscheider 2014; Hugman et al. 2012).

The present study aims to develop a methodology that al-
lows for the management of karstic terrains with spatially
heterogeneous infiltration conditions and for the implementa-
tion of artificial recharge plans. The proposed methodology
combines elements from the vulnerability mapping method
PaPRIKa (Drfliger and Plagnes 2009; Kavouri et al. 2011;
Huneau et al. 2013) with groundwater flow models using the
hybrid EPC-DF modelling approach. The model is developed
using the finite element simulator FEFLOW, which allows for
the integration of fractures at pre-specified areas of the model.
Special attention is given to the realistic representation of the
structural and functional characteristics of the karst and main-
ly to the spatial distribution of recharge.

The methodology is applied to the coastal karstic system of
Palaikastro-Chochlakies, in the island of Crete, Greece. As
part of a general framework for the sustainable management
of the aquifer, a scenario for artificial aquifer recharge (AAR)
is proposed and tested. The applied management scenario is
designed on the basis of financial and technical feasibility.
According to Daher et al. (2011), the ability for artificial
recharging of a karst aquifer can be determined as a combina-
tion of intrinsic rechargeability and feasibility, in terms of the
hydrogeological properties of the karst and of the techno-
economic feasibility. Daher et al. (2011) proposed a multi-
criteria methodology for the managed aquifer recharge of karst
aquifers, the ARAK method. The criteria used in the afore-
mentioned method are defined in accordance with intrinsic
vulnerability mapping methods such as PaPRIKa. In the pres-
ent study, the rechargeable zones of the aquifer are determined
through both vulnerability mapping and modelling ap-
proaches, while the effect of AAR is also quantified.

Hydrogeology of the study area
The karst system of Palaikastro-Chochlakies is located in the

carbonate terrain of eastern Crete and covers an area of 72 km?
(Fig. 1). This karst system receives about 700 mm of rain
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annually. The recharge of the system is estimated to be 46%
of mean annual precipitation, which corresponds to a mean
volume of 93 - 10° m*/year for the entire carbonate platform
(IGME 2005). The aquifer body consists of a series of lime-
stones and dolomites, approximately 600 m in thickness, that
overlies the impermeable formation of the “Phyllite-Tyros
bed” (Papanikolaou and Vassilakis 2010). The eastern bound-
ary of the aquifer is the sea. Steeper contact surfaces are lo-
cally created as a result of the action of normal faults. Three
principal fault directions have been reported: (1) N-S, (2)
WSW-ENE and (3) E-W. The major N-S fault zone which
transects the region has lowered the eastern part by tens of
meters and has created a depressed zone approximately
1.2 km wide which was eventually covered by thick
Miocene to Pleistocene sediments. Many karst features such
as cavities, dolines and karstic gorges are present in the west-
e part of the area. The geometry of the impermeable sub-
stratum of the aquifer appears to have an east inclination while
steep slopes appear at the western part of the area (Fig. 2).

A submarine source of unknown discharge, located at the
coastal area of Karoumpes, is the natural outlet of the
Palaikastro-Chochlakies karst system. Also, minor outflows
of fresh water are likely to emerge along the entire coastline.
The intermittent spring of Flegas (elevation 220 m above sea
level) is the only inland spring and is located inside the hom-
onymous gorge at a distance of 5.3 km upstream from the
coast. Flegas spring is the outlet of a perched paleokarstic
system which drains a significant part of the upstream basin
(Figs. 1 and 2). It yields approximately 3 - 10® m*/year during
the winter months and becomes dry approximately 2 months
after the last rainfall IGME 2005). The catchment area of the
paleokarstic system of Flegas extends up to 18.5 km? west of
the intermittent spring. The altitude difference between the
paleokarstic system of Flegas and the underlying aquifer ex-
ceeds 150 m; therefore, the only possible hydraulic commu-
nication of the two systems is a limited leakage from the
perched aquifer to the subjacent water table. A small loss of
water to other aquifers is likely to take place at the northern
border of the Palaikastro fault.

Of the 17 wells that have been recorded in the area, 13
pump water for irrigation purposes, 1 supplies water to the
town of Palaikastro and 3 have no pumping infrastructure.
According to drilling data, none of these wells intersects a
karst conduit or part of the confined aquifer. The pumping
rates vary from 35 to 120 m>/h. Two unsuccessful dril-
ling attempts have also been identified and mapped. A
detailed description of the study area can be found in
Kavouri and Karatzas (2016).

The proposed conceptual flow model for the coastal aquifer
of Palaikastro-Chochlakies is presented in Figure 3 and it is
based on the karst model presented by Mangin (1975). The
unsaturated zone of the Palaikastro-Chochlakies karstic sys-
tem consists of the epikarst, the soil and the zones of
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concentrated infiltration (i.e., sinkholes, fractures and
dolines). Additionally, the unsaturated zone contains the
perched paleokarst aquifer of Flegas and the homonymous
spring. The saturated part of the aquifer contains the rock
matrix, the drain axes and the annex-to-drain systems. The
output of the system consists of the submerged spring and
the diffuse coastal outflows at Karoumpes Bay, as well as
the water pumped out of the system (Fig. 3). One principal
drain axis can be considered to be the Karoumpes drain, which
is located along the gorge of Flegas and ends at the submerged
spring. Other major fractures are also present, such as the
Palaikastro N-S fault which connects the northern part of
the aquifer with the southern part. Infiltration through sink-
holes, fractures and dolines follows vertical paths to the satu-
rated zone, while rainwater entering the soil and epikarst is
slowly directed to the annex-to-drain systems through both
lateral and vertical percolation. This procedure is often char-
acterized as diffuse infiltration (Fig. 3).

