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ABSTRACT 
 

Investigation of groundwater and surface water interaction is in the focus of present day 

research activities. The management of the groundwater dependent ecosystems, 

implementation of EU Framework Directive, and the protection of lakes and wetland areas 

all require the understanding of the effect of the groundwater on the surface waters and 

vice versa. Kelemenszék Lake and the Danube Valley in Hungary is a key area to 

understand the connection between flow systems with high order of magnitude and the 

correlating surface phenomena, such as surface and groundwater salinization. In the area 

two groundwater flow systems are prevalent, an overpressured, saline regime originated 

from Pre-Neogene basement and a gravity-driven fresh water flow system. The lake is 

situated in the regional scale discharge zone of the two flow systems. Hydraulic 

investigations around the lake proved that the larger scale discharge is superimposed by 

local flow-through condition. The NW–SE sloping water table is determined by the 

elevation difference between a local topographic height to the west from the lake and the 

Dunavölgy Canal to the east. The local groundwater flow sytem around the lake is mainly 

determined by flow-through between these boundaries as far as 20 m in depth. The 

connection of the lake and groundwater is seasonally different and influenced by the 

changes of the water table distribution. The lake is a water table lake and its water amount 

is mainly determined by the evaporation and precipitation and, to a lesser extent by the 

groundwater. The net groundwater flow contribution to the lake changes from a ±0.06 to a 

±3.2 mm/d (error: 10-90%). The changing in- and outflow conditions compensate each 

other in the annual budget. Evaporation influences not only the lake water budget but is 

also responsible for the salinization around the lake. Regarding the salinization 

Quarternary strike-slip faults were detected under the saline strip. Moreover, the 

overpressure in the basement, and the shallow depth of the basement top (~600-1000 m) 

can cause a shortcut connection between the basement and the Quarternary sediments, up 

to 2-300 m. Thus the limited amount of NaCl type basement water together with the 

NaHCO3 type water of the basin fill ascend to the surface at the eastern side of the lake 

transporting salt to the surface salinization. The local flow system around the lake is 

hydraulically perched on this ascending saline water which can contact this shallow system 

by diffusion. As a summary the lake, situated in a regional discharge area, is not influenced 

quantitatively by the regional flow systems, only by the local one around the lake. 

Nevertheless, the saline ascending flow system is responsible for developing the main 

chemical pattern of the lake and shallow groundwater. 
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MAGYAR NYELVŰ ÖSSZEFOGLALÓ 

A tavak és felszínalatti vizek kölcsönhatásának megismerése jelenleg a kutatások 

fókuszpontjában áll. A felszínalatti víztől függő élőhelyek kezelése, az EU keretirányelv 

megvalósítása, a tavak és a vizes élőhelyek védelme egyaránt kivitelezhetetlen a 

felszínalatti víz és a felszíni víz kapcsolatának ismerete hiányában. A Duna-völgy és az itt 

található Kelemen-szék kulcs területnek tekinthető, ahol az Alföld áramlási rendszerei és 

az áramlásohoz köthető felszíni jelenségek – a szikesedés és a vizes élőhelyek, tavak – 

kapcsolata jól vizsgálható, az eredmények pedig kiterjeszthetőek az egész Alföld 

területére. Az Alföldön két fő áramlási rendszer ismert, az aljzatból induló, sós vizet 

szállító túlnyomásos és a hátsági eredetű édesvizet szállító gravitációs rendszer. A tó a két 

rendszer kiáramlási területénél helyezkedik el. A lokális hidraulikai vizsgálatok igazolták, 

hogy a tó környezetében a regionális léptékű áramlási rendszereket a lokális áramlási 

viszonyok felülírják. Ennek oka a talajvíztükör ÉNy-DK irányú lejtése, amely a tótól 

nyugatra található magaslat és a Duna-völgyi-főcsatorna között alakul ki és 15-20 m 

mélységig átáramlással jellemezhető. A tó egy lokális mélyedésben kialakuló a 

talajvízszint által befolyásolt tó. Kapcsolata a felszín alatti vizekkel a talajvízdomborzat 

függvényében szezonálisan változik és hozzá- és elfolyással egyaránt jellemezhető. A tó 

vízmérlegében szereplő nettó felszínalatti víz mennyiség viszonylag kevés (±0,6 – ±3,2 

mm/d, hiba 10-90%), éves szinten a hozzá- és elfolyás kiegyenlíti egymást. A párolgás a tó 

vízmérlegének legmeghatározóbb eleme, amely egyben elősegíti a szikesedés kialakulását 

is. A szikes zóna alatt igazolt kvarter oldaleltolódási szerkezetek, az aljzati túlnyomás, 

valamint az aljzat közelsége a felszínhez (600 – 1000 m) rövidzáras kapcsolatot biztosít az 

aljzati sós víz és a felszín közeli kvarter rétegek között, 2-300 m mélységig. A szerkezetek 

közreműködésével a NaCl-os aljzati víz a neogén és kvarter medencekitöltés NaHCO3-os 

vizével együttesen szivárog a felszínközelbe sóforrást biztosítva a szikesedéshez. A tó bár 

regionális kiáramlási területen fekszik, mennyiségileg nem befolyásolt a regionális 

áramlási rendszerek által, melyek hidraulikus alátámasztást biztosítanak a tó környezetében 

kialakó sekély átáramlásnak. Ugyanakkor a tó és környezete kémiai jellegét ezek alakítják 

ki, a lokális rendszerrel való diffúziós kapcsolat révén. 
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1 INTRODUCTION 

Groundwater is a geologic agent, because it contributes to all geologic processes, interacts 

with its environment and it is present in the subsurface as flow systems on every scale of 

space and time (Tóth J, 1999). Groundwater mobilizes, transports and accumulates heat 

and matter along the path of the flow systems, resulting in subsurface and surface 

phenomena. Examples for these phenomena are shallow groundwater- and surface 

salinization or groundwater dependent wetland areas. 

Groundwater is part of the hydraulic cycle thus it is in close association with the other 

hydrological components (e.g. surface waters). For the understanding of the processes in 

the case of one hydrological component, such as a lake, the investigation of its interactions 

with the other hydrological components, like groundwater, is essential (Winter et al., 

1998). Hereby the investigation of surface waters requires consideration of the effect of 

groundwater, i.e. the interrelationship between groundwater and surface water. Lakes, as 

most surface water systems, are influenced by groundwater in their water budget, nutrient 

budget, and acid buffering capacity. In addition, many hydrologic processes associated 

with the surface water bodies are the result of the groundwater-surface water interaction 

(Winter, 1999). This interrelationship is crucial in the case of wetland areas, too. The 

significance of wetlands is that they have an important role in maintaining the biodiversity 

of the Earth, accordingly these are under worldwide protection since 1971, the Ramsar 

Convention. The Convention defines wetland areas as „areas of marsh, fen, peatland or 

water, whether natural or artificial, permanent or temporary, with water that is static or 

flowing, fresh, brackish or salt, including areas of marine water the depth of which at low 

tide does not exceed six metres.” In the Danube Valley of Hungary, a chain of saline lakes 

forms a wetland area which is part of the Ramsar List. The area belongs to the Kiskunság 

National Park. Being a habitat for rare migratory birds, it is highly protected. In order to 

help preserve and wisely manage the area, its origin, together with the active and influental 

processes that go on underground, need to be known. In the frame of the present study I 

attempted to be acquainted with this area focusing on the problem of groundwater-lake 

interaction and salinization.  
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1.1 BACKGROUND AND RATIONALE 

The Study Area, the wetlands of the Danube Valley composes part of the Danube-Tisza 

Interfluve (DTI) in the Great Hungarian Plain (GHP), which is a basin area covering 

almost two thirds of Hungary (Fig. 1.1). The reconnaisance of the groundwater flow 

systems in this basin started in the second part of the 20th century. Erdélyi (1979), Rónai 

(1978, 1985), Tóth and Almási (2001), and Mádl-Szőnyi and Tóth (2009) contributed to 

the identification of its main flow systems. On the one hand, a deep overpressured regime, 

originated from the Pre-Neogene basement and on the other hand, a superimposed, 

shallower, gravity-driven flow regime define the two main flow systems.  

 

 

Fig. 1.1 The location of the Study Area 

The consequences of the geologic agent nature of groundwater were investigated on a 

regional scale for the DTI by Mádl-Szőnyi and Tóth (2009), but on local scale only one 

small part of the DTI (the Kolon Lake area) was surveyed (Zsemle et al., 2002). The 

results indicated that the flow systems and the surface phenomena have good correlation 

on the regional scale. For detailed, local scale investigation of this correlation, a key area 

was chosen in the Danube Valley in order to understand the effect of the two groundwater 

flow systems on surface-, shallow groundwater salinization and on the saline lakes. The 

study focuses on Kelemenszék Lake which is a lake from the chain of saline lakes in the 

Danube Valley. 
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The area is significant from both scientific (1-2) and practical points (3-5) of view:  

(1) The hydrogeological position of this area is special. The surroundings of Kelemenszék 

Lake and the Danube Valley is supposed to be a so-called hydraulic window, where the 

overpressured, upwelling saline water, originating in the crystalline basement and the fresh 

meteoric water of the gravity-driven flow system discharge next to each other. In this 

hydraulic background the main question is how the two different types of groundwater can 

influence the water supply and salinization of the lake and the wetland area spatially and 

temporally, quantitatively and qualitatively. In addition, in the Study Area the interface 

between the two flow systems can be examined alike. Experience regarding the connection 

between the two flow regimes and the lake, as well as the influence of the groundwater on 

the salinization processes supposedly can be extrapolated to the whole area of the GHP. 

(2) Approximation of the problem of salinization starting-up from the deep basinal 

groundwater can be considered a new approach in the project area. Moreover, in Hungary, 

the interaction of lakes with groundwater based on flow system context has never been 

investigated before. This study introduces a new scientific method into the Hungarian 

research of lakes. 

(3) In the past decades the Danube Valley was plagued by high overpumping mainly in the 

1980-1990s (Pálfai, 1992; Alföldi, 2004). The canal constructions and the nowadays 

escalating natural effects: decreasing precipitation, increasing temperature (Weidinger et 

al., 2000; Bartholy and Pongrácz, 2007) also contributed to the 1-2 m decrease of the 

groundwater table in the area. The effect peaked in the mid 1990s. Consequently, many 

lakes disappeared and most of the still existing lakes dry up during summers. The 

appropriate management of this problem, the increasing drought, the declining water table, 

and the drying lakes, is crucial and needs to be based on the understanding of the 

hydrogeology of the area. Kelemenszék Lake is one of those lakes which still exists and in 

comparison with the other lakes has predominantly permanent water storage in spite of its 

shallowness, the unfavorable natural conditions and human effect. This fact implies that 

the lake necessarily receives considerable water amount from the discharging groundwater. 

This way the processes and the connection between the wetland area and the groundwater 

are supposed to be understood through the investigation of this lake.  

(4) This point is closely connected to the previous one (3). The area is a highly protected 

National Park territory, and the preservation of the ecological conditions depends on the 

hydrogeological condition of the area. A detailed hydrogeological investigation helps to 

sustain the required hydrogeological environment necessary to protect the diverse flora and 
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fauna. The groundwater dependent ecosystems are in focus of the EU Framework 

Directive too. The present study may contribute to the implementation of the directive as 

providing a scientific approach to the management of these areas. 

(5) The Danube Valley is one of the most densely populated regions of Hungary. The area 

is rich in groundwater- and thermal water resources. Accordingly the protection of water 

supplies is essential in this region. A great part of the area is affected by surface and 

shallow groundwater salinization, which means a problem for the agriculture. It is essential 

to ameliorate the sodic soils, wisely manage the water resources, and protect the 

agricultural environment and the national park areas. These tasks need to be based on a 

detailed knowledge of the groundwater flow systems of the area and their role in the 

surface salinization process.  

1.2 OBJECTIVES 

The above outlined hydrogeological situation reveals many questions about the 

Kelemenszék Lake area. The research proceeded on two basic lines. The first was the 

understanding of the interaction between groundwater and lake and the examination of its 

spatial and temporal variation. This point means a new scientific approach in the area. The 

second was allocating the source of salt responsible for the salinization in the N–S 

elongated saline tract in the Danube Valley. In order to answer this question, intensive 

research activity has been going on since the 19thcentury (Kovács, 1960; Várallyay, 1967; 

Tóth T, 1999; Tóth and Szendrei, 2006). Three basically different concepts have been 

developed for the explanation of the origin of salts: (1) in situ source in the near surface 

sediments (’Sigmond, 1923; Tóth T, 1999); (2) leaching of salts from the more distant 

surface sediments and transported by shallow groundwater (Scherf, 1935; Molnár and 

Murvai 1976; Kuti, 1977); (3) basement source, upward transportation of salts by 

groundwater and mixing with shallower groundwater (Mádlné et al., 2005; Mádl-Szőnyi 

and Tóth, 2009). According to the third hypothesis the source of the salt content of the 

lakes and soils is considered to derive from the ascending, NaCl type (TDS: 2-40000 mg/l), 

overpressured groundwater. This study intended to find the appropriate solution to settle 

this debate as well. 

Considering the two main research lines and the former results the main objectives of the 

present work are as follows: 
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1. Fitting the Danube Valley and Kelemenszék wetland area into the complex 

groundwater flow pattern of the Danube-Tisza Interfluve, Great Hungarian Plain. 

2. Evaluating the quantitative and qualitative influence of groundwater flow systems 

on Kelemenszék Lake. 

3. Understanding the spatial and temporal changes in the groundwater and lake 

interaction in the near surface. 

4. Allocating the origin of salt in the saline tract assigned by the saline wetland area in 

the Danube Valley. 

5. Determining the hydrogeological circumstances which are responsible for the 

extensive salinization in the Danube Valley, compared to the other parts of the 

whole Study Area and the Danube-Tisza Interfluve. 

The problems outlined above were tackled with an integrated approach. Several methods, 

among them hydrological, hydraulic, chemical, geophysical, and mineralogical were used 

for the evaluation. All applied data are demonstrated on a CD attachment with a short 

guideline as a help (guideline.pdf).  
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2 LITERATURE OVERVIEW 

Groundwater and lake interaction is of great importance both scientifically and in practice 

all over the world. Lakes are important water sources, reservoirs, habitats, and recreation 

places for humans. For their preservation and management knowledge of their relationship 

to groundwater is essential. 

The interaction of lakes with groundwater was one of the least investigated and understood 

problems in lake hydrology in the 1960-90s. The importance of the relationship between 

surface water bodies and groundwater has been recognized around the second part of the 

20th century. In the 1960s, the eutrophication and effects of acid rain highlighted this 

problem (Sophocleous, 2002). In addition, other practical problems in water supply, 

namely contaminations emphasized the necessity of the investigation of groundwater 

influence on the surface water bodies for understanding their water balance, nutrient 

balance and chemistry. It was recognized that lakes and groundwater commonly are 

hydraulically connected. The recognition of basin scale, hierarchically nested gravity-

driven flow systems played an important role in that revelation (Tóth, 1963). Considering 

the hierarchically nested flow systems, it was supported that surface water bodies can be 

affected by groundwater flow of different order of magnitude, different origin, with 

different chemical composition. With this background intense research started with field 

(McBride, 1969; Eislenlohr et al, 1972; Lee, 1977; Meyboom 1966, 1967 etc) and 

theoretical approaches (Winter, 1976 etc) alike which continues till these days.  

2.1 THEORETICAL PRINCIPLES 

2.1.1 Hierarchically nested groundwater flow systems 

The subsurface movement of groundwater is driven by subsurface fluid potential 

distribution (Hubbert, 1940). The driving forces can be gravity, tectonic compression, 

compaction, thermal convention, differences in dissolved solids. Tóth (1963) in a 

theoretical analysis determined the concept of the basin-wide gravity-driven groundwater 

flow systems. With this study, the system-character of the groundwater flow became 

recognized (Tóth J, 1999). The basic concept was deduced in a unit basin and in a small 

drainage basin, with isotropic media, under steady state conditions. In a drainage basin the 

topography of the water table induces flow systems of different orders of magnitude in 
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extent and penetration. The topographic effects are ubiquitous and may cause water to 

move at depths of several kilometers beneath the Earth's terrestrial areas (Tóth, 2009). 

Depending on the topography, regional, intermediate, and local flow systems can be 

distinguished (Fig. 2.1). These systems carry water from the recharge areas to the 

discharge areas. The pathways of the different flow systems are influenced by the 

geological and structural build up of the rock media as well. The different flow systems 

transport water with different chemical composition, generating surface and subsurface 

phenomena being representative of the origin, the age of the groundwater, and for its 

interaction with the rock matrix. Owing to this character the flow systems can have a great 

effect on surface water bodies.  

At the meeting points of different flow systems and in the lower zone of the regional flows 

stagnation points are situated (Fig. 2.1). The stagnation point is a minimum head point, 

where the vectors of flow are equal and in opposite direction (Harr, 1962). Consequently in 

this point there is no flow and the point behaves as a divide among different flow systems 

(Winter, 1976). 

 

Fig. 2.1. Hierarchically nested groundwater flow systems (Engelen and Kloosterman, 1996) 

Lakes can be classified hydrogeologically by the dominance of the surface water or 

groundwater in their water budget. Surface water dominated lakes have inflow and outflow 

streams, whereas seepage lakes are groundwater dominated (Born et al., 1979). 
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Groundwater dominated lakes and wetlands are hydrologically and ecologically linked to 

adjacent groundwater bodies, but the degree of interaction can vary greatly. Their 

relationship is primarily governed by the subsurface fluid potential-distribution. A lake can 

gain groundwater or lose water to the groundwater systems (Fig. 2.2) and these processes 

can be combined spatially and temporally. Consequently the lakes can be related to the 

groundwater in three different ways: recharge, discharge type, and flow-through lakes 

(Born et al., 1979; Winter et al., 1998). A lake can receive groundwater inflow through its 

entire bed, or have inflow and outflow as well, at different localities (Fig. 2.2) (Winter et 

al., 1998). These relationships highly depend on the water table configuration (e.g. water 

table mounds and the relation of the lake water level to the water table), the subsurface 

fluid potentials and the location of stagnation points, the geological framework, the climate 

and the vegetation around the lake. The type of the relationship changes in space and time, 

following the changes in the climatic, topographic, and the geological situation. The 

position of the stagnation points in the fluid potential field has a prime interest in the 

understanding of the connection between groundwater and lakes. The relation of the lake 

water level to the hydraulic head in the stagnation point allocates the effect of groundwater 

on the lake (Winter, 1976) (Fig. 2.3). 

 

.  

 

Fig. 2.2 The position of lakes related to groundwater (Winter et al., 1998) 
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Fig. 2.3 Closed groundwater flow system around the lake due to the presence of the stagnation 
point (Winter, 1999) 

2.1.2 Controlling factors and their effects on the groundwater-lake interaction 

Lakes are integral parts of groundwater flow systems (Winter, 1999). The different flow 

systems are the consequence of the elements of their hydrogeologic environment: 

topography, geology, and climate (Tóth, 1970). Hereby, the topographical, geological, 

climatic conditions and changes in these parameters affect the interaction between lakes 

and groundwater, too. For instance, under different climatic conditions, at the same 

topography and geology, totally different lake types may evolve.  

In the followings the main influencing factors and their effect on the interaction will be 

introduced as follows: 

 

Topography i.e. the position of the lakes in the groundwater flow systems 

The topography of the water table is the main controlling factor on the gravity-driven flow 

systems. More distributed topography of the water table generates more complex flow 

system distribution (Tóth, 1963; Zijl, 1999). For the understanding of a lake-groundwater 

system, the knowledge of the position of the lake in the local and regional groundwater 

flow systems is essential (Winter, 1999).  

The relationship of the groundwater table to the lake level determines the main flow 

directions between the two domains. Because flow regimes in different orders can connect 

to a lake, the topography of the water table needs to be considered on regional and local 

scales too. On local scale, the lower water table, mainly in the downgradient part of the 

lake assists to decrease the difference between the lake level and the stagnation point, or 

diminish the stagnation point. That causes change of the lake type from discharge to flow-
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through type (Winter, 1976) (Fig. 2.2c). The upward breaks in slope of the water table at 

the lake bank can concentrate and raise the groundwater discharge to the lake and generate 

saline soils around it (Fig. 2.2a, Fig. 2.4). The downward break in slope enhances the 

downward flow component (Winter, 1999) (Fig. 2.4). 

 

Fig. 2.4 Effect of break in slope on the flow directions represented by numerical simulation 
(Winter, 1999) 

Regional topography needs to be considered, too (Winter, 1981a), because it affects the 

regional flow systems in connection to the lakes. A steeper regional slope on the 

downgradient side of the lake enhances the possibility of groundwater discharge through 

the lakebed. 

