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Abstract The present study examines the behaviour of

nitrate in the recharge zone of a regional Quaternary flow

system. The presence of contaminated groundwater with

high nitrate content in the shallow part of the flow system

was documented. Tritium analyses confirmed that these

contaminants can migrate downward. A high downward

gradient exists in the study area, extending into the regions

of groundwater extraction. In the unconfined part of the

flow system, which is the most vulnerable to pollution, a

high concentration of nitrate was found to occur at great

depth. However, denitrification processes limit nitrate

migration. As a result, in the deeper parts of the flow

system in regions under confined conditions, an absence of

nitrate was observed, and a higher sulphate concentration

and total hardness were evident. The denitrification was

also confirmed by the existence of a high gaseous N2

concentration. It was documented that denitrification

occurs in both the confined and unconfined parts of the

flow system, but the potential for denitrification is higher in

the confined parts (leading to the disappearance of nitrate

in deep aquifers). Autotrophic denitrification supported by

sulphide compounds was indicated as the dominant deni-

trification process.

Keywords Groundwater contamination � Nitrate �
Denitrification � Gaseous N2 � Buried valley aquifer �
Poland

Introduction

Nitrate contamination of groundwater is a common phe-

nomenon that is observed in many parts of the world (e.g.,

Hudak 2000; Rodvang and Simpkins 2001; Chen et al.

2005). High nitrate concentrations in drinking water are

linked to health problems because these cause methemo-

globinemia in infants and stomach cancer in adults.

Because nitrate can cause significant health problems in

humans, the European Union, the World Health Organi-

zation and the Polish legal system have determined the

maximum allowable concentration of nitrate in potable

water to be 50 mg NO3/l (11.3 mg N–NO3/l) (Drinking

Water Directive 98/83/EC 1998; WHO 2004; Rozporzadzenie

MZ 2007). To protect groundwater from nitrate pollution,

restrictions have been implemented on the application of

nitrogen to land, especially in designated zones containing

vulnerable aquifers (Nitrates Directive 91/676/EEC 1991).

These conditions have environmental, social and economic

consequences.

The problem of nitrate groundwater contamination

mainly occurs in shallow groundwater systems. However,

in some cases, contamination can also occur in deeper

parts of the flow system. The recharge zones of regional

extended aquifers, in which a distinct downward gradient

causes a descending flow, are predictable areas of

groundwater pollution (Chen et al. 2005). This factor is

significant, especially in unconfined areas of the regional

aquifers (which are the most vulnerable to pollution from

the surface). Water extraction is one factor that can

noticeably activate or accelerate contaminant migration.

This factor can create a downward gradient, even in areas

where such a gradient does not occur under natural con-

ditions (e.g., regional discharge zones and through-flow

areas).
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One natural mechanism for removing nitrate from a

system is bacterial denitrification. This process has been

documented in a number of groundwater systems (Ben-

nekom et al. 1993; Rivers et al. 1996; Aravena and

Robertson 1998; Einsield et al. 2005; Craig et al. 2010;

Zurek et al. 2010). In general, this process is effective

under anaerobic conditions, in which electron donors,

such as dissolved organic carbon, sedimentary organic

matter or the reduced form of sulphur, are available. In

some aquifer systems, denitrification within the aquitard

has been documented (Robertson et al. 1995; Feast et al.

1998; Rodvang and Simpkins 2001). This denitrification

is manifested by the absence of nitrate, even in regions

that are strongly influenced by agricultural activities,

where a high content of nitrate occurs in shallow flow

systems.

The research presented in this article was conducted in

the regional recharge zone of a Quaternary groundwater

flow system (the Wielkopolska region of Poland). The

main objectives of this study were the investigation of the

behaviour of nitrate in relation to the flow system and the

documentation of the denitrification processes present in

the aquifer/aquitard system.