Methodology

The developed methodology is a combination of vulnerability
mapping and groundwater flow modelling. Vulnerability
mapping is a terrain-characterization tool that has been widely
applied over the past years for the protection of groundwater
resources in karstic areas. This vulnerability mapping also
provides a basic spatial characterization of the system

Fig. 3 Conceptual flow model
for the karst aquifer of
Palaikastro-Chochlakies

properties. In the present study, the criteria maps of the
PaPRIKa vulnerability mapping method (Kavouri et al.
2011) are integrated in a distributed parameter model devel-
oped using the FEFLOW code.

FEFLOW (WASY) is a finite element code for groundwater
modelling which allows for the integration of channel and pipe
flow conditions in discrete features within the matrix (Diersch
2013). The finite element mesh facilitates the incorporation of
heterogeneities in the model domain. Three different laws of fluid
motion can be defined within the discrete features: Darcy’s law
for laminar flow, the Manning-Strickler law for open channel
flow and the Hagen-Poiseuille law for pipe flow. For the simu-
lation of free aquifers, FEFLOW uses the Best Adaptation to
Stratigraphic Data (BASD) technique where the top slice of the
model is determined by a free and movable surface that repre-
sents the water table (Diersch 2013).

Values were assigned to the hydraulic parameters of the
model following a zonal distribution. The cartographic meth-
od PaPRIKa was used for the delimitation of the continuous
zones. PaPRIKa is a multi-criteria geographic information
system (GIS)-based mapping approach for the evaluation of
the intrinsic vulnerability of karst. It combines four indepen-
dently mapped criteria, protection (P), rock type (R), infiltra-
tion (I) and karstification (Ka). Five classes of vulnerability
are distinguished for each criterion from very low to very high
vulnerability (0—4). The protection and rock type criteria refer
to the structure of the karstic terrain, while the Infiltration and
the karstification criteria characterize the functional properties
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of the aquifer. The PaPRIKa method has been tested and eval-
uated at ten different karstic systems in France (Kavouri et al.
2011; Huneau et al. 2013). A detailed description of the meth-
od and of the definition of the criteria can be found in
Dorfliger and Plagnes (2009).

Vulnerability mapping

First, the vulnerability mapping methodology was applied to
the study area. Each criterion was mapped independently ac-
cording to the method guidelines.

Rock type criterion: R map

The Palaikastro-Chochlakies karst aquifer is developed in the
limestone and dolomite formations of the Tripolis unit. Both
formations appear to have thick quasi-horizontal bedding.
Regarding the lithology, the reservoir is classified as R, (mod-
erate vulnerability), the areas that present networks of cavities
and fault zones are mapped and classified as R, (very high
vulnerability), while the areas around R4 zones where the rock
shows to have an important degree of fissuring, are classified
as R; (high vulnerability).

Karstification criterion : Ka map

The karstification criterion (Ka) is based on speleological data
and a geomorphological analysis while no tracer test data were
available for the study area. Three active karstic conduits were
mapped in the Palaikastro-Chochlakies catchment area by the
Speleological Group of Crete. All three conduits are located in
the upstream area of Flegas spring, and for this reason they have
been assigned to the perched system of the intermittent spring;
however, they are considered to have an important effect on the
vulnerability of the subjacent aquifer, as they present strong ver-
tical development. A buffer zone of 50 m around the mapped
conduits is classified as Ka, (very high vulnerability).

Based on geomorphological and hydrogeological information
such as drilling logs, there are strong indications for the existence
of five more active conduits. These karstic conduits are plunged
in the saturated zone of the Palaikastro-Chochlakies aquifer and
constitute the principal flow paths of the aquifer. A buffer zone of
50 m around those conduits is classified as Kay (very high
vulnerability).

The areas around Ka, zones which have an important de-
gree of fissuring are classified as Ka; (high vulnerability) and
the rest of the area as Ka, (moderate vulnerability).

Infiltration criterion. I map
The infiltration criterion is based on slope analysis and karstic

geomorphological features. For the assessment of the infiltra-
tion criterion, the catchment of each sinkhole is delineated on

the topographic map (scale 1:5,000) and is classified as I4
(very high vulnerability). Additionally, the karstic gorges are
delineated and also classified as 14 (very high vulnerability).
Mapped depressions such as dolines are classified as I3 (high
vulnerability), except if they are integrated in the basin of an
active sinkhole. Finally, the areas that do not include distinct
exokarstic features are characterized based on the slope. The
slopes of the studied zone are estimated with the use of GIS on
the base of a 25-m digital elevation model.

Protection criterion: P map

The protection criterion is based on the cartography of the soil
cover, the epikarst, the thickness and the structure of the un-
saturated zone, and the catchment area of the Flegas perched
aquifer. Temporal storage principally occurs in the thick
Neogenic deposits of the northern part of the karstic system
and especially in the conglomerate formations of the Miocene.
The conglomerate formations of Miocene are classified as Sy
and the Holocene, Pleistocene and Pliocene deposits as S;.

