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Abstract. This paper reports on the qualitative and quanti- ality. They permit an advanced analysis of present and fu-

tative screening of groundwater sources for integration intoture scenarios and show that increasing water demands and

the public water supply system of the Algarve, Portugal. Thedecreasing rainfall will make the water supply system ex-

results are employed in a decision support system currentlyremely vulnerable, with a high risk of groundwater saliniza-

under development for an integrated water resources martion and ecosystem degradation.

agement scheme in the region. Such a scheme is crucial far

several reasons, including the extreme seasonal and annual

variations in rainfall, the effect of climate change on more ]

frequent and long-lasting droughts, the continuously increas1  Introduction

ing water demand and the high risk of a single-source wa-

ter supply policy. The latter was revealed during the severel-1  The need of integrated water resources

drought of 2004 and 2005, when surface reservoirs were de- ~ Management

pleted and the regional water demand could not be met, de-

spite the drilling of emergency wells. The concept of inte_grated water resources management
For screening and selection, quantitative criteria are baseWRM) has gained importance worldwide, and the need

on aquifer properties and well yields, whereas qualitative!® deal with its complexity has led to the increased use of

criteria are defined by water quality indices. These reflectd€cision support tools. Several articles dealing with such

the well's degree of violation of drinking water standards t00IS have been published, e.g. for integrated river basin

for different sets of variables, including toxicity parameters, Management to simulate the economic impacts of policies in

nitrate and chloride, iron and manganese and microbiologdrought periods (Characklis etal., 1999; Booker etal., 2005),

ical parameters. Results indicate the current availability off® quantify the economic value of stream flow (Pulido-

at least 11001s! of high quality groundwater (55% of the VeIazquez et al., 2006, 2008), for policy options and water

regional demand), requiring only disinfection (900} or allqcatlon (Letcher et al., 2004), fortrade—off_s between com-

basic treatment, prior to human consumption. These groundP€ting uses (Burke et al., 2004), for analysis of the impact

water withdrawals are sustainable when compared to meaff climatic changes (Tanaka et al., 2006), and for trade-offs

annual recharge, considering that at least 40% is preservepetween efficiency, equity and sustainability in the design of

for ecological demands. A more accurate and comprehen?ater programs (Ward and Pulido-Velazquez, 2008).

sive analysis of sustainability is performed with the help IWRM drives individual sectors to coordinate actions and

of steady-state and transient groundwater flow simulationscollaborate with each other and enhances stakeholder par-

which account for aquifer geometry, boundary conditions,ticipation, transparency and cost effective local manage-

recharge and discharge rates, pumping activity and seasoroent (Mylopoulos and Kolokytha, 2008). The objectives of

IWRM for socio-economic development and sustainable de-
velopment require the adoption of three key policy princi-

Correspondence tar. Y. Stigter ples (Postel, 1992): i) equity, i.e., water is a basic need and
BY (tibor.stigter@ist.utl.pt) no human can live without a minimum amount and quality;
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i) ecological integrity, i.e., water resources are only sustain-lic water supply system (MPWSS), public water supply was
able if the environment is capable of regenerating water ofmainly supported by groundwater. Moreover, several stud-
sufficient quality and quantity; iii) economic efficiency, i.e., ies have pointed out the advantage of the joint use of surface
water is a scarce resource, though not necessarily an ordinagnd groundwater for treatment requirements (e.g. Campinas
economic good (Savenije, 2002), therefore must be used efet al., 2001). Since well yield and water quality vary signifi-
ficiently. cantly over space and time, one of the necessary tasks of the

In the Algarve region, south Portugal, there are a numbelOPTEXPLOR project, a R&D project financed by the Al-
of factors that impose the need for an IWRM scheme. Firstgarve Water Utility with the aim to create a decision support
of all, in semi-arid regions such as the Algarve, the seasona$ystem based on an optimization model, was the quantita-
and annual variations in rainfall are extreme, posing seriougive and qualitative screening and selection of public ground-
challenges for water supply planning and management. Seavater wells for integration into the MPWSS. Only the best
ond, the intensity and frequency of occurrence of extremewells should be used for public supply and included in an in-
droughts will most likely increase significantly in the future, tegrated management scheme of the water resources. This
according to the climate change study for Portugal (Santopaper aims to present the methodology and the results of
and Miranda, 2006). Climate models predict a 10 to 40%the selection made, as well to analyze the sustainability of
lowering of rainfall in the south of Portugal by the end of this groundwater withdrawals from the screened wells. This lat-
century. In general, climate change will be pronounced inter analysis is essential as overexploitation can lead to degra-
the Mediterranean region, due to the magnitude of expectedation of the aquifer (e.g. due to seawater intrusion) and des-
changes in temperature and rainfall patterns (Giorgi, 2006)iccation of associated wetlands. There are no general rules
Moreover, water resources are arguably the most importanto define sustainable yields, because they depend on regional
domain to be considered in studies that assess the impact ¢fctors such as climate (and climate change), the hydrogeo-
climate change (Cunha et al., 2006). This importance stem#ogical setting, the particular location of the wells, the pres-
from the fact that climate change has direct impacts on theence of groundwater dependent ecosystems, as well as social,
availability, timing and variability of water supply and de- economic and legal aspects (Sophocleous, 2000; Custodio,
mand, and is also related to the significant consequences &f002; Alley and Leake, 2004; Maimone, 2004; Seward et al.,
these impacts on many sectors of our society. 2006; Ponce, 2007). Therefore, regional groundwater flow

Third, the water demand in the region is continuously in- models are used to simulate the response of the aquifers to
creasing, owing to the growth of population and tourism. different rates of groundwater pumping. In this paper, results
Agriculture is still by far the major water-consuming activity. of flow simulations are presented for the largest and most
Annual water consumption in the Algarve is currently esti- productive system of the Algarve (Querenca-Silves aquifer)
mated to be around 280 Rrfix 10° m?), of which 69% is for  to illustrate the analysis of groundwater resources sustain-
agriculture, 23% for public supply and 8% for other activities ability at the regional level.
(golf courses, industry, private wells). Though groundwater
is the main source for irrigation (165 R irrigation with
surface water is gaining importance. 2 Study area