Beside the slope of water table, lake depth also determines the forming and position of 

stagnation points, and consequently the flow systems around the lake. Increasing lake 

depth could cause water loss through the lakebed. 

The transient changes of the water table topography induce reverse flow conditions 

between the lake and the groundwater. Seasonally forming water table mounds, mainly in 

the downgradient side of the lake, cause flow reversal from outflow conditions to local 

inflow to the lake water (Meyboom, 1967; Andreson and Munter, 1981; Winter, 1983; 

Sacks et al, 1992). This phenomenon occurs usually at lake edges, where the unsaturated 

zone is thin. This is called edge-focused recharge.  

 

Geology 

The geological framework, the sediment layers affect and modify the groundwater flow 

movement. The effect of the heterogeneity and anisotropy on the flow systems was 

analyzed in a hypothetical basin by Freeze and Witherspoon (1967), but in their study the 
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surface water bodies were not included. Winter (1976) examined first the same problem in 

the case of discharge lakes along a vertical section. The permeability contrast of the 

lakebed and the aquifers or aquitards below influences the groundwater flow geometry and 

the groundwater input or output into or from the lake. A highly permeable layer or lens 

close to the lakebed can force the flow lines to enter it, and this way can induce an outflow 

from the lake (Winter, 1978) (Fig. 2.5).  

The increasing anisotropy enhances the flow intensity in one direction. In the case of lake 

systems the increasing anisotropy (Kh/Kv) can weaken the effect of the stagnation point, or 

even can cease the closed groundwater flow system around the lake (Winter, 1976). 

The permeability and anisotropy conditions allocate the spatial seepage distribution in the 

lakebed (McBride and Pfannkuch, 1975; Winter, 1976, 1978, 1981a; Winter and 

Pfannkuch, 1984; Anderson and Munter, 1981; Shaw and Prepas, 1990). 

 

 

Fig. 2.5 The modifying effect of a highly permeable lens on the flow conditions (Winter, 1999) 

Climate 

The connection between surface water and groundwater is different in humid, arid, and 

semiarid climates, because of the different depths of the water table. In addition, the water 

table shows temporal fluctuations, depending on the changes in the climatic conditions. 

This is the most dynamic boundary of the groundwater flow systems (Winter, 1999), which 
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can have seasonal, annual or higher order level-fluctuations (Zijl, 1999). The seasonal 

changes of the water table can result in flow reversals between lake and groundwater, 

under normal flow conditions (Meyboom, 1966, 1967; Winter, 1978, 1983; Anderson and 

Munter, 1981; Rosenberry and Winter, 1997; van der Kamp and Hayashi, 2008). One of 

the reasons for these seasonal fluctuations is the transpiration effect of the vegetation 

around the lake. This effect was indicated first in the Canadian prairie pothole area 

(Meyboom, 1966, 1967; Rosenberry and Winter, 1997; van der Kamp and Hayashi, 2008). 

Meyboom (1966) found that the seasonal changes of the vegetation and of the surface 

water supply can overprint the original connection between ephemeral lakes (”sloughs”) 

and groundwater. He proved that in summertime, the dense vegetation around the lake has 

a great transpiration effect, which declines the water table below the root zone forcing the 

lake to lose water towards the groundwater. Doss (1993) observed the same phenomenon 

in wetlands themselves.  

The edge focused recharge causes flow reversals between lake and groundwater. This 

occurs after dry seasons when the rain events result in increased infiltration. Where the 

unsaturated zone is the thinnest, water table mounds can form, inducing groundwater flow 

to the lake (Anderson and Munter, 1981; Cherkauer and Zager, 1989; Sacks et al., 1992). 

 

Human impacts 

Overpumping because of exaggerated water demand, lake management, irrigation from 

lake water, construction of dams, all these impacts modify the natural conditions between 

lake and groundwater. In the course of investigating a lake, human effects always need to 

be considered, because they change the initial, natural conditions and these are also 

responsible for lake water budget or chemistry.  

 

In most cases all the factors mentioned before together affect the interplay between 

groundwater flow systems and lakes. To understand their functioning, all components 

should be taken into account.  

Winter (1999) considered the main influencing factors on lake-groundwater interaction and 

classified the lakes accordingly. Winter’s lake-environments are characterized by different 

climatic, geological and topographical conditions: glacial, dune or hummocky, coastal, 

mantled karst, and riverine terrains. With respect to the different conditions of the 

landscapes, the lakes show different behavior.  
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2.2 RESEARCH OF GROUNDWATER AND LAKE INTERACTION 

2.2.1 General theoretical investigations  

In this chapter the main theoretical investigations are discussed that attempted to 

conceptualize and determine how the flow regime parameters and the hydrogeologic 

environment influence the nature of the interaction between lakes and groundwater flow 

systems. These analytical and numerical modelling studies examined different hypothetical 

hydraulic, geological, morphological situations to define the general principles of 

groundwater-lake interaction under steady state conditions (McBride and Pfannkuch, 1975; 

Winter, 1976, 1978, 1981a; Winter and Pfannkuch, 1984; Genereux and Bandopadhyay, 

2001 etc).  

Among the firsts Winter (1976, 1978) simulated in two and later three dimensions, under 

steady state conditions the effect of varying water table configuration, geometry of the 

groundwater flow systems, lake depth, sediment distribution, and anisotropy of the 

sediments, on the flow systems connected to discharge lakes and to multiplied lake 

systems. He pointed out that the presence and location of the stagnation points define the 

connection of the groundwater flow systems to the lake. The appearance and position of 

these stagnation points are influenced by the above mentioned five factors. Below the 

lakebed, a stagnation point with higher hydraulic head value than the lake level indicates a 

closed local flow system gaining groundwater to the lake (Winter, 1976, 1978) (Fig. 2.3). 

Without forming of a stagnation point the lake receives and loses water alike. The model 

results showed that inflow to the lake usually occurs at the littoral zone, and the outflow in 

most cases occurs in the deep part of the lakes (Fig. 2.5). The simulations with the 

modified parameters highlighted that the interaction between lake and groundwater is very 

sensitive for the water table geometry and the geological conditions.  

In 1981 Winter proved that the larger scale water table geometry also influences the 

relation of groundwater to the lake. In the case of a lake which is situated in a local 

depression, close to a regional discharge area, the slope of the water table beyond the lake 

drainage basin, particularly on the downgradient side between the lake shore and the 

regional discharge area also has an effect on the flow direction and the connection between 

the flow systems and the lake. The steeper the slope, the greater the likelihood that 

lakebed-seepage occurs. 

Other studies aimed to examine the quantity and distribution of seepage occurring 

throughout the lakebeds. McBride and Pfannkuch (1975) examined the seepage 
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distribution in the lake in homogeneous, isotropic media. They indicated that the discharge 

to the lakebed exponentially decreases away from the shoreline. Winter and Pfannkuch 

(1984) and Pfannkuch and Winter (1984) got the same results and besides evaluated the 

influence of lake geometry (width/thickness ratio) and lake bed anisotropy on the seepage 

from the lake too. They found, that in anisotropic media, in the case of deep lakes the 

seepage pattern will be more uniform across the lakebed.  

The effect of small-scale sedimentary structures on groundwater flow into lakes was also 

investigated by numerical simulation (Guyonnet, 1991). His study showed that thin 

continuous or discontinuous low-permeability layers can have significant effect on seepage 

to or from the lakes, on the migration paths. 

Genereux and Bandopadhyay (2001) applied three dimensional, steady-state models for the 

estimation of the significance of the different controlling parameters on the groundwater-

lake interaction. The effect of anisotropy and heterogeneity of the porous medium, the lake 

bed slope, lakebed sediments, lake depth and the orientation of an asymmetric lake with 

respect to a regional hydraulic gradient were investigated on the seepage distribution, in 

the case of inflow and flow-through lakes. The change of the parameters results in complex 

interaction between lake and groundwater. All have a significant effect on the seepage 

distribution, consequently, any no parameter could be negligible. 

The parameters influencing the interrelationship between the surface water bodies and the 

groundwater change in time, hereby the interest of the researchers turned towards the 

transient investigations too. The effect of the variable recharge on the surface water-

groundwater interaction was investigated by Winter (1983), who found that the changing 

distribution and the amounts of recharge result in highly variable conditions (dissipation or 

high growth) of the local groundwater flow systems directly adjacent to the lake.  

Anderson and Munter (1981) also carried out a transient simulation, in a real case, with 

results having general significance. They examined the temporal change of the position of 

stagnation point in a real case, along plan and cross sections. It was found that the position 

of stagnation points and water mound is highly dependent on the hydraulic conductivity of 

the sediments in the lakebed and in the surroundings of the lake. Usually the water table 

mounds form where the unsaturated zone is very thin (< 1 m), the hydraulic conductivity of 

the sediments is low in comparison with its environment. 

Nield et al. (1994) had a similar study to Winter (1976, 1978), using analytical approach 

for simulation of groundwater dependence of hypothetic flow-through lakes changing the 
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water table topography. Smith (1999) applied 2D steady state simulations, allowing for a 

periodical transient effect in the case of groundwater dependent lakes.  

2.2.2 Field studies and experiences 

Field studies aimed at the empirical recognition of the processes of the groundwater 

influence on the lakes or intended to solve practical problems regarding lakes. In the early 

studies the quantity and distribution of groundwater seepage to or from a lake was 

evaluated and the seasonal variation of the interaction was also examined with different 

methods: flux calculation with well and piezometer data from different depths (Eislenlohr 

et al, 1972; Meyboom 1966, 1967), seepage measurements (Lee, 1977) or water balance. 

The field studies concentrated on the recognition of the type of the interaction in different 

environments and these served as in situ verification for the theories. In the early times, 

Meyboom (1966, 1967) carried out field measurements (piezometer and well 

measurements) in the prairie pothole area. In his study of 1967 he identified a discharge 

lake system getting water from local and regional flow systems as well. He observed 

transient flow conditions in the case of these lakes. In the dry season, the water table 

decreased in the interlake areas, and the discharge type lakes became flow-through lakes 

(Fig. 2.6). His other study in 1966 dealt with an ephemeral ”slough”, and the observations 

also highlighted the transient effect of the high summer transpiration on the groundwater-

lake interaction. 

 

Fig. 2.6 Transient changes in groundwater-lake interaction (modified after Meyboom, 1967 in 
Sophocleous, 2002) 

a: a spring condition of discharge from local and intermediate flow systems, b: a summer condition of 
seepage toward the phreatophyte fringe, c: deterioration of local flow in the absence of recharge, d: a fall and 
winter condition for the deteriorated system, where shallow movement is superimposed on the intermediate 
system 



26 

In 1977 Lee developed a new device, the seepage meter which is applicable for measuring 

groundwater recharge or discharge to or from lakes. Hereby the distribution of the seepage 

through the lakebed became measureable. In Hungary Rádai (1982) made an attempt to 

develop a similar device for measuring springs debouche in the bed of Lake Balaton. 

Based on the first experiences, many studies applied integrated approaches to quantify and 

evaluate interaction between lake and groundwater (Shaw and Prepas, 1990; Shaw et al., 

1990; Lee and Swancar, 1997; Rosenberry and Winter, 1997; Sebestyén and Schneider, 

2001; Schneider et al., 2004). Shaw and Prepas (1990) by field measurements supported 

the theoretical results that the seepage is decreasing from the lakeshore. Krabenhoft and 

Andreson (1986) investigated the same problem by simulation, and found that the seepage 

flux dependence on the distance from the lakeshore is highly variable due to the geology 

under the lakebed, i.e. the heterogeneity of sediments influences more the seepage pattern 

than the regional topographic situation. Lee and Swancar (1997) measured and calculated 

the water budget of Lake Lucerne, where they evaluated the groundwater component by 

numerical simulation as well.  

As we can see, beside the basic field methods (hydraulic gradient calculations with well 

data, seepage measurements, water balance calculation), the numerical simulation also 

started to be applied for solving practical problems and investigating some particular lakes 

(Anderson and Munter, 1981; Lee and Swancar, 1997; etc). In the course of the field 

studies the transient nature of the groundwater-lake interrelationship was also considered 

(Sacks et al., 1992; Anderson and Cheng, 1993). Anderson and Cheng (1993) emphasized 

the importance of short-term and long-term transience in groundwater-lake systems. Their 

investigation based on a 10 year long time series of hydraulic and chemical data on a lake 

system in Wisconsin showed that the flow direction between lake and groundwater can be 

different in different depth intervals (in this study in the upper 1-2 m and in 10-12 m depth 

below the surface). In addition, these flow directions between lake and groundwater 

change in time: the water table mounds form in the high recharge seasons, but only, when 

the regional water levels are high relative to the lake level, i.e. in the years with high 

precipitation. They showed that these seasonal flow reversals originating from transient 

water table mounds and the long term water table fluctuations influence not just the lake 

water budget but the chemical budget, the chemical and biological processes as well.  

The transient groundwater influence on lakes or wetland areas in dune or hummocky 

environment – Kelemenszék Lake is located in a dune environment too – was investigated 

in different studies (Doss, 1993; Shedlock et al., 1993; Sacks et al., 1992). In the work of 
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Shedlock et al. (1993) a wetland area comprising a surface peat mound close to the shore 

of Lake Michigan was examined in a topographically and sedimentary highly distributed 

area. The wetlands were influenced by flow systems with different lengths. The results 

showed that the water source of the sedimentary isolated surface peat mound is an 

intermediate flow system discharging in the area. The study highlights that the 

understanding of the effect of groundwater on the wetland area is only possible by a good 

understanding of stratigraphy and sedimentology and considering the higher scale flow 

systems as well. Besides, the research emphasized, that the understanding of lake-

groundwater interaction requires a multidisciplinary approach. 

Doss (1993) also observed a high seasonal variability in the interrelationship between the 

groundwater and a wetland area. One wetland area exhibited flow-through, recharge and 

discharge regimes at different times in one year. This high fluctuation can originate from 

the high position of the area in the regional groundwater catchment, because here the 

hydraulic gradients are small and more sensitive for the seasonal climatic changes 

(transpiration, intense precipitation). 

Sacks et al. (1992) investigated a shallow (~1 m deep) lake system concentrating on the 

seasonal flow reversals. They found that these reversals are highly influenced by the 

position of the lakes in the regional flow systems.  

2.2.3 Chemical aspects of groundwater and lake interaction 

The chemical composition of groundwater changes along the flow paths, following the 

Chebotarev series (Chebotarev, 1955). Lake chemistry depends on the chemistry of its 

water sources. What can be the sources of solutes in a lake? Precipitation (1), groundwater 

(2), surface inflow or outflow (3), dissolution of precipitated/evaporated minerals on the 

surface or in the unsaturated zone, (4) aerosols in coastal environment. The solutes in the 

groundwater originated from: (1) present or paleo-marine intrusion; (2) water-sediment 

interaction and dissolution of evaporates; (3) concentration by evaporation from shallow 

groundwater or rain water; (4) deep groundwater source, and (5) anthropogenic pollution 

(Yechieli and Wood, 2002).  

It was recognized that in the case of groundwater dependent lakes the chemistry of the 

groundwater and its temporally variable connection to the lake highly influence the lake 

water composition. It is an important question in salinization problems. Arndt and 

Richardson (1988) investigated several wetland areas, and found that the permanence of 
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ponding and salinity characteristics of the wetlands increased as the area of its catchment 

basin relative to the area of its pond decreased. In 1993 they examined the transient 

changes of the salinity of a wetland area and the surrounding shallow groundwater. The 

results showed that the temporal and spatial salinization patterns in near surface 

groundwater and pondwater are dynamic and highly related to transient recharge events. It 

shows that the transient interaction between lake and groundwater can be followed by lake 

chemistry, too. In addition, it has a control over the mineral precipitation and dissolution 

around the lake. 

The quantitative and qualitative contribution of the different types of groundwater to the 

lake could be examined by different chemical methods. An appropriate approach is the 

application of solute budget calculation for the lake, based on lake water budget 

calculations. Several studies apply this method, considering different elements: chloride, 

phosphorus, the total dissolved contents or isotopes. Hayashi et al. (1998) examined the 

snowmelt and groundwater contribution to a wetland area by the solute budget of chloride. 

For several practical problems the understanding of the sources and the processes of the 

chemical evolution of the lake water is necessary. The solution of the problem of 

eutrophication or salinization requires the knowledge of the sources of the solutes and its 

contribution to the lake, i.e. the water, nutrient and solute budget. 

2.2.4 Ecological aspects 

At the end of the 1990s interests turned to the ecological aspects of the interaction between 

lake or wetlands and groundwater (Klijn and Witte, 1999; Hayashi and Rosenberry, 2001). 

Scientists recognized that groundwater exchange with surface waters affects not only the 

hydrological and hydrogeological parameters, but the ecology of waters too. Groundwater 

not only supplies water but transports heat, nutrients, dissolved salts to the lakes 

determining their trophic status, the presence of different species (Hayashi and Rosenberry, 

2001). This research field became ecohydrology.  

A good example for an ecohydrological investigation is the work of Shaw et al. (1990). 

Calculation of the phosphorus balance of a lake was the main question of their study, 

where by hydraulic methods, water budget was calculated, and by chemical measurements, 

the phosphorus budget was evaluated. Ecohydrological investigations nowadays have great 

importance, because the preservation of groundwater controlled habitats requires the 

knowledge of the groundwater flow contribution to these domains. The evaluation of the 
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groundwater dependent ecosystems, the delineation of the wetland areas is essential. These 

aims are incorporated into the EU Water Frame Directive. Its realization is the task of 

every EU member country, accordingly Hungary as well (Padisák et al., 2006).  
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3 INTRODUCTION TO THE HYDROGEOLOGIC ENVIRONMENT 
AND GROUNDWATER REGIME OF THE KELEMENSZÉK 
LAKE AREA 

3.1 PHYSIOGRAPHIC SETTINGS 

The Study Area (24X23 km) is located in the Great Hungarian Plain (GHP), at the western 

part of the Danube-Tisza Interfluve (DTI), between longitude 19º 6' 51" 19º 25' 41" and 

latitude 46º 55' 9"-46º 42' 44", (Fig. 1.1). GHP geologically is part of the Pannonian Basin, 

which is bordered by the Carpathians to the north and east, by the Dinarides to the 

southwest, and by the Eastern Alps to the west. The Danube-Tisza Interfluve is located at 

the western flank of the GHP, bordered by the two main rivers of the country, the Danube 

and the Tisza. The area is divided into two half basins by the Ridge Region which is the 

main water divide in the area (Fig. 1.1).  

The Study Area was delineated based on the experiences of the former studies on the 

groundwater flow systems (Mádl-Szőnyi et al, 2005; Mádl-Szőnyi and Tóth, 2009), 

enclosing the proposed “hydraulic window”, the objective of the investigations. In the 

Study Area smaller units are differentiated (GSA: Geophysical Study Area, HSA: 

Hydraulic Study Area, SHSA: Small Hydraulic Study Area), concerning the different 

investigations (Fig. 3.1). 

The whole Study Area extends from the Ridge Region to the Danube i.e. from the regional 

recharge to the regional discharge area to facilitate the examination of the effects of all 

kinds of flow systems. The highest elevated (100 to 105 m asl) points of the Study Area are 

situated at the eastern border as part of the main Ridge Region (Fig. 3.1). In the Danube 

Valley, between the Danube and the Ridge Region, surface elevations vary between 92 to 

97 m asl. The deepest N–S elongated zone (92-94 m asl) is assigned by the chain of saline 

lakes (Fig. 3.1). To the north Kisréti Lake is situated, southward Büdösszék Lake and 

Zabszék Lake, and the southernmost member is Kelemenszék Lake. Kelemenszék Lake 

(92-93 m asl) is located in a local depression.  

The climate of the Study Area is moderately continental. The average annual temperature 

is > 10.5°C and the precipitation is 550-600 mm. The DTI is the sunniest region of 

Hungary. The number of the sunny hours is 2000-2100 in a year. Accordingly the potential 

evapotranspiration is 900-1000 mm/year. Droughts are peculiar during summer. The main 

wind direction is NW (Agrotopographic map, 1985). 
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According to the above described negative water budget, the water table lies deeply, 6 to 8 

m below ground surface of the Ridge Region, however, it subsides only 0 to 2 m in the 

Danube Valley (Kuti and Kőrössy, 1989). In the Danube Valley the water table is the 

deepest in the N–S directed zone of the saline lakes, and the depth of the water table from 

the surface is the shallowest near the lakes (Rónai, 1953; Kuti and Kőrössy, 1989). 