The unsaturated zone consists of thick bedded limestone
and dolomite with sub-horizontal bedding (LUZ,). The thick-
ness of the unsaturated zone is greater than 50 m and the rock
body presents significant fracturing (UZ,). Epikarst represents
a shallow layer of the carbonate column which is considerably
more karstified and permeable than the rock located immedi-
ately below. In unconfined karst aquifers, where recharge
mainly depends on direct infiltration, the presence of epikarst
results in an almost constant recharge rate and controls the
evapotranspiration process (Perrin et al. 2003; Bakalowicz
2005). The epikarstic layer of the carbonate rocks of the study
area is well developed, having an average thickness of 0.2—
0.4 m. It is generally classified as E, except for the areas near
fractures and sinkholes where the epikarst is intersected by
large vertical fractures and therefore is characterized as E,.
Finally, the entire catchment area of the perched aquifer of
Flegas spring is classified as E;.

The protection criterion is a combination of soil (S), unsat-
urated zone (UZ) and epikarst (E). In each point of the P map,
the most protective value of all P sub-factors is retained in
order to evaluate the effectiveness of the protective cover
layers. The criteria maps resulting from the application of
the PaPRIKa method to the study area are presented in Fig. 4.

Model development

Reservoir geometry, drain axes and fractures

Karst aquifer systems exhibit increased complexity regarding
their structural and functional characteristics (Bakalowicz 2005;
Goldscheider and Drew 2007; Ford and Williams 2007). The

genesis and development of karst usually reflect major tectonic
and climatic events that took place in the region. Additionally, the
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Fig. 4 The four criteria maps of

geomorphologic evolution of the landscape can provide useful
information on deeper karstic features. The study area has been
subject to Neogene extensional stresses that resulted in the crea-
tion of normal faults. These faults have controlled the hydrody-
namic evolution of the karst, by creating preferential flow paths.
Consequently, the presence of ravines and dry valleys indicates
the approximate location of drain axes.

A three-dimensional (3D) flow model was developed for the
saturated zone of the karst aquifer (46 km?; Fig. 5). The base-
model consists of five layers, each defined by one upper and one
lower slice. The bottom slice of the model represents the imper-
meable substrate of the model domain and has fixed geometry,
while the top slice represents the water table and is defined as a

Fig. 5 Locations and types of
boundaries conditions (BC) on the
3D flow model of the Palaikastro-
Chochlakies aquifer

2nd type BC
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free and movable surface. Fractures and drains are represented by
2D discrete features of 0.2-0.7 m thickness and open channel
flow conditions. At the coastal zone, the drain of Karoumpes is
assumed to be confined and is represented by a 1D discrete
feature of 1.2 m thickness and pipe flow conditions.

The simulation period of the groundwater model is 2 years
specifically for the time period 2010 to 2012. The time step is
set to automatic step control—forward Euler/backward Euler
(FE/BE) time integration scheme—and the initial time step is
set to 0.001 days. The calibration is based on field measure-
ments of water-table fluctuations realized at six observation
wells (Ch1, Ch2, Ch4, Ch5, Ch6 and Ch7) during wet and dry
periods of 2010-2012.

pumping well

observation well

1st type BC

2D discrete feature

FEFLOW (R)

www.manaraa.com



Hydrogeol J (2017) 25:1301-1317

1307

Initial heads and boundary conditions

The initial heads introduced to the model reproduce the water
table of October 2010 based on ten field measurements. The
measured values of water elevation were first interpolated by
using the Kriging method and then used as initial heads for a
steady-state simulation. The heads calculated from the steady-
state simulation were next fed to the transient state model. A
constant head of 0 m was assigned along the sea border (first
type boundary condition). Second type, no-flux boundary condi-
tions were assigned at the northern, northeastern and southwest-
ern borders of the domain where the impermeable layer outcrops.
A lateral influx second type boundary condition was assigned
around the faulted zones of the northwestern border. The south-
western border of the model is assumed to receive zero lateral
influx because of the perched paleokarstic system of the Flegas
spring. The submerged spring at the Karoumpes Bay and the
northern border of the Palaikastro fault were represented by sec-
ond type boundary conditions, the values of which were calibrat-
ed. The boundary conditions applied on the developed model are
presented in Fig. 5.

Hydraulic conductivity and specific yield

The delimitation of hydraulic conductivity fields is in accor-
dance with the rock type criterion of the PaPRIKa method
(Fig. 6). Since lithologically the aquifer is practically homo-
geneous, differentiation relies on the degree of fracturing.
Higher values of conductivity are assigned to the areas corre-
sponding to R4 zones. An intermediate conductivity zone is
maintained for R and the lowest values of hydraulic conduc-
tivity are assigned to R, zones. The values of hydraulic con-
ductivity for horizontal axes (Kxx and Kyy) are of the order of
107> and 1077 m/s according to the pumping tests performed

Fig. 6 a R map of PaPRIKa
vulnerability method, and b the
delimitation of hydraulic
conductivity zones based on part
a; ¢ cross section showing the
vertical distribution of hydraulic
conductivity field

</_\ -
4.~

in the intermediate zone, while for the vertical axis (Kzz)
hydraulic conductivity values are equal to 1/10 of the horizon-
tal at the corresponding node. It is noted that the present values
characterize only the fractured matrix and not the karst aquifer
in total. The bottom slice of the model represents the imper-
meable substrate and it is constrained. Conduit flow is simu-
lated by 2D discrete features as explained in section
‘Reservoir geometry, drain axes and fractures’. The delimita-
tion applied to hydraulic conductivity applies to specific yield
as well. The sensitivity of the model to changes in hydraulic
conductivity and specific yield is studied in section
‘Sensitivity analysis’.

