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1. Introduction

Non-point pollution is the most widely spread watentaminant on
earth. Nitrate pollution is a serious problem inElropean countries (Spalding
and Exuer 1993, European Com. Report 1991, Anasltiasil994, Xefteris
2000). Nitrate contamination originates mainly framgriculture applications,
particularly from the extensive use of nitrogentifieer and manure, which
leads to nitrate leaching from large land aredhénsoil and eventually into the
groundwater. This-non point contamination cannotlbineated or controlled.
The analysis and prediction of diffuse sourcesrotigdwater pollution, as in
case of nitrates, is a very difficult task, dueteariety of reasons such as a) the
complex physical process of flow and transport,ths large scale of the
problem and c) the inherent difficulties of effistesampling. All kinds of
processes occur in both the unsaturated and saduzahes and it is, therefore
practically infeasible to couple all individual medd in order to understand the
phenomenon as a whole.

Nitrate in soil and groundwater also derived fromtune. Natural
concentrations of nitrate in groundwater exist ianm ecosystems, such as
forest and grassland, which are nitrate conservitngs kind of concentration
does not exceed 3 mg M@/l and is not available for leaching and transpor
groundwater unless the ecosystems are disturbedhdoyjan activities
(Bouchard et al., 1992). In European Union a sljghigher value of 11.3 mg
NOs-N/I is used, which is equivalent to 50 mg MO
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High nitrate contamination in drinking water hasveide effects on
human health, mainly because they can cause atpdteriatal disease to
infants called methemoglobinemia. Apart from thag¢re is epidemiological
evidence based mainly on correlation studies, ¢habnic exposure to nitrate
can be related to hypertension, central nervousesysiefects and certain
cancers (Dourson et al., 1991, NRC 1985, ECETOR,198rish 1991).

As groundwater is the only source of potable watanany places on
earth, assessing the health risks from chemicals potecting humans are
given priority in government decisions. For thiggmse a complex procedure is
required that integrates research and technicarégp from various scientific
disciplines. An approach to face the nitrate probleould certainly include the
study of the fate of nitrate in soil and groundwates affected by a variety of
environmental and anthropogenic processes andviiaagion of existing and
the development of new agricultural practices ne¢ato quality control and
management.

For Greece, a member state of European Union, utynie is a very
important sector for the economy and thus the ebgtoundwater pollution is
an inevitable consequence of its development. Agtcal activities in Greece
employ 27% of active population when at the sanmeetithe average in
European Union is 8%. (N. S. S., 1995). Addition#ile 80-90% of total water
consumption is used for agricultural activities.

2. Thestudy area

The contaminant plume considered in this paper rgcoua coastal,
shallow, phreatic aquifer which is located in tloaith-west part of Chalkidiki
Peninsula in Northern Greece (Fig. 1). The aquifeder study is a part of a
large watershed which drains to Thermaikos Guliafge part of the area is
used as agricultural land. Intense agriculturaiviagtduring the last decades
sustained by heavy nitrogen fertilization has cdusgevere nitrate
contamination in groundwater removed from shallawgation wells and
deeper boreholes.

The structure and hydrogeology of the system goedy of a coastal
multiaquifer system in Greece. The upper part, tviscthe object of this study
is characterized by alternating sands and gravéls small pebbles in some
places. These formations are underlain by claygsrtaat depths that vary from
5 to 25 meters. A geophysical prospecting methaosl wgeed in connection with
lithological data from various wells, in order tstienate the thickness of
various layers and the consistency of the geolbgieposits. The groundwater
flow direction is towards the coast and the avergmgelient of the water table
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has been found by resent groundwater level measutsnto be an order of
0.006. A number of pumping tests performed in theifar lead to a range of
hydraulic conductivity values between 4 and 45 im/dhe permeable strata.
Recharge calculations using precipitation datahef last two decades gave
result of an annual average of 150 mm.
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Fig. 1. Location of study area
Rys. 1. Polazenie badanego terenu

Visual in-situ observations and land use data arener interview
survey were collected in the study area. The maservation was a definite
rotation of crops throughout the year and thatdbeeals (mainly wheat) and
vegetables dominate among other crops. The dat@akes into account in the
numerical simulations by applying the annual nératoncentrations of
groundwater recharge. Figure 2 presents land usdstlte distribution of
nitrogen fertilizer in various crops.

Finally, additional data, particularly from geolqdyydrogeology and
land use can be found in previous publications ifiogoulos et al., 1994,
Xefteris et. al., 1992)
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Fig. 2. a) Land uses, b) Annual distribution of nitrogertifizer for various crops
Rys. 2. a) sposo6b zytkowania terenu, b) roczne zicie nawozéw azotowych nazme
uprawy

Groundwater samples collected during the period318B6 from
shallow wells. Samples have been collected fromnaovative system for
groundwater sampling and monitoring called “BAT teys” (Fig. 1). This
technique is well adapted to collect accurate apdesentative data without the
necessity of pre-sampling, from different stratdisTsystem guarantees a
vertical sampling with no need of pumping from difint depths, in contrast to
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traditional techniques of groundwater sampling tleatd to vertically mixed
samples by pumping from the existing standard wé&lte major advantage of
the BAT system is that only that small amount corgd in the filter tip itself,
must be purged from the system prior to samplinged8n et al., 1988,
Latinopoulos et al., 1996).

