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Abstract

In this paper we will focus on an interesting and complex problem, the analysis of coastal
aquifer management alternatives in aquifers affected by seawater intrusion problems. A
systhematic method based on an approximation of the safe yield concept for coastal
aquifers and a simple model approach to the problem is proposed to help in the decision
making process. It is based on the assessment of an index, that we have called the
Pumping Reduction to Achieve a Natural Good Status (PRANGS), which we have defined
as the minimum reduction in pumped abstractions necessary to maintain seawater intrusion
below the value estimated for the natural regime under different climate conditions: humid
(PRANGS}), intermediate (PRANGS;) and dry years (PRANGSy). It requires to solve an
optimization problem (for each of the climate conditions: humid, intermediate and dry
years), whose objective function is to minimize the reduction in pumping whilst ensuring
intrusion does not exceed the natural regime ones. A simulation model that provides a valid

approximation of seawater intrusion is needed.

The methodology was applied to a well-known Spanish Mediterranean aquifer, the
Oropesa-Torreblanca Plain aquifer. The optimization problem was solved using an iterative
process from a constant density flow simulation model of the aquifer, assuming a direct

relationship between piezometric drawdown and seawater intrusion.
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Introduction

The study of coastal aquifer management is a very interesting and complex issue in water

resources management. One of the reason of the importance of this management problem



is due to there are many coastal regions with important water demands. Some of them
support towns with large populations as well as intensive agricultural and/or industrial
activities. If surface water resources are scarce and/or intermittent — a frequent state of
affairs on the Mediterranean coast — water supply must be partly or totally met using
groundwater resources (Sola et al., 2013). They can be also useful to obtain non-
conventional resources from desalination plants (Rodriguez-Estrella and Pulido-Bosch,
2009). Appropriate management rules must be applied for a sustainable use of
groundwater resources to supply demands due to the urban and agricultural development
(Robins et al., 1999; Bellot et al., 2007; Grundmann et al., 2012; Zouahri et al., 2015).
Usually, a certain degree of overpumping (pumping volumes greater than the renewable
resources) occurs, particularly in summer, which leads to salinization processes with
seawater progressing into the aquifer (Rosenthal et al., 1992). On the other hand, the
global change scenarios for the Mediterranean region show an expected increment in these
difficulties to meeting coastal system demands, due to the reduction in freshwater
recharge, the sea level rise and the increment in water demanded by irrigation uses
(Fujinawa , 2011; March et al., 2014; Santos et al., 2014, Unsal et al., 2014).

The management of these water resources systems linked to sea presents additional
complexity (with physical and/or management particularities) due to the need to consider
the effect of the interaction between freshwater and seawater and the salinization process
(Pulido-Leboeuf et al., 2003: Daniele et al., 2011). The processes influencing groundwater
level and freshwater-saltwater interface is an important issue in coastal aquifer research.
They depend on aquifer stratigraphy and other hydrodynamic factors (precipitation regime,
tides, wave setup and storm surges, etc) (Vallejos et al., 2015). The coastal aquifers have
important hydrodynamic and hydrogeochemical peculiarities (Custodio, 2010; Werner et al.,
2013). Any change in a component of the water balance, whether natural or anthropogenic,
can alter the balance of freshwater-saltwater, sometimes quite significantly, and this can
lead to a progression of the seawater intrusion (Kaman et al., 2011; Yechieli and Sivan,
2011; Arslan & Demir, 2013).