Fourth, a water supply policy based on a single source
significantly increases the risk of failing to meet water de-2.1 Climate
mand, either during long drought spells or due to accidental
events. Such failure occurred in the Algarve during the se-The Algarve region (5400 kf is the southernmost province
vere drought of 2004 and 2005, when stored water volume®f Portugal, as indicated in Fig. 1. The region is char-
in surface reservoirs dropped dramatically, reaching the exacterized by a warm Mediterranean climate. A mean an-
ploitation limit in the west. Currently, an additional dam nual precipitation of 653 mm was calculated for the period
(Odelouca) is being built, which will be completed in 2010, 1941/42-1973/74 (Loureiro and Nunes, 1980). The precip-
but studies have shown that even then water demand will béation regime is irregular, having intermittent periods with
hard to meet in the long term (Hidroprojecto and Ambio, short and sharp floods in the winter and a long dry period in
2005). the summer. In addition, there may be extreme events such

as inter-annual periods of drought.
1.2 Obijectives of the study
2.2 Hydrogeology

For all the above-stated reasons an IWRM scheme for pub-
lic water supply is essential to guarantee a stable and susFhe actual state of development of the Algarve hydrogeol-
tainable public water supply, obtaining a correct balance be-ogy allows the definition of 17 aquifer systems with regional
tween the various water resources. Under an IWRM schemdmportance, as proposed by Almeida et al. (2000); their loca-
naturally, groundwater will be a valuable resource for pub-tion and geometry are shown in Fig. 1. The most productive
lic supply. Before the existence of the multi-municipal pub- aquifers are built up of karstified limestones and dolomites.
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Fig. 1. Location of the municipal wells and aquifer systems with regional expression in the Algarve; also shown are the main rivers and
surface reservoirs: Od = Odeleite, Be = Beliche, Fu = Funcho, Br = Bravura; groundwater wells: AW = AdA Water Utility , MW = Municipal.

Table 1. Characterization of aquifer systems with regional expression in the Algarve.

Aquifer system Main aquifer lithology Area Meap? Recharge  Withdrawal 2005
(km?) (s7hH  (hmdyr (hmd)
M1  Cowes Ims®, dimt® 22.56 15.5 6.0 0.36
M2  Almadena — Odaxere Imst, dimt 63.49 5.6 16.6 0.55
M3  Mexilhoeira Grande — Portiaro Imst, dimt, sand 51.71 8.3 10.0 1.18
M4 Ferragudo — Albufeira Imst, sand 117.1 5 10.0 0.40
M5  Querenca — Silves Imst, dimt 317.85 111 93.4 21.44
M6  Albufeira — Ribeira de Quarteira Imst, dimt 54.55 9.4 10.0 0.55
M7  Quarteira Imst, dimt, sand 81.19 9 15.0 0.13
M8 S. Bras de Alportel Imst, dimt 34.42 4.2 5.5 0.34
M9  Almansil — Medronhal Imst, dimt 23.35 7 6.5 1.92
M10 S.J@&o da Venda — Quelfes sand, Imst, marl 113.31 7.0;5.5 9.0 0.49
M1l Chao de Cevada — Qta.dode Ouem Imst, dimt 5.34 6 2.0 0.51
M12 Campina de Faro Imst, sand 86.39 6 8.3 0.13
M13 Peral — Moncarapacho Imst 44.07 2.8 10.0 0
M14 Malhao Imst, dimt 11.83 14.7 3.0 0.33
M15 Luz - Tavira Imst, sand 27.72 5.6 4.8 0
M16 S. Bartolomeu Imst, dimt 10.6 8.2 3.0 0
M17 Monte Gordo sand 9.62 1.5-3.0 3.0 0

ayield, P limestone¢ dolomite

Table 1 presents the main characteristics of each system, inmportant groundwater suppliers for irrigation. Due to its
cluding dominant aquifer lithology, average yield and annuallarge area and significant recharge, as well as the high degree
recharge. The six most important aquifers for public wa- of karstification, aquifer system M5, known as Querenca-
ter supply are M2, M3 (northern sector), M5 (also signifi- Silves, constitutes the most important groundwater reservoir.

cantly exploited for irrigation), M8, M9 and M14. Of the

Its geometry is pictured in Fig. 2. Built up of massive kars-

other aquifer systems, M7, M10 and M12 are particularly tified limestones and dolomites, the system is bounded to
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Fig. 2. Spatial distribution of recharge expressed as percentage of precipitation and boundary conditions of the Querena-Silves aquifer
system. Also indicated are public supply wells, hydraulic head observation wells, springs and irrigated areas.

the north by clays, mudstone and evaporites and to the soutttuctures (Funcho and Odeleite dams, water treatment plants,
by a large thrust-fault zone, forming groundwater flow barri- regional distribution system) and in the rehabilitation of oth-
ers. Discharge occurs at the springs located along the aquifegrs (Beliche and Bravura dams). The abrupt policy change
boundary, predominantly in the west, near the Arade estuaryed to the implementation of a MPWSS entirely based on
(Fig. 2). Important and sensitive surface/groundwater ecosurface water supplied by the reservoirs and in 2002 more
tones and associated groundwater dependent ecosystems ¢ixan 80% of the total public supply was sustained by sur-
ist at the location of these springs, many of them classified asace water, as illustrated in Fig. 1. The major benefits of the

protected areas. use of surface water were felt in water quality control. The
MPWSS does not supply water for irrigation of agricultural
2.3 Evolution of the use of groundwater through time land; though several surface irrigation districts exist, irriga-

tion continues to rely largely on groundwater.