3. Flow system simulation based

The field data indicate that the water level hasnbehanging during
the years. Figure 3 shows the water table contfarrd995. This map was
produced by applying geostatistical methods. Tae 8ystem can therefore be
assumed to be temporarily at steady state at saimé pithin those periods.
We assume that the hydraulic data for those periegsesent steady-state
conditions in the phreatic aquifer.

0 500 1000(m)
—"

Fig. 3. Water table elevations (meters above sea level)
Rys. 3. Wysokas¢ zwierciadta wody (metry nad poziomem morza)

The simulation domain (Fig. 4) is bounded by anempeable base
representing the top of a clay deposit and abovéhbywater table. At the
southern end is the sea and the potential is empudhe sea level. At the
northern end of the geological section we assuméntiow boundary. The
available hydrogeology data was used to prepanat idgta for the flow model
which was solved for a representative section. \Wsumed two different
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homogeneous zones of hydraulic conductivities etua.0 and 40.0 m/d for
sand and gravel layers respectively, and the leng-precipitation leads to an
estimation of annual uniform recharge of 100 mm. eso assumed a
anisotropy ratio 10:1 in the two principal directsox and z.
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Fig. 4. Simulation domain with dual boundary conditions
Rys. 4. Domena symulacji z podwojnymi warunkami brzegowymi

A well-proven model named FLONET, which is basedfmn principal
direction formulation for ground water flow was egfled to solve the dual
problem for potentials and stream functions (Friadd Matanga 1985,
Leismann and Frind 1989, Frind et al., 1990). T&rge length-to-depth ratio of
the aquifer dimensions favours the applicationh@$ thodel at a representative
vertical section in the direction of the flow.

4. Statistical approach of nitrates

The nitrate pollution was first detected in 1991 aysystematic
collection of water quality data (Latinopoulos &t 4993). Within the period
1991-1996, which is reported herein, a lot of wa@mples were obtained by
pumping from existing boreholes and without pumpivith the BAT system,
and routine chemical analyses were performed. fditcencentrations higher
than 50 mg/l were found in about 40% of the sample@holes and for this the
present analysis is restricted to the study ohtetvariation. It should be noted
that the local scale of the detected problem doet allow for direct
comparisons with the results of other large schldiss (Kelly et al., 1991,
Pedersen et al., 1991). Summary statistics fonitnate data are given in figure
5. Inspection of seven boxplots in this figure sis®me questions on central
values, distributions and temporal variations, Whiéce answered in the next
paragraphs.
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Fig. 5. Boxplots of nitrate concentrations
Rys. 5. Wykres skrzynkowy stenia azotanow

The primary reason to test whether data follow amab distribution is
to determine if parametric test procedures may b®l@ed. The null
hypothesis for tests of normality is that the data normally distributed. The
most common test for normality is the Shapiro-Widlst (Helsel and Hirsch
1992). Normality of all seven distributions is &btwith the Shapiro-Wilk test
and is rejected at a = 0.05 for the nitrate corrations of the five campaigns in
the period 1993-1995. In contrast to these five et calculated p-values for
the two large sets of data are a little greaten th& and thus the normality of
their distributions can be accepted.

The distribution of nitrate concentrations is atsamined to detect any
significant temporal variation. A Kruskal-Wallissteon nitrates for the whole
period shows that the seven groups are signifigatitierent from each other.
Application of the same test for five sampling camgps in the period 1993-
1995 shows no significant differences at 95% leVéle Kruskal-Wallis test,
like other non parametric tests, is computed bgxact method used for small
sample sizes on a large sample ranks (Helsel ars¢hii992).

As far as the variation of nitrate with depth isncerned a
nonparametric regression analysis shows that aeitcancentration does not
correlate significantly with an increasing borehdépth to 50 m (Spearman p-
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value = 0.04). The spearman p-value correlatidraged on ranks and measure
of all monotonic relationships. It is also resistemeffects of outliers.

5. Solutetransport model application

The flow net obtained from numerical solution o thual problem was
used to generate the grid for the transport prob&wstute transport simulations
were performed with an efficient finite element edoised on Galerkin finite
element formulation (Pinder and Gray 1977, Pindet Brind 1972) and was
combined with a coordinate transformation whichnferthe common basis of
the principal direction method (Frind and Germa88@, Burnett and Frind
1987, Leismann and Frind 1989).