 

 

Fig. 3.1 The Study Area 
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3.2 GEOLOGY AND HYDROSTRATIGRAPHY 

3.2.1 General geological settings, deep and shallow hydrostratigraphy 

The DTI represents the western part of the GHP within the central part of the Neogene 

Pannonian Basin (PB). The Pre-Neogene basement of the Pannonian Basin consists of a 

large orogenic collage which is built up by some tectonostratigraphic terranes e. g. 

ALCAPA (Alpine-Carpathian-Pannonian) and Tisza Units (Brezsnyánszky et al., 2000; 

Hámor et al., 2001) (Fig. 3.2). The Pre-Neogene basement, dissected by low-angle normal 

faults, is overlain by the mostly marine synrift sediments deposited in the Middle Miocene 

during the extension of the crust (Király et al., in press). The Pannonian Basin system 

consists of several sub-basins separated by basement ridges and highs. The Danube-Tisza 

Interfluve basins were developed approximately above the collision suture of the ALPACA 

and Tisza terrain (Royden and Horváth, 1988; Rumpler and Horváth, 1988; Haas et al., 

1999; Hámor et al., 2001, Nemcok et al., 2006) (Fig. 3.2).  

The Pre-Neogene crystalline basement of the Study Area is made up of “flysch” sediments, 

carbonates, and metamorphics (Royden and Horváth, 1988). The basin has a complex 

deformation history including extensional and compressional (inversions) structural 

episodes. Extensional tectonics started in the Early Miocene and culminated in the Middle 

Miocene. Due to strain localization along zones of crustal weakness inherited from the 

Cretaceous, i.e. rejuvenation of thrust planes as low-angle normal faults, the extension was 

heterogeneous and resulted in a highly irregular basement morphology (Király et al., in 

press) The multy-phase Neogene-Quaternary subsidence generated deep depocenters 

which were filled by detritus eroded from the orogen belts of the Eastern Alps and 

Carpathians.  

In the Middle Miocene marine sediments deposited in the Study Area within deep narrow 

listric faults bounded half grabens which were formed above tilted basement blocks. The 

marine environment was replaced by a brackish-water inland sea in the Late Miocene, 

whereas in much of the Pliocene and during the Quaternary, fluvial deposition dominated 

the area. Phases of the Neogene tectonic evolution of the Study Area are i) Early Miocene, 

right lateral wrench-type rejuvenation of the earlier “sutures”; ii) Middle Miocene 

formation of a network of synrift transtensional troughs; iii) Late Miocene-Pliocene 

postrift (termal) subsidence of the broader interior sag basin of the Great Hungarian Plain; 

iv) latest plate convergence generated by late structural inversion and Pliocene-Quaternary 

left lateral strike-slip movements (Pogácsás et al., 1989).  
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Fig. 3.2 Structural map of the Pannonian Basin (modified after Horváth, 2007) 

The geological column of the Danube-Tisza Interfluve hydrostratigraphically was arranged 

by Mádl-Szőnyi and Tóth (2009) for three different scales: Deep (from the surface to the 

Pre-Neogene basement), Shallow (for the Great Plain Aquifer) and Local Range (for the 

Quarternary beds). Moreover, this compartmentalization was used with little modifications 

for the recent study in Local Range. 

In Deep Range (Table 3.1) the Pre-Neogene Formations are characterized by a ~10-8 m/s 

magnitude of hydraulic conductivity (Bérczi and Kókai, 1976). The Neogene basin fill 

consists of semi- to un-consolidated marine, lake-deltaic, lacustrine and fluviatile clastics 

which thicken from ~600 m at the Danube Valley on the west, to over ~1700 m at the 

eastern part of the Study Area. The lowermost member of the Neogene basin fill in the 

Study Area is represented by thin Middle Miocene Badenian and Sarmata layers, the Pre-

Pannonian Aquifer. Above it thick shales of the Endrőd Formation were deposited in some 

hundreds of meters to kilometers deep, large brackish-water lacustrine basin. This so-

called Endrőd Aquitard made up of claymarl (Table 3.1). The Endrőd Formation is usually 

overlain by the turbidite-bearing Szolnok Formation. The distribution of this unit was 

closely controlled by coeval basin morphology (Király et al., in press) and therefore the 

Szolnok Formation which is an aquifer, seems to be missing in the Study Area. 
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Table 3.1 Hydrostratigraphic units of the Study Area (modified after Mádl-Szőnyi and Tóth, 2009) 

(The greens are the aquitards and yellows are the aquifers. The deeper colors sign less hydraulic 
conductivity.) 

The overlaying shaly Algyő Formation represents the delta slope facies and it is an 

aquitard as well. The sequence is capped by the deltaic Újfalu Formation and by fluvial 

deposits (Zagyva and Great Plain Formations) alternating fluvial, lacustrine clay, clay marl 

and silt and sand beds. These sediments all together with the Pleistocene and Holocene 

formations consist of a regional aquifer, the Great Plain Aquifer (Table 3.1). This regional 
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aquifer unit – containing Pliocene, Pleistocene and Holocene sediments – is further 

compartmentalized in the Shallow Range hydrostratigraphy. The Pleistocene formations 

are fluvial gravel, sand, silt beds and loess, eolian fine grained sand and peat (Table 3.1). 

The fluvial layers are deposits of the Danube which was directed during the Pleistocene 

from N to SE, crossing the Study Area (Erdélyi, 1967). Till the last interglacial – when the 

Danube reached its present N–S position –alluvial sedimentation dominated in the area. In 

the last glacial interval typical iceage eolian sediments (aquifers and aquitards) overlay the 

fluvial aquifers and aquitards (Molnár and Kuti, 1978a). 

In the Holocene, these eolian sediments were redistributed by the Danube and in the 

Danube Valley they were almost totally eroded or preserved just in very thin sequences. 

These sediments are overlain by Holocene lacustrine clay, peat and by the allochthonous 

loess and eolian sand. The Local Range hydrostratigraphy (Table 3.1) in details 

compartmentalizes the Quarternary eolian and fluvial aquifer and aquitard units. These 

shallow units are of the greatest importance during the present investigations which focus 

on the near surface region.  

3.2.2 Formation and evolution of Kelemenszék Lake and its geological and 
hydrostratigraphic environment 

Towards the end of the Pleistocene eolian sedimentation took place in the Study Area 

resulting in NW–SE oriented loess and overlying eolian sand dunes. During the Holocene, 

climate has become more humid, and the increased rate of precipitation raised the level of 

the Danube and small river branches inundated the interdune areas. The flow redistributed 

the eolian sediments and thus the relatively flat surface of the Danube Valley has 

developed. The river deposited silt and clay on the floodplains. After the recession of the 

floods, the stagnant water was retained in local depressions and thus the still existing lakes 

were formed. In these lakes lacustrine sedimentation started and has been continuing up till 

now (Molnár and Kuti, 1978a; Molnár, 1994). 

The geological build up of the close surroundings of Kelemenszék Lake is delineated in 

Fig. 3.3. Above the Pannonian sediments (Great Plain Aquifer) fluvial gravel, gravelly 

sand and fluvial sands were deposited. Eolian sands and loess are almost completely 

missing in the area. 

In the upper 10 m 5-8 m thick medium grained alluvial sand layers are overlain by 2 to 4 m 

of fine sands (Molnár and Kuti, 1978a) (Fig. 3.4). The thickness of the fine grained sand 

bed decreases to the south of the lake. Eolian sand can be found only to the north and to the 
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southeast from the lake. Silt and clay overlie the fine grained sand and form an aquitard 

unit. In the zone of the lakes this aquitard is lacustrine clay, eastward and westward is silt 

originating from redistributed loess.  

 

Fig. 3.3 General cross section between the Ridge and Danube at the end of Pleistocene (I) and 
Holocene (II) (Molnár and Kuti, 1978a) 

1. Upper-Pannonian sediments, 2. Gravel, gravelly sand, 3. Sand (2–3 Pleistocene fluvial sediments), 4. 

Moving sand, 5. Loess (4–5 Pleistocene eolian sediments), 6. Holocene fluvial deposits and allochthonous 

loess, 7. Structures, 8. Holocene fluvial erosion surface 

These sediments were involved in the hydrostratigraphic compartmentalization in Local 

Range. All sediment types represent different hydrostratigraphic units (Table 3.1).  

The Pliocene Great Plain Aquifer underlies the Pleistocene Gravel. This high conductivity 

gravel layer (K=10-3) pinches out eastwards. Above the Gravel Aquifer, medium- and 

coarse grained fluvial sand (AF1) is located, covered by silt beds (AT1), originating from 

redistributed loess. Straight below Kelemenszék Lake aquitard lacustrine clay is settled 

(AT2). The aquitard layer is the thinnest below Kelemenszék Lake (0,5-1 m) (Molnár and 

Kuti, 1978a) in comparison with the other lakes and with its surroundings.  
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Fig. 3.4 Geological sections compiled from the shallow drillings (10 m) in the Danube Valley    
(Molnár and Kuti, 1978a) 

1. Clay, 2. Fine silt, 3. Coarse silt, 4. Fine grained sand, 5. “Small” grained sand (0,1-0,2 mm), 6. Medium 

grained sand (0,2-0,5 mm), 7. Carbonate %, 8. Number of the boreholes, 9. Border-line of the Kiskunság 

National Park, 10. Margin of the saline lakes  
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3.3 HYDROLOGY AND HYDRAULIC REGIMES 

3.3.1 Hydrology of the Study Area 

Kelemenszék Lake is surrounded by three canals (Fig. 3.1). The two main canals, the 

Kiskunság Canal at the eastern, and Dunavölgy Canal at the western side of the lake, are 

connected with an E-W directed linking canal, the Kelemenszék Canal, at the northern side 

of the lake (Fig. 3.1). In addition, several irrigation canals join Dunavölgy Canal, meshing 

the whole DTI area. No natural watercourse can be found in the surroundings of the lake. 

At the eastern side of the Study Area Kolon Lake is located which is the largest freshwater 

marsh of Europe. 

During the Holocene the Danube moved along the valley of Kiskunság Canal, and 

periodically deluged the area (Molnár and Kuti, 1978a, Molnár, 1992). Hereby almost the 

whole Danube Valley was covered by inland water generating many smaller and larger 

lakes, ponds and wetlands (Molnár, 1992). These lakes, ponds, wetlands were very shallow 

( 0.5 m), water table type surface water bodies and some of them appeared just in high 

water table seasons (Erdélyi, 1960). Kovács (2006, 2009) examined the temporal variation 

of water coverage in the area from the 18th century till these days, based on historical 

cadastral maps and satellite images (Fig. 3.5). Applying different spectral indices in the 

digital picture-analysis the differently wet areas (lake, marsh) could be distinguished (Fig. 

3.5). In 1859 and 1882 the area represents natural conditions (Fig. 3.5). The wetlands were 

almost everywhere connected, the Study Area behaved as a floodplain. In that time, the 

inland water coverage of the area meant a problem and as a solution river regulation and 

canal constructions started in the 1870s. The construction of the main canal, the Dunavölgy 

Canal was finished in 1929. It was followed by the construction of several smaller canal-

systems between 1942 and 1961. Most of the canals follow the former (Holocene) valleys 

of the Danube. Kiskunság Canal essentially corresponds to the former Kígyós brook (Fig. 

3.5). Due to this human impact, the water table lowered in the area and most of the lakes 

disappeared. The inland water coverage decreased radically. The map compiled from a 

satellite image from 1986 shows this significant water level decline (Fig. 3.5). The natural 

water courses disappeared and instead of them the canals collected and transmitted the 

surface water. Beside the inland water drainage, a dry period from 1970 till 1990 also 

contributed to the overall water level decline. After 1990 the water level decrease stopped 

because of the increasing precipitation. It is reflected in the map from 2002, manifesting in 
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the higher water coverage on the surface. Nevertheless, the increasing precipitation can not 

stop the slow aridification of the area (Kovács, 2006). 

 

 

Fig. 3.5 Change of water coverage in the Danube Valley (modified after Kovács, 2006) 

The examination of Kovács (2006) showed that in the Study Area the extent of the one-

time natural wetland area decreased by 62% between 1882 and 2002. The main effect was 

the human impact: canal construction, the extension of the agricultural areas. In addition, 

climate change also has an important role in the aridification of the area. The investigations 
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showed that after the canal construction, Kelemenszék Lake remained the largest lake in 

the area (Fig. 3.6). According to the maps in Fig. 3.5, the lake seems to be more or less 

uniform. In spite of its apparent uniformity, its surface decrease is unequivocal. Between 

1950 and 2002 its surface decline was 60% (Kovács, 2006). The results indicate the 

continuous aridification in the area. It can be concluded that the surface extension of 

Kelemenszék Lake highly depends on the climatic conditions, but it could survive the 

human impacts.  

 

 

Fig. 3.6 Temporal change of the surface extension of the saline lakes in the Danube Valley       
(Kovács, 2006) 

The canal constructions led to the hydraulic compartmentalization of the area too. Before 

the construction of Dunavölgy Canal, the groundwater could flow from the Ridge Region 

as far as the Kígyós brook (now the Kiskunság Canal), or in the case of exaggeratedly 

small water table conditions the Kígyós brook could dam the groundwater flow back. 

Nowadays the Dunavölgy Canal gains groundwater and decreases the water table along it, 

thus segmenting the area between the Danube Valley and the Ridge Region (Molnár, 

1992). The segmentation, the consequence of the canal constructions advanced the actual 

aridification of the area.  

The now existing lakes in the Study Area are shallow, water table type lakes, with 

periodical water coverage, following the fluctuation of the water table. These saline lakes 

do not have surface inflow or outflow. After snowmelt, and in early spring and summer, 

the water table is above the surface and the former wetland areas are covered by water too. 

In summer after droughts the lakes sometimes dries out. Kelemenszék Lake is the largest, 

~2.05 – 3.15 km2 (Czauner et al., 2008). Its surface extension changes dynamically by the 



41 

change of precipitation and evapotranspiration conditions, and its surface extension is 

influenced by wind blow. The lake depth varies between 0.3 – 0.8 m.  

3.3.2 Hydraulic regimes 

The groundwater flow systems in the GHP were investigated by several authors in the past 

(Erdélyi, 1979; Rónai, 1978; Tóth and Almási, 2001). In the GHP two distinct groundwater 

flow systems were identified: an unconfined, locally recharged gravity-driven flow-regime 

controlled by the topography of the water table, and a confined, overpressured regime with 

ascending waters originating in the Pre-Neogene basement (Tóth and Almási, 2001). The 

distribution of these flow systems in the Study Area are represented on the Danube-Tisza 

Hydrogeological Type Section compiled by Mádl-Szőnyi and Tóth (2009) (Fig. 3.7). This 

type section summarizes all hydrostratigraphic and hydraulic information about the DTI. 

Red lines represent the pathways of the overpressured flow regime originating in the 

basement (Fig. 3.7). The mechanism responsible for the anomalously high formation-fluid 

pressures in the basement was interpreted by Tóth and Almási (2001) to be lateral tectonic 

compression. The regional stress regime for the Pannonian Basin has been compressional 

from the Quarternary to Recent (Bada et al., 2007). The other driving forces, as 

compaction, buoyancy, osmosis, aquathermal pressuring, kerogen transformation are 

considered to be negligible (Almási, 2001). Owing to this tectonic compression the 

basement water rises up from every part of the Pre-Neogene basement. Most of that fluid 

energy appears to be consumed by the areally extensive and low-permeability Endrőd and 

Algyő Aquitards (Neogene Aquitards) in the Study Area (Fig. 3.7, Table 3.1). 

Consequently the reduced forces became comparable in their order of magnitude to those 

in the gravity-driven systems in the Great Plain Aquifer (Mádl-Szőnyi and Tóth, 2009). 

The penetration depth of the locally recharged, gravity-driven meteoric system is 250-450 

m in the DTI and underneath it is hydraulically perched on the overpressured system (Fig. 

3.7). The main hydraulic and hydrostratigraphic pattern displayed in the type sections was 

identified by a detailed hydraulic, hydrostratigraphic, seismic study which was carried out 

on three scales, on regional (Fig. 3.8a), shallow (Fig. 3.8b) and local scale (Fig. 3.8c), for 

the DTI, including the Study Area (Mádlné et al., 2005; Mádl-Szőnyi and Tóth, 2009). 
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Fig. 3.7 The Danube-Tisza Hydrogeological Type Section                                                            
(modified after Mádl-Szőnyi and Tóth, 2009)  

The results show that in the Danube Valley the two flow systems and the surface 

phenomena coincide well (Fig. 3.8). Supposedly the near surface location (~-600 m) of the 

top of the basement enables the ascending deep, saline water to get near to the surface 

along conductive faults and highly permeable lenses, intercepting the aquifer and aquitard 

layers (Fig. 3.8a). The gravity-driven flow system is also in discharge position in the Study 

Area.  

According to the deep regional hydraulic section (H1, Fig. 3.1) the boundary between the 

gravity-driven and the overpressured flow regimes is located underneath in the eastern part 

of Kelemenszék Lake (Fig. 3.8a). These deep hydraulic results support the idea that the 

surroundings of the Lake and the Danube Valley may be a „hydraulic window”, where the 

two types of water discharge next to each other (Mádlné et al. 2005; Mádl-Szőnyi and 

Tóth, 2009; Simon et al., in press). Below the lake, the flow direction in both regimes is 

universally upwards, the meteoric or deep origin of water thus can not be determined from 

hydraulic data (Mádl-Szőnyi and Tóth, 2009). The shallow section (Fig. 3.8b) represents 

the same hydraulic distribution on a larger scale, for the upper 450 m deep part of the 

section. The ascending deep flow is dominant around Kelemenszék Lake whereas to the 

east the gravity-driven flow system discharges.  
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Fig. 3.8 Hydraulic, hydrostratigraphic, chemical and vegetational features of the Study Area          
(modified after Mádl-Szőnyi and Tóth, 2009) 

a: regional hydraulic and hydrostratigraphic cross section, b: shallow hydraulic and hydrostratigraphic cross 
section, c: local hydraulic and hydrostratigraphic cross section, d: water chemistry in 10 m depth, 
e:vegetational map  
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The gravelly aquifer below the Study Area may promote the upwelling of the deep saline 

and the gravity-driven fresh water close to the surface. Although the two flow regimes 

appear to be sharply separated, their waters can presumably mix along the boundary by 

water table fluctuations, dispersion, and diffusion. On this scale the Kolon Lake behaves as 

a flow-through lake, and Kelemenszék Lake is situated in a discharge position.  

The Local section (Fig. 3.8c) focuses only on the Quarternary layers, the upper 110 m thick 

zone. The discharge of the saline water is connected to the surroundings of Kelemenszék 

Lake. The interface between the two flow systems runs just right at the eastern side of the 

lake. 

Former studies of Kelemenszék Lake implied that the lake water budget is mainly 

influenced by precipitation and evapotranspiration, and the groundwater has just a 

secondary effect (Kuti, 1977; Molnár and Murvai, 1976; Molnár and Kuti, 1978a; Molnár, 

1994). Kuti (1977) mentioned that the groundwater from the Ridge Region continuously 

flows towards the Danube Valley providing sufficient water supply for the lake. Molnár 

and Murvai (1976) and Molnár and Kuti (1978a) suggested that the lake is fed by two main 

sources: by precipitation and by shallow groundwater seeping toward this local depression. 

These ideas are supported by the water table distribution, which follows the surface 

morphology. The depth to the water table continuously decreases from the Ridge towards 

the Danube Valley (Kuti and Kőrössy, 1989). Pálfai (1992) also mentioned that these 

saline lakes need to gain groundwater, because annual evaporation in the area exceeds the 

annual precipitation. The hydraulic investigations of Mádlné et al. (2005) and Mádl-Szőnyi 

and Tóth (2009) propose that the lake is situated in the discharge area of the two different 

flow systems therefore it is supposed to be influenced by groundwater of different origins. 

3.4 HYDROCHEMISTRY 

Gravity-driven meteoric water infiltrated in the Ridge Region pertains the (Ca,Mg)-

(HCO3)2-type. The hydrogeochemical facies of the waters of the Pre-Neogene basement is 

of NaCl-type (Rónai, 1965; Erdélyi, 1989; Mádl-Szőnyi and Tóth, 2009) with 10000 to 

38000 mg/l Total Dissolved Solid content (TDS). This formation fluid of the basement – 

which has no recent surface recharge – during upwelling comes into contact with the 

groundwater of the Neogene sedimentary basin fill which belongs to the NaHCO3-type in 

the whole DTI area (Rónai, 1965; Erdélyi, 1989; Mádl-Szőnyi and Tóth, 2009). The 

NaHCO3 type of the water of the Neogene layers was evolved during the Pannonian and 
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the Pliocene, under different paleo-flow conditions, and represents paleometeoric water. 