Previous publications (Monteiro and Costa, 2004; Nunes et The negative consequences of this single-source water
al., 2006a; Stigter et al., 2007) provide an overview of thesupply policy were felt during the severe drought that oc-
evolution of surface and groundwater use in the Algarve.curred in 2004 and 2005, causing an overall 87% depletion
An exponential rise in water demand occurred in the 1960s0f the surface water storage and the complete depletion of
mainly associated to the expansion of irrigated agriculturethe Funcho and Arade reservoirs. Restrictions on water use
and the growth of tourism. This was possible thanks to the in-were imposed for all economic sectors, but particularly agri-
troduction of drilling technologies that led to the construction culture, with exceptional measures being taken to avoid the
of thousands of boreholes in the region, without adequate retotal disruption of the public water system. The Regional
gional planning nor supported by existing knowledge of theWater Utility, Aguas do Algarve, S.A. (AdA), decided to
region’s hydrogeology. drill emergency wells in the Querenca-Silves aquifer system

Despite the construction of the Arade and Bravura dams(M5). Despite the additional 11 hhsupplied by this aquifer,
groundwater remained the dominant source for irrigation (usthe water demand could not be met by the MPWSS and for-
ing private wells) and public supply until the end of the 20th merly abandoned municipal wells had to be reactivated (for
century. Public supply was locally and independently man-location see Fig. 1). In total 42% of the public water supply
aged by each of the 16 municipalities (whose wells are lo-Was supported by groundwater in 2005. An overview of the
cated in Fig. 1), so that regional water supply planning, man-distribution of groundwater supply among the main aquifer
agement and quality control was impossible. At the samesystems is shown in Fig. 1, revealing the dominant role of
time, a few aquifers were suffering increasing pressures fromV15.
human activities, such as nitrate contamination in irrigated
areas (Stigter et al., 1998, 20064, b) and saltwater intrusion in
coastal sectors (Carreira, 1991; Salgueiro and Ribeiro, 2001).

The efforts to abandon groundwater as a source for public
supply started in 1998, after a large investment in new infras-
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Table 2. Definition of Standard Violation Indexes (SVIs) used in the present study.

Standard Violation Index  Definition 10—ty NA2  NVP %y
SVitot All parameters 1995-2005 38362 3939 10.3%
SVltox Toxicity parameters 1995-2005 5670 15 0.3%
SVIMicrob Microbiological parameters  1995-2005 3040 1077 35.4%
SVInos,cl Nitrate and Chloride 1995-2005 5708 1029 18.0%
SVlgeMn Iron and Manganese 1995-2005 4339 723  16.7%

@Number of analyseé’, Number of violations

3 Well screening and selection NVyars; the number of drinking water standard violations.
The created SVIs, shown in Table 2, vary between 0 and 1
3.1 Methods (100% of violations).

. ) ) SVltox is based on toxic substances. Any violation re-
The screening and selection of groundwater wells for integray g ged by this index results in the exclusion of the corre-

tion into the MPWSS was based on quantitative and qua"ta'sponding well for drinking water purposes and requires fur-
tive criterig. Regard_ing the forme_r, the overall characterist.icsther attention. SMkicrob is an indicator of microbiological
of the regional aquifer systems in the Algarve were studiedontamination and the level of disinfection required during
based on published reports (e.g. Silva, 1984; Silva, 1988yyater treatment. As this type of groundwater contamination
Almeida et al., 2000) and well yields were analyzed individ- 5 frequent, it is useful to classify the water samples among
ually when available. A well yield criterion of ;5% Was  the water treatment categories A1, A2, A3 defined by Coun-
defined, based on field experience and expertise and met by pjrective 75/440/EEC (for surface water, but also appli-
th_ree-quarte_rs of the yvells with known_yields. S(_)me wglls cable to groundwater). SMb,.ci combines two parameters
with lower yield were included, depending on their location that are typical indicators of a disturbance of the natural state
and on the aquifer properties. of groundwater, often due to human activities. For instance,
The qualitative screening procedure was based on chemiygricultural practices have a large impact on concentrations
cal analyses performed in the period 1995-2005 for the Citypf hoth parameters in the region, due to excess fertilization
councils and by the Regional Environmental Agency. In total gng groundwater extraction for irrigation (e.g. Stigter et al.,
279 wells were included in the present study, of which 11020064, b). Neither nitrate nor chloride are removed from
are municipal wells for public supply and the remaining are water in conventional treatment plants, hence violations of
private wells, drilled mostly for irrigation and domestic use. drinking standards impair the use of the well for this purpose,
The latter cannot be selected for public supply, but were in-though groundwater may be mixed with surface water to ob-
cluded to provide a regionally more comprehensive overviewain acceptable levels. Syiwn indicates the need of iron
of groundwater quality in the Algarve. and manganese removal from groundwater for public supply,
Based on all the available analyses, a standard violatiofincreasing the treatment costs. Both parameters are treated
index (SV') was calculated for each well, for different sets of at water treatment p|ant3, though they can form stable com-
variables, based on the associated drinking water standardgjexes with humic substances and become more resistant to
represented by the parametric values (PVs) of the EU Drinkgxidation.
ing Water Directive (98/83/CE). Such water quality indices o the screening and selection procedure, the wells were
(WQIs) have been developed with the aim of rapidly com- gistributed among six quality classes. Class 1 represents the

bining a large quantity of chemical information of a water pighest quality and includes wells extracting groundwater

sample into a single value and thereby easily monitor spatha after a basic disinfection are ready to be used for drink-
tial and temporal fluctuations of water quality (€.g. Harkins, jng water purposes. The selection criteria for the first class
1974; Backman et al., 1998; Stigter et al., 2006b). For ayere defined as follows:

given periodsy—1,, wheretg andz, are the initial and final
dates of the considered analyses, the SVl is calculated inthe 1 g samples of the well in class A1 of required microbi-

following way: ological treatment (75/440/EEC);
NV
SVlvarsi= NAvarSl 1) 2. SVIremn<0.25 (maximum one violation in four analy-
vars: SES);

where, SV{ars; is the standard violation index of the vari-
able set “vars” in well, NAyars; the number of analyses and 3. SVI1ox=0 and SVko,,c1=0 (no violations permitted).