Definition of stress periods

In order to take into consideration the dual character of infil-
tration in karstic systems, the hydrological year was divided
into four stress periods, based on local hydrological and me-
teorological conditions and pumping schedules (Fig. 7): SP1,
from October to January, SP2 from February to April, SP3
from May to June, and SP4 from July to September. SP1
and SP2 represent the wet period of the hydrological year.
SP1 includes the first 4 months of the hydrological year whose
precipitation events are of prime importance for the replenish-
ment of the reservoir according to Kessler (1965). During
these 4 months, approximately 65% of the annual precipita-
tion falls within the catchment area. SP2 consists of rainy
months with the greatest chance of flash rainfall events. SP3
stands for the recession period of the Flegas spring and repre-
sents the minimum time required for the diffuse infiltration to
reach the saturated zone. It should be mentioned that the
length of this period is probably underestimated for the karst
aquifer of Palaikastro-Chochlakies, because the perched aqui-
fer of Flegas has a much smaller catchment area and is
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Fig. 7 Mean monthly
precipitation at Katsidoni rain

Mean monthly precipitation

(Katsidonirain gauge station 1999-2006)
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Prefecture of Crete] 250 1
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considerably more karstified than the subjacent aquifer of
Palaikastro-Chochlakies. Finally, the recharge is practically
zero during SP4. Pumping for irrigation purposes takes place
during SP3 and SP4, while the pumping well for water supply
is constantly active.

This classification is helpful when considering diffuse infil-
tration conditions, whereas for concentrated infiltration it is
unnecessary. When water percolates fast through the unsaturat-
ed zone, the transit time is negligible and defining stress periods
becomes redundant. In this case, data may be employed as a
function of the available precipitation recordings.

Effective infiltration

The calculation of effective infiltration takes into account
the fact that prolonged water storage near the surface may
result in high evapotranspiration (ET), especially during
the summer months. In contrast, the effect of ET in zones
of fast vertical infiltration is negligible. The zonal charac-
terization of the carbonate terrain with respect to effective
infiltration is based on the Protection and Infiltration
criteria of the PaPRIKa method, as they are described in

SP1 SP2
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Dorfliger and Plagnes (2009). Consequently, the effective
infiltration map includes five classes (Fig. 8a):

—  Class F, including fault zones, sinkholes, dolines and their
catchments (I3 and 1)

— Class S, for permeable soils (P;)

—  Class M, for marl deposits (Py)

— Class K, for nude limestone and epikarst (P,)

—  Class P, for the perched aquifer of the Flegas spring (P;)

The effective infiltration percentage proposed for each
class is presented in Table 1. The values for class K (nude
limestone, epikarst) and class P (perched aquifer) are in
accordance with the empiric coefficients of infiltration for
karstic terrains proposed by Kessler (1965) and tested by
Soulios (1984) in three karstic regions of Greece. The
Kessler coefficients have been adjusted to the applied
stress periods as presented in Table 2. In the Kessler
method, the coefficient for the month of March is 113%,
as the method was developed in areas with snow during
the winter months. In this study, the coefficient for March
has been reduced to 90%, since there is no snowfall in the
region.

Receptor

Drain axis

Receptor 2

Sub-catchment 3

Receptor 4 %

......Sub-catchment 4

4Kkm e ':.
) .

Fig. 8 a Classes of effective infiltration, and b Spatial distribution of recharge receptors, sub-catchments and discrete features
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Table 1  Effective infiltration percentage for the five classes of the
Infiltration map

Class Description Effective infiltration (%)

October—  February— May— July—
January April June  September
F Fault zone, 90 90 60 60
sinkhole, doline
S Covered with soil 25 25 10 10
M covered with 10 10 1 1
marls
K Nude limestone — 35 80 40 17
epikarst
P Perched aquifer 35 80 40 0

The vegetation is limited to the areas of soil development
and consists of olive trees. For permeable soils, the infiltration
coefficient is set to 25% for SP1 and SP2 and 10% for SP3 and
SP4, according to estimated values for the Neogene deposits
presented in a report of the Institute of Geology and Mineral
Exploration of Greece (IGME) for the hydrogeological condi-
tions in eastern Crete (IGME 2005). For the relatively imper-
meable marl deposits, the infiltration coefficient is set to 10%
for SP1 and SP2 and 1% for SP3 and SP4.

Two different approaches are applied depending on the
defined infiltration class. The first approach includes class F,
where fast infiltration occurs, and ET is practically zero. In this
class, the notation 7, which represents the month, is used for
the infiltration volume calculation. The second approach ac-
commodates for classes S, M, K and P, where diffuse

infiltration takes place, and ET is important. In these classes,
the notation ; is used which represents the stress period.