The groundwater of the Quarternary layers, in the upper ~100 m shows areal differences 

concerning the chemical composition. On the detailed local hydraulic section the chemical 

composition of the groundwater in the upper 25-70 m thick Quaternary sediments is shown 

(Fig. 3.8c). The numbers show the value of TDS and the chloride content of the 

groundwater. The flow geometry of the upwelling overpressured and the gravity-driven 

flow for the Study Area is confirmed by the chemical difference of these two flow regimes 

(Fig. 3.8c). In the eastern part, hydraulically in the area of gravity system, the TDS values 

range between 230-450 mg/l and the Cl- between 3-30 mg/l. Towards west the values are 

increasing (TDS 1400-2500 mg/l, Cl- 70-900 mg/l) (Fig. 3.8c). Around Kelemenszék Lake 

anomalously the highest values were observed (TDS: 1400-5750 mgL-1, Cl-:110-1100 

mg/l) (Simon, 2003).  

The chemical facies of shallow groundwater (in 10 m depth below the surface) around 

Kelemenszék Lake is represented on Fig. 3.9. The picture is in good correlation with the 

distribution of TDS in the same depth interval (Fig. 3.8d). The area of the TDS maximum 

and the NaHCO3 – NaHCO3-Cl facies is situated in the N–S elongated zone of the saline 

lakes.  

3.5 VEGETATIONAL FEATURES 

Beside the groundwater chemistry, the vegetation and soil features also show good 

correlation with the hydraulic pattern. Salt effected soils, phreatophytic, and salt-tolerant 

vegetation cover the area of the Danube Valley, mainly in an N–S orientated zone between 

YEOV 653000 – 668000 m, where Kelemenszék Lake is situated, and the ascending 

overpressured system gets near to the surface. On the other hand towards east, in the zone 

of the gravity-driven system, fresh water meadows appear (Fig. 3.8e). Around the lake the 

salt tolerant vegetation is located zonally that gives also an evidence for the discharge type 

of the lake (Fig. 3.10). The outer salty berm indicates the possible maximum extent of the 

lake, whereas the inner salty berm signs the border of the lake at low water level periods. 

Between the outer and inner salty berms the Puccinella limosa can be observed (Fig. 3.10). 

The Bolboschoenus maritimus is prevalent between the inner salty berm and the open 

water of the lake whereas out of the outer berm, saline meadow is located (Czauner et al., 

2008).  

 



46 

 

Fig. 3.9 Chemical facies of the shallow groundwater around the saline lakes (Molnár and Kuti, 
1978b) 

1. Na-HCO3, 2. Na-HCO3 with Cl, 3. Na-Mg-HCO3, 4. Na-Cl-HCO3, 4/a. Na-HCO3 with Ca, 4/b. Na-HCO3 

with SO4, 5. Mg-HCO3 with Ca and SO4, 6. Ca-HCO3 with Mg, 7. Ca-Na-HCO3, 8. Ca-Mg-NaHCO3, 9. 

Border-line of the Kiskunság National Park Area, 10. Margin of the lakes, 11. Water samples 
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Fig. 3.10 Zones of vegetation around Kelemenszék Lake (red arrows represents the deep originated 
flow, and green arrows tha gravity-driven flow) 

3.6 SALINIZATION 

According to Szöőr et al. (1991), the salinization in the GHP has been active for the past 

30000 years. The Danube Valley is plagued by groundwater- and surface salinization. The 

main controlling factor on it is the shallow depth of the water table in this area. The 

salinization is natural, but it has been enhanced in the past by artificial drainage and river 

regulation. 

In the Danube Valley, originating from the typical groundwater chemistry, sodium-

carbonate type salinization occurs. The sodic-saline soils in the area are solonchak-solonetz 

type soils (Tóth and Szendrei, 2006). These soils have high carbonate content. In the dry 

seasons, beside the saline groundwater and sodic soils, salt precipitates also on the barren 

surfaces around the lakes. The most abundant salt minerals are thermonatrite 

(Na2CO3·H2O) and trona (Na3(CO3)(HCO3)•2H2O) (Szendrei et al., 2006).  

Concerning the origin of the salinization in the area many theories surfaced in the past 

(Kovács, 1960; Várallyay, 1967; Tóth T, 1999; Tóth and Szendrei, 2006). As it was 

mentioned before, three different hypotheses exist: (1) in situ source in the near surface 

sediments (’Sigmond, 1923; Tóth T, 1999); (2) leaching of salts from adjoining higher 

elevated areas and transportation laterally by shallow groundwater (Scherf, 1935; Molnár 

and Murvai, 1976; Kuti, 1977); (3) basement source, upward transportation of salts by 
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groundwater and mixing with shallower groundwater (Várallyay, 1967; Erdélyi, 1979; 

Mádlné et al., 2005; Mádl-Szőnyi and Tóth, 2009).  

The first hypothesis supports the in situ dissolution of salts from the soils and its 

transportation and spreading by the fluctuation of the water table (’Sigmond, 1923). 

According to Scherf (1935), the highly saline groundwater evolves in the Pleistocene 

layers and by groundwater movement the salts are transported to the surface. Kovács 

(1960) states that the salts are dissolved by the infiltrating water from the highly elevated 

areas (at the Ridge Region, in the DTI) and transported by the shallow groundwater to the 

low lying areas (Danube Valley in the DTI) where the groundwater table is shallow and it 

could raise the salts to the surface. Kuti (1977), and Molnár and Murvai (1976) also take 

into consideration the transportation of the salts by groundwater. They suggest that 

continuous shallow groundwater flow exists from the Ridge Region towards the Danube 

Valley which means not just water supply, but a continuous salt source as well.  

Rónai (1965), Várallyay (1967), and Erdélyi (1979) mentioned at first the possible deep 

origin of the surface salinization. They suggested that the saline formation fluids of the 

marine sediments of the Neogene basin fill and the Pre-Neogene basement can rise to the 

surface through fractures and tectonic lineaments and increase the salinity of the shallow 

groundwater. Mádl-Szőnyi and Tóth (2009) developed the same hypothesis. They suggest 

that the deep overpressured saline water and the gravity-driven fresh water get to the near 

surface in the Danube Valley, in a zone which is characterized by the saline groundwater, 

sodic soils, and salt-affected vegetation. 
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4 OBSERVATION NETWORK AND DATABASE 

In the course of the investigations archive, and besides in situ automatically and manually 

measured data were processed. The area has not generated much interest for the oil 

companies, consequently the deep regions were not explored in details. Therefore only a 

few archive data was available for the Study Area. 

Archive chemical data, geological logs of shallow wells, precipitation data and two seismic 

sections were retrieved from data archives, from the Water Resources Research Center Plc. 

(Vízügyi Tudományos Kutató Intézet: VITUKI), the Hungarian Geological Institute 

(Magyar Állami Földtani Intézet: MÁFI), the Hungarian Meteorological Service (Országos 

Meteorológiai Szolgálat: OMSZ), Lower Danube Valley Operation Unit of Ministry for 

Environment and Water (Alsó-Dunavölgyi Környezetvédelmi és Vízügyi Igazgatóság: 

ADUKÖVIZIG), and the Hungarian Oil Company (Magyar Olaj- és Gázipari Nyrt.: 

MOL). 

The study is predominantly based on in situ measured data. For the detailed investigation 

of the groundwater-lake interaction an observation system was required to build up around 

the Lake (Fig. 4.1). 

4.1 THE OBSERVATION SYSTEM 

In the Study Area several dug wells of the former or present farms can be found. These 

wells constitute the basis of the observation system. Twenty 3-4 m deep dug wells (D1-20) 

were observed seasonally in the close vicinity of the lake (Fig. 4.1). For retrieving 

information about the deeper region one 5 m deep (O1), three 10 m deep (O2, O3, O4), and 

one 20 m deep well (O5) were drilled in the summer of 2005, with a 1 m long screen at 

their bottom. O6 and O7 are ~18 m deep wells of still functioning farms which were 

involved in the observation too (Fig. 4.1). They were sampled once. 

Water level gauges were established at two points of the lake (L1-2). The level of 

Kiskunság Canal (C1) and Dunavölgy Canal (C3) were measured automatically by the 

ADUKÖVIZIG once in every day, but Kelemenszék Canal (C2) was measured separately, 

once every three weeks (Fig. 4.1).  

At the eastern side of the lake a meteorological station was built up in collaboration with 

the Department of Meteorology, Eötvös Loránd University (LM: Lake Meteorological 

station, Fig. 4.1). Inside the lake, a micrometeorological pole was build up for continuous 
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measurement of micrometeorological parameters. Next to the pole, in the lake a Class A 

pan, and at the lake bank, another Class A pan and a rain gauge were established for 

detecting diurnal precipitation and evaporation rate (Fig. 4.1). Diurnal precipitation was 

measured automatically in the meteorological station of ADUKÖVIZIG in Soltszentimre 

(SM: Soltszentimre Meteorological Station) too. These data were also involved in the 

investigations. 

 

 

Fig. 4.1 Observation system around Kelemenszék Lake 

Beyond the wells and sampling points of the observation system around the lake, two deep 

reference wells were observed (Fig. 4.2). The reference wells of the Study Area were 

chosen to represent the water of the “fresh” (Izsák Reference Fresh water well, IRF) and 

“saline” (Izsák Reference Saline water well, IRS) flow branches, i.e. the freshly infiltrated 

gravity-driven (Ca, Mg)-(HCO3)2 type water and the upwelling water of basinal (NaHCO3-

type) and basement (NaCl-type) origin (Fig. 4.2). 
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For representing the ascending saline water below the lake another reference well was 

chosen at Fülöpszállás (FRS: Fülöpszállás Reference Saline water well). 

Beside the reference wells, two, 3-4 m deep dug wells (ISW1-ISW2: Izsák Shallow Well 

1-2) from the area of the gravity-driven flow system were sampled for representing the 

shallow conditions in the fresh water regime (Fig. 4.2). 

4.2 DATABASE 

In the geodetic interpretations all archive and measured data are expressed in the 

Hungarian ”EOV” coordinate system (EOV= Egységes Országos Vetületi rendszer = 

Uniform National Projection system). This uses the YEOV- and XEOV- axes to express the 

Easting and Northing distances, in meters, from the system’s origin. Elevations are 

measured on the vertical ZEOV-axis and referenced to Baltic sea level. 

The archive and measured data are demonstrated in groups of the data type. All data are 

available in the supplementary CD Appendix. 

4.2.1 Hydrostratigraphic data 

The deep hydrostratigraphy and tectonic elements as possible pathways for deep saline 

water were investigated by the analysis of two seismic sections, S1 and S2 (Fig. 4.2). The 

sections were delivered from the database of MOL. 

The local hydrostratigraphy of the Hydraulic Study Area was deduced from archive 

geological logs and data from 10 m deep temporary wells of the MÁFI (Fig. 4.2). 

Beside these wells, the geological log and sediment samples of the observation wells 

around the lake (O1-O5) were used for hydrostratigraphic evaluation (Fig. 4.1). 

4.2.2 Hydraulic data 

The hydraulic evaluation is based on measurements in the dug wells, observation wells and 

canals around the lake (Fig. 4.1). Water level measurements were undertaken seasonally in 

twenty 3 to 4 m deep dug wells (D1-20) in October 2005, March 2006, May-June 2006, 

October 2006, October 2007, August 2008 and October 2008. The water level was 

measured in observation wells (O1-5) in 2005 October, in 2006 March and once every 

three weeks between May 2006 – September 2007 (Fig. 4.1). 
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Fig. 4.2 Data map for the Study Area 

In the observation wells (O2-5) level loggers were installed for continuous water logging at 

different time intervals (O2: 07. 2006 – 09. 2007, O3: 09. 2006 – 04. 2007, O4: 10. 2006 – 

12. 2008, O5: 03. 2006 – 10. 2007). The instrumental data were calibrated by the 

barometric pressure and controlled by the manual measurements. The daily water level of 

Kiskunság Canal and Dunavölgy Canal (C1, C3) originated from time series of the 

ADUKÖVIZIG (from September 2005 to December 2007). The level of Kelemenszék 

Canal (C2) was measured once every three weeks from August 2006 to September 2007. 
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The lake level was detected daily in point L1 from August 2006 to June 2007 and 

controlling measurements were carried out monthly at L2 from April 2006 to June 2007 

(Fig. 4.1).  

4.2.3  Chemical data 

All available archive chemical data of wells from 900 m depth up to the surface, in the 

Study Area, were incorporated into the chemical database (Fig. 4.2). The upper 10 m depth 

interval was evaluated based on chemical data of archive, 10 m deep temporary wells of 

the MÁFI (Fig. 4.2.). These wells were sampled in 1988.  

Beside the archive data the objects of the observation system were sampled in different 

time periods. Samples were collected from the dug wells seasonally from October 2005 to 

October 2006, and from the other objects (O1-5, L1-2, C1-3) once every three weeks from 

March 2006 to September 2007. O6 and O7 wells, eastward from the lake were sampled 

just once, in October 2006 (Fig. 4.1). The IRS and IRF reference wells and the ISW1-2 

shallow wells from the area of the gravity-driven regime were also sampled on one 

occasion (October 2006). The composition of rain water was measured in April 2007.  

The water sampling of wells was carried out after withdrawal of ~1-3 times the volume of 

water standing in the well. The samples were analyzed for pH, conductivity and 

temperature on the field. The pH and the temperature was measured by IFSET KS701 type 

instrument (error ±0.1 °C), the conductivity by Radelkis OK-113 type EC meter (error 

±1%). 

All collected samples were analyzed for the main ionic components in the laboratory of the 

Department of Physical and Applied Geology, Eötvös Loránd University. Ca2+, Mg2+ were 

measured by complexometric titration, HCO3
- by acid-base titration method, Cl- by 

argentometric titration (error ±5-10%). Na+ and K+ were detected by flame photometry 

(FLAMOM photometer, error ±5%), and SO4
2- by photometry (Spektromom 195D 

photometer, error 5 mg/l). As a control, one sample-series (containing: O1-5, IRF, IRS, L1, 

and precipitation) from April 2007 were analyzed in the Laboratory of MÁFI for the main 

elements (ICP-AES, error ±2%, and Cl and NO3-, NO2- by ioncromatograph, error ±5%) 

and for the trace elements (ICP-AES, error ±5-20%) too. The TDS values were calculated 

summarizing all measured ion.  

The reliability of all applied chemical data (archive and measured) was checked by 

electrical balance calculations. According to recommendation of Appelo and Postma 
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(2007), values are reliable up to ±5%. In the present study some data error exceeds 5%, but 

the measured values in case of the certain objects did not change significantly in time so all 

data were accepted for interpretation. The larger electrical balance values than ±5% are 

represented in the data tables of the CD appendix.  

From the samples of the lake water (L1-2), the observation wells around Kelemenszék 

Lake (O1-5), from the Izsák reference wells (IRF, IRS), the two shallow wells (ISW1-2) 

from the gravity-flow regime, and from rain sample collected in October 2006, D and 

18O isotope measurements were carried out in the Institute for Geochemical Research of 

the Hungarian Academy of Sciences (Magyar Tudományos Akadémia Geokémiai 

Kutatóintézete: MTA GKKI) (Fig. 4.1, Fig. 4.2). The measurements were implemented by 

Delta Finnigan XP MS, error: 0.2 [‰]VSMOW. 

From the IRF and IRS wells, and from the FRS well 14C were analyzed in the 

Environmental Studies Laboratory of the Institute for Nuclear Research of the Hungarian 

Academy of Sciences (Magyar Tudományos Akadémia Atommagkutató Intézete: 

ATOMKI), by Delta Finnigan XP EA/MS (Fig. 4.2). The results are given in pmC (percent 

modern Carbon) and in years BP calculated by the Ingerson-Pearson method.  

4.2.4 Mineralogical data 

For the understanding of the sediment-water interaction in the near surface, eight sediment 

samples were collected from the formations of the O3 well’s borehole and from the lake 

sediments in seven points of the lakebed (SE) (Fig. 4.1, Fig. 4.2). Samples of salt minerals 

(SA) were collected from the land surface in the inner salty berm from five points all 

around the lake (Fig. 4.2). To evaluate the sediment-water interaction in the case of the 

gravity-driven flow system and the deep flow system, sediment samples were analyzed 

from the boreholes of ISW1-2 too. The sediment and mineral samples were analyzed by X-

ray Diffraction (XRD) at the Department of Mineralogy of Eötvös Loránd University 

(Siemens D5000 instrument, error ±5%, interpreted by the EVA software).  

Cation Exchange Capacity (CEC) were analysed on the samples from ISW1 (sand) and 

ISW2 (loess), on a clay sample from the lakebed and from O5, a silt (aleurite) from O5 and 

fine grained sand from borehole of O2. The measurements were carried out in the 

laboratory of the Research Institute for Soil Sciences of the Hungarian Academy of 

Sciences (Magyar Tudományos Akadémia Talajtani Kutatóintézete: MTA TAKI). 
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4.2.5 Geophysical data 

The salinity distribution of shallow groundwater was investigated spatially in the GSA, on 

local range, by surface geophysical: electrical and electromagnetical methods. Vertical 

Electric Sounding (VES) and Radiomagnetotelluric (RMT) methods were applied. The 

VES measurements (20 detections) were carried out close to existing boreholes, and RMT 

measurements (342 detections) were made along two E-W directed sections (Fig. 4.2). 

4.2.6 Meteorological data 

The aim of the meteorological measurements was to measure and calculate the elements of 

the water budget of Kelemenszék Lake. Diurnal precipitation data were collected from the 

closest meteorological station (SM: Soltszentimre Meteorological station, Fig. 4.1) which 

is under the control of ADUKÖVIZIG. Daily precipitation and lake level data were 

measured at the lake, from April 2006 to September 2007 (L1 and LM, Fig. 4.1). 

Evaporation was estimated with two different methods. Pan evaporation was measured in 

the lake and at the lake bank with Class A type pans in three months, in August 2006, 

October 2006 and June 2007. 

In addition, from April 2006 to October 2007, micrometeorological parameters were 

detected in the lake. During the installation of the micrometeorological pole it was 

intended to find the optimal circumstances for the measurements. The sensors have to be 

placed so, that their source area is representative for the total lake. The optimal fetch of 

each meteorological sensor which describes the features of the water surface depends on 

the measurement height. In the course of the installation of the different sensors the 

additional modification effect of waves and the reed at the lake shore was taken into 

consideration. To obviate the negative influence of these modifying factors the sensors 

were placed into higher positions (0.7 m, 1 m (lower levels) and 3.2 m and 3.6 m (upper 

levels) above the water surface), than usually in case of measurements at two levels (0.5 m 

and 2.5 m) (Fig. 4.3). The micrometeorological measuring pole was installed 40 m 

offshore in the lake (LM in Fig. 4.1, Fig. 4.3) which means ideal fetch distance for the 

sensors in 1 m height. The upper level sensors placed 3.2 m and 3.6 m high requires cc 100 

m fetch what is in almost every direction realized (except a towards the shoreline).  

The continuous and simultaneous measurements of global and net radiation (with a Schenk 

pyranometer and a Q7 net radiation sensor cc. 1 m above the water surface), temperature, 

relative humidity and wind speed gradients (using Vaisala HMP 45AC probes, Vaisala 
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Wind Set WA 15A and Campbell 05103 Wind monitor 1 m and 3.6 m above the water 

surface), wind direction (3,6 m above the water surface), and the determination of water 

temperature profile (cc 0.05-0.1 m and 0.4 m below water surface using 107 temperature 

probes from Campbell Scientific) were started in August 2006. The measurement lasted 

until June 2007. All data were collected by CR10 Campbell datalogger. The sampling 

frequency was 5 s with 30 min average time. The global and net radiation sensors were 

calibrated by Kipp & Zonen CNR1 high accuracy net radiometer. Quality control of the 

measurement was provided by data of the nearly located Bugac Puszta site which is the 

core measurement station of EU6 NitroEurope project (2005-2011).  

The micrometeorological tower and the equipment are shown in Fig. 4.3. From the data, 

lake evaporation could be calculated on a monthly basis, estimating the daily average 

values for every month. 