Study area

Hydrogeological setting

The study area is located in the highest elevation area of

the Lwowek-Rakoniewice Rampart. For a detailed analysis

of the water chemistry, the central part of the recharge area

was selected, where there are locally unconfined conditions

that cause intensive aquifer recharge. This part of the

aquifer system is the most vulnerable to groundwater

contamination.

The elevation in the central part of the region is 138 m

a.s.l. From this peak, the elevation decreases in all direc-

tions to 100 m a.s.l. in the northeastern part of the region

and approximately 80 m a.s.l. in the southeastern part

(Fig. 1).

The thickness of the Quaternary sediments is more than

130 m in the central part of the region, decreasing to

approximately 70 m in the southern and northern directions

(Fig. 2). The lithology of these sediments is dominated by

glacial and fluvioglacial deposits. The fluvioglacial sands

and gravels form the aquifers, which create a multilayer

aquifer system. The deepest aquifers have a thickness of

Fig. 1 The location of the study

area on a background of the land

relief. 1 The boundaries of the

major groundwater basins,

2 surface water (lakes and

rivers), 3 general groundwater

flow directions, 4 the study area,

5 the lines of cross sections:

A I–I0, B II–II0 (Fig. 2)
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approximately 20 m and are composed of fine sands. The

shallower aquifer system has a variable thickness (between

5 and 20 m) and is composed primarily of fine and medium

sands. The confining layers of these aquifers are composed

of glacial tills of variable thickness (Fig. 2). In some

regions (Jozefowo and Wladyslawowo), the aquifer is

characterised by unconfined conditions (Fig. 2a), in which

sands and gravels occur from the surface to a depth of more

than 100 m. It is characteristic of these regions that the

lithology is highly variable, even in wells located very

close to each other. For example, in the profile of well no. 2

in Jozefowo, grey, fine and medium sands prevail, whereas

in well no. 1a, coarse yellow sands and gravels occur. The

unconfined parts of the aquifer system remain in hydraulic

connection with the shallower confined aquifer system,

whereas glacial tills cause the deepest aquifers to be iso-

lated (Fig. 2).

The principal sources of the recharge are the direct

infiltration of water into the unconfined parts of the aquifer

system and the percolation of water through the glacial tills

from the shallower to the deepest parts of the flow system.

The infiltration occurs mainly during the winter half-year,

when evapo-transpiration is declined. The amount of

rainfall recharge estimated with use of numerical model-

ling for unconfined aquifers is 16,4 and 8,0 m3/h/km2 for

intertill aquifers. (Dabrowski 1999).

The highest downward gradient occurs in the central

part of the study area. The difference in the piezometric

water level between the deepest and shallowest aquifers is

more than 14,0 m locally (the well in Chmielinko—Fig. 2).

The general flow lines follow the main morphologic fea-

tures (Fig. 1), and water flows from the central part of the

Lwowek-Rakoniewice Rampart in all directions (Fig. 3).

Major Groundwater Basin no. 144 is located to the south

of the study area (Wielkopolska Buried Valley) and Major

Groundwater Basin no. 145 is situated to the east (Figs. 1,

2) (Kleczkowski 1990). The groundwater chemistry of

these aquifers is highly influenced by the inflow of

groundwater from the study area (Dragon and Górski

2009).
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Land use pattern and urbanisation

There are two towns in the study area. The town of Lwo-

wek is located in the central part of the study area and has

3,000 inhabitants. The town of Pniewy (7,700 inhabitants)

is located in the northwestern corner of the study area.

There are sewerage systems in these towns, each connected

with a central sewage treatment station. A similar system is

located in the village of Bolewice (1,600 inhabitants), but it

does not serve the entire village. It should be emphasised

that these systems are relatively new: both were con-

structed during the last decade. The remaining villages in

the area do not have central sewerage systems. Domestic

sewage is stored in individual septic tanks, which are often

imperfectly constructed and poorly maintained or used.