The infiltrated volume (VI;), for all classes, is given by
equation:

VI,"]' :Pi,j x Al x EIZ/ (1)

whereterms in the following are:

VI;; the infiltrated volume L]

P;;  the precipitation events that fall over the area
for each period i, j [L]

Al  the extent of the implicated infiltration

zone [L?]
EL; the effective infiltration percentage
i 1-12, representing month (for fast infiltration)
;i 14, representing stress period (for diffuse infiltration)
Recharge

In this study, recharge is defined as the volume of water that
reaches predefined areas of the water table divided by time. In
karst aquifers, recharge is a spatially and temporally distribut-
ed variable which depends on the thickness and the structure
of the infiltration zone. According to the present conceptual
model, infiltration follows either fast and vertical or slower
and more complex pathways through the unsaturated zone
until it reaches the water table. Furthermore, in developed
unconfined karst, where organized drain structure is anticipat-
ed, infiltrated water is more likely to reach the water table at
the locations of the drains and of the annex-to-drain-systems.

Table 2 Adjusted values of

Kessler coefficient per stress Month ~ Stress ~ Mean Kessler Mean Adjusted Kessler Mean infiltration for
period and estimated infiltration period  monthly coefficient ~ monthly coefficient for class class K (48% of total
for class K rainfall infiltration K per stress period karstic terrain)
(mm) (mm)

Oct SP1 50.90 12.8 6.50 35 126.02

Nov 95.47 225 21.48

Dec 110.63 49.7 54.98

Jan 135.60 434 58.85

Feb SP2 82.09 77.5 63.62 80 139.84

Mar 63.05 113.0190  71.24|

56.74

Apr 22.33 60.0 13.94

May SP3 13.90 44.6 6.19 40 6.21

Jun 1.92 339 0.65

Jul SP4 0 20.7 0 17 0.15

Aug 0.12 17.6 0.02

Sep 5.82 14.6 0.84

Total - 581.83 - 283.13 - 27222

% - 100% - 51% | 48%  — 47%
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The delimitation of the recharge receptor is based on the def-
inition of the karstification criterion of the PaPRIKa method
and corresponds to the areas included in classes Kas and Kay,
zones of high and very high vulnerability due to karstification.
Finally, the recharge receptor is divided into four regions cor-
responding to the contributions of four sub-catchment areas
defined by geomorphologic criteria (Fig. 8b). The influence of
recharge receptors in the efficiency of the model is presented
in Kavouri and Karatzas (2016).

The infiltrated volumes originating from zone F are imported
monthly to the aquifer, whereas the infiltrated volumes originat-
ing from zones S, M, K and P are calculated separately for each
sub-catchment and they are introduced to the model as a mean
rate for each stress period to corresponding receptors.

The perched paleokarstic system of the Flegas spring con-
stitutes an independent aquifer system, which is assumed to
extend over the entire catchment area of the intermittent
spring. The discharge of the spring is recorded daily by
IGME. The contribution of the perched system to the

SP1

In/outflow on top/bottom
[10-4 m/d]
I 81.4438
[ 73.2994
65.155
57.0106
[ 48.8663
[ 40.7219
[ 32,5775
I 24.4331
I 16.2888
I 8.14438
mo

SP3

In/outflow on top/bottom
[10-4 m/d]

I 81.4438
[ 73.2994

65.155

57.0106
[ 48.8663
1 40.7219
1 32,5775
I 24.4331
I 16.2888
B 8.14438
mo

In/outflow on top/bottom

subjacent aquifer is estimated from the difference between
input and output water volumes of the annual budget and
corresponds to approximately 7% of the total infiltrated vol-
ume. Recharge originating from the paleokarstic system is
attributed to receptor 3 with a constant rate over SP1, SP2
and SP3. Recharge is imported with the in/outflow on the
top/bottom module of FEFLOW as a time dependent variable

(Fig. 9).

Calibration

Hydraulic head calibration was realized in transient state condi-
tions for hydrological years 2010-2012. The hydrological years
2010-2011 and 20112012 are representative of the mean annu-
al precipitation for the studied area. Measurements were taken
twice a year, during the wet and dry period, from the six obser-
vation wells shown in Fig. 1. The parameters of the model are
presented in Table 3.

SP2

[10-4 m/d]

924
[ 83.16
73.92
64.68
[ 55.44
[ 462
1 36.96
m 2772
W 1848
W o24
mo

SP4

In/outflow on top/bottom
[10-4 m/d]
mo

Fig. 9 Distribution of recharge for each stress period (hydrological year 2011-2012)
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Table 3 Model parameters

Parameter Distribution Value

Kxx, Kyy, Kzz Zonal (R criterion) Estimated from pumping test
data/calibrated

Specific yield Zonal (R criterion) Estimated from pumping test
data/calibrated

Initial heads Interpolated Measured October 2010

BC 1st type Nodal h=0

BC 2nd type Nodal Estimated/calibrated

Recharge (in flow ontop) ~ Zonal (Ka criterion and major Estimated by recharge model

faults)
Wells Nodal Pumping schedule
Drains Discrete feature Calibrated

Reservoir geometry

Interpolated

Geology, borehole data

Kxx, Kyy, Kzz refer to hydraulic conductivity, BC boundary condition, / hydraulic head

For the model calibration, the Nash-Sutcliffe efficiency
(NSE), the root mean squared error (RMSE) and model effi-
ciency (E’) indicators were used (Moriasi et al 2007):

Zil (0~P:)°

NSE = 1-4&=£ — (2)
Zi:l (0f—0>

(3)

E/ _ I_Zi:1|0i_Pi| (4)

> |00

where P; is the predicted hydraulic head value at observation
point i and O; the observed value at the same point. O is the
mean observed hydraulic head over N the observation points.