 

 

Fig. 4.3 Instrumentation of the micrometeorological pole 
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5 HYDRAULIC CHARACTERIZATION OF GROUNDWATER AND 
LAKE INTERACTION  

5.1 AIM OF THE INVESTIGATIONS 

The main question of the hydraulic evaluation was whether Kelemenszék Lake and its 

surroundings is the discharge area of the two flow systems with high order of magnitude, 

or is the larger scale hydraulic pattern overprinted by local flow systems and by the effect 

of the canals. Consequently the first purpose was the investigation of the hydraulic 

interaction between lake and groundwater in the upper 20 m depth. The characteristics and 

the spatial and temporal changes of the interaction were to be determined. In addition, the 

groundwater contribution (in- or outflow) to the lake was to be evaluated and quantified.  

To achieve these purposes, hydraulic methods were applied to the Hydraulic Study Area 

(HSA) (Fig. 3.1, Fig. 5.1). The interpretation requires the knowledge of the detailed 

hydrostratigraphic background. For the detailed investigations around the lake, the 

hydrostratigraphic compartmentalization of Mádl-Szőnyi and Tóth (2009) (Table 3.1) 

needed to be verified, and extended for the whole HSA. 

5.2 METHODS 

The hydrostratigraphic classification of the sediments in the HSA was based on the 

lithological data of the observation wells (O1-5) (Fig. 4.1, Fig. 5.1), and the archive 

geological logs of the temporary wells of MÁFI (Fig. 4.2). From the sediment cores of the 

observation wells (O1-5) samples were collected from every 0,5 m depth, and grain size 

distribution was measured in the Laboratory of the Department of Physical and Applied 

Geology, Eötvös Loránd University. From some wells of the archive database grain size 

distribution values were also available. Hydraulic conductivity (K) values of the samples 

were calculated from present and archive data by the Zamarin method (Zamarin, 1928). 

From the calculated K values of different depth intervals the representative hydraulic 

conductivity values for the different lithologies were determined by calculating arithmetic 

average. The average K values for the same lithological units showed a good correlation 

for present and archive data, and the values fit well to the local range hydrostratigraphic 

units (Table 3.1). Therefore, according to the original compartmentalization (Table 3.1), all 

borehole logs were classified into local range hydrostratigraphic units (CD Appendix). 
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Based on the well logs, the hydrostratigraphic build up of the area was compiled on four 

cross sections which were delineated by the archive wells of MÁFI (Fig. 4.2).  

 

 

Fig. 5.1 Study Areas and data for hydraulic investigations 

The aim of the hydraulic investigations was the characterization of the connection between 

groundwater and Kelemenszék Lake spatially and temporally. Hereby the water table 

distribution (D1-20), the water level of the surrounding canals (C1-3) and the hydraulic 

head of the deeper (5-10-20 m) observation wells (O1-5) around the lake were measured 

and used in the course of the interpretation (Appendix 1a,b, CD Appendix). The 

observation started in 2005 October and lasted to 2008. To understand the groundwater-

lake interaction, water table maps were compiled by the software Surfer 8, using linear 

kriging method for grid calculations. In the HSA the water table distribution was examined 

only in the close vicinity of the lake (SHSA: EOV Y 658800 – 663500, EOV X 159500 – 

164000) where the software could reliably estimate the water level values (Fig. 3.1, Fig. 

5.1). On the water table maps the available data of the observation wells and canals were 

also represented and included into the interpretation. To evaluate the vertical component of 

the groundwater movement i.e. the vertical connection of groundwater and lake, shallow 
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hydraulic cross sections were compiled in the same time intervals, when water table 

distribution was well known.  

Data were available for a longer period from wells (O1-5) and canals (C1-3) (03. 2006 – 

09. 2007), therefore from these data the horizontal flow in 10 m depth and vertical flow 

between lake and groundwater was evaluated in maps for the HSA. In addition, vertical 

flow intensities were calculated between the lake and the observation wells based on 

Darcy’s law. The applied K values were weighted average of values of the different 

hydrostratigraphic units crossing the well boreholes. In the calculations and in the course 

of the compilation of the cross sections the middle of the screened section of the wells was 

used as reference depth instead of the well depth. 

5.3 RESULTS 

5.3.1 Hydrostratigraphy 

The hydrostratigraphy of the HSA is represented by four cross sections (1-4) (Fig. 4.2, Fig. 

5.2). The fourth cross section is out of the southern border of the HSA, but provides 

relevant information about the area.  

All sections are 10 m deep, except for section 3, where the 20 m deep O5 well was also 

included. The sections display uniform hydrostratigraphy of the area. The uppermost 1-1.5 

m is covered by the aquitard AT2 on the whole area roughly as far as the Dunavölgy Canal 

(363, 388, 413) (Table 3.1). This silt layer comprises the lakebed too. It reaches its 

minimum thickness below the lake, 0.5-1 m. In sections 1 and 3, this aquitard is 

interfingered eastward with AT1 which is marked by larger hydraulic conductivity values 

(Table 3.1). This unit is present as thin layers (~2 m) (e.g. 385, 389) or forms thicker lenses 

(e.g. 338, 339, 359). Below the aquitards the fluvial sand of AF1 is situated unequivocally. 

This confined aquifer unit is dominant in the whole area and spreads down to ~20 m depth. 

All observation wells penetrate this aquifer unit. Its maximum vertical extension (~17 m) 

can be followed only in section 3. Below AT1, in ~20 m depth the gravel aquifer (AFG) is 

situated. Its vertical extension reaches ~20 m according to the local section in Fig. 3.8c.  

On the eastern part of section 1, 3, and 4, AF2 occurs on the surface, represented by eolian 

sand (Table 3.1). This eolian sediment becomes prevalent eastward on the surface, out of 

the HSA (Fig. 3.8c).  
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Fig. 5.2 Hydrostratigraphic sections (The hydrostratigraphic categories concern to Table 3.1) 

5.3.2 Hydrological conditions during the observation 

The hydraulic investigation lasted for an almost three year long period between the autumn 

of 2005 and 2008. This period was a continuously drying interval. From 2005, a 

continuous decrease could be observed in the precipitation amounts. In 2005: 738 mm, in 

2006: 609 mm, in 2007: 520 mm, in 2008: 542 mm was the annual precipitation in the 

area, based on measurements in Soltszentimre (SM in Fig. 4.1). This phenomenon was 

accompanied by continuous lake water level decline (Fig. 5.3). Examining this period in 

detail, the rain events are always followed by lake level changes (Fig. 5.3), which 

represents that the shallow lake is highly influenced by the precipitation. In March 2006, 
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the considerable amount of rain and snow of the previous winter resulted in inland water 

flooding in almost the whole HSA. At the end of spring the lake water levels started to 

decrease. In June 2006 an important rainy period stopped the level decline for a month 

long time interval (Fig. 5.3). From summer 2006 continuous drought started. The winter 

was moderate with a few mm of rain (~90 mm from December to the beginning of March 

2007). In 2007 the amount of precipitation further decreased, and in the absence of winter 

precipitation and due to the drought in summer the lake dried out in the middle of July 

(Fig. 5.3). In the late summer, as a consequence of the short storm precipitation, the area of 

the lake was periodically flooded with a few cm of water, but had constantly filled up only 

from November again. In 2008, the amount of precipitation started to increase but the area 

of the lake was just partly flooded by water.  

 

 

Fig. 5.3 Precipitation and level of Kelemenszék Lake during the observation  

The extension of the open water surface of the lake in this period was surveyed in October 

of 2005 and 2006 too. In the absence of satellite images with appropriately high resolution 

the border of the open water was surveyed by GPS field measurements. The open water 

surface was 2.15 km2 in 2005 and 1.76 km2 in 2006 (Fig. 5.4). The area of it decreased 

17.82%, which reflects the climatic circumstances, the effect of decreasing precipitation. 
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Fig. 5.4 Decreasing open water surface between 2005 and 2006 

5.3.3 Seasonal water table distribution 

5.3.3.1 Observations 

The water table is of special importance, because its elevation and spatial distribution 

allocates the gravity-driven flow directions. The relation between lake level and water 

table elevation determines the hydraulic gradient between them and influence their 

connection.  

In the present study, seasonal water table maps were constructed to represent the seasonal 

changes of the connection between lake and groundwater, during a hydrologic year, from 

2005 to 2006. Beyond this observation period, measurements happened in October 2007, 

August of 2008 and October 2008, too.  

The water table maps are based on data of the dug wells in the observation system (Fig. 

4.1, Fig. 5.1). The D7, D14, D16-17, D19-20 wells are located at still existing farms with 

periodical usage. During the observation always the undisturbed natural water levels were 

intended to be measured. Nevertheless, the observed local anomalies at these wells could 

be influenced by the anthropogenic effect too.  

For the evaluation of the flow directions, the knowledge of the detailed topography of HSA 

is essential. In several cases the surface of the water table mimics the topography. The 

detailed topography of the HSA shows that the lake is located in a N–S directed local 
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depression (< 93 m asl), in the deepest point of the area (Fig. 5.5). To the east and west, the 

topographic elevation rises (94-95 m asl) (Fig. 5.5).  

 

 

Fig. 5.5 Detailed topography of the HSA 

In this environment, the distribution of the water table shows seasonal changes (Fig. 5.6a-

c, d-f, g-h). In October 2005, when usually the water table lies most deeply, the water table 

continuously sloped from W to E-NE in the SHSA (Fig. 5.6a). At the western border of the 

area Kiskunság Canal (93.84 m asl), and at the eastern border Dunavölgy Canal (92.87 m 

asl) is located. The elevation of the lake level is 93.02 m asl, which exceeds the elevation 

of the water table on every side of it, except towards west. The lake is situated in a flow-

through condition, gains water from west and loses water on its every other side. To the 

east from the lake the water table shows a continuous decrease and reaches its minimum in 

NE (91.39 m asl, well D17) (Fig. 5.6a). This local water table minimum could be affected 

by anthropogenic water withdrawal. In the close vicinity of Dunavölgy Canal a moderate 

rise of the water table is expected.  

At the beginning of March 2006, after snowmelt, the water table increased ~30 cm and 

formed a different shape (Fig. 5.6b). The position of the lake related to the water table 
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changed. The main W–E slope direction of the water table turned to N-NW–SE direction. 

The level of the Dunavölgy Canal formed a water table minimum at the eastern boundary. 

The continuous N-NW–SE directed slope of the water table was disturbed by a seasonally 

formed water table mound on the southeastern side of the lake (93.48 m asl). This mound 

generated flow-reversal towards the lake. The difference between the water table and the 

lake level induced groundwater inflow to the lake from all directions except towards south 

and northeast (Fig. 5.6b).  

The situation became roughly similar to the autumn conditions at the end of May 2006 

(Fig. 5.6c). The water table level laid at the highest to the northwest from the lake and it 

declined in every direction. On the northeastern side of the lake an intermittent water table 

mound formed inducing focused recharge to the lake (93.29 m asl). Towards south a local 

depression can be noticed around 91.61 m asl (in well D14). The water level in this well is 

deeper with 1 m than in its surroundings. This anomalous depression can be the result of 

anthropogenic water withdrawal. The lake level (93.14 m asl) laid higher than the water 

table, except the area of the seasonally formed water table mound and towards northwest 

of the lake (93.17 m asl in well D1) (Fig. 5.6c). The lake gained groundwater only from 

these directions. 

The next survey happened again in autumn, in October 2006 (Fig. 5.6d). The water table 

shape was similar to the situation of the autumn of 2005. The lake was situated in a raised 

position related to the water table, and lost water in all directions, except towards west 

where Kiskunság Canal and a well with higher water level (93.36 m asl) was located. The 

local depression the south of the lake (91.61 m asl, well D14) still existed (Fig. 5.6d). At 

the northern side of the lake another local depression formed (91.67 m asl, well D1). The 

almost 1 m head difference between 92.52 m asl (well D19) and 91.58 m asl (well D20) at 

the southeastern side of the lake could be the result of measuring error or unnatural water 

withdrawal. Moreover these local anomalies did not influence the main slope direction of 

the water table and the flow-through type of the lake. 

In autumn 2007, a controlling measurement was carried out, for characterizing the low 

level autumn conditions (Fig. 5.6e). In that season, the lake dried up. The main NW–SE 

slope of the water table was maintained, but a local depression formed on the southeastern 

side of the lake (91.47 m asl, well D17). Interesting feature was the water table mound to 

the south of this depression (92.76 m asl, well D15) (Fig. 5.6e). These features influenced 

the shape and direction of the isopaths significantly. In the course of the interpretation 

these anomalies need to be considered carefully.  
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Fig. 5.6a-c Water table maps around Kelemenszék Lake 
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Fig. 5.6d-f Water table maps around Kelemenszék Lake 
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Fig 5.6g-h Water table maps around Kelemenszék Lake                                                             
(map “h” is modified after Simon, 2003) 

The summer conditions of 2008 could be examined by the survey in August 2008 (Fig. 

5.6f). At that time there was only a few cm water in the middle of the lake, therefore on the 

map dry condition is represented. The high evaporation rate in the summer resulted in very 

low water table conditions. The minimum water level is 90.36 m asl (well D14). A local 

depression formed in the middle N–S directed zone of the lake. Towards east and west the 

values were increasing. At the eastern side of the lake a water table mound was located, 

represented by 92.28 m asl (well D15). This water table mound formed in the same area 

than in autumn 2007. 
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The survey in October 2008 showed a total flow-through condition from NW towards SE 

without any spatial anomaly (Fig. 5.6g). The lake was flooded by a few cm of water which 

was not represented on the map. 

5.3.3.2 Interpretation 

The water table in the area slopes from W-NW to E-SE. The Kiskunság Canal and 

Dunavölgy Canal at the two boundary of the area with constant one meter level difference 

between them maintain the slope of the water table. At high water level conditions, in 

spring and summer, Dunavölgy Canal represents the deepest water level in the area, but in 

the dry season, in autumn and winter the water table decreases below the level of 

Dunavölgy Canal in the western foreground of it. The level of Kelemenszék Canal was 

measured only in October 2006, but according to the maps, it does not influence 

significantly the water table distribution. Regarding the lake, this hydraulic situation 

resulted in flow-through condition. This constant situation is superimposed by the 

seasonally forming local water table mounds or depressions around the lake, depending on 

the actual climatic oscillations.  

By the maps, seasonal water table changes could be observed. The spring conditions are 

represented on the map from March 2006 and the spring observation was supplemented by 

a map from March 2003 too (Fig. 5.6h) (Simon, 2003). In 2003 the lake level was not 

measured, but the water table shows a depression in the area of the lake with inflow from 

every direction. According to these two observations, the springs are characterized by high 

water table levels, mostly above the lake level, which result in inflow to the lake from 

almost all along its total periphery. As a consequence of the snow melting and high 

precipitation rate, water table mounds appear around the lake, providing for focused 

recharge. In 2003 at the northeastern side of the lake, close to Kelemenszék Canal, and in 

2006 at the southeastern side of it local mounds could be noticed. These mounds can be 

preserved till early summer. Their position, according to case studies, is usually situated in 

the area of thin unsaturated zone and sediments with smaller hydraulic conductivity 

(Anderson and Cheng, 1993). The hydraulic conductivity of the surface sediments is 

uniform around the lake (Fig. 5.2). Consequently everywhere around the lake local 

depressions or mounds are able to form depending on the climatic circumstances. Close to 

Kelemenszék Canal the development of mounds is advanced by the high water level of the 

canal.  
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In early summer, as the water levels decrease, flow-through conditions are enforced. Small 

seasonal groundwater mounds still provide focused recharge to the lake, but at a much 

smaller rate. In addition, local depressions also influence the groundwater-lake interaction, 

mainly in the southern side of the lake. These local anomalies can be explained by 

anthropogenic water withdrawal or high transpiration of the vegetation. Because the area is 

poorly covered by vegetation, the anthropogenic effect can not be excluded. 

Summer conditions could be represented by one extremely dry summer measurement in 

August 2008, where as a consequence of high evapotranspiration, a water table depression 

formed in the N–S elongated zone of the lake. It is supposed that under wet conditions, 

when the lake is filled up with water, the flow-through is maintained during the whole 

summer. 

Till autumn a gradual water table decrease occurs and the absolute flow-through condition 

becomes prevalent. The lake gains water just from W-NW, from the direction of 

Kiskunság Canal. The origin of this constant discharge during the entire year is the 

constantly higher water table towards and beyond Kiskunság Canal, following the rise in 

surface elevations towards west (Fig. 5.5). 

5.3.4 Vertical hydraulic connection between lake and groundwater 

5.3.4.1 Relationship between water level of the observation wells and the lake 

In the course of the survey around the lake the observation wells were monitored too 

(Appendix 1b, CD Appendix). 

The time series of the water levels in the wells, canals and of the lake water are displayed 

on the diagram of Fig. 5.7.  

 

 

Fig. 5.7 Hydrographs of the observation wells, canals, lake, and the precipitation 
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The time series of all observation wells show a continuous declining trend from the 

beginning of 2006 till the end of 2007, following the drying conditions. The water levels 

reach their minimum in the late summer of 2007. On the curves of the specific wells the 

annual period can be well noticed. During the annual period ~1 m water level fluctuation 

occurs in the case of the wells. The lowest water levels always appear in late summer and 

autumn. The annual trend correlates well with the distribution of precipitation, which is a 

typical hydraulic feature in discharge areas (Fig. 5.7).  

The curves of the canals are artificially controlled, but still show good correlation with the 

precipitation. Kelemenszék Canal (C2) is an exception, because its level is highly 

influenced. The curves show a shifted position in comparison with the wells, because 

these, being surface waters, respond faster to the rain events. Kiskunság Canal (C1) and 

Kelemenszék Canal (C2) have the highest level compared to all other observation points. 

Dunavölgy Canal (C3) has the lowest level, except in the summers of 2006 and 2007 when 

the head of O4 and O5 was lower than the level of the canal (Fig. 5.7). 

The lake level continuously decreased during the observation, except a small increase from 

October 2005 till March 2006. In summer 2007, the lake dried up. 

For understanding groundwater-lake interaction, the relationship between wells and lake 

has to be examined. First the behavior of the different observation wells needs to be 

compared and after their relation to the lake has to be studied.  

At the beginning of 2006, the water levels of the different wells roughly fluctuated 

similarly, but from May 2006, the observation wells at the western and northern sides of 

the lake (O1-3) detached from wells at the eastern side (O4-5). During the whole 

observation the level of wells O1-O2-O3 changed roughly together temporally. Except in 

February, May and July 2006, the level of O1-2 exceeded the level of O3 all the time.  

Based on hydraulic head differences between O1 and O2 the vertical hydraulic gradient 

can be characterized for the western side of the lake, between 5 and 10 m depth. The 

hydraulic heads in the two depth interval (O1: ~5 and O2: ~10 m) temporally changes 

together. Only few cm (>4 cm) differences existed between them (Fig. 5.8, Appendix 1.b). 

The direction of the gradients changed temporally. Before October 2006, except for two 

values (17 02. 2006 and 17 06. 2006) the gradients were negative which means ascending 

flow. Afterwards descending or no vertical flow component was measured (Fig. 5.8).  
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Fig. 5.8 Vertical hydraulic gradient between observation wells O1-O2 and O4-O5 

The levels of O4 and O5 wells at the eastern side of the lake were the lowest after May 

2006 (Fig. 5.7). In 2006, the levels of these wells showed the highest fluctuations. The 

value of vertical hydraulic gradient between O4 and O5 was very small (< 1 cm) (Fig. 5.8, 

Appendix 1b), and mostly negative, representing ascending flow conditions till May 2007. 

After May 2007 the gradient changed and mainly descending or quasi horizontal flow 

direction appeared. Nevertheless, these gradient values were so small that the vertical 

direction of the flow in this case was almost negligible. 

From the point of view of groundwater-lake interaction, the flow direction between the 

lake and the wells is essential. Before May 2006, the hydraulic head of the observation 

wells usually exceeded the lake water level (Fig. 5.7). From May 2006 to January 2007, 

parallel to the decrease of precipitation, the water levels were below the lake level. In 

springtime of 2007, the water levels showed oscillation following the rain events, but the 

level of the lake did not change (Fig. 5.7). In that season the hydraulic heads of O2 and O3 

were above the level of the lake.  

The hydraulic gradients between the lake and the observation wells are displayed in Fig. 

5.9. The gradient values show the same temporal distribution as the water levels. The 

gradient between the lake and O4 was negative only in May 2006, which represents that 

descending flow was dominant during the entire observation. The gradient between O5 and 

the lake was negative in March and May of 2006. The vertical hydraulic gradient among 

O1, O2, O3, and the lake was negative from October 2005 to May 2006 and from March 

2007 to May 2007. Consequently, the vertical hydraulic gradients reflect seasonal changes 
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in the flow directions on the northern and western side of the lake, but on the eastern side 

of it descending flow is dominant. 