Depending on the hypothesis and simplifications assumed different mathematical models
have been applied to approach coastal aquifer behaviors (Bobba, 1993; Khublaryan et al.,
2008). A more accurate representativeness of the physical process involved in saltwater
intrusion processes can be obtained with the density dependent models, in which flow and
transport code are couple to simultaneously run and updated in each time steps. There are
many example of applications of these simulation models in the literature (Shammas and
Thunvik, 2009; Doulgeris and Zissis, 2014; Unsal et al., 2014) But, sometimes they are not
applied due to the scarcity of reliable estimates of parameters (eg. Dispersion coefficients
(Naji et al.,, 1999)) and variables and their computational requirements (Sreekanth and

Datta, 2010). This computational disadvantage is exacerbated when solving optimization



management problems due to the multiple calls of the optimization algorithm to the
simulation model (Dhar and Datta, 2009). Other approaches, the sharp interface solutions,
assume that there is not mixing between fresh and saltwater obtaining simpler solutions in
terms of required parameters and computational requirements (Llopis-Albert and Pulido-
Velazquez, 2014). Due to these computational advantages many application of these sharp
interface solutions can be found to solve management optimization problems (Ataie-
Ashtiani and Ketabchi, 2011; Sreekanth and Datta, 2011; Uddameri et al., 2014;). Although
a direct use of finite difference groundwater flow models as MODFLOW code is not the
most appropriate to modeling coastal aquifer processes, it is still a very employed
approximation that can be useful to asses management alternatives in some cases (Pulido-
Velazquez et al.,, 2008; Rejani et al.,, 2009; Liu et al., 2010; Llopis-Albert and Pulido-
Velazquez, 2015; Hugman et al., 2015).

Over the last decade, the application of the EU Water Framework Directive (EU-WFD,
2000, Willaarts et al., 2014; Indset et al., 2015), has promoted the development of research
work about sustainable use and management of groundwater in coastal aquifers (Ferreira
da Silva and Haie, 2007; Hugman et al., 2015; Senent-Aparicio et al., 2015). To prevent
progress of marine intrusion inland, the fresh groundwater flows to the sea must be
maintained. Contrary to the old-fashion belief that this fresh water is "a lost resource ", it is
actually a case of gaining resources, at least over medium term horizons. To reduce the
effect of intrusion in the most intensely affected areas, the pumping volumes need to be
reduced so as to avoid piezometric drawdown in areas close to the shoreline. Though
marine intrusion can be a hydrodynamically very complex process, it can be assumed that
there is a direct relationship between the flow of fresh groundwater towards the sea and
marine intrusion. As a consequence, the determination of the coastal groundwater
discharges under different scenarios is important to analyze management alternatives
(Zhou, 2014; Hugman et al., 2015). The classical sustainable and optimal yield concept has
been extensively applied to analyze groundwater management problems (Peralta et al.,
2011; Mays, 2013). It could be also applied to study sustainability in coastal aquifers
management (Don et al., 2006; McCoy and Corbett, 2009; Liu and Dai, 2012; El-Kadi et al.,
2014; Unsal et al., 2014;). Again, its application has additional difficulties due to the higher
complexity of the coastal aquifer processes and their modeling approximation. Some
research works in coastal aquifers use the inversion of the hydraulic head gradient as the

criteria to obtain the sustainable yield (Hugman et al., 2015; El-Kadi et al., 2014).

In this paper we propose a new systhematic method based on an approximation of the safe
yield concept for coastal aquifers and a simple model approach to the problem. It is a novel
simple approach that intend to help in the decision making process. The objective is to
assess the reduction in pumping that would be required to achieve sustainability, whereby

intrusion is less or equal to that estimated under natural regime. It is based on a



sustainable yield criterion, in which the natural discharge is considered as the optimal yield
that must be maintained in order that the seawater intrusion does not progress, preserving

conditions similar to the natural state as the WFD promotes.

Due to groundwater discharges to sea depend on the stresses applied in the aquifer. we
need to identify what changes in anthropogenic activities should be applied for a
sustainable management of the aquifer. The methodology was applied to a well-known

Spanish Mediterranean aquifer, the Oropesa-Torreblanca Plain aquifer.