This situation causes the leakage of untreated liquid waste

into the ground and into the groundwater. The land use

outside the rural and urban developed areas is dominated

by agricultural activity. Both the use of chemical fertilisers

and manure spreading on the land are potential sources of

groundwater contamination. Manure is often stored in large

piles before being spread on the fields. Several gravel pits

located in the study area create another danger to the

groundwater, because most of these pits are located in

unconfined parts of the aquifer, where sands and gravels

occur just below the surface. The extraction of gravel

causes a reduction of the thickness of the vadose zone.

When gravel extraction takes place below the water level,

the vadose zone is depleted completely. Furthermore, the

borrow pits create local depressions, which form local

drainage basins. Another hazard is connected with the use

of the borrow pits for illegal waste disposal after the gravel

exploitation is completed.

Materials and methods

The examination of groundwater chemistry was performed

using data from groundwater sampling collected in the

summer of 2009. The results of the ten analyses conducted

on productive, continuously pumped wells located in the

central part of the recharge area were used. During sam-

pling, water was poured into 100-ml HDPE polyethylene

bottles. Separate samples were taken for nutrient analyses

(treated with chloroform) and for iron and manganese

testing (treated with HNO3). All bottles were rinsed three

times and filled completely to prevent degassing. After

sampling, water was stored in a transportable refrigerator

and all the bottles were immediately transported to the

laboratory on the same day. Water colour, alkalinity,

electrical conductivity, pH and temperature were measured

directly in the field. The field sampling was performed

according to the ISO 5667-11 guidance (1993). The

chemical analyses were performed at Adam Mickiewicz

University in Poznan (Institute of Geology) using a Com-

pact IC 881Pro ionic chromatograph. As a quality control

measure, the ionic error balance was calculated. The cal-

culated error did not exceed 3 %.

The analysis from the well constructed in 2008 in

Wladyslawowo was included for this study. Water samples

from the screen depth and from a depth of 30 m were

collected from this well (Fig. 2a).

Archival physico-chemical analyses from the period of

well construction were also used as well as data received

from the local monitoring network of the landfill located in

Bolewice. These samples were collected with a shallow

piezometer (approximately 30 m in depth, Fig. 2b).

To identify the denitrification processes, measurements

of the gaseous N2 dissolved in the groundwater were per-

formed. The sample measurement, analysis and interpre-

tation were completed according to the procedures

presented by Zurek et al. (2010). Excess N2 (above equi-

librium with atmospheric N2) was determined to be an

indicator of denitrification. The samples used for dissolved

gas analysis were collected in the field with the use of

stainless vessels (doubled vessels for each water sample).

The sealed connection between the vessels and the well

creates an airproof condition to prevent degassing and

contact between the water and the atmospheric air. Dou-

bled samples were taken to indicate potential leaks (in case

one sample leaked). The analyses were carried out in the

laboratory of the Polish Academy of Science (Institute of

Nowy Tomysl  Opalenica

 Lwowek

 Pniewy

0 5 10 km-1 -2  -395

WBV

0 5000 10000

Fig. 3 A contour map of the groundwater piezometric level

(constructed using the kriging method based on archival data

collected during the wells’ construction). 1 Wells, 2 the groundwater

piezometric level [m a.s.l.] estimated based on archival data collected

during the wells’ construction, 3 the boundaries of the major

groundwater basins
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Nuclear Physics) in Cracow using the gas chromatographic

method.

The tritium content was measured in four water samples

and expressed as tritium units (TU). Isotope analyses were

performed in the laboratory of the AGH University of

Science and Technology (Faculty of Physics and Applied

Computer Science) in Cracow.

Results

Groundwater chemistry

For such a small study area, relatively distinctive ground-

water chemistry variations were present (Fig. 4; Table 1).