www.hydrol-earth-syst-sci.net/13/1185/2009/ Hydrol. Earth Syst. Sci., 13, 11882009



1190 T. Y. Stigter et al.: Screening sustainable groundwater sources for water supply

5000 10000 15000 2000 m

0.00 to 0.00
© 0.00 to 0.25
A 0.25 to 0.50
4 0.50 to 1.00

15000 20000 m

5000 10000

® Only desinfection required (class A1) + Well of Water Utility (AdA)
O Additional Fe/Mn removal required B Water treatment plant

A Additional desinfection required (class A2/A3) -+ Distribution system of AdA
A Additional desinfection and Fe/Mn removal required

Fig. 3. (top) Spatial distribution of SVINO3,Cl for municipal wells (white background) and private wells in the main aquifer systems of the
Algarve; Fig. 3b (bottom) Location of municipal wells selected by screening procedure, indicating different treatment requirements; also
shown in the distribution system of the Water Utility.

The reason of loosening the S¥lvn criterion is twofold. 3.2 Results and discussion
First, elevated concentrations in groundwater are caused by
natural rather than human factors. Sec_ond, concentrationgyf the referred parameters, it is widely recognized that mi-
of iron and manganese are reduced during water treatment,hjiglogical contamination can have serious consequences
Based on the same reasoning, the hypothesis of loosening npjic health. Nitrate in drinking water is generally con-
the criterion for SVko, c1 was rejected: high concentrations gjgered to constitute a health hazard for babies and young
of NO3 and Cl are due to human impact in the majority of jhtants. Its toxicity is mainly attributable to the reduction
cases, whereas their removal during water treatment does Nt nitrite and associated to methaemoglobinemia, although
oceur. . - _ several recent studies question this fact (e.g. L'hirondel and
Wells of class 2 and 3 only require additional iron and | >hirondel. 2002: Addiscott 2006). As far as known, no
manganese removal (Siélun>0.25) and disinfection (class  health problems are related to iron and manganese for hu-
A2 and A3), respectively, whereas wells of class 4 requiremang, byt their presence in public water supplies can create
both. Hence, wells of classes 2, 3 and 4 can all be used iRerioys problems. In distribution systems, they can cause dif-
the MPWSS as long as extracted groundwater is previouslyic,ities by supporting the growth of iron bacteria and impart
diverted to water treatment plants or receives the required, aste to water (for iron) detectable at very low concentra-
treatment in situ. The last two classes include wells that arg;y,5 (Sawyer et al., 2003).
not considered for drinking water, either due to the presence

of nitrate and chloride (class 5) or toxic substances (class 0) delgg sSp\?mt?l S:S;;'?ﬁg?:a?;c;r(]lii?;:Z?g::;‘ia;?tx'gf};;\'/g
’ 3, ’

is shown in Fig. 3a. Since only municipal wells with zero in-

dex values are considered for integration into the MPWSS,
the map already provides a good overview of the aquifer
systems that are most interesting from a qualitative point of
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Fig. 4. (top) Results of SVI calculations and application of selection criteria for each treatment class; Fig. 4b (bottom) Absolute and relative
values of cumulative well yield for the main aquifer systems; relative values are based on continuous pumping and compared to the average
public water demand in the region. Qscr,1 = installed yield from selected municipal wells of class 1 of the screening procedure; Qscr,1-4 =
installed yield from selected municipal wells of class 1-4 of the screening procedureRQsanaximum available yield from municipal

wells so that total withdrawals do not exceed 100% of natural rech&ge Qscr,0.6r;,, = maximum available yield from municipal wells

so that total withdrawals do not exceed 60%pf

view. The highest index scores (worst water quality) are ob-analyses and related to local accidental spills, without any
served in the coastal aquifer systems M6, M12 and M15, eidong-term consequences. In fact, three municipal wells with
ther due to saltwater intrusion caused by groundwater extraca SVhox>0 and therefore not considered for public supply in
tions (M6) or related to agricultural contamination (M12 and this study, are currently still operational, located in the largest
M15), which has led to the designation of two vulnerable aquifer system (M5) and with a total well yield of 111
zones in compliance with the Nitrates Directive 91/676/EEC
(Stigter et al., 2006b). Figure 4b presents the cumulative yield from municipal
The lowest SVl o,,ci scores (best water quality) are found wells for the six main aquifer systems. Although several
in aquifer systems M2 (western sector), M3 (northern sec-other aquifer systems contain wells that passed the screen-
tor), M5 (except for its westernmost sector, near the Aradeing process, it was decided to leave them out of the cal-
estuary), M8, M9 and M14. These are carbonate aquifersculations, due to generally lower aquifer productivity (M4,
with high recharge rates and groundwater velocities, and ofM10) or problems with water quality in wells located nearby
ten located more inland, protected from seawater intrusionin the same aquifer (M6, M12). It can be observed that al-
Their dominant role for public water supply is manifested most 90015 can be obtained from groundwater after disin-
in the map of Fig. 3b, which locates the wells selected forfection, whereas an additional 400Fscan be included af-
integration into the MPWSS, as a result of the screening proter iron and manganese removal and additional disinfection.
cedure. These numbers are based on maximum installed pumping ca-
Figure 4a shows the distribution of the selected wells dis-pacity and continuous pumping and are of little use for water
tributed among the six treatment classes, according to theupply management, because they do not consider the limit-
selection criteria. Over 60 municipal wells can be integrateding factors for groundwater availability, i.e. natural recharge,
into the MPWSS, of which 42 belong to class 1, i.e. only re-the presence of other water consumers (mainly agriculture)
quire disinfection prior to their use for drinking water. The and ecological demands. The next section will deal with the
presence of toxic substances (i.e. lead, arsenic, nickel, mesustainability of groundwater withdrawals from the selected
cury and pesticides) was only detected in 15 of the 5670wells.

www.hydrol-earth-syst-sci.net/13/1185/2009/ Hydrol. Earth Syst. Sci., 13, 11882009
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Table 3. Relation between available municipal well yields and mean annual recharge.