The NSE coefficient describes model efficiency and its values
range between —oo and 1 (perfect fit). Efficiency values lower
than zero indicate that the mean of the observed data would have
been a better predictor than the model. The NSE coefficient is
commonly used in hydrological modelling. RMSE is a measure
of the differences between predicted and observed values of hy-
draulic head and is expressed in length units. RMSE is a simple
error indicator that is easily interpreted. E’ indicates the goodness
of fit between observed and forecasted stream flow and its values
range between 0 and 1 (perfect fit).

Results
Modelling results

The observed and simulated water tables are in good agree-
ment despite the large range of the values of hydraulic heads

(Fig. 10). The NSE coefficient was calculated equal to 0.96, E
equal to 0.79 and RMSE equal to 2.23 m. The model is capa-
ble of reproducing the system operation under transient state
conditions for both wet and dry periods.

The water budget of the model is positive and equals 7 -
10° m*/year for 2012. During SP1 and SP2, the water table
rises as a result of significant recharge. The water table re-
gresses during SP3 and SP4 when irrigation pumping takes
place. The rate of water level decline presents noticeable dif-
ferences between the north-central and the southern part of the
aquifer. In the north-central part of the aquifer, 45% of the total
water level drawdown occurs by the end of SP3, while in the
southern part, drawdown has reached 82% of the total annual
by the end of the same period (Fig. 11). This indicates differ-
ent storage processes in different parts of the aquifer.
Specifically, the north-central part seems to be more influ-
enced by diffuse recharge processes than the southern part.
The southern part is more affected by concentrated recharge,
and for this it is better correlated to precipitation events.

The northern and central parts of the system receive ap-
proximately 6.8 x 10® m® of water per year, 27% of which is
extracted from the aquifer in order to cover the demand for
water supply and irrigation. The water table is smooth and
hydraulic head fluctuations between wet and dry periods do
not exceed 4 m.

In the southern part of the aquifer, the water table presents
very steep slopes as a result of the major drain axis of
Karoumpes. Water-table fluctuations may reach 8 m accord-
ing to measurements performed at observation well Ch7 and
according to simulation results. Recharge is rapidly directed to
the karstic drain and then to the sea, keeping at low levels the
storage capacity of this part of the aquifer. Additionally, the
southern part of the aquifer is controlled by the constant head
boundary condition along the coastal zone. The losses calcu-
lated at the coastal zone are approximately 3.2 - 10° m®, which
corresponds to 52% of the total annual recharge at the sub-
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Fig. 10 Simulated versus
observed values for the hydraulic
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the period 2010-2012
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catchments 3 and 4. About half of these losses take place
during SP3 and SP4, when the aquifer replenishment by re-
charge is minimized.

In general, the water table presents steep slopes around the drain
axes and highly fractured areas due to the difference in hydraulic
characteristics between the high- and low-conductivity zones and
due to the unconstrained flow within fractures (Fig. 12).

Sensitivity analysis

Sensitivity analysis tests are performed for the hydraulic con-
ductivity and specific yield model parameters. The values of
hydraulic conductivity and specific yield for the performed
sensitivity analysis tests are changed by +10, 25, £50 and
+150%. Error indicators NSE, RMSE and E' are used as quan-
tification criteria. The results of the sensitivity analysis are
presented in Table 4.

Observed (m)

Results do not vary significantly and the sensitivity of both
parameters is rather low. The model exhibits greater sensitiv-
ity to changes in hydraulic conductivity than to changes in
specific yield. Specifically, greater sensitivity is more apparent
for the 150% variation of hydraulic conductivity which repre-
sents non-realistic values of the parameter. It is observed that
RMSE reflects better the sensitivity of the examined parame-
ters. This indicator is also easier to employ when comparative
analysis is required as it is expressed in length units.

Future management scenarios

In eastern Crete, there is practically no natural replenishment
of the groundwater resources during the summer months. By
contrast, the demand for potable and irrigation water increases
significantly during the same period. Water demand in the
study area has increased over the last years due to the rapid

Fig. 11 Annual fluctuations in 45 1
hydraulic head (simulated values 40
for the period 2011-2012)
351
= - Chl
= 30 1 -=Ch2
(5]
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Fig. 12 Simulated water table for

the dry period of 2012 [m]

I 320 ... 321746

B 300.. 320

[ 280.. 300
260 ... 280
240 .. 260
220 ... 240
200 ... 220

[ 180... 200

[ 160 ... 180

160

N
oN A
. ©oo
N
N
o

EEEEEEEEN
3
(o]
o

N

A

FEFLOW (R)

development in tourism and in the energy industry. In order to
cover the increased water demand, the local community
wishes to manage the water discharge from the intermittent
spring of Flegas which remains unexploited to date.

A management scenario of artificial aquifer recharge
(AAR) is examined in this study, according to which 70% of
the discharge of the Flegas spring is imported to the
Palaikastro-Chochlakies karst aquifer through injection wells.
The proposed scenario is theoretical and its scope is to acquire
a first estimation on the aquifer’s ability to positively respond
in artificial recharge.