Methodology

The target is to quantify, on overexploitation aquifers, the minimum pumping reduction
necessary to achieve that seawater inflows for areas with intrusion problems do not exceed
the estimated value under a natural regime ("reference intrusion™), for humid (PRANGS ),
intermediate (PRANGS;) and dry years (PRANGS,). We intend to solve an optimization
problem (for each of the representative humid, intermediate and dry conditions), whose
objective function is to minimize the reduction in pumping whilst ensuring intrusion does not
exceed what would occur under a natural regime. Its solution requires a simulation model

that provides a valid approximation to assess seawater intrusion.

In this paper we employ a constant density groundwater flow simulation model. Although
these models do not predict the effect of the variable density on the groundwater flow, they
are tools which, for certain cases and objectives, may be suitable to simulate these
systems (Iribar et al., 1997; Rejani et al., 2008; Nettasana et al., 2012; Psarropoulou and
Karatzas, 2012; Salcedo-Sanchez et al., 2012). The optimization problem has been solved
by using a heuristic iterative process and a constant density flow simulation model of the
aquifer, which assumes a direct relationship between piezometric drawdown and seawater

intrusion.

Under these assumptions, the procedure for calculating the Pumping Reduction to Achieve
a Natural Good Status (PRANGS) can be divided into three phases (Figure 1):

Phase 1: Sea-Aquifer interaction under natural and influenced regime: The sea-
aquifer flow exchange is evaluated for conditions representative of humid (PRANGS,),
intermediate (PRANGS;) and dry years (PRANGS,). A constant density groundwater
simulation model is employed to assess these flows as a function of the freshwater
levels near the coast. Two steady-state scenarios are evaluated for each scenario

(humid, intermediate and dry years):

1) the influenced steady state regime obtained (IR model) considering the human

stresses applied to the aquifer;



2) The natural regime or reference intrusion scenario (NR model), simulated from the
IR model by eliminating the pumping and irrigation returns associated with human

activity.

Phase 2: Identification and delimitation of the "cr itical intrusion areas" and their

wells. The IR and NR model solutions are compared to identify areas where, as a
consequence of pumping, the saltwater flow increases with respect the natural regime
("critical intrusion areas"). For each of these areas, we assess the surface area affected
by the seawater intrusion and the wells considered as the principal cause of the

problem.

Phase 3: Assessment of the reduction in pumping req uired in each critical area

to prevent intrusion problems (PRANGS). The following optimization problem is
considered: minimize the reduction of pumped extractions from wells in the critical
areas identified, whilst complying with the constraint that no new critical intrusion area
appears (compared to the natural regime, NR model) nor that existing intrusion

intensifies.

We propose an iterative procedure to obtain an approximate solution to this problem.
The process begins by running the model with pumping in the selected wells reduced
by 10%. This process is repeated until the solution satisfies the constraints outlined

above.

The PRANGS for a critical marine intrusion area is expressed as the reduction in the
volume of abstraction that satisfies the restrictions in that area. It is adequately determined
by comparing the pumping volume for the IR model with the pumping of the last simulated
scenario that satisfies the constraints. The difference is the Pumping Reduction to Achieve
a Natural Good Status (PRANGS).

In low inertial aquifer systems, the hydrodynamic response of the freshwater-seawater
interaction to the change in natural recharge values is rapid and direct, particularly in
regions of highly irregular rainfall. This means that the PRANGS can take a wide range of
values. For this reason, we calculate the PRANGS separately for humid (PRANGS}),
intermediate (PRANGS;) and dry years (PRANGS,).