 

 

Fig. 5.9 Vertical hydraulic gradient between the lake and the observation wells 

5.3.4.2 Hydraulic cross sections and flow maps 

The hydraulic cross sections represent the flow conditions around the lake down to 20 m 

depth, based on hydraulic heads of the observation wells and the water table elevations 

(Fig. 5.10). The sections were compiled along the hydrostratigraphic section 3 between 

EOV Y 658500 – 665500 (Fig. 5.1), for that times when the water table distribution was 

known. The section crosses the O1, O2, O4 and O5 wells. To consider the effect of O3 

well as well, maps were compiled representing the horizontal flow component in 10 m 

depth based on data of the three wells (O2, O3, O4). These maps were constructed almost 

every time the observation wells were manually measured (Fig. 5.11).  

The section for October 2005 represents typical flow-through conditions (Fig. 5.10a). The 

canals imposed sublocal flow systems around them, in ~200-250 m distance. This effective 

distance was proved by geophysical measurements, detecting the distance of the fresh 

water influence on the saline groundwater (Czauner et al., 2008). The water table minimum 

was situated between the lake and Dunavölgy Canal. At the western side of the lake a 

small-gradient upward flow occurred, providing inflow to the lake from 5(-10) m depth. At 

the eastern side of it, the lake lost water to the groundwater flow system. At ~15-20 m 

depth a horizontal flow passed below the lake from west towards east.  
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Fig. 5.10 a-c Hydraulic cross sections 
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Fig. 5.10d-f Hydraulic cross sections 
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At high water table level spring conditions, the same situation could be delineated for 

March 2006 (Fig. 5.10b). At this time the water table minimum was represented by the 

Dunavölgy Canal, developing the water table slope towards east. This continuous water 

table slope was broken by a seasonally formed water table mound (93.48 m asl) causing 

sublocal flow reversal into the lake. In that season a vertical flow with higher gradient (11 

cm/5 m) appeared on the western side of the lake compared to the autumn conditions. In 

addition, a shallow, quasi horizontal outflow could be observed on the eastern side of the 

lake. Below 10 m depth, the W–E directed horizontal flow was maintained (gradient: 15 

cm/2000 m).  

In May 2006, the hydraulic conditions changed (Fig. 5.10c). The water table – disturbed by 

a small water table mound (93.04 m asl) – generally decreased towards the Dunavölgy 

Canal. At this time anomalous flow conditions was noticed, because the O4 and O5 wells 

represented higher levels (93.29 m asl) than O1, O2, and the lake (93.14 m asl). This 

deviation was also mentioned in Chapter 5.3.4.1. These conditions resulted in an upward 

flow in the eastern side of the lake of which horizontal component was roughly N–S 

directed. 

The ascending water could not reach the lake in the middle and western side of it, because 

in 5 m depth the flow lines converged, i.e. supposedly a stagnation point formed in 3-4 m 

depth below the lake. Hereby the lake could receive inflow only from sublocal flow of 

Kiskunság Canal, and on its eastern side from 10 m depth. 

Flow conditions differ for October 2006 and October 2005 (Fig. 5.10d). During the 

summer of 2006 the level of O1 and O2 decreased ~0.5 m, and the level of O4 and O5 

decreased ~1 m. The lake level however decreased only 30 cm. As a consequence, the 

stagnation point and thus the outflow from the lake towards O1 were maintained. 

Consequently the lake gained water only from sublocal flow (< 5 m) from the direction of 

Kiskunság Canal, and lost water on their total bed-surface. Kelemenszék Canal did not 

influence this flow situation. 

In October 2007 the lake was dry (Fig. 5.10e). The continuous water table decline towards 

east determined the main flow directions from W to E. Below 10 m depth the horizontal 

flow passed through in the same direction. 

In summer 2008, with dry lake bed, a water table depression formed in the middle zone of 

the lake which resulted in upward flow towards it. Below 10 m depth, the same W–E 

oriented horizontal flow operated as always during the observation. 
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The horizontal flow direction in ~10 m depth was visualized by compiling horizontal 

hydraulic gradients among wells O1, O2 and O3 (Fig. 5.6, Fig. 5.11). All maps display the 

vertical flow direction between the lake and the 10 m deep wells as well, by signs “+ “and 

“–“ (Fig. 5.6a-h, Fig. 5.11a-l) too. The “+” means upward flow, and “–“ means downward 

flow. The horizontal hydraulic gradient in 10 m depth shows NW–SE direction with small 

temporal modifications during the observation (Fig. 5.6a-f, Fig. 5.11a-l). It is maintained 

by the usually highest water level of O2 which is almost similar to O3, and by the smallest 

hydraulic head of O4. This situation changed only in May 2006, when the flow reversed 

the opposite NE–SW direction (Fig. 5.10c). This flow direction seems to be anomalous 

compared to the other observations during the three years. The reason for this anomaly was 

not found. 

The vertical component of the flow between lake and the 10 m deep wells shows seasonal 

changes. At high water table conditions, when the lake is filled up with water, the vertical 

flow between lake and the wells is ascending in the western and northern side of it (in the 

intervals of 02. 2006, 03. 2006, 05. 2006, 03. 2007, 05. 2007) (Fig. 5.6b,c, Fig. 5.11a,i,j). 

Similar situation could be observed in the driest seasons, when the lake dried up (10. 2007, 

08. 2008) (Fig. 5.6e,f, Fig. 5.11k,l). In these cases upward flow occurs in the middle zone 

of the dry lake. From summer to next spring, when the water table elevation is lower, 

downward flow occurs between the lake and the wells. Interesting is the relationship 

between O1 and O2 wells. In the summer and autumn of 2006, the gradients of O1 and O2 

to the lake were different. This situation resulted in formation of a stagnation point 

between the lakebed and the O1 well. It caused converging flow directions in ~5 m depth 

from May 2006 till November 2006 (Fig. 5.10c,d, Fig. 5.11b,c,d,e). Hereby a closed 

system could evolve around the lake, and the lake lost water on its total bed surface. In this 

situation the local water table conditions were influencing down to 5 m depth. In the other 

times continuous ascending flow occurs from 10 m depth (from O2) up to the lake (e.g. 10. 

2005, 02. 2006, 03. 2006, 03. 2007, 05. 2007) (Fig. 5.8, Fig. 5.6a,b, Fig. 5.11a,i,j) or in 

winter time continuous downward flow can be observed down to 10 m depth (12. 2006, 01. 

2007, 02. 2007) (Fig. 5.11f,g,h).  

The combined examination of the hydraulic maps and the hydraulic cross sections makes it 

possible to determine typical seasonal hydraulic situations. In the spring and early summer 

upward flow conditions are prevalent in the northern and western sides of the lake, but on 

the eastern side, downward flow occurs. This situation could be illustrated by Fig. 5.10b, 

and the maps from March 2006, March 2007, and May 2007 (Fig. 5.6b, Fig. 5.11i,j). 
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Fig. 5.11a-c Deep hydraulic gradient map 
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Fig. 5.11d-f Deep hydraulic gradient map 
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Fig. 5.11g-i Deep hydraulic gradient map 
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Fig. 5.11j-l Deep hydraulic gradient map 
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The flow conditions in May 2006 seemed to be anomalous (Fig. 5.6c, Fig. 5.10c) 

compared to the flow conditions in every other month during the whole observation. In 

summer and autumn horizontal flow is dominant below the lake. It gains water only from 

shallow depth (~2(-5) m) and the lake loses water on almost its total bed surface. In that 

season, depending on the water table conditions, a stagnation point can form between lake 

and the O1 well which enforces the outflow from the lake. This situation is characterized 

by Fig. 5.10d. The winters show similar flow-through conditions with outflow regarding 

the lake (Fig. 5.11f,g,h). At extremely dry seasons, when the lake is dry, flow-through is 

maintained, and the shallow flow systems discharges in the locally forming depression the 

zone of the lake (Fig. 5.10e,f). 

5.3.4.3 Seepage estimation to and from the lake 

The hydraulic investigations showed that the connection between the lake and the 

groundwater changes seasonally. Based on the hydraulic data, the quantity of groundwater 

inflow and outflow to and from the lake can be estimated. In the absence of wells having 

penetrated the lakebed, the observation wells around the lake were used to estimate the 

vertical flow intensity to and from the lake. 

The 10 m (O3 and O4) and the 5 m (O1) deep wells were incorporated into the flow 

intensity calculations because these shallower wells determine more effectively the 

groundwater-lake interaction. From the diurnal vertical intensity values of the flow 

arithmetic average was calculated for the months (Table 5.1). 

Apart from the temporal changes, 10-9 and 10-8 order of magnitude inflow or outflow is 

present regarding the lake. The grey boxes show the inflow conditions. From the inflow or 

outflow intensities of the three points average inflow and outflow was calculated for each 

month, representing the monthly groundwater budget of the lake (Table 5.1). 

In the lake bed, in March 2003, seepage was measured (Fig. 4.1). The seepage to the lake 

showed 4.56*10-10-9.21*10-10 m/s values (Simon, 2003). These values are smaller with one 

order of magnitude, than the currently calculated values. This difference could originate 

from the uncertainty of the K value estimation by the Zamarin method, or reflects the 

spatial changes in the flow intensities. 
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monthly average q (m/s) 

date O1 O3 O4 

01.10.2005 1.94E-09 -2.31E-08 -4.08E-08 

01.02.2006 6.26E-09 1.17E-08 -1.11E-08 

01.03.2006 2.57E-08 6.44E-09 -9.37E-10 

01.04.2006 

01.05.2006 -1.96E-08 3.26E-08 1.08E-08 

01.06.2006 1.92E-08 

01.07.2006 -2.92E-08 2.09E-09 -1.97E-08 

01.08.2006 -2.99E-08 -1.66E-08 -4.08E-08 

01.09.2006 -8.18E-08 -3.86E-08 -4.94E-08 

01.10.2006 -7.80E-08 -3.75E-08 -5.24E-08 

01.11.2006 -7.14E-08 -2.92E-08 -5.00E-08 

01.12.2006 -5.34E-08 -2.40E-08 -4.38E-08 

01.01.2007 -3.91E-08 -1.95E-08 -3.89E-08 

01.02.2007 -2.07E-08 -5.80E-09 -2.95E-08 

01.03.2007 2.24E-08 4.01E-09 -1.82E-08 

01.04.2007 1.27E-08 -6.21E-11 -2.79E-08 

01.05.2007 6.26E-09 -3.87E-08 

01.06.2007 -2.16E-10   -4.33E-08 

Table 5.1 Vertical flow intensities between lake and groundwater 

(grey values represent upward flow) 

5.3.4.4 Interpretation 

The data of the observation wells helped to refine the understanding of the hydraulic 

connection between lake and groundwater. The hydraulic cross sections and the maps 

representing the vertical and horizontal flow directions showed that the lake is situated in a 

local flow-through position and its connection with the groundwater changes temporally.  

The lake is influenced by in- or outflow from the level of the water table and the canals by 

sublocal flow systems, and receives or loses water to and from greater depths (5-10 m), 

from a local flow system originating in NW, out of the Study Area. Below 10 m depth as 

part of the local system a constant NW–SE directed flow-through exists. The origin of this 

local flow-through around the lake, in the uppermost ~20 m could be the higher elevated 

points towards NW i.e. toward the Danube. This theory is supported by the water table 

map of Kuti and Kőrössy (1989) which displays higher water table elevations towards NW, 

out of the Hydraulic Study Area. The topographic map also represents higher elevated 

points to the northwest of the lake, along and beyond Kiskunság Canal (Fig. 5.5). The main 
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discharge point of the flow systems is Dunavölgy Canal and its western foreground, 

representing the smallest water levels in the HSA. 

The seasonal water table fluctuations governed by the seasonal meteorological changes 

highly influence the flow directions between lake and groundwater. Based on the 

measurements, a conceptual model was established for illustrating the seasonal changes of 

the interrelationship between lake and groundwater (Fig. 5.12). The flow condition in May 

2006 was considered to be anomalous, thus the conditions in 2007 constitute the basis of 

the early summer general picture.  

 

 

Fig. 5.12 Conceptual model illustrating the seasonal changes of interaction between lake and 
groundwater 

In springtime, the high water table level provides shallow groundwater inflow to the lake 

almost on every side of it. Because of the increased precipitation water table mounds can 

form mainly on the downgradient side of the lake which assure inflow to it. The local flow 
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system (from ~5 m depth) also discharges on the western side of the lake. On its eastern 

side constant outflow is present from the lake to the groundwater. Dunavölgy Canal 

represents the deepest point in the water table, thus behaves as the main discharge point of 

the flow systems (Fig. 5.12a). In early summer (May and June) the flow-through 

conditions are maintained, but the northern side of the lake also turns to outflow. The 

inflow from the local flow system to the western side of the lake significantly diminishes. 

Small water table mounds can be preserved in some parts of the lakebank. The main 

discharge point is still Dunavölgy Canal (Fig. 5.12b). 

In late-summer, autumn and winter, owing to the continuous decrease of the water table the 

lake receives inflow only from northwest, from shallow depths (< 2 m), and loses water on 

its total lakebed surface (Fig. 5.12c). Simultaneously with the decreasing water table, the 

local flow system passes through below the lake. At the western side of the lake, a 

stagnation point can form in 3-4 m depth, resulting in converging flow directions in that 

depth interval. Hereby a closed system can forms around the lake which results in outflow 

almost from the total lakebed surface. In this case the local water table decrease influences 

only the upper 5 m. The discharge point of the flow system moved to west, where a local 

water table depression formed. 

The last picture illustrate the dry seasons, when the lake is dried up (Fig. 5.12d). In this 

case, the water table slopes towards east, such as before, but a local depression forms in the 

middle zone of the lake, inducing discharge from the local flow systems. The main 

discharge point is Dunavölgy Canal. 

In a conclusion, it could be observed that at high water table levels the inflow from shallow 

and greater depths is more pronounced, still with decreasing water table, the flow-through 

conditions of the lake are maintained but the outflow is enforced.  

The results suggested that the seasonal changes of the flow directions down to 10 m depth 

are driven by local water table fluctuation induced by meteorological changes. Based on 

data from 2006 it was established that these changes induce higher water level fluctuations 

in the deeper wells than in the water table. The most sensitive wells for the seasonal 

changes are O4 and O5, because of the deeper lying water table on the eastern side of the 

lake and the thinnest (2 m) aquitard layer on the surface which enables faster water leakage 

down to 10 m depth. 

The monthly inflow rate to the lake could be characterized by the vertical flow intensity 

between O1, O3, and the lake, and the outflow by the hydraulic flux between O4 and the 

lake. The values of the inflow and outflow flux were in 10-8-10-9 m/s order of magnitude. 
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5.4 CONCLUSION 

The presented hydraulic investigations showed that the regional scale hydraulic pattern in 

the Study Area is superimposed by local characteristics of the groundwater flow. The close 

surroundings of Kelemenszék Lake is situated in the regional scale discharge area, but the 

discharge of the regional flow systems is overprinted by the local conditions in the 

uppermost ~20 m. Owing to the anthropogenic impact, related to the river regulation and 

canal construction, the Danube-Valley became compartmentalized. In the small parcels, 

the local flow conditions are governed by the local water table distribution which is 

influenced by the water level of the canals too. The water table of the HSA has a 

permanent NW–SE sloping surface which is developed by the NW situated local 

topographic height along and beyond Canal Kiskunság and the Dunavölgy Canal and its 

western foreground which are situated in the eastern part of the area representing the 

smaller water table elevations (Fig. 5.5). This water table distribution induces sublocal and 

local flow system in the HSA, which are in dynamic connection with Lake Kelemenszék. 

Below the lake, under ~10 m depth a constant flow-through exists as part of the detected 

local flow system. The seasonal changes of groundwater-lake interaction are determined by 

the water table fluctuations governed by the meteorological conditions. At high water table 

elevations the inflow to the lake is more pronounced and water table mounds can occur, 

mainly in the downgradient side of the lake. At lower water table conditions outflow is 

enforced. As a respond to the seasonal water table decrease stagnation points can form 

below the western side of the lake in autumn resulting in almost absolute outflow position. 

In extremely dry summers, simultaneously with the water table decrease the lake can dry 

up. The results suggest that the lake is highly determined by the elevation of the water 

table level, i.e. it is a water table type lake. It can fill up with water when the water table 

rises above the surface. 

By fitting the HSA into the complex groundwater flow pattern of DTI, the local range 

hydraulic cross section of the area (H1 in Fig. 4.2, Fig. 3.8c) could be corrected by the near 

surface hydraulic results (Fig. 5.13). The hydrostratigraphy of the upper 20 m were 

corrected based on section 3 (Fig. 5.2). The main flow pattern shows ascending flow in the 

area of Kelemenszék Lake till ~20 m depth. The Gravel Aquifer could have a canalizing 

effect on it. In the upper 20 m this ascending flow is superimposed by a NW-W–SE-E 

directed local flow system, discharging in the ~1 km wide zone of Dunavölgy Canal. The 

Canal represents the discharge zone of the gravity-driven flow lines from the Ridge Region 
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too. Hereby the ~1-2 km zone of Dunavölgy Canal could be characterized as the surface 

cut of the boundary between the gravity driven flow system originating in the Ridge 

Region, the local flow system originating towards the Danube, and the upwelling saline 

flow system too. According to these results, this local flow-through in the upper ~20 m is 

perched on the ascending saline flow system. The water of this deep flow system did not 

discharge in the area directly, but its water can reach the surface distributed by the local 

flow branches by diffusion.  

 

 

Fig. 5.13 General hydraulic cross section of the Study Area (modified after Mádl-Szőnyi and Tóth, 
2009) 
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6 QUANTIFICATION OF GROUNDWATER CONTRIBUTION TO 
THE LAKE 

6.1 AIM OF THE STUDY 

Kelemenszék Lake and the wetland area in the Danube Valley have predominantly 

permanent water coverage. In the area, the annual potential evaporation rates are always 

larger (900 mm) than the annual precipitation (~550-600 mm). Thus groundwater 

contribution to the lake water budget is a requirement for the water flooding of the lake. 

The retrospective research and the cadastral maps also show that the lake has been 

continuously alive, in spite of the canal constructions and the continuously decreasing 

water table levels in the area (Kovács, 2006). The preliminary hydraulic studies supported 

that the lake is situated in a discharge area, where gravity and compressional overpressure 

in the basement also force the groundwater to ascend below the lake (Mádlné et al., 2005). 

Based on these statements the ascending groundwater flow needs to affect the water budget 

of the lake. Nevertheless, the exact quantification of the groundwater component 

influencing the lake has not been done before.  

The estimation of the quantitative contribution of groundwater to shallow lakes can be 

carried out by hydraulic gradient calculations, seepage measurements, water budget setting 

up for the lake or by numerical simulation (Winter, 1981b; Kalmár, 1982; Shaw et al., 

1990; Lee and Swancar, 1997; Swancar et al. 2000; Winter et al., 2003; Spence et al., 

2003; Dalton et al., 2004; Kovács and Szilágyi, 2009; etc). Hydraulic gradient calculations 

around Kelemenszék Lake resulted in values of inflow and outflow at the opposite sides of 

the lake with similar order of magnitude (Table 5.1).  

To estimate the effect of evaporation and groundwater on the lake a water budget was 

calculated for a 11 month long time interval. The estimation of the effect of evaporation 

and groundwater inflow on Kelemenszék Lake contributes to the determination of the 

source of salinization in the area. The evaporation measurement, data process, and 

calculation were carried out by contribution of Tamás Weidinger, Department of 

Meteorology, Eötvös Loránd University. 

In this chapter first the calculation of different water budget components will be discussed 

followed by an evaluation of the groundwater component. 
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6.2 METHODS 

6.2.1 Water budget 

The water budget equation was set up based on the hydrological circumstances of the lake. 

This is an endorheic lake without any surface water inflow or outflow. The inflow 

components are the precipitation and the groundwater inflow, the outflow components are 

evaporation and groundwater outflow. The surface runoff is negligible because the areal 

topographic changes are less than 2 m in the whole watershed of the lake (Fig. 5.5). In 

addition, at rain events, the rise of the lake water level does not exceed the amount of 

precipitation which excludes the considerable effect of surface runoff. 

Accordingly the water budget equation is the following (1): 
 

SGEp eSeGeEeP  ,            (1) 
 

where P is precipitation, G is groundwater inflow and outflow from and to the lake (net 

groundwater flow), E is evaporation, S is change in stored water, and ei is the error of the 

different components. The equation includes the error or uncertainty of every component. 