Code Name 08 Qggr Ofot Qgcr,Rn gcr,O.G Ry
hmPyr~y  (hmiyrl) (%R, (mPyrh)  (hmPyrh
M2 Almadena — Odaxere 5.2 2.6 47% 5.2 5.2
M3 Mexilhoeira Grande — Porti&mo 2.9 2.0 61% 2.9 2.8
M5 Querenca — Silves 215 31.0 56% 215 215
M8 S. Bras de Alportel 5.5 1.0 117% 45 2.3
M9 Almansil — Medronhal 6.0 2.0 123% 4.5 1.9
M14  Malhdo 2.5 0.5 98% 2.5 1.3
Total 43.6 42.1 41.1 35.0

@jnstalled yield from selected municipal wells based on screening procedure

b groundwater consumption rate of agriculture

¢ OscrtQagr as % of mean annual rechargg

d maximum available yield from municipal wells so th@a{ot does not exceed 100% &,
€ maximum available yield from municipal wells so thato; does not exceed 60% &,

4 Sustainability assessment of public water supply from  M14, clearly indicating that abstraction rates are limited here
selected wells by natural recharge. In the safest scenario, i.e. that of 40%
groundwater discharge, maximum available well yields are
Safe yield is defined by Sophocleous (1997) as the attainbetween 30% and 50% of installed yield, and even in the “no
ment and maintenance of a long-term balance between thdischarge” scenario maximum yields are 75% and 82% of
amount of groundwater withdrawn annually and the annualinstalled yield for M9 and M8, respectively.
amount of recharge. Currently, the emphasis has shifted to

sustainable yield (Sophocleous, 2000; Custodio, 2002; Alley Neverthelesds, their cfontrigution can b,\ilslilgnif(ijcahnt. Forhin-
and Leake, 2004; Maimone, 2004; Kalf and Woolley, 2005;stance, groundwater of aquifer system and the northern

Seward et al., 2006; Ponce, 2007), which reserves a fractio ector of aquifer system M3 can be diverted tp the F‘eafby
of safe yield for ecological demands. This need was alread ocated treatment plants, where they can be mixed with sur-

recognized a long time ago by Lee (1915) and Theis (1940)]‘ace water prior to treatment. The typical natural character-

but no general rule exists as to what percentage of recharg't?t'cst OI)%r:)undwste_r{ sutch aslhlgz de?ree of h?rdne_s S and
can be considered sustainable. The latter depends on marll W turbidity, maxe it extremely advantageous for mixing

regional factors, such as climate (and climate change), hy- fth surface water, with regard to treatment requirements
drogeological setting, the particular location of the wells and(e'g' Campinas et al., 2001). In order to assess water quality

the presence of groundwater dependent ecosystems. changes driven by mixing hydrochemical models are being

Table 3 and Fig. 4b present a first impression of the re_apphed.
lation between the screened installed yield from municipal Even when considering that 40% &, is unavailable
wells and the mean annual rechardg, . Two scenarios  (due to a combination of reduced recharge and ecological re-
of maximum abstraction rates are considered here: 100%uirements), the total available yield from municipal wells is
and 60% ofR,. Hence, only the latter scenario accounts 35 hn? (Table 3), more than 110018 or 55% of the regional
for a long-term groundwater discharge component (ecologiwater demand in the Algarve (Fig. 4b). With an installed
cal demand), but can also be seen to reflect reduced recharggell yield of 21.5 hnd based on the screening procedure, the
caused by climate change. Climate models predict a maxaquifer system of Querenca-Silves (M5) is by far the largest
imum 40% lowering of precipitation by 2100 in the south public groundwater provider. Studying its response to such
of Portugal (Santos and Miranda, 2006). In order to assesfarge withdrawal rates is therefore a critical task, which can
available groundwater volumes for public supply, other wa-be supported by a groundwater flow simulation model. Such
ter consumers need to be included, which is done for agricula model can simulate groundwater flow under natural condi-
ture, by far the most significant consumer in the region (se&ions and subsequently incorporate pumping activities from
Table 3). the screened wells, as well as from private irrigation wells,

The curves in Fig. 4b allow a rapid perception of the avail- so that the risk of overexploitation can be comprehensively
able well yields requiring disinfection (class 1) or further assessed for different scenarios. Overexploitation in aquifer
treatment (class 2—4) and those yields limited by the im-system M5 could lead to the drying up of springs and associ-
posed criteria of sustainability. The four curves are only ated wetlands, as well as aquifer degradation due to seawater
distinguishable for the smaller aquifer systems M8, M9 andintrusion.
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4.1 Groundwater flow model of the Querenca-Silves where:T is transmissivity .27 ~1], 4 is the hydraulic head

aquifer system [L], Q is a volumetric flux per unit volumeZ2T 1L,
representing sources and/or sinks #hid the storage coef-
4.1.1 Methods ficient [-]. For the first simulations steady-state conditions

were used, where the variables are time-independent, so that

The first step towards synthesizing the Querenga—SiIvesEq' (1) is reduced to:

aquifer system at the regional scale using a numerical model. (_ — ) _
involved the transformation of the available hydrogeological div [T] gradh ) =0 )
information into a general conceptual flow model, consider-

ing: (1) the geometry of the aquifer system, (2) the bound_The representation of the flow domain of karst systems as

" . A ingle continuum equivalent porous media, using the con-
ary conditions and Iocgtlon of the main dlschgrge areas an(iepts of hydraulic conductivityK) and its bidimensional
(3) the recharge and discharge rat_es (Monte|r_o Et. al., 20(.)GderivativeT, is valid when modelling hydraulic heads and
2907b)' Th_e geometry of the aquifer system is pg:tured "Nflow volumetrics on a regional scale, as is discussed by Scan-
Fig. 2 and discussed in Sect. 2.2. Boundary conditions were ot al (2003)
defined as constant head along the Arade estuary in the west The direct sc;lution was implemented using a standard
and no-flow for the remaining part. Since there is strongfin P 9

o . g ite-element model based on the Galerkin method of
tidal influence in the estuary, it would be more accurate to_ . ; . . :
. - . weighted residuals, implemented in FEFLOW (Koskinen et
define a specified (non-constant) head boundary condition o )
: . . . al., 1996). Preliminary results showed that the hydraulic pa-
which will be tested in future model runs. Boundary condi-