The model solves the transport equation in théoadmplan which reads

ko & 9 X &
P 0}((D‘ 03(+dZ(D dz) (V03<) LC 1)

where:

C — the nitrate concentration,

DxxandDzz- the dispersion coefficients in the two princigakctions,

V — the velocity in the flow direction,

L — the decay coefficient (assumed to representrifegdtion as a first-order
reaction = In2t* wheret* is the half-life for denitrification).

The dispersion coefficients are expressed as:
Dxx=aL-V Dzz=aT-V (2)

where
aL andaT — the longitudinal and transverse dispersivitiespectively.

Using information taken from available literatui@ Similar geologic
formation and hydrogeologic conditions the dispétigis are given the values
of aL = 10 m andaT = 0.001 m while the decay coefficiehis calculated by
t* =1.0 year. The applied fertilizers lead to an aomif influx nitrate
concentration of 150 mg/l along the whole crossise®f the aquifer.

Steady-state conditions of the transport phenonmameareached in
about five to six years from the beginning of ti@wation. This means that
any change in the land use will be noticeable withis period and that recent
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solute influx concentrations can be safely usedsfart-term predictions. The
results given in figure 6 concern the nitrate \#oia in the representative
vertical section.
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Fig. 6. Nitrate distribution in a vertical section
Rys. 6. Rozktad azotandéw w przekroju pionowym

6. Conclusion

Groundwater nitrate contamination from agricultuaetivities will be a
matter of concern for many years to come. In thiskva wide range of models
have been applied in a study case in Northern @re€he value of each
particular model relates directly to the amount ioformation and more
generally of knowledge we have of every phenomendrich means that even
the more sophisticated models should be validatithl ngference to specific
cases to which they are going to be applied. Dubdadiffuse nature of non-
point contamination field data are required that ceescribe to the highest
possible level of accuracy the spatial and tempaaghtions of quite a number
of parameters. Statistical and spatial models a wseful in obtaining
average values and also in identifying the strectirparameters, variables and
their relationships.
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Zanieczyszczenie wod gruntowych
w wyniku dziatalno $ci rolniczey:
podej Scie zintegrowane

Streszczenie

Poniewa woda gruntowa jest jedynymnodtem wody do picia w wielu miejscach
na ziemi, priorytetow sprava w decyzjach rgdéw musi by oszacowywanie ryzyka
zdrowotnego spowodowanego przez substancji cheyubzoraz ochrona ludzi. W tym
celu potrzebna jest ztona procedura, ktéraadzy badania i specjalistyczrwiedz
techniczm z r&nych dyscyplin naukowych. Podeie, ktére pomge rozwizat problem
azotanéw na pewno powinno zawietzadanie zachowania azotanéw w glebie i wodach
gruntowych, ktére podlegajrozmaitym procesordrodowiskowym i antropogenicznym
atake ocena istnigtych i rozwijapcych sé nowych praktyk rolniczych, wkaca sé
z kontroh jakaosci i zarzdzaniem.

Najwicksze antropogenicznerddio azotanbw w wodach gruntowych to
rolnictwo. Wysokie stzenia azotandéw w wodzie, ktoreesio przekraczaj normy dla
wody pitnej, § gtobwnie spowodowane intensywnego nammem. Wysokie skenia
azotanéw w wodzie pitnej magpowodowa powane problemy zdrowotne, szczegodlnie
u niemowht. Istnieje wiele sposobow modelowania kmgch typéw metod, ktoreasuzy-
wane w wszystkich badanad zanieczyszczeniem wéd gruntowych azotanawmso®any
jest szeroki zakres modeli, od prostych statystyczndo zi@onych symulacyjnych
i zaradzapcych. Bedace w toku badania obejmujpomiary hydrogeologiczne in-situ,
pobieranie prébek wody gruntowej jak rowniprac teoretyczn rozszerzom przez
zastosowanie numerycznego modelowania zanieczysaczazotanami w plytkich
formacjach wodorkmych; wciz jest to jedno z niewielu zintegrowanych badaGreciji.
Wypracowanie modelu symulacyjnego réwnolegle zegbost informach z bada
polowych utatwia zaréwno poprawnodeli oraz planowanie w przysgo bada in-situ.

Rozpatrywana w tym referacie struga zanieczyszpmgawita s¢ w przybrze-
nej, plytkiej, nasyconej formacji wodoéra, ktdra jest polmna w potudniowo-zachodniej
czgsci Polwyspu Chalkidiki w pétnocnej Grecji (rys. Badana formacja wodofma jest
czgscia duzego dziatu wodnego, ktory splywa do Zatoki TherroaikDua czsé terenu
jest wywana jako ziemia rolnicza. Intensywna dziatanoolnicza podczas ostatnich
dekad wspomagana intensywnym nagrmem spowodowala powae zanieczyszczenie
wod gruntowych azotanami.
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