All the errors of the measured components are summarized in the error of the residual term 

i.e. in eG. Errors in water balance calculations are primarily functions of instrument 

accuracy and the adequacy of gap filling methods for periods of missing record (Winter, 

1981b). In the present study the error of the applied instruments was well known. The 

missing data were supplemented by linear regression up to 5 day long intervals without 

data record. For longer time intervals the missing data were not recovered. Nevertheless, in 

the course of the present study for the error estimation of the different measurements and 

methods values from the literature were applied (Winter, 1981b).  

The error of the residual term was calculated by the following equation (2) (Winter, 

1981b): 
 

222 )(%)()(%)()(%)( EePeSee EPSG   ,                  (2) 

 

where i= E, P, S and ei (%) is the error of the certain component in percentage based on 

the literature.  

The water balance for the lake was calculated on a monthly basis, using average diurnal 

data in mm/d. 
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6.2.2 Precipitation, evaporation and storage 

The drafted water budget components were measured in a micrometeorological station at 

Kelemenszék Lake (LM in Fig. 4.1, Fig. 4.3). The instrumentation of the station was 

described in Chapter 4.2.6.  

Diurnal precipitation was measured near the lake in a rain gauge, and the daily 

precipitation data of the closest meteorological station at Soltszentimre (~6 km away, SM 

in Fig. 4.1) were also included in the calculations. The daily lake level was observed from 

August 2006 until the middle of July 2007 at point L1 (Fig. 4.1). At point L2 (Fig. 4.1), 

monthly controlling lake level measurements were carried out, which showed similar 

values to the level record at the meteorological station (CD Appendix). In July of 2007 the 

lake dried up and this ended the meteorological measurements. 

Among the water budget components, the estimation and measurement of evaporation is 

the most difficult task. The process of evaporation depends on the available thermal 

energy, the vapor pressure deficit between the evaporating surface and the overlying air 

and the atmospheric stability i.e. on meteorological factors, such as net radiation, 

temperature, relative humidity, and wind velocity. The rate of evaporation is influenced by 

lake characteristics, such as its size, shape, depth, water quality, circulation, and its 

location. As a consequence of its dependence on climatic and geologic factors, its 

determination entails large errors. There are several methods to measure and determine 

evaporation. It could be measured directly by pans or by eddy covariance technique, and 

could be calculated from micrometeorological parameters by energy budget calculation, by 

aerodynamic methods and combination methods (Allen et al., 1996, Foken, 2008). The 

energy budget and eddy covariance techniques are considered as the most accurate 

methods (Lee and Swancar, 1997; Sacks et al., 1994; Winter et al., 2003; Mosner and 

Aulenbach, 2003; Rosenberry et al., 2007) 

In the Study Area the evaluation of daily evaporation was carried out by applying different 

methods. Class A pan measurements were executed near and in the lake, and the 

evaporation was calculated from the measured micrometeorological parameters by 

different empirical formulas too. In addition, the Bowen ratio method and Monin-Obukhov 

similarity theory (not presented here) were also applied. 

The pan method is the most common technique in evaporation measurement. In Hungary, 

because of the frosts in winter, this method is applicable from April till October for 

detection of evaporation or evapotranspiration. In the land surface the pan evaporation 
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values exceed the real lake evaporation because of their different responses to the 

meteorological factors (Lee et al., 1991; Allen et al., 1998; Kalmár, 1982; Anda and Varga, 

2008). The real evaporation can be determined from pan evaporation values by multiplying 

it with a pan coefficient which is representative for the given area. Its value depends on 

vegetation around the pan and the general wind and humidity conditions above it. The pan 

coefficient can be determined by different equations (Kohler et al., 1955; Snyder, 1992; 

Pereira et al., 1995). According to the reference of FAO the coefficient, depending on the 

meteorological conditions and vegetation, changes between 0.5-0.85 (Allen et al., 1998). In 

the case of measurements in lakes, the use of the coefficient is unnecessary. Pan 

measurements at Kelemenszék Lake served as controlling measurements, taken only in 

three months, because of the difficulty of the daily manual detection. 

Evaporation can be also assessed by calculation from accurately measured 

micrometeorological parameters. Several equations were developed under different 

climatic conditions. In the present study, thirteen methods were applied based on the study 

of Rosenberry et al. (2007), which are displayed in Table 6a,b. The formulas can be 

grouped according to the significant parameters and calculation methods which 

characterize them. The first group of formulas collects methods derived from energy 

budget calculations based on the Bowen ratio and methods based on combinations of 

psychrometric constant1, wind speed and energy balance (so-called Combination group in 

Table 6.1). The second group contains methods derived from global radiation and 

temperature (Solar radiation temp. group in Table 6). The third group shows formulas 

based on the Dalton-equation (Dalton group in Table 6). The fourth involves formulas 

calculated from temperature and the length of daily solar radiance (Temperature and day 

length group in Table 6). The methods in the last group are based on temperature 

measurements (Temperature group in Table 6). 

For calibration of the different methods, the results were compared to energy budget 

calculations carried out by the Bowen ratio method (Foken, 2008). The Bowen ratio 

method has already been applied to the present database from September 2006 to April 

2007 (Weidinger et al., 2009a). At the present study, the same calculation was carried out 

for the whole database from August 2006 to June 2007.  

 

 

                                                 
1 The psychrometric constant relates the partial pressure of water in air to the air temperature. 
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Methods References Equations 

Combination 
group   

Priestley-Taylor 
(Stewart and 
Rouse, 1976) 
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Applied parameters in Table 6a and 6b: 

evaporation (mm/d),

: 1.26 = Priestley–Taylor empirically derived constant, dimensionless, 

s: slope of the saturated vapor pressure–temperature curve at mean air temperature (hPa/K), determined by 

the Clausius-Clapeyron equation, 

: psychrometric ‘‘constant’’ (depends on temperature and atmospheric pressure) (hPa/K), 

Rn: net radiation (W/m2), 

Gs: global radiation (W m-2), 

G: heat flux into the water body (W/m2), 

L: latent heat of vaporization (MJ/kg), 

: density of water (998 kgm-3 at 20 °C), 

N: mass-transfer coefficient (used 0.01644), 

U2: wind speed at upper measurement level (3,6 m) above surface (m/s), 

e0: saturated vapor pressure at temperature of the water surface (hPa), 

es: saturated vapor pressure at temperature of the air (hPa), 

ea: vapor pressure at temperature and relative humidity of the air (hPa), 

SVD: saturated vapor density at mean air temperature (g/m3), 

Ta: air temperature, F for the Blaney–Criddle, Jensen–Haise and Stephens–Stewart methods, 

D: hours of daylight, 

DTA: total annual hours of daylight for specific latitude, 

d: number of days in month, 

es max and es min: saturated vapor pressures at daily maximum and minimum air temperatures (Pa). 

The multipliers 10, 25.4, or 86.4 are to convert output to mm/d.

Table 6a Evaporation methods (modified after Rosenberry et al., 2007) 
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Methods References Equations 

Solar radiation, temperature group 

Jensen Haise 
(McGuiness and 
Bordne, 1972) 
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Stephens and Stewart 
(McGuiness and 
Bordne, 1972) 

  210495.319.00082.0  sa GTE  

Dalton group 

Mass transfer 
(Harbeck et al., 
1954) 
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Temperature, day length group 
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Table 6b Evaporation methods (modified after Rosenberry et al., 2007) 

The Bowen ratio method is widely used in the case of evaporation estimations, because it 

requires only the measurements of temperature and humidity at two levels, net radiation, 

and heat flux into the water (or soil) (Saxena et al., 1999; Liu and Foken, 2001; Weidinger 

and Bordás, 2007; Foken, 2008; Weidinger et al., 2009a).  

The lake water energy budget calculation is based on the energy budget equation: 
 

HLEGRn  ,     

 (3) 
 

where Rn  is the net radiation (W/m2), G  is the heat flux into the water (W/m2), H is the 

sensible heat flux (W/m2) , and LE is the flux of latent heat expended for the evaporation 

(W/m2) (Huzsvai et al., 2004).  

The Bowen ratio is defined as the ratio of the sensible (H) to the latent heat flux (LE): 

LE

H
B  . (4) 
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The sensible and latent heat fluxes can be calculated as: 

 H m p

T
H K c

z
 

 


      and      
z

q
LKLE mE 


  ,                             (5) 

where HK  and EK  are the turbulent diffusion coefficients for the sensible and the latent 

heat flux respectively, m  (kg/m3) is the air density, pc (J/kgK) is the specific heat 

capacity at constant pressure, L (J/kg) is the latent heat of vaporization, q  (kg/kg) and 

T  (K) are the differences of the specific humidity and temperature at the two different 

levels (z1 = 0.7 m and z2 = 3.2 m), and z  (m) denotes the height difference between levels 

where the specific humidity and temperature are estimated (z = z2 – z1). In the first 

approximation it can be assumed that E HK K  and the Bowen ratio can be calculated as: 

 
LE

H

ee

TT
B 





12

12 , (6) 

where 12 ee   (hPa) is the vapor pressure difference between the two considered levels and 

  is the psychrometric constant (~0,61 hPa/K). The quality control of the calculations was 

carried out according to Ohmura (1982) and Liu and Foken (2001). The difficulties in 

using the Bowen ratio method and its disadvantages are described in detail in Ohmura 

(1982). In the practice, in case when B is close to -1, LE and H are assumed to be 

negligible and are not calculated. 

By the Bowen ratio, the surface energy budget components were determined. The heat flux 

into the water (G) was calculated by the following equation: 

wiw
i

i tcmG  


2

1

,               

(7) 

where i= 1,2, m1 is the weight of the upper 10 cm thick water layer (100 kg/m2) and m2 is 

the weight of the (h – 0,1) m thick lower layer (100 (h – 0.1) kg/m2) (where h is the 

thickness of the lake water column), 1wt  and 2wt  (K) are the temperature changes of the 

upper and lower layer for 30 min, and wc  is the specific heat capacity of the water (4220 

J/kg K). The heat flux into the lake bed was neglected. By the results latent heat flux of 

vaporization could be calculated as 

B

GRn
LE





1

,        (8) 

and this way evaporation was determined.  
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On the meteorological tower, beside the temperature and vapour pressure differences 

between the two levels (1 m and 3.6 m), the difference in the wind speed was also detected. 

By the temperature, specific humidity and wind speed differences (T, q, U) the 

turbulent heat fluxes were also calculated applying the Monin-Obukhov similarity theory 

(Weidinger and Bordás, 2007; Weidinger et al., 2009a). In more than 80% of the cases 

indifferent i.e. near natural stratification of the atmosphere was noticed (–0.05 < Ri < 0.05, 

where Ri is the gradient Richardson number). The calculated turbulent latent heat flux 

values (not presented here) did not differ significantly from the values calculated by the 

Bowen ratio method. Nevertheless, the flux calculation was observed to be sensitive to the 

accuracy of the gradient measurements. Because the net radiation was measured 

accurately, and the calculation of the heat flux into the water also reliable, thus the Bowen 

ratio method could be applied as a reference method for determining daily and monthly 

evaporation using the 30 min individual flux calculation dataset.   

6.3 RESULTS 

6.3.1 Data processing 

6.3.1.1 Precipitation and change in storage 

Precipitation data at the lake (LM) and at Soltszentimre (SM) were used from August 2006 

to June 2007 (Fig. 4.1). The distribution of the data at the two sites is slightly different 

(Fig. 6.1).  

In comparison with the precipitation at SM, the data at the lake for some months exceed 

the values of SM (November 2006), and for other months are below it (e.g. February 

2007). The precipitation measurement at SM provides more reliable data hereby it was 

included into the water budget calculations too. This way the water budget calculations 

were carried out for both precipitation time series. 

The water level of the lake was daily observed, and controlled by the measurements at L2 

(Fig. 4.1). The level shows a continuous decrease but responds to the rain events.  

The precipitation and the lake level measurements are calculated with a 10% and 5% error 

respectively. 
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Fig. 6.1 Daily precipitation and lake water level data 

6.3.1.2 Evaporation 

Evaporation was estimated in two different ways, by calculation with the empirical 

formulas and by pan measurements. 

The calculation was based on the database of the micrometeorological parameters 

containing data from every half an hour. The standard factory calibration and wind speed 

correction was used in calculation of net radiation dataset from Q7 sensor. The global 

radiation measurements were compared with dataset from NitroEurope core station in 

Bugac Puszta. Before the data processing, the global and net radiation sensors were again 

recalibrated by Kipp & Zonen CNR1 net radiometer during the field measurements in 2008 

(NitroEurope fied campaign in Poland, Weidinger et al., 2009b). After calibration, the 

database was physically filtered for uncorrect or missing data. Not reliable data are the 

results for example of the malfunctioning of the station (voltage fluctuation) or stormly 

weather situation or effects of the dew or ice. In these cases, or at periods without data 

record up to 5 days, the data were supplemented based on the data series of the previous 

days or weeks by linear interpolation. In May and June 2006, in a 33 day long period there 

was no data record. For this long period the data were not recovered. In addition, the 

observation in 2006 started as late as August 18. Hereby in these three months monthly 

average evaporation values are estimated from half month long measurements. The more 

accurate gap filling calculation is in progress based on the long term dataset from Bugac 

Puszta. 
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Evaporation by the formulas and the Bowen ratio method were calculated with this filtered 

dataset (CD Appendix). The calculation was carried out on a monthly basis. This way the 

results (displayed in Appendix 2a,b) are comparable to the results of the hydraulic 

investigations. 

The monthly evaporations calculated by the different methods are presented in Fig. 6.2. 

The comparison of the evaporation rates were made for the whole observation interval. The 

Bowen ratio method served as a controlling dataset, representing the mostly reliable 

calculation formula.  

 

Fig. 6.2 The evaporation rates of the different formulas 

The methods show a similar distribution in time, except for the equation of deBruin (Fig. 

6.2, Table 6.1). With this method evaporation rates were significantly overestimated in 

winter. The reason for this overestimation is the highly rated role of wind speed in the 

calculation. (The methodology was developed for the sea evaporation in Denmark.) The 

evaporation rates of some other formulas show a different distribution as well. The Blaney-

Criddle formula also shows higher evaporation rates for the winter months. The Mass 

transfer method resulted in higher values in summer months in comparison with the Bowen 

ratio method (Fig. 6.2, Appendix 2a,b). In the case of the Mass transfer method the higher 

evaporation rates originate from the higher emphasis of wind speed in the formula. The 
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evaporation calculated by the Papadakis formula shows smaller seasonal changes, 

exceeding the other dataset in winter, and being below the value of the Bowen ratio 

method in summer. These deviations can be the result of leaving the wind speed out of the 

calculation.  

 

 

Fig. 6.3 Difference between the average monthly evaporation values (mm/d) calculated by the 
empirical methods and values calculated by the Bowen ratio method (median, quartiles, and 

minimum-maximum values are represented) 

The Brutsaert-Stricker and Stephens-Stuart methods underestimate the evaporation except 

for winter months (Fig. 6.2). The other formulas coincide well with the Bowen ratio 

method. 

The deviation from the Bowen method (the estimation based on energy budget) can be also 

examined in Fig. 6.3. On the plot the differences of the average daily evaporation for the 

total observation time between the Bowen ratio method and other thirteen empirical 

methods are displayed. The same differences can be observed in the figure as in Fig. 6.2. 

There are methods showing consequently smaller or larger evaporation values than the 
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Bowen method, and there are methods whose difference from the energy budget estimation 

changes monthly (e.g. the Papadakis and the Mass transfer).  

The other technique for evaporation measurement was the application of Class A pans in 

the area. From the daily level changes, diurnal evaporation was calculated (Appendix 2a, 

CD Appendix). Contrary to the expected scheme, the evaporation was higher in the pan 

settled in the lake water than in the one in the meadow. This result is not unique, because 

in the case of Lake Balaton, Hungary, land surface pan evaporation data was also below 

the real lake evaporation (Weidinger et al., 1995). We noticed that multiplying the 

evaporation values of the pan in the land surface by the pan coefficient of 0.75, the 

monthly evaporations were below the values of the other calculation methods with an order 

of magnitude. Accordingly the application of the pan coefficient was rejected. In 

comparison with the other methods, the monthly pan evaporation rates (without 

multiplying by the pan coefficient) show small differences (0.1-0.5 mm) (Fig. 6.4). The 

pan evaporation values are below the results of other measurements. This could be the 

effect of imprecise detection. The error of the measurements was estimated to be ~25 % 

(Winter, 1981b). Consequently, pan data were not incorporated into the water budget 

calculations.  

In Fig. 6.4 and in Table 6.1 the average monthly evaporations of the Bowen ratio method 

and the median of the empirical formulas are represented in daily values. The values range 

between ~0.4 – 5.7 mm/d and their arithmetic average is 2.25 mm/d. In comparison with 

the annual average evaporation of Lake Fertő, Hungary (2.6 mm/d) this data seems to be 

correct (Kalmár, 1982). The difference between monthly median of the formulas and the 

Bowen ratio method changes between 0.1-0.6 mm/d which is comparable with the results 

of Rosenberry et al., 2007.  
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Fig. 6.4 Class A pan evaporation in comparison with other methods (mm/d) 

6.3.2 Water budget of Kelemenszék Lake 

The water balance was determined for almost a year from August 2006 till June 2007. The 

groundwater component was calculated for the two precipitation datasets (Fig. 4.1). The 

Bowen ratio method and the median of the empirical formulas were involved in the budget 

calculation (Table 6.1).  

The groundwater component of the water budget changes temporally between positive and 

negative values (Table 6.2). The values estimated from the precipitation at the lake show a 

difference from groundwater flow calculated by using the precipitation from SM in August 

and September 2006. In the other months the calculated flow direction is similar in the case 

of the two precipitation sites.  

For the interpretation monthly minimum and maximum groundwater flow values were 

determined considering all calculations with the data of the two precipitation sites. In 

August and September 2006 the values are scattered between inflow and outflow. In winter 

groundwater outflow exists, till February. From February till April inflow appears. The 

data of August, May and June were estimated from just half monthly datasets therefore the 

results are not absolutely representative.  
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Date 

Precipitation (mm/d) Evaporation (mm/d) 

S (mm/d)precipitation at 
LM 

precipitation at 
SM   

median of the 
formulas ±  

Bowen ratio 
method 

08.2006 1.73 3.00 3.71 ± 1.5 3.87 -0.84 
09.2006 0.03 0.30 2.93  ± 1.1 2.80 -2.67 
10.2006 1.77 1.29 1.71  ± 0.6 1.56 -0.77 
11.2006 1.23 1.03 0.63  ± 0.3 0.57 -0.67 
12.2006 0.25 0.29 0.24  ± 0.1 0.19 -0.81 
01.2007 0.10 1.05 0.41  ± 0.2 0.04 0.00 
02.2007 0.10 1.73 0.66  ± 0.3 0.65 1.50 
03.2007 0.86 1.13 1.47  ± 0.6 1.62 -0.29 
04.2007 0.00 0.15 3.21  ± 1.3 3.60 -2.67 
05.2007 1.74 3.45 3.77  ± 1.5 3.60 -1.94 
06.2007 1.55 1.18 5.74  ± 2.2 5.12 -1.33 

Table 6.1 Component of the water budget calculation  

Date 

Groundwater 

calculated with 

precipitation at LM 

(mm) 

Groundwater 

calculated with 

precipitation at SM 

(mm) 

Groundwater (mm/d) ErrorGroundwater (mm/d) 

evaporation 
by the 

median of 
the 

formulas 

Bowen 
ratio 

method 

evaporation 
by the 

median of 
the 

formulas 

Bowen 
ratio 

method 
minimum maximum minimum maximum 

08.2006 1.13 1.30 -0.15 0.01 -0.15 1.30 0.22 0.35 

09.2006 0.23 0.10 0.001 -0.13 -0.13 0.23 0.31 0.32 

10.2006 -0.83 -0.94 -0.35 -0.46 -0.35 -0.94 0.12 0.06 

11.2006 -1.27 -1.33 -1.07 -1.13 -1.07 -1.33 0.08 0.10 

12.2006 -0.82 -0.87 -0.86 -0.91 -0.82 -0.91 0.04 0.03 

01.2007 0.32 -0.06 -0.64 -1.01 -0.06 -1.01 0.01 0.10 

02.2007 1.16 1.15 0.42 0.41 0.41 1.16 0.14 0.00 

03.2007 0.31 0.47 0.04 0.20 0.04 0.47 0.09 0.14 

04.2007 0.55 0.90 0.40 0.75 0.40 0.90 0.35 0.38 

05.2007 0.09 -0.08 -1.62 -1.79 -1.79 0.09 0.14 0.35 

06.2007 2.85 2.23 3.22 2.60 2.23 3.22 0.49 0.57 

Table 6.2 Estimated groundwater component in the water budget of Kelemenszék Lake (mm/d) 

(red values show inflow conditions, grey shadowed error values exceed the calculated values) 

In May the data were available from 1st till 13th of May which means an underestimation 

of the real evaporation. In June data were recorded just at the end of the month, hereby the 

average monthly value exceeds the real evaporation. In August, data were available only 

from the last 14 days of the month.  
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monthly average flux of groundwater flow (mm/d) 

date O1 O3 O4 
average 

groundwater 
inflow 

average 
groundwater 

outflow 

net 
groundwater 

08.2006 -2.58 -1.44 -3.52 0 -2.51 -2.51 
09.2006 -7.07 -3.34 -4.26 0 -4.89 -4.89 

10.2006 -6.74 -3.24 -4.53 0 -4.84 -4.84 

11.2006 -6.17 -2.53 -4.32 0 -4.34 -4.34 
12.2006 -4.61 -2.07 -3.78 0 -3.49 -3.49 
01.2007 -3.37 -1.68 -3.36 0 -2.81 -2.81 
02.2007 -1.79 -0.50 -2.55 0 -1.61 -1.61 
03.2007 1.94 0.35 -1.57 1.14 -1.57 -0.43 

04.2007 1.10 -0.01 -2.41 1.10 -2.42 -1.32 

05.2007 0.54 -3.34 0.54 -3.34 -2.80 
06.2007 -0.02 -3.75 0 -1.88 -1.88 

Table 6.3 Average monthly groundwater in-, or outflow, calculated between wells O1-3-4 and the 
lake 

(red values show inflow conditions) 

The errors of the calculated groundwater components are also displayed in Table 6.2. The 

following data are unreliable: the minimum value in August 2006 and in March 2007, and 

the maximum value in May 2007. All calculated data are smaller than the error threshold in 

September 2006, consequently the data in this month are not reliable, either. 