. ) . . rameters obtained from pumping tests allowed the analysis
tions could have been defined for several small springs in th%]c coherence between existing conceptual flow models and
e observed regional flow patterns, but were not adequate to
obtain realistic simulations of the spatial distribution of hy-
] o draulic head in several sectors. Therefdfewas estimated
Annual recharge rates, depicted in Fig. 2, were detery jnverse modelling. In the current analysis, three scenarios
mined as the fraction of deep infiltration of the precipitation, \yere created:
considering: (i) the Kessler method (1965) in areas of car- gcENARIO 1: steady-state flow under natural conditions,
bonate rock outcrops and (ii) the semi-empirical formulae; ¢ o pumping. This scenario was based on the high-
of Coutagne (1954), Turc (1954) and Thornthwaite (1948),e5t opbserved water levels in the past 20 years and used
the latter combined with transient soil water balance/storaggg, inverse calibration ofr using the Gauss-Marquardt-
models, to calculate real evapotranspiration in areas of set;eyenberg method, implemented in the nonlinear parameter
imentary dep_osns. During the implementation of regional gstimation software PEST (Doherty, 2002). Although based
flow models in the Algarve, the accuracy of these recharge,n an automated procedure, calibration was not straightfor-
estimates, first performed in the 1980s (Almeida, 1985) wasyard and involved a dozen of different zonation schemes be-
improved, d.ue to: i) th.e |mpr9ved accuracy of the geometricsye reaching the final configuration with 23 zones pre-
representation of the Iltihologlcal outcrops, bg.sed 0N MOre resented in Fig. 5. Within each zone the behaviour of piezome-
cent available information of geologic maps; ii) the improved (g5 gliowed a reasonable fitting of field data using a single
accuracy and spatial resolution of rainfall, through the imple-y4ye of 7. This configuration corresponds to an accurate
mentation of advanced methods, namely kriging with exter-rehrasentation of the actual knowledge of the aquifer regard-
nal drift on an orthogonal grid with a resolution of 1km g its hydraulic behaviour in both natural conditions and in
with elevation proving to be the most representative aUX"'response to extractions in wells.
iary variable (Nicolau, 2002). The new recharge estimates The T vajues obtained from calibration are always higher
were validated with the FAO dual crop coefficient method {4 the maximum individual values of this parameter calcu-
(Allen et al., 1998), taking into account parameters such agateq from pumping tests in each zone Tagesults from the
daily precipitation, soil texture, moisture content and Vege-mitiplication of aquifer thickness bi, a parameter whose
tation cover (Monteiro et al., 2007a; Mendes Oliveira et al., 51 e tends to increase with scale @y, 1978; Sauter
2008) and resulting in a 3% higher estimated recharge. 1992). This important additional constraint for calibration
The defined conceptual flow model was translated to a fiwas defined to avoid unrealistic conceptualisations of the
nite element mesh with 11663 nodes and 22 409 triangulaflow domain, i.e. unrealistid values despite a good fit
finite elements. The physical principles at the basis of thebetween observed and calculated heads. In the latter case
simulation of the hydraulic behavior of the aquifer system the model would probably present very poor results in stress
are expressed by: conditions different from the ones used in calibration (for
example in drought conditions). These imposed limits of
oh . N parameter-value acceptability are considered as “soft data”
So 7t div (— [T] gradh) =Q (2)  that cannot be directly incorporated into the model, but can

conditions revealed a minor impact on the regional flow pat-
tern and water balance.
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observed hydraulic head time series in several monitoring
wells and observed spring discharges at the Arade estuary,
showing consistency with calibration results. For a fissured
limestone matrix, the resultin§ may be considered as high,
but not uncommon; moreover, the value is theoretically con-
sistent, as discussed by Monteiro (2001) and Reimann et
al. (2008).

e SCENARIO 3: reducing natural groundwater recharge in
the steady-state model by 40%, based on the predicted de-
crease in rainfall by 2100 (Santos and Miranda, 2006), while
e o maintaining the groundwater withdrawal volumes for public
S supply and irrigation. Using a value of 40% may be con-
bR W e W F W sidered somewhat arbitrary, as the real scenario may be less
drastic (precaution principle). Groundwater recharge is ex-
Fig. 5. Map with established zonation for estimation of transmissiv- pected to further decrease due to higher evapotranspiration
ity (top), optimized values obtained by inverse calibration (bottom rates caused by increasing temperatures. A minor difference
left) and resulting plot of modelled versus observed hydraulic headswith the previous steady-state model is that besides the Wa-
(bottom right). ter Utility wells only the screened wells are used, rather than
the wells where groundwater withdrawal actually occurred
in the years 2005/2006. As it was decided to maintain a con-
be of great importance to improve model quality. For ex- gtant public supply of 21.5 hinincluding screened and Wa-
ample, regarding the most transmissive area of the aquifefer Utility wells, pumping rates were set at 66% of maximum
(western sector)7’ values determined from pumping tests rates. Naturally, this is a simplification of the reality, as it
reach values as high as 30 (_)Oéd_Tl (0.347nfs™h), often s gifficult to predict if and how change in climate and water
determined in wells supporting yields of over 100]‘9}”‘1 consumption will lead to a new steady-state situation. More
attaining maximum depths of 400 m. However, the thicknessyccyrate simulations can be provided by transient scenario
of the carbonate formations supporting the aquifer system inpqgelling if climate change data are available with sufficient
the south is in the order of 600m or more. A realistic rep- temporal resolution, which is currently being studied. The
resentation of the aquifer at the regional scale in this secto[geg nere is to study the impact of strong (40%) decline in
is based on zones withi values higher than 1fs~* (see recharge, or a less significant decrease combined with an in-