Artificial aquifer recharge

Artificial recharge is a way to store water in the subsurface in
times of water surplus in order to meet water demands in times
of shortage (Andelman et al. 1994). It is a commonly applied
method in arid and semi-arid regions. There exist different
AAR techniques including the use of injection wells, galleries

Water table elevation

0 750 1500
—
[m]

and spreading basins (Bouwer 2002). Xanke et al. (2016)
developed a 2D model to simulate water-table fluctuations
of managed storm water recharge through an infiltration res-
ervoir and pumping in a karst aquifer in Jordan; however,
AAR is not always feasible or cost-effective in karstic terrains
(Daher et al. 2011). A successful AAR design for karst should
avoid water injection in the principal drain axes of the system,
as these areas generally provide short-term water storage. On
the other hand, injection wells in the matrix have the risk of
being insufficient due to the low hydraulic conductivity of the
fissured rock. Generally, AAR projects in karstic terrains are
based on site-specific methodologies.

Application of AAR on the Palaikastro-Chochlakies karst
aquifer

The intermittent spring of Flegas is an important source of
good quality fresh water in the area. It discharges annually
approximately 9—10 million of cubic meters of water and it

Table 4  Sensitivity to hydraulic conductivity and specific yield. Results for parameter value changes by +10%, +25%, +50%, +150%
Parameter Error indicator ~ Simulation error ~ +10%  —10%  +25%  25%  +50% —50%  +150%  —150%
Hydraulic conductivity =~ NSE 0.960 0.953 0.96 0.944 0.957 0.922 0.949 0.786 0.873
RMSE 2226 2.402 2231 2.621 2304 3.099 2.52 5.160 3.964
E’ 0.790 0.785 0.780 0.765 0.768 0.706 0.747 0.523 0.628
Specific yield NSE 0.960 0.959 0.959 0.957 0.954 0.955 0.941 0.939 0.878
RMSE 2.226 2.239 2243 2.307 2.392 2.357 2.704 2.748 3.125
E' 0.790 0.782 0.793 0.775 0.781 0.766 0.756 0.743 0.645
@ Springer
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goes dry during the summer months. This water flows towards
the sea, unexploited. The use of the Flegas spring discharge as
arecharge source would not require pretreatment and clogging
effects would be unlikely to occur because of the low content
of suspended particles in spring water. In the scenario under
consideration, 70% of the spring discharge is used for the
replenishment of the Palaikastro-Chochlakies karst aquifer
and the rest 30% flows to the sea. For the simulation period
20112012, the mean injected water volume is estimated to be
11,000 m’ for SP1, 25,000 m® for SP2, and 3,000 m” for SP3.
No water injection is applied for SP4.

The selection of the appropriate locations for the imple-
mentation of AAR takes into consideration the specific char-
acteristics of the site. According to the proposed conceptual
model for the Palaikastro-Chochlakies karst aquifer, four in-
terconnected recharge receptors are distinguished in the satu-
rated zone of the aquifer, alimented each by a corresponding
sub-catchment (Fig. 8b). Receptor 1 is located in the northern
part of the site and includes one water supply well (Ch4). Due
to its distance from the Flegas spring and out of concern for
the water supply well, Receptor 1 is not preferable for the
implementation of ARR from the discharge of the Flegas
spring. Receptors 3 and 4, located in the southern part of the
site, are connected to the sea through the Karoumpes drain.
Water storage in these two receptors is more likely to be short-
term or unsuccessful and, therefore, the implementation of
AAR in these areas is not recommended. Finally, receptor 2
is located in the central part of the site in a zone protected from
sea intrusion. Additionally, it connects receptors 1 and 3, fa-
cilitating water exchange along the entire system and, finally,
it is situated near the recharge source. For these reasons the
proposed AAR scenario targets receptor 2. According to this
scenario supplementary recharge is imported to the receptor 2
through 10 injection wells.

The artificial recharge source consists of 70% of the Flegas
spring discharge. The recession period of the Flegas spring,
which lasts approximately two months, is represented by
stress period SP3. During this period there is almost no pre-
cipitation, while spring discharge is still significant. By
injecting the discharge from the spring into the aquifer, a
prolonged recharge of two months is already achieved.

The calculation of effective infiltration depends on the applied
AAR technique. For example, the use of spreading basins would
result in higher evapotranspiration. Daher et al. (2011) proposed
the use of injection sub-horizontal wells or galleries in order to
achieve greater spreading of the injected water. The choice of the
appropriate method requires detailed field investigations and is
beyond the scope of the present study. For the proposed AAR
scenario, recharge is imported to the entire area of receptor 2.
This area covers approximately 3.5 km” and is situated in the
plains of the study area. Within this area, 10 theoretical injection
wells, located in slice 3 of the model (Fig. 13c-d), were consid-
ered. The injection rate is set to 100 m3/h; thus, five injection

@ Springer

wells are enabled during SP1 (Injl-InjS), 10 during SP2 (Injl—
Inj10) and 1 during SP3 (Inj1).