Case study: PRANGS of the Oropesa-Torreblanca Plain ~ Aquifer (Spain)

The Oropesa-Torreblanca Plain lies in the north of Castellén province (eastern Spain). It is
a coastal aquifer that extends for 21 km parallel to the coast in a NE-SW direction, with a
width of between 2.5 and 6 km, covering approximately 80 km? (Figure 2). A more or less
horizontal coastal plain and a outwash fan towards the edges of the surrounding limestone

massifs can be differentiated. The geometry of the aquifer is lenticular with minimum



thickness in the interior and maximum near the coast, exceeding 80 meters at the mouths

of the rivers Estopet and Chinchilla (Figure 2).
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Figure 1. Methodological scheme for the PRANGS calculation
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The hydrogeological boundaries of the aquifer are defined in the north by the Cretaceous-
Jurassic limestone outcrops of the Irta Mountain. The western flank is formed by the Aptian
and Gargasian (Cretaceous) limestone massif, which is in hydraulic connection with the
Plioquaternary aquifer (except in the immediate vicinity of the Chinchilla ravine and river
Estopet where the impermeable Miocene base appears). To the south, it is limited by the
Cretaceous limestone of the Oropesa Mountain. In the east, the aquifer is hydraulically

connected to the sea (Morell and Giménez, 1997) (Figure 2).

It is composed of Plioquaternary detrital deposits, comprising limestone pebbles, gravel
and conglomerates derived from the adjacent mountain ranges, with abundant lenses of
coarse sand, silt and clays. There are frequent lateral and vertical changes of facies and
the overall distribution is irregular, overlain by more recent alluvial fans, colluvium, dunes
and peatlands. A wide range of transmissivity is defined, varying from 5000 m?/day to 100
m?/day (Morell and Giménez, 1997). The effective porosity is calculated to be between 2%
and 12%, with the highest porosity next to the coastline inflows to the system consist of
lateral groundwater transfers from neighboring aquifers, infiltration from precipitation, and
irrigation returns. Outflows comprise the pumped abstractions, together with groundwater
discharges to sea and seeps/springs in the wetland that is found in the central sector. The
estimated water balance for the Plioquaternary aquifer, is given in table 1. The direction of

the groundwater flow under natural conditions is NW-SE, perpendicular to the coastline.

Table 1. Long-therm water balance of the Oropesa-Torreblanca Plain

INPUT (hm®/year) OUTPUT (hm */year)
Intrusion 2.2 Discharges to sea 4.5
Lateral groundwater transfers 38.0 Pumped abstractions 39.0
Recharge (irrigation returns + rainfall) 6.8 Wetland 3.5
TOTAL 47.0 TOTAL 47.0

In the centre of the Oropesa-Torreblanca Plain is located a wetland called Prat de
Cabanes. It is composed of brown and black silt and loam, with a recognized peat level
some 3 to 4 meters thick, which is commercially exploited. Prat de Cabanes is an
elongated area, some 9 km long by an average of 1 km. It is oriented parallel to the coast
and congruent with the dominant structural lines (NE-SW). It is separated from the sea by a
coastal bar some 8 km long, 20 m wide and 3 m high, consisting of sorted pebbles, ranging

between 1 cm and 20 cm (Figure 2).

PRANGS Calculation



The model used to calculate the PRANGS is a MODFLOW constant density groundwater

flow model, executed under steady state conditions (IR model).

PRANGS were calculated for humid (PRANGS,), intermediate (PRANGS)) and dry years
(PRANGSy). The representative precipitation for each year type was obtained using rainfall
data for the period 1973 and 2009 (www.ivia.es; Gonzalez-Hidalgo 2010). The average
rainfall corresponding to humid, intermediate and dry year are 884.6, 520.3, 337.5 mm/year

respectively.
We assume the next assumptions:

- The pumping volume is the same as for the three reference models (IR model)

proposed.

- The irrigation returns are not modified. We assume that water resources from
other origin are employed to cover the demand requirement although the reduction
in pumping volume. Reduction in pumping volume to fulfill the marine intrusion

constraint considers only water.

Phase 1: Sea-Aquifer interaction under natural and influenced regime

The piezometric levels obtained when simulating the reference intrusion (NR model) in the
three case studies are positive (above sea level) over the entire aquifer. Therefore, inflow
from the sea to the aquifer are zero for humid, intermediate and dry years (see

supplementary information in Figure S1).