Fig. 5). o ) crease in water consumption by economic sectors.
SCENARIO 2: activating the groundwater pumping wells

in a steady-state model (scenario 2a) and transient model ) .
(scenario 2b). Public water supply was distributed among ex#-1-2  Results and discussion
traction wells with known location and pumping rates, using
the highest observed annual withdrawals in the steady-statRegarding scenario 1, the modelled equipotential map in
model: 21.5 hrdin the hydrological year of 2004/2005. The Fig. 6 reveals a steep hydraulic gradient in the NE, where
latter volume (coincidentally) corresponds to the installedgroundwater flow is towards the south. In the western sector
annual yield from selected municipal wells based on screenthe hydraulic gradient is very small and E-W flow direction
ing procedure (Table 3). For irrigation an annual withdrawal prevails. The complex flow pattern in the NE is related to the
of 31 hn? was considered (Nunes et al., 2006b), distributedpresence of sectors where local karstic structures have a poor
over 150 irrigation wells inserted into the model (located hydraulic connection with the main discharge area of the
within the irrigated areas of Fig. 2). Transient simulations aquifer. Such areas can be characterised as “systematic posi-
were performed from January 2003 to April 2006, thereforetive regional anomalies of hydraulic head”. Their representa-
including the drought period of 2004—-2005. In this case irri- tion as “lowT zones” (Fig. 5) is an assumed simplification of
gation wells were only activated from May to September of the flow domain that derives from its representation as a sin-
each year. Regarding the storage coefficignany trials  gle continuum equivalent porous media, which does not in-
were performed with alternative values. Many of the runsterfere with a correct and detailed regional analysis of the hy-
provided relatively pessimistic scenarios when compared taraulic heads and the water balance. Equivalent porous me-
observed data, simulating the inversion of the hydraulic gra-dia models have been successfully applied to karst aquifers
dient and consequent seawater intrusion from the Arade esty other authors (e.g. Scanlon et al., 2003), the main limi-
ary in some periods, which could not be performed in prac-tation being that they cannot accurately simulate local scale
tice. A final S of 0.05 was used, which provided reliable directions or rates of water flow in the aquifer. If the latter
simulations for the entire period, including the long-lasting is required, more sophisticated analytical or numerical rep-
droughtin 2005. This value was subsequently validated withresentations of the flow domain should be used, considering

300

Zone T(m’s’)  Zone T (m’s?) Zone T (m’s?)
1.35E+00 9 5.16E-01 17 2.84E-02
2.39E-01 10 4.78E-01 18 5.41E-04
1.09E+00 11 1.94E-03 19 7.50E-03
6.65E-01 12 6.95E-03 20 7.48E-02
5.65E-01 13 5.09E-01 21 2.57E-03
4.98E-01 14 6.71E-01 22 5.00E-04
5.10E-01 15 5.00E-04 23 5.00E-04,
5.08E-01 16 6.86E-01

Simulated hydraulic head (m +msi)

ERICEE
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Legend
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Fig. 6. (top) Spatial distribution maps of simulated hydraulic heads under steady-state conditions, with and without groundwater pumping
(scenarios 1 and 2 respectively); (bottom) hydrograph of simulated transferences between the aquifer system and the Arade estuary usin
daily values of recharge for a period between 1 January 2003 and 24 April 2006.

the presence of discrete conduits or fractures (Monteiro and =

Ribeiro, 2002; Monteiro and Achour, 2005). ol T
Activating the wells in the steady-state model (sce- wo N

nario 2a) results in a lowering of the hydraulic heads in |
the central and western sector (Fig. 6), where most water-Z _ |
consuming activities are concentrated (see Fig. 2). Despitef *\’\\_,,
this fact, mean annual recharge is high enough to avoid re-ff ] P
gional overexploitation on an average yearly basis, as in- £ 2= Smulated
dicated by the positive aquifer water balance (mean out-*

flow Q of 40.9 hn?yr~1). For the transient simulation (2b), w
Fig. 6 presents a hydrograph of the transferences between
the aquifer system and the Arade estuary, where positive val- [ =" e ST
ues represent outflow from the aquifer. Total Measured diS- ‘o aro wor oo smor fmor o oo wnes oo woe ooos o amos
charge at several springs is also indicated. It can be observed

that every year outflow is high during the rainy season andrig. 7. Modelled oscillations vs. observed time series of hydraulic
drops significantly during the months of May to September,head for five monitoring wells, during the period of the transient
triggered by the pumping activities, particularly those from simulation.

irrigation wells, which only pump during these four months,

when recharge is also insignificant. Over the entire period,

observed outflow is 0n|y 40% of simulated outflow, which response to tidal fluctuations: the input of saltwater in the
is due to the fact that they are local scale features of a reaquifer is followed by water output with decreasing salinity,
giona| aquifer —river transference System, exc|uding Submadue to groundwater discharge, until the next rise of the tide.
rine (subestuarine) discharge. At the end of the drought peTherefore, field data need to be corrected for estuarine water
riod (September 2005), the model simulates a very small angalinity.

short-lasting gradient inversion, when water from the Arade Figure 7 indicates that modelled hydraulic head variations
estuary enters the aquifer. Field observations indicate thatluring the transient simulation closely follow observed time
freshwater discharge continues to occur, indicating that theseries, though fluctuations appear to be more pronounced at
transient model requires further adjustment. However, grasome locations. The latter is probably explained by the use
dient inversions at the springs do occur on a diurnal basis irof a constans, which in reality varies spatially. Future work
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Legend s
Modelled h, scenario 3, Q=3.55 hm”yr~
----- Modelled h=1 m in scenario 1 and 2
Boundary condition at
Arade estuary

0 2000 4000 6000 8000 10000 m

Fig. 8. Simulated impact of a 40% reduction of mean annual recharge on spatial distribution of hydraulic heads under steady-state conditions
with groundwater abstractions (scenario 3); the shaded areas indicate the increase of the area with hydralicheadrém scenario 1
(light) to 3 (dark).