The smallest electrical conductivity (EC) and total hard-

ness (TH) are observed in the central part of the study area,

in the region of unconfined condition occurrence (Jozefowo

and Wladyslawowo regions—Fig. 2). A similar differen-

tiation is characteristic of the alkalinity, but its concentra-

tion is smaller than that of the TH. The concentrations of

all of the mentioned parameters increase along flow lines

(compare Figs. 3, 4) and are the highest in Bolewice

(southern direction) and Pniewy (northern direction). At a

greater distance than Bolewice, smaller concentrations of

these parameters occur again (Bolewicko and Wytomysl

regions). The sulphate concentrations are the highest in

Jozefowo, Pniewy and Bolewice. The chloride concentra-

tion is relatively small throughout the study region, with

the highest concentrations occurring in Bolewice and Pni-

ewy. The groundwater in the well located in Chmielinko

diverges completely; this sample was removed from the

map. This groundwater is characterised by relatively high

TH (despite its location in the central part of the region,

near Jozefowo). The TH is balanced by the alkalinity.

Moreover, very low concentrations of chloride, sulphate

and nutrients are visible in this well.

The most distinct variation is found in nitrate and nitrite

concentrations. Both parameters are the highest in the

Jozefowo and Gronsko regions (the unconfined part of the

aquifer). In the wells around this region, the concentrations

of both nutrients are very small (Fig. 4). Importantly,

nitrate appears in the central part of the recharge area, even

in deep wells (Fig. 5).

In almost every well, distinct groundwater changes over

time are evident. The most intensive changes occur in the

sulphate concentration. An increase in the chloride con-

centration is also visible, but its range is clearly smaller

(Fig. 6a). A significant increase in the TH is also clear

(Fig. 6b). Furthermore, during the period of the wells’

construction, the TH was balanced by alkalinity (reflecting

the HCO3 concentration). On the graph, most of the points

are located close to the TH = alkalinity (i.e.

Ca ? Mg = HCO3) line. However, current groundwater

chemistry analyses exhibit a surplus of TH relative to the

alkalinity (most of the points are located over the

Ca ? Mg = HCO3 line). This observation may suggest

the occurrence of non-carbonate hardness balanced mainly

by high sulphate concentrations.

The exception to this variation is the well located in

Chmielinko, where no distinct groundwater chemistry

changes were documented over time. The unique ground-

water chemistry of this well confirms that the deepest

aquifers are isolated hydraulically from the shallower

aquifer system.

The changes in the groundwater chemistry in wells

located very close to each other should be noted. Well nos.

1a and 2 in Jozefowo are located at a distance of 100 m

apart and have similar depths (Fig. 2). It is clear that in

well 1a, a high concentration of nitrate occurs (12.0 mg

NO3/l), whereas in well no. 2, the concentration of nitrate is

only 2.16 mg NO3/l. A similar differentiation is found in

the nitrite concentration (Table 1). However, a higher TH,

alkalinity and sulphate occur in well no. 2 (relative to well

no. 1a).

The groundwater chemistry observed in the shallow part

of the flow system (close to the water table) demonstrates

the completely different nature of that water (Table 1). The

Fig. 4 Changes in the hydrochemical parameters against a back-

ground of the nitrate concentrations. 1 Total hardness [6.0 mval/l, 2
sulphate [70 mg/l
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most distinctive factor is that a very high content of nitrate

is visible (73–120 mg NO3/l). Moreover, the water in the

shallow part of the flow system is characterised by a higher

concentration of chloride and a lower concentration of

sulphate.

Excess dissolved N2

The groundwater in the study area contains a relatively

high concentration of excess N2 (Table 2). The range of N2

excess varies from 6.22 to 8.62 mg N2/l. The highest

concentration was detected in well no. 2 in Jozefowo. In

Jozefowo well no. 1b (which is located very close to

Jozefowo well no. 2), the concentration of excess N2 was

found to be lower (6.56 mg N2/l).

Two samples were collected outside the study area for

the measurement of excess N2 in the recharge zone of the

Wielkopolska Buried Valley Aquifer. The sampled wells

are located several kilometres south of the study area

(Fig. 1). This is also a zone where favourable aquifer

recharge occurs, which has been documented based on

chemical data (Dragon and Górski 2009). The hydrogeo-

logical conditions of these sites are similar to those pre-

sented in Fig. 2a in the well Kozielaski vicinity. The

differences in the attributes of these sites (relative to the

study area) are due to their different types of land use.