Phases 2 (identification and delimitation of “critical intrusion areas" and their wells) and 3
(assessment of the pumping decrease required in each critical area to prevent intrusion
problems, PRANGS) are applied successively for each reference condition (humid,

intermediate and dry years).

Phase 2: Identification and delimitation of the "cr itical intrusion areas" and their
wells

- Humid year:

The IR, simulation predicts that negative piezometric levels near the coast occur only in the
so-called Southern sector. Therefore, the reduction of pumping required to fulfill the
constraint of zero seawater intrusion into the aquifer is estimated for this critical area (see
supplementary information Figure S2). In that case 8 wells, which pumped 4770 m®day,

are involved in the PRANGS,, calculation



-Intermediate year:

In an intermediate year, the critical intrusion area is also in the Southern sector. The
pumping reduction will be applied in 14 wells, which are located in the critical intrusion
sector. 7420 m* have been pumped by the wells involved in the PRANGS; calculation (see

supplementary information Figure S3).
- Dry year:

In this case, there are two critical intrusion areas that are located in the Southern sector
and the central Torreblanca sector (between the urban town of Torreblanca and the coast).
In the Southern sector the pumping reach the 17421 m®day, however in Torreblanca

sector the pumping is lower, 3710 m®day (see supplementary information Figure S4).

Phase 3: Assessment of the decrease in pumping requ ired (in each critical area) to

prevent intrusion.
-Humid year:

A balanced situation, in which the critical intrusion areas disappear, required five pumping
reduction steps to be applied. Figure 3A summarizes the reductions in the pumped
abstractions applied. The numerical information about the pumping reduction used in the

PRANGS;, calculation are detailed in the supplementary information, table S1.
- Intermediate year:

In order to achieve a positive piezometric level in the critical intrusion area, eight scenarios
of reduced pumping were simulated. Figure 4A compares the piezometry of the IR; model
with the last scenario performed (scenario 8). Figure 3B shows the wells and the
percentage reduction in pumping simulated for scenario 8, while table S2 summarizes the

reductions required to achieve the PRANGS; (see supplementary information).
- Dry year:

In order to reach positive piezometric levels in the Plain of Oropesa-Torreblanca, nine
iterations needed to be simulated. In each scenario, the pumping volume was reduced by
10%. In the area called Torreblanca, there is no more seawater inflow (negative
piezometric levels) near the coast after scenario 3; however, to reach that same situation in
the southern area, a maximum reduction of 90% pumping was required in 5 wells (scenario
9 -last scenario) (Figure 3C y 4B).

Figure 3C summarizes the reductions simulated in both areas to achieve the objective
water quality. Detailed reductions applied to pumping volume in the areas affected by

intrusion are shown both in supplementary information (Table S3 and S4)
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Summarizing, the total pumping reduction required to define the Pumping Reduction to
Achieve a Natural Good Status for a humid year (PRANGS,) is 1.0 hm®/year; for the
intermediate year, PRANGS; is 1.6 hm®year (Table 7), whilst for the dry year, PRANGS;

is 3,7 hm®/year, distributed as 0.9 hm®/year in the Torreblanca area and 2.8 hm®year in the

Southern area (Table 2).

Table 2. PRANGS calculation

PUMPING (hm°/year)
IR model (hm®) | Last scenario (hm®) | PRANGS (hm®)
HUMID year 345 335 1
INTERMEDIATE year 345 32.9 1.6
GLOBAL 34.5 30.8 3.7
DRY year | Torreblanca area 6 5.1 0.9
Southern area 8 5.2 2.8
Limitations

The use of constant density mathematical models to calculate PRANGS is justified by
their greater simplicity and fewer data requirements data to create the model (Llopis-Albert
and Pulido-Velazquez, 2014-2015). The use of variable density models would probably
give more precise results but would increase the complexity of the methodology, and it
must be remembered that the objective of this study is to define a clear and simple method
that could help to establish management criteria for salinized coastal aquifers. Although
numerical technique as Influence functions could be applied to solve these management
optimization problems (see for example Pulido-Velazquez et al. 2008; Pefia-Haro et al.,
2010) we decide to apply a simple heuristic iterative procedure. We assume that working
with a precision of 10% in pumping reductions is acceptable, given the existing
uncertainties and simplifications assumed. Another advantage of the proposed iterative

procedure is that it allows the solution to be explained graphically.