should therefore include an analysis of the spatial distributionaquifer systems that can be exploited for public water sup-
of this parameter in the aquifer. ply. Some have a modest contribution in terms of water vol-
The steady-state simulation of reduction in effective ume, butthey can be particularly relevant for water treatment,
recharge (scenario 3) is shown in Fig. 8. Hydraulic headsdue to their natural characteristics, i.e. high degree of hard-
drop significantly in the entire area, up to 50% (120 m) in ness and low turbidity. In total more than 1000tsaround
the northeast and 90% in the west, where the hydraulic gra50% of the regional water demand, can be used for the MP-
dient is extremely small. No indications of seawater in- WSS, after appropriate disinfection and iron and manganese
trusion are predicted, since the regional mean annual watgiemoval.
budget continues to be positive, though reduced to only 6% The standard violation indices (SVIs) have proven to be
(3.5mPyr—1) of natural recharge. A simultaneous small in- useful tools for the spatial monitoring of groundwater qual-
crease in groundwater extractions could lead to a negativéty and potability. Their application is simple and based on
water budget. It would be extremely difficult to meet ecolog- drinking water guidelines, so that their interpretation is un-
ical demands for the groundwater dependent ecosystems, dsased. Aggregation also implies a loss of information, and
the lowering of hydraulic heads would significantly reduce or trends of decreasing groundwater quality may be hidden if
stop spring discharge. In addition, there would be a need foparametric values have not yet been exceeded. Moreover,
deeper wells with potentially lower available water volumes the SVIs used in the present study all concern parameters
due to lower storage capacities. As the steady-state simulahat are simultaneously indicative for groundwater chemistry
tion represents an average for long-term situations, the riskand drinking water quality, so that the selection criteria are
of gradient inversion for shorter periods during the dry sea-only valid for this water source.
son or during longer-lasting droughts would largely increase. Due to its large area and significant recharge, aquifer sys-
This is further illustrated by the evolution of the shaded areastem M5, known as Querenca-Silves, constitutes the most
with (steady-state) hydraulic head)(below 1 m, along the important groundwater reservoir. Despite its significant ex-
three scenarios in Fig. 8. Whereas from scenario 1 to 2, thiploitation, with 40-50 hryr—1 for irrigation and public wa-
area only increases slightly, in scenario 3 the area extends aer supply, no negative consequences have been observed so
far as 14 kminward. Here, negative heads and gradient inverfar, concerning seawater intrusion or ecological degradation.
sions are likely to occur during summer months and almostThe results obtained by inverse calibration of the regional fi-
certainly during dry years. The spatial and temporal extent tonite element flow model allowed a significant improvement
which these gradient inversions cause seawater intrusion anef the simulation reliability of the observed regional flow pat-
subsequent water impairment for human consumption or irtern, owing to a more accurate characterization of the hy-
rigation requires further evaluation with the aid of predictive draulic head spatial distribution.
transient model simulations, currently under study. Transient simulations clearly demonstrate the impact of
recharge episodes and groundwater extractions on aquifer
discharge and the risk of water quality and ecological degra-
5 Conclusions dation. The inclusion of oscillatory boundary conditions in
the model, incorporating the tidal effect, as well as the spatial
Groundwater constitutes an important alternative source foanalysis of the storage coefficient to reflect its heterogeneity
an IWRM in the Algarve region, due to its overall high qual- in the aquifer system, are subject to further study, as these
ity and availability. The application of quantitative and qual- particular conditions are related with the understanding of
itative well screening criteria resulted in the selection of six the risks of saltwater intrusion.
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Results obtained from predictive modelling point out the Campinas, M., Lucas, H., and Rosa, M. J.: Tratamento integrado
need to prepare social and technical tools to alleviate the deaguas subteineas e superficiais na ETA de Alcantarilha, in:
combined impact from future climate changes and water de- Proc. of Encontro Nacional de Entidades Gestoras\gea e
mand increases in the region. These results are important for Saneamento, 9-11 October 2001, Lisbon, 2001.
water resource planning, even though they should be treate§f@eira, P. M.:  Mecanismos de Salinidag dos Agiferos
prudently, as they are based on a simplified steady-state sce; Costeiros do Algarve, INETI, Lisbon, 1991. .
nario. If climate scenarios for effective water recharge at the” 2 acklis; 6. W., Griffin, R. C., and Bedient, P. B.: Improving the

: . o . ability of a water market to efficiently manage drought, Water
end of the' century are correct, and if no action is taken. iN" Resour. Res., 35, 823-831, 1990.
the meantime, salinization of groundwater and destructlorboutagne, A.: Quelques congigtions sur le pouvoievaporant
of ecosystems seem inevitable. Future allocations of water de ratmospkre, le @ficit d’écoulement effectif et le &ficit
among users will necessarily have to be balanced between d'ecoulement maximum, La Houille Blanche, 360-369, 1954.
socio-economic development and the preservation of naturaCunha, L. V, Ribeiro, L. T., Oliveira, R. P., and Nascimento, J.:
assets. These are questions that involve inter-generational Recursos Htricos, in: Alterages Clinfticas: Cearios, Im-
transference of utilities and require broader definitions of pactos e medidas de adajitag Project SIAM2, Santos, F. D.
sustainability than those relying essentially on the physical and Miranda, P. (Eds.), Gradiva/F.C.Gulbenkian/FCT/BP, Portu-
equilibrium of the environment. The present article does not gal, 2006.

. . . .. Custodio, E.: Aquifer overexploitation: what does it mean?, Hydro-
study these matters, but may contribute to helping society, geol. J., 10, 254-277, 2002.

stakeholders and deCIS"on makers decide as to the Optlm%oherty, J.. PEST Model-Independent Parameter Estimation, 4th
present and future allocation of water resources, based on @ 4 \watermark Numerical Computing, Australia, 279 pp., 2002.

more profound understanding of the nature of the problem. Giorgi, F.: Climate change hot-spots, Geophys. Res. Lett., 33,
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