Table 1 Groundwater chemistry in the deep part of the flow system

No. Location pH
(-)

EC
(lm/cm)

TH
(mval/l)

Alk
(mval/l)

Cl
(mg/l)

SO4
(mg/l)

Na
(mg/l)

K
(mg/l)

NO3
(mg/l)

NO2
(mg/l)

NH4
(mg/l)

OC
(mg/l)

Fe
(mg/l)

Mn
(mg/l)

Deep part of the flow system

Wells located in the study area

1 Bolewice 7.38 627 7.6 5.6 25.6 85.4 7.5 2.7 \0.01 \0.01 0.06 1.3 2.1 0.1

2 Bolewicko 7.29 569 5.9 5.4 16.8 31.0 12.9 2.9 \0.01 \0.01 0.37 2.7 3.2 0.2

3 Chmielinko 7.27 642 6.4 3.86 8.4 10.9 3.4 \0.01 \0.01 0.54 1.8 2.9 0.18

4 Gronsko 7.60 422 4.9 3.2 18.6 71.9 7.3 2.0 6.23 0.28 0.02 0.8 0.6 0.1

5 Jozefowo 1 bis 7.41 592 5.7 3.6 25.0 79.2 6.6 2.6 13.76 0.26 \0.01 0.5 0.1 0.1

6 Jozefowo 1a 7.68 452 4.8 2.9 23.0 74.2 6.4 2.2 12.00 0.33 \0.01 0.6 0.3 0.1

7 Jozefowo 2 7.15 587 6.7 4.3 28.1 92.3 7.4 2.6 2.16 \0.01 0.09 0.8 0.9 0.2

8 Pniewy 7.38 580 6.2 4.0 30.7 86.2 7.4 2.5 \0.01 \0.01 0.18 1.8 1.9 0.1

9 Wytomysl 7.44 580 5.6 4.9 21.8 25.6 13.0 2.2 2.85 \0.01 0.02 1.3 0.5 0.3

10 Wladyslawowo 7.10 496 4.8 4.8 4.7 10.9 8.2 1.8 0.08 0.05 0.12 1.2 1.7 0.2

Wells located outside the study area

11 Kopanki 7.84 314 2.7 11.0 23.0 5.8 1.5 \0.01 \0.01 0.03 0.8 0.85 0.09

12 Satopy 7.56 415 3.6 16.0 32.0 7.7 2.4 \0.01 \0.01 0.20 1.8 2.2 0.26

Shallow part of the flow system

1 Bolewice P3 6.9 1,520 15.0 9.89 48.0 48.0 61.0 3.3 120.0 0.02 0.28 – 0.02 0.002

2 Wladyslawowo 7.1 652 5.3 3.8 52.7 51.6 29.8 6.2 73.0 0.07 0.12 1.4 0.12 0.146

EC electrical conductivity, TH total hardness, Alk alkalinity, OC oxygen consumption (mgO2/l)
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Fig. 5 Variation of the nitrate concentration with well depth and thickness of the aquitard
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The Kopanki and Satopy wells (Table 2) are located in a

region where forest dominates and there is little arable

land. Therefore, it is notable that the excess N2 concen-

tration is much lower in these wells, ranging between 3.82

and 4.88 mg N2/l.

Discussion

Groundwater that occurs at a shallow depth (just below the

water table) is strongly influenced by human activities

(Table 1). This is clearly visible in the Wladyslawowo

well. A very high concentration of nitrate (72.0 mgNO3/l)

and high concentrations of chloride (52.7) and sulphate

(51.6 mg/l) show that both sources of pollution—agricul-

tural activity as well as developed areas without sewerage

systems—influence groundwater chemistry. This effect is

also visible in the piezometer located in Bolewice; how-

ever, this water is also influenced by the landfill in the area.