Other future scenarios could also be analyzed taking into account the influence of climate
change on the aquifer recharge (Pulido-Velazquez et al. 2015; Molina et al., 2013;
Colombani et al., 2016),

Conclusions and final considerations
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We propose a methodology to assess the Pumping Reduction to Achieve a Natural Good
Status (PRANGS) required to avoid seawater intrusion problems, defined as the minimum
reduction in the pumped abstraction volume from an aquifer unit required to keep seawater
intrusion below the value estimated for the natural regime. The PRANGS was defined
separately for conditions representative of humid (PRANGS,), intermediate (PRANGS)),
and dry years (PRANGS,).

The problem requires an optimization problem to be solved (for representative humid,
intermediate and dry conditions), whose objective function is to minimize the reduction in
pumping required whilst fulfilling the constraint of not increasing intrusion above the natural
regime. The problem was solved using an iterative process, from a constant density flow
simulation model of the aquifer, assuming a direct relationship between piezometric

drawdown and seawater intrusion.

The method was applied to a Spanish Mediterranean aquifer, the Oropesa-Torreblanca
Plain, which is well-known as an intensively exploited aquifer (Morell and Giménez, 1997).
The piezometric level under a natural regime was analyzed for humid (NR, model),
intermediate (NR; model) and dry years (NRy model). Under these three natural scenarios,
piezometric levels remain above the sea level and so seawater inflow into the aquifer can
be considered to be negligible. We then simulated the current pumping regime (IR model).
This shows freshwater aquifer levels below sea level, which is a situation associated with
seawater inflows and the advance of marine intrusion (negative piezometric levels) as a

direct result of the pumped abstractions.

The PRANGS for humid (PRANGS,), intermediate (PRANGS) and dry years
(PRANGS,) was calculated. In all three cases, the PRANGS requires pumping to be

educed in the Southern sector. In dry years, pumping reductions are also required, though

to a lesser extent, in the central Torreblanca sector.

As expected, in dry years the PRANGS, (3.7 hm®year) is the highest of the three
calculated. In this case, the pumping reduction required (PRANGS,) is 3.5 times greater
than in the least restrictive case, i.e. the humid year (1.0 hm*/year). The PRANGS,
calculated for the intermediate year is 1.6 hm®/year. In dry years, two critical intrusion areas
are identified: the Southern and central Torreblanca sectors. The PRANGS; in the area of

Torreblanca (0.9 hm®/year) is a third of that in the Southern area (2.8 hm®/year), where

pumping is more intensive.

With regards to resource management, we propose that the PRANGS, be calculated as a
first approximation. It represents, in any case, the maximum restriction required to

guarantee a discharge of groundwater to the sea that is sufficient to impede the ingress of

14



seawater and maintain the sustainability of the groundwater resources. Alternatively, the
reduction corresponding to the PRANGS; could be applied, with use of greater restrictions

(PRANGS,) in the case of abnormally dry periods.

Following these recommendations, it is proposed that, in the case of the Oropesa-
Torreblanca Plain, the maximum restriction should be applied — the PRANGS, -
corresponding to 2.8 hm®year in the Southern area and 0.9 hm®/year in the Torreblanca
area. In the case of applying the reduction corresponding to the PRANGS;, the Southern
area reduction would be 1.6 hmP®year but, during dry periods, the restrictions

corresponding to the PRANGS, would be used.
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