The resulting hydraulic heads for the wet and dry periods
are presented in Fig. 13c—d. The effect of AAR is mainly
observed in the results for the dry period. This is due to the
prolongation of the recharge period from SP1-SP2 to SP1-
SP3. Except for the central area of the aquifer where AAR is
implemented, the water table is also elevated in the northern
part which corresponds to receptor 1. Finally, there is no sig-
nificant variation in the southern part of the aquifer, because
water flow is mainly controlled by constant heads at the coast-
al zone and fast drainage through karstic drains. The influence
on the water table after the implementation of AAR is clearer
in the arithmetic values of simulated hydraulic heads, which
are presented in Table 5.

Methodology limitations

The aim of the developed model is to enhance the understand-
ing of the aquifer. A good understanding of the way the aqui-
fer functions is a precondition for the implementation of dras-
tic management plans such as AAR. The proposed methodol-
ogy provides guidelines for the selection of the most appro-
priate areas for the implementation of the AAR plan with
respect to aquifer particularities. The effect of AAR can be
estimated at a time scale equal to the length of the applied
stress period; therefore, the accuracy of the model output is
relative to the length of the stress periods, which are defined
with respect to the infiltration rates. In karstic terrains, infil-
tration rates are a function of the degree of karstification of the
aquifer and usually vary in space. Spatial limitations on the
applicability of the methodology are related to the accuracy of
the input data. Geophysical surveys, sedimentary characteri-
zation or dye tracer tests are techniques that could provide
more detailed information on the feasibility of the AAR plan,
and provide best accuracy in local scale.

Conclusions

In the present study, a new methodology for the management
of karst aquifers is proposed and applied to the coastal karstic
system of Palaikastro-Chochlakies in eastern Crete, Greece.
The proposed methodology combines groundwater flow
modelling with vulnerability mapping, in order to achieve a
realistic representation of the karst operation. The conversion
of the criteria maps of the PaPRIKa method into input param-
eters for the model can provide a simplified framework for
karst modelling. The methodology is also in accordance with
the widely accepted conceptual flow model for karst intro-
duced by Mangin in 1975.
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Fig. 13 A close-up view of the central area. Simulated hydraulic heads for: a the wet period of 2012, b the dry period of 2012 ¢ the wet period of 2012,
after implementing AAR and d the dry period of 2012, after implementing AAR

The duality of flow in the saturated zone was addressed
with the integration of 1D and 2D discrete features within
the matrix. The duality of the recharge process was
approached with the introduction of customized stress periods,
spatially variable infiltration zones and the definition of re-
charge receptors. The simulated hydraulic heads are in good
agreement with field observations and the calculated error
indicators are within acceptable ranges. Finally, the results of

a sensitivity analysis indicate higher sensitivity of the model to
changes in hydraulic conductivity than in specific yield.

Simulation results for the hydraulic heads indicate different
storage processes in different parts of the aquifer. The north-
central part seems more sensitive to diffuse recharge during
SP3 (May to June) than the southern part, which is controlled
by constant head boundary conditions and rapid flow within
the major drain axis of Karoumpes.

Table 5  Simulated hydraulic heads / (m) at the observation wells before and after implementing AAR
Observation wells and scenarios SP1 SP2 SP3 SP4
h Ah h Ah h Ah h Ah

Chl Natural conditions 6.7 +5.5 8.2 +5.8 6.3 +6.6 3.9 +7.2
AAR 12.2999 14.0 12.9 11.1

Ch2 Natural conditions 12.0 +4.7 13.0 +4.7 12.2 +5.1 11.0 +5.1
AAR 16.7 17.7 17.3 16.1

Ch4 Natural conditions 6.3 +8.1 72 +8.4 5.0 +94 3.1 +10.5
AAR 14.4 15.6 14.4 13.6

Ch5 Natural conditions 18.42 +3.1 18.6 +3.5 16.9 +3.6 16.5 +3.5
AAR 21.5 22.1 20.5 20.0

Choé Natural conditions 14.0 +9.3 152 +9.3 11.9 +9.0 11.1 +9.4
AAR 233 245 20.9 20.5

Ch7 Natural conditions 40.1 +0.1 40.4 —0.1 34.0 +0.2 32.6 +0.5
AAR 40.2 40.3 342 33.1
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The application of AAR to the studied aquifer appears very
promising. The simulated AAR scenario had a positive effect
on the water table especially during the dry period. The feasi-
bility of the implementation for such a scenario is high, both
because of the favorable intrinsic characteristics of the aquifer
and of the easily accessible source of ample fresh water.

Limitations of the methodology are also to be considered.
The limited knowledge of the aquifer geometric characteris-
tics introduces an elevated degree of uncertainty. It should be
stressed that the model adequacy also depends on the defini-
tion of recharge rates for diffuse infiltration zones. The esti-
mated recharge rates determine stress periods. It is suggested
that the length of each stress period be used as the minimum
time interval for which the model prediction is valid. The
presentation of the model results should also be in respect to
the applied stress periods.

The developed methodology can be applied to catchment-
scale modelling and to hydrogeological problems that require
long-term analysis. The methodology could provide a useful
tool for the management of groundwater resources with
pumping wells, the design and implementation of AAR plans,
and for land use planning, in general. The overall scope of the
proposed methodology is to provide a standardized frame-
work for addressing practical difficulties in karst modelling,
such as the limited knowledge of the aquifer geometry and the
scarcity of data.
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