In the regions where the unconfined conditions occur, these

contaminants can migrate to deeper parts of the flow sys-

tem. The influence of the contaminants is visible mainly in

regions where long-term groundwater extraction is per-

formed. In Jozefowo, the influence of contaminants (par-

ticularly, the high nitrate concentration) is visible in all of

the wells. In a well located in a region of unconfined

conditions where groundwater extraction does not occur

(the Wladyslawowo well), the influence of contaminants is

not yet visible. The comparison of nitrate concentrations in

the Jozefowo and Wladyslawowo wells may suggest that

the process of the contaminants’ downward migration is

activated by the natural downward gradient but is intensi-

fied considerably by groundwater extraction. The cone of

depression causes a higher downward gradient than occurs

naturally. In the well located in Wladyslawowo, if

groundwater extraction is performed, it is expected that a

deterioration of water chemistry will appear (mainly in an

increased nitrate concentration).

Important groundwater chemistry changes are visible in

the part of the recharge area where confined conditions

occur. Groundwater chemistry changes during well

exploitation are visible in almost all the wells. The most

intensive increases appear in the sulphate concentration

and total hardness. The least important changes occur in

the case of chloride (Fig. 6). Furthermore, there is a lack of

nitrate in almost all wells (Table 1). This finding is

incongruent with previous work performed in the Wie-

lkopolska region (Górski 1989; Dragon 2008), which found

that the main product of urbanisation was chloride (sul-

phate was also found but was less considerable). This result
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Fig. 6 Changes of groundwater chemistry during wells’ exploitation

Table 2 Result of the tritium

analyses and N2 excess

measurements

No. Location Tritium (T.U) Measured N2 (mg/l 9 10-1) Excess N2 (mg/l)

1 Bolewice 5.1 ± 0.4 2.68 ± 0.06 6.22 ± 0.7

4 Grońsko 4.4 ± 0.4 2.63 ± 0.06 6.45 ± 0.8

5 Józefowo 1 bis 3.6 ± 0.3 2.69 ± 0.06 6.56 ± 0.6

7 Józefowo 2 – 2.92 ± 0.06 8.62 ± 0.5

8 Pniewy 4.0 ± 0.4 2.58 ± 0.09 6.88 ± 0.8

11 Kopanki – 2.47 ± 0.06 3.82 ± 0.8

12 Satopy – 2.87 ± 0.08 4.88 ± 1.3
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may suggest the involvement of mechanisms of ground-

water chemistry change due to contamination that differ

from the mechanisms involved in the regions surrounding

the study area.

The high sulphate concentration and total hardness, in

conjunction with the small nitrate concentration (or even

the lack of nitrate in the water), can be interpreted as a

result of denitrification. The increase in the chloride con-

centration (which is less considerable than the sulphate

level) indicates that the contamination (the product of

denitrification that is present in the shallow part of the flow

system) is derived mainly from areas without sewerage

system. It has been documented that domestic sewage

contamination adds to groundwater chloride, sulphate and

nitrate (Hudak and Blanchard 1997). In the study area, the

influence of settlement and the application of manure to the

land surface appear to be the most important sources of

contamination. It is important to recognise that the influ-

ence of this source of contamination dates back to previous

centuries (Dragon 2008).

The occurrence of denitrification is also confirmed by

the excess N2 measurement. The concentration of gaseous

excess N2 documented within the study area is character-

istic of the denitrification influence (Table 2, Fig. 7).

A similar excess of N2 originating in denitrification has been

previously documented elsewhere (Bennekom et al. 1993;

Blicher-Mathiesen et al. 1998; Craig et al. 2010; Welch

et al. 2011). Importantly, the excess of N2 is much lower in

wells located in recharge areas covered by forested land

(the Kopanki and Sapowice wells, Fig. 7). The denitrifi-

cation was documented in the entire study area across both

the confined and unconfined parts of the flow system. It is

believed that the confined part of the flow system is more

favourable for denitrification than the unconfined parts

(Rivett et al. 2008). The existence of highly contaminated

groundwater with a high nitrate content in the shallow part

of the flow system and the absence of nitrate (and the

presence of denitrification products: sulphate, total hard-

ness and excess N2) in deeper aquifers (Fig. 7) in con-

junction with a high downward gradient (Fig. 2) indicate
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that the process of denitrification exists within the aquitard.

It is possible that the aquitard sediments contain an electron

donor, such as organic carbon or sulphur compounds

(Robertson et al. 1995; Rodvang and Simpkins 2001). The

nature of the groundwater chemistry changes (low alka-

linity, high sulphate and total hardness) suggests that

autotrophic denitrification prevails in the studied system

(Rivett et al. 2008).

The high concentration of excess N2 indicates that

denitrification is also present in the unconfined parts of the

flow system (Fig. 7). The presence of nitrate in this part of

the flow system at great depth (Fig. 5) is possible if there is

a preferential flow caused by a high downward gradient.

This preferential aquifer recharge causes the migration of

highly contaminated groundwater (with a high nitrate

content) from the near-surface zone to the deepest part of

the flow system. The high nitrate concentration appears in

the wells located in the areas that are the most vulnerable to

pollution, such as Jozefowo 1a and Jozefowo 2. In the

profile of Jozefowo well no. 1a, yellow, coarse sands and

gravels occur in the aeration zone as well as in the deepest

part of the saturation zone. This environment facilitates

relatively rapid contaminant migration; at the same time,

this type of sediment is not favourable for denitrification.

In contrast, in the profile of Jozefowo well no. 2, grey, fine

and silty sands occur. This sediment is more favourable for

denitrification, but a lower velocity of contaminant

migration occurs there. As a result, distinct changes in the

water chemistry are visible between these wells, even

though the wells are located very close to each other (the

distance between them is approximately 100 m) and have

similar depths. In well no. 1a, a high concentration of

nitrate occurs (considerable higher than in well no. 2),

whereas in well no. 2, the highest concentrations of deni-

trification indicators (mainly sulphate, total hardness and

excess N2) appear (Fig. 7). In contrast, the Bolewicko well

is also located in a part of the aquifer that is vulnerable to

contamination due to its small aquitard thickness (Fig. 2b),

but the recharge area of this well is located in forested land.

As a consequence, there are no indicators of pollution in

this well (very low chloride concentration). The total

hardness and sulphate concentrations (denitrification

products) are also very low, suggesting that denitrification

does not occur there due to the lack of pollution sources in

the region.

These conclusions are supported by the tritium analysis.

A relatively high content of tritium was detected in all of

the measured samples, indicating a post-1951 recharge to

the aquifer (Table 2). The absence of nitrate, the presence

of denitrification products (sulphate, total hardness and

excess N2) and the simultaneous relatively high tritium

content in all the measured samples (in both the confined

and unconfined parts of the flow system) strongly confirm

the presented conclusions. High tritium content confirms

possibility of easy contaminant migration, but absence of

nitrate in the deep part of the flow system (while nitrate is

present in shallow flow system) confirms the occurrence of

denitrification.

The conceptual model of groundwater circulation is

presented in Fig. 8. The most intensive aquifer recharge

occurs in the unconfined parts of the flow system. In these

regions, the groundwater occurring in the shallow part of

the aquifer is highly contaminated (mainly by nitrate). In

the region of groundwater extraction, these contaminants

migrate downward to the deep part of the flow system.

Under natural conditions, this contamination is not yet

observed in the deep part of the flow system, which may be

due to the presence of a stagnation zone in the flow field (the

zone located between fields of opposite flow directions)

(Fetter 1994). In this zone, the flow path diverges to the
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behaviour of the nitrate in the regional recharge zone of the

Quaternary flow system. 1 The preferential aquifer recharge through
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south and north and surrounds the stagnation zone (Fig. 8).

In the areas where the aquitard covers the aquifers, a high

nitrate concentration is not present in the confined aquifers,

even if there is a high nitrate concentration in the shallow

zone. However, as a consequence of the denitrification

processes, a high concentration of sulphate and TH appear

in the deep aquifers. Furthermore, these waters contain high

concentrations of gaseous N2. The high tritium concentra-

tion confirms that these waters originate from a downward

migration through the aquitard. This downward migration is

the most intensive in regions of groundwater exploitation.

The observation of groundwater chemistry changes along

flow lines indicates that spatial groundwater chemistry is

primarily dependent on a vertical preferential water

recharge (caused by a downward gradient).

The presence of a very high nitrate concentration in the

shallow part of the flow system and a downward gradient

that displaces the contamination front to the deeper parts of

the aquifer generate a ‘‘time bomb’’ with an ‘‘explosion’’

that is accelerated by water extraction. The mixing of

contaminated groundwater with unpolluted groundwater

from deeper parts of the flow system is the factor that

reduces the risk of deep-water contamination.

Conclusion

The groundwater chemistry occurring in the recharge zone

of the Quaternary flow system (Wielkopolska region,

Poland) is highly dependent on the conditions of the

groundwater flow. In the near-surface zone of the aquifers

(at a depth of approximately 30 m, close to the ground-

water level), a distinct groundwater contamination was

detected, indicated mainly by its high nitrate concentra-

tions. Tritium concentrations observed in the deep parts of

the flow system confirm that contaminants from shallow

zone can migrate easily to the deepest parts of the aquifer,

even under confined conditions. The factor that enables this

downward migration is the distinct downward gradient that

is characteristic of the regional recharge zones. This

downward gradient is further accentuated in regions of

groundwater extraction by creating a cone of depression,

facilitating the migration of contaminants. A high con-

centration of nitrate was discovered at great depth in the

unconfined part of the flow system, which is the area most

vulnerable to pollution. In the deeper part of the flow

system, an absence of nitrate was observed in the region of

confined conditions, but higher concentrations of sulphate

and total hardness appear during well exploitation. There is

also an increase in the chloride concentration, but it is less

important than the other increases. It is important to note

that although the high nitrate concentration occurs in the

shallow zone in the regions under confined conditions,

nitrate does not occur in deep aquifers. Denitrification is

the process of nitrate removal from groundwater. As a

result, an increase in the sulphate and total hardness

appears in the groundwater. The nature of the groundwater

chemistry changes (low alkalinity, high sulphate and total

hardness) suggests that autotrophic denitrification which

uses sulphate compounds as electron donors prevails in the

studied system. The process of denitrification was con-

firmed by the existence of a high gaseous N2 concentration.

Denitrification occurs in both the confined and unconfined

parts of the flow system. The potential for denitrification is

higher in the confined condition and leads to an overall

decline in nitrate in the deep aquifers. In the unconfined

part of the flow system, which is the most vulnerable to

pollution from the surface, a high concentration of nitrate

was discovered at a great depth. This is caused by both its

more intensive aquifer recharge, which causes a more

intensive groundwater contamination, and its low denitri-

fication potential, which is insufficient to completely

remove nitrate from the groundwater.

The study shows that the recharge area of the regional flow

system is extremely vulnerable to pollution by nitrate. It

is connected mainly to unconfined aquifers where high

thickness of the aeration zone occurs that are exposed to

numerous sources of pollution. The high vulnerability is a

reason of favourable conditions for nitrification of nitrogen

contaminants in the aeration zone. Similar conditions can be

expected in the regions of terminal moraines elevations and

edge zones of deep valleys and ice-marginal valleys. The

monitoring of groundwater chemistry at these regions should

be performed for both shallow and deep parts of the flow

system, though the shallow part is not used for water supply

purposes. It is expected that in the long-term perspective, the

quality of the deep groundwater will be deteriorated if

shallow contaminated groundwater penetrates the aquifer.
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