The accepted values of the monthly net groundwater component vary between ±0.06 – 

±3.2 mm/d. The estimated groundwater rates were compared to the data of hydraulic 

calculations (Table 6.3). Monthly average vertical flux (mm/d) between the lake and the 

three observation wells (O1, O3, O4) were calculated. These data are based on the monthly 

average values in Table 5.1. From the three flux data average inflow and outflow 

components were determined for every month. The groundwater components calculated by 

the two different methods are different. Opposite to the water budget calculation, the 

hydraulic study shows an average outflow in every month during the observation. The 

reason for the difference could be that in the case of the hydraulic calculation the recharge 

from shallower depths (< 10 m) was not considered. Besides, the range of the groundwater 

flow values is the same for the two approaches. 

6.3.3 Interpretation 

The water budget calculation showed that the lake is mainly influenced by the evaporation 

(0.4 – 5.7 mm/d) and the precipitation (0.03 – 3.5 mm/d), and groundwater is a less 

emphasized component (net groundwater: ±0.06 – ±3.2 mm/d). Only a weak groundwater 
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inflow and outflow could be quantified which compensate each other in the annual budget. 

It has to be considered that the water budget calculation provides only summarized/net data 

of groundwater which does not enable an accurate quantification of the inflow and outflow 

components. Only the difference of the two components can be calculated. Accordingly 

higher rate inflow or outflow should be expected, which compensate each other. The 

calculated monthly groundwater components have large errors (10-90%), which does not 

allow the exact quantitative interpretations of groundwater and lake interaction. 

Nevertheless, they give a trend about the change in groundwater flow direction in 

connection with the lake. The direction of the groundwater flow based on the calculations 

shows seasonal changes. In spring and early summertime inflow conditions are estimated 

(from February 2007 to June 2007). In summer months, depending on the precipitation 

amount, weak inflow can occur (in August 2006). In autumn and winter outflow is always 

dominant (from October 2006 to January 2007). 

The data are diverse compared to the hydraulic vertical flow calculations. The hydraulic 

study shows a dominant outflow for every month of the observation. This difference of the 

hydraulically calculated data can be derived from neglecting the shallow depth recharge or 

discharge induced by the local water table distribution.  

6.4 CONCLUSION 

The investigations were carried out for a lake which is situated in a regional discharge 

position, where the upward directed saline flow from the basement supposedly reaches the 

surface (Mádl-Szőnyi and Tóth, 2009). Consequently a significant groundwater 

contribution to the lake was presumed. In this hydraulic situation, the aim of the water 

budget calculation was the quantification of the effect of groundwater and evaporation on 

the lake. Because these two components can be responsible for salinization, their 

determination is essential. 

The results of the water budget calculation showed a weak groundwater flow component 

regarding the lake of which direction changes seasonally. The seasonal changes of the 

groundwater flow calculated by water budget coincide well with the hydraulically 

determined seasonally changing flow direction. The net inflow and outflow components 

compensate each other in an annual budget.  

According to the results of the meteorological and hydraulic studies as well, the lake seems 

to be a water table type lake which is highly depend on the water table fluctuations. 
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Therefore the seasonal water table changes determine the flow directions between the lake 

and the groundwater. These seasonal changes of the water table are influenced by the local 

balance between precipitation and evaporation. Nevertheless, the amount of water stored in 

the lake also depends on the position of the water table. Hereby the water table and the lake 

level are mainly governed by the amount of evaporation and precipitation. The 

groundwater has quantitatively less importance role for Kelemenszék Lake. The estimated 

high rate of evaporation is responsible for the surface and lake salinization of which salt-

source is supposedly the deep groundwater discharge. 
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7 ORIGIN OF SALINIZATION 

7.1 AIM OF THE STUDY 

As many parts of the world, the Great Hungarian Plain is plagued by surface and 

groundwater salinization as well. Salinization appears patchinessly in the whole Danube-

Tisza Interfluve area (Várallyay, 1967), while in the Danube Valley a N–S trending 25-30 

km wide contiguous zone of salt affected soils and salinized wetlands are situated (Fig. 

3.8d,e). Kelemenszék Lake is located in the deepest part of this saline tract. The 

coincidence of the smaller scale hydraulic pattern with the surface phenomena in the area, 

i.e. the deep saline water reaches the near surface in the N–S oriented saline zone of the 

Danube Valley represented by saline groundwater, sodic soils, and xerophyta vegetation, 

suggests the connection between flow systems and the salinization (Fig. 3.8a,b,c) (Mádl-

Szőnyi et al., 2005, Mádl-Szőnyi and Tóth, 2009, Simon et al., in press). This supposed 

connection raised the “basement and basin origin salt source” conception about salinization 

in the area which suggests that the source of the salts is the overpressured NaCl-type water 

of the Pre-Neogene basement and Neogene sediments characterized by NaHCO3–type 

water. 

The first purpose of this chapter was verifying this concept from the Pre-Neogene 

basement up to the near surface. In addition, the goal was also to determine the 

hydrogeologic circumstances which are responsible for the extensive salinization in the 

Danube Valley compared to the other parts of the whole Study Area and the Danube-Tisza 

Interfluve as well. The third objective was the investigation of the chemical influence of 

the two groundwater flow systems on the lake. To achieve these, seismic, multivariate data 

analysis, chemical, mineralogical and surface geophysical methods were applied. 

Furthermore, the temporal changes of near surface chemical patterns were also 

investigated. 

7.2 METHODS 

The origin of salinization and the chemical features of the close surroundings of 

Kelemenszék Lake were examined by an integrated approach applying different methods 

from the basement up to the surface. 
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First, the possible pathways of the saline water were attempted to be allocated from the 

Pre-Neogene aquifer up to the Neogene layers. Afterwards, the chemical composition of 

the groundwater was followed from the Pre-Neogene aquifer up to the surface by archive 

chemical data. Following this, the spatial extent of shallow groundwater salinization was 

allocated by surface geophysical methods in the GSA (Fig. 3.1). 

Seismic identification and correlation of hydrostratigraphic units (Table 3.1) and faults was 

carried out for the whole Study Area along two reflection seismic sections (S1 and S2 on 

Fig. 4.2). The water-transporting role of the faults depends on their hydraulic conductivity 

and on the fluid-potential distribution around the fault zone. Depending on the surrounding 

pressure field the fault can behave as sink or source. As a result, the fault can produce 

potential mounds or depressions in the hydraulic potential field (Matthäi and Roberts, 

1996; Underschultz et al., 2005). The upwelling of the overpressured saline water was 

established hydraulically for the Study Area (Mádl-Szőnyi and Tóth, 2009). In this study 

the structural elements: normal-, reverse-, and strike-slip faults were evaluated as potential 

pathways for water upwelling.  

Two reflection seismic sections: S1 and S2 were hydrogeologically interpreted (Fig. 4.2). 

The seismic sections on left hand side axis show the two way travel time values while on 

the right hand side axis the estimated depth values are indicated (Fig. 7.1). Time to depth 

conversion was based on check shot data of the neighboring boreholes. The datum level on 

the seismic lines is 50 m asl.  

All available archive chemical data was collected from the Study Area to follow the 

change of chemical pattern from the basement to the surface (Fig. 4.2). The wells of the 

observation system (D1-20, O1-5), IRS, IRF, and ISW2 wells were also involved in the 

study. On the data multivariate data analysis was carried out by the SPSS 15 for Windows 

(Norusis, 1993) and the STATISTICA programs (Hill and Lewicki, 2007). The advantage 

of these methods is that these involve all measured data for the characterization of the 

water chemistry. Using cluster analyzes, different groups were identified based on the main 

elements (Na+, Ca2+, Mg2+, Cl-, SO4
2-, HCO3

-) and pH. The cluster analysis sorts the 

different objects into groups in a way that the degree of association between two objects is 

maximal if they belong to the same group. Hereby the method is applicable for discovering 

structures in data without interpretation (Hill and Lewicki, 2007). Before clustering, data 

were normalized to bring them to the same range, in order to avoid the effect of the 

different dimensions. The identification of the groups was verified by discriminant 

analyzes, using Wilk’s lambda statistic to measure the class center separation. The method 
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examines how the groups can be distinguished by separation surfaces. The results are 

usually represented in the plane determined by the first two separation surface (Function 1 

and Function 2). Small Wilk’s lambda value (0-1) of a parameter means, that the groups 

are well separated based on this parameter, and large value means that they are poorly 

separated. For characterizing the validated groups, box-whiskers plot were applied, 

showing the median, quartiles and minimum-maximum values of the groups respectively.  

The distribution of groundwater salinity in shallow depths (down to ~100 m depth) was 

investigated spatially in the GSA by surface geophysics: electrical and electromagnetic 

methods as well (Fig. 4.2). In the course of electric resistivity measurements the 

characteristics of the rock matrix and those of the pore water are detected together. In the 

Study Area the uppermost ~60-120 m thick strata are approximately subhorizontally 

bedded (Fig. 3.8c, Fig. 5.2). In these cases, horizontal resistivity changes in one 

homogenous layer originate from the salinity contrast of the saturating pore water.  

In the course of the measurements, Vertical Electric Sounding (VES), (penetration depth 

for the area: 100-120 m) and Radio-Magneto-Telluric (RMT) survey (Turberg et al., 1994, 

Stiefelhageln, 1998), (actual penetration depth: 18-25 m) were applied (Simon et al., 2009, 

Simon et al., in press).  

The VES measurements were realized as Schlumberger arrays with maximum 200 m AB/2 

distance. From the apparent resistivity values (ρa) the subsurface specific resistivity (ρs) 

distribution and layer thicknesses were calculated by three computer programs: the PISE 

(from the Geophysical Department of the VI. University of Paris), the Schlumberger 

(improved at CHYN), and the VES (improved by Dövényi P. at the Geophysical 

Department of Eötvös Loránd University). The specific resistivity values are functions of 

the pore water electrolyte conductivity (Erdélyi and Gálfi, 1988). During the 

electromagnetic measurements with RMT (12-240 kHz) three different frequencies were 

used (234 kHz, 77,5 kHz and 22,1 kHz) for the detection in different depths. The RMT 

equipment provides an apparent resistivity value (in Ωm) and the phase-shift (in degree) 

between the horizontal, magnetic and the vertical electric field components. The specific 

resistivity-depth distribution was calculated from these two parameters by the 

Magnetotellurics computer program (MT) (Fischer et al., 1981).  

In the second phase of the study the groundwater and surface salinization were investigated 

focusing on the close vicinity of the lake (Fig. 4.1). The investigations were based on near 

surface water-chemical, isotopic, sediment and mineralogical data.  
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First, the chemical distribution of the shallow groundwater was detected based on the 

archive chemical data of the 10 m deep wells of the MÁFI (CD Appendix). These wells 

were used for the local hydrostratigraphic compartmentalization of the area too. 

To detect the discharging waters of distinct origin (fresh and saline water) and to examine 

their connection in shallow depths the objects of the observation systems were sampled 

(Fig. 4.1) (Appendix 3, CD Appendix). The arithmetic average of these locally measured 

data around the lake were used for interpretation with the help of the so-called reference 

wells which are supposed to represent the “fresh” (Izsák Reference Fresh, IRF) and 

“saline” (Izsák Reference Saline, IRS) flow branches, i.e. the meteoric infiltrated gravity-

driven (Ca,Mg)-(HCO3)2 water, and the upwelling water of basinal (NaHCO3-type) and 

basement (NaCl-type) origin (Fig. 3.8b, Fig. 4.2). These reference wells were sampled just 

once. ISW2 well, representing the shallow groundwater in the fresh water regime was also 

involved in the investigation (Fig. 4.2). 

The time series of chemical data from the lake and from the wells of the observation 

system (O1-5, D1-20) were examined too. By the temporal changes of water chemistry in 

the dug wells, observation wells, the temporal changes of the interaction between lake and 

groundwater can be evaluated. 

Trace element composition of the water of the lake, the observation wells and the reference 

wells were measured as well. The data were compared to the normal seawater composition 

to see that these can originate from paleo seawater preserved in the marine sediments in the 

Pre-Neogene basement or in the basin fill. 

The separation of the deep origin and gravity-driven water in the near surface around the 

lake was intended by D and 18O measurements too. No groundwater isotope data were 

available from the basement. Samples were taken from the lake water (L1-2), from the 

observation wells around the Kelemenszék Lake (O1-5), from the Izsák reference wells 

(IRF, IRS) as well as from two shallow wells from the gravity-flow regime (ISW1-2) (Fig. 

4.2). In addition from IRS and IRF wells and FRS well at Kelemenszék Lake 14C isotope 

was analyzed (Fig. 3.8, Fig. 4.2). Beside the Izsák Reference wells (IRF, IRS), FRS wells 

(180,5 m deep) were chosen to represent the upwelling saline water below the Danube 

Valley (Fig. 3.8, Fig. 4.2).  

For the understanding of the sediment-water interaction in the near surface, sediment 

samples were collected from the formations of the O4 well’s borehole, from 1 m depth of 

the ISW1-2 wells, and from the lake sediments. Samples of salt minerals were collected 

from the land surface in the inner salty berm (Fig. 4.2). On the sediment and mineral 
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samples XRD analyzes were carried out at the Department of Mineralogy of Eötvös 

Loránd University. On the other hand for the detected minerals saturation indices were 

calculated. In addition Cation Exchange Capacity (CEC) measurements were carried out 

for the different sediment types to examine whether the high salinity of the groundwater 

can be deduced from the ion exchange of the surface sediments. Clay was examined from 

the lakebed and from O5, silt (aleurite) from O5 and fine grained sand from borehole of 

O2. Besides, loess from ISW2 and sand from ISW1 were analysed too. 

7.3 CHARACTERIZATION OF GROUNDWATER SALINIZATION 
FROM THE BASEMENT TO THE SURFACE 

7.3.1 Pathway of overpressured saline groundwater 

In the course of the seismic interpretation the different types of faults: normal faults, thrust 

faults, strike-slip faults and structural elements were identified on two seismic sections. 

These elements supposedly assure a connection between the basement and the surface and 

may provide pathways for the upward movement of overpressured saline water. Beyond 

the faults the hydrostratigraphic units were identified and correlated on the seismic sections 

to refine the lithologic-hydrostratigraphic build up of the area (Table 3.1).  

The original and the hydrogeologically interpreted seismic profiles can be seen in Fig. 

7.1a,b (see traces of the sections in Fig. 4.2). The base of the Pannonian strata is 

represented by high amplitude seismic events. This sequence boundary characterized by 

onlap reflection terminations and ungular unconformity. It separates the underlying Middle 

Miocene synrift marine sediments from the overlying postrift Pannon Lake sediments. The 

Pannonian sequence boundary is overlain by the prograding delta slope and prodelta 

sediments of the Algyő Aquitard. It is debated whether the Algyő Aquitard is underlain by 

a limited thickness of the turbiditic Szolnok Formation (Szolnok Aquitard) on the 

northwesternmost part of the S1 seismic section (Fig. 4.2, Fig. 7.1a). The Pre-Pannonian 

(Middle Miocene) Aquifer is represented by a much more complex seismic pattern, 

dissected by reverse and normal faults. The shapes of the base of the different units are 

also different. Consequently the Pre-Pannonian Aquifer is more disturbed than the 

covering Pannonian sediments, aquitards and aquifers (Fig. 4.2, Fig. 7.1a). In the Study 

area the thickness of the Neogene basin fill is generally thinner (< 700-1000 m) compared 

to the other parts of the DTI. 
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Fig. 7.1 Interpretation of seismic sections 

According to the seismic and well log data the Pannonian sediments are representing a 

prograding delta system from NW to SE. The prograding clinoforms of the Algyő Aquitard 

are well developed on the S1 seismic line (Fig. 7.1a). The Great Plain Aquifer of Pliocene 

and Quarternary age is the thinnest, 6-500 m under the Danube Valley, in the Study Area, 

while it is ~1000 m thick on the other parts of the DTI. 

In the northern part of the S1 seismic line (Fig. 4.2, Fig. 7.1a) the southern part of a local 

Neogene folded basin can be seen. Several compressional anticlines can be observed 

within the Lower Pannonian (Algyő Aquitard) which coincide fairly well with the 

compressional anticlines within the Pre-Pannonian (Miocene) Aquifer. It seems to be 



110 

obvious that compressional folding resulted in the development of anticlines within both 

the Pannonian and Pre-Pannonian Miocene layers had happened during the Early 

Pannonian. The Middle Miocene seismic sequence is affected by an earlier generated set of 

listric and normal faults and by a later generated set of reverse (thrust) faults.  

Southwards of the folded basin an almost ten kilometer wide zone of Late Pannonian - 

Quaternary strike-slip faults can be identified. These faults are represented by flower 

structures on the S1 seismic line (Fig. 4.2, Fig. 7.1a). The flower structures can be 

identified even in the Quaternary sequence in as shallow as 200-300 m depths. 

Kelemenszék Lake is situated above this zone, to SW of the southern part of the N-NW–S-

SE oriented S1 seismic section where it is crossed by H1 (Fig. 4.2, Fig. 7.1a). 

The S2 section has a SW–NE direction (Fig. 4.2, Fig. 7.1b). Kelemenszék Lake is located 

to the west of the northern edge of the S2 seismic line. In the middle part of the seismic 

section a significant N–S oriented normal fault can be identified. On the hanging wall the 

Pre-Pannonian Miocene sediments are completely absent, while on the footwall a few 

kilometers wide Middle Miocene basin can be seen. Above the Middle Miocene basin 

every Pannonian layer forms definite synclines. Supposedly the above mentioned Middle 

Miocene normal fault was rejuvenated as a left lateral Riedel fault connected to that strike-

slip fault system which was identified in the southern end of the S1 seismic section. This 

strike-slip fault system can provide a connection between the Pre-Neogene basement and 

the Great Plain Aquifer. 

7.3.2 Distribution of fluid salinity 

7.3.2.1 Chemical investigations 

The distribution of fluid chemistry from the basement to the surface was monitored with 

the help of archive chemical data, and by the arithmetic average data of the wells of the 

observation system (D1-20, O1-5), and IRS, IRF and ISW2 wells (Fig. 4.2, Appendix 4). 

The data are originated from the total Study Area from 900 m depth up to the surface. 

Multivariate data analysis was aimed at characterization of the water chemistry in the 

hydraulically determined areas of the two different flow systems.  

Based on the main elements (Na+, Ca2+, Mg2+, Cl-, SO4
2-, HCO3

-) and pH values, data were 

sorted into groups with cluster analysis, in the way of analyzing all parameters together for 

finding the similar objects. The first two groups differentiate sharply, the only well from 

the basement (52) and the shallower wells (< 400 m). For the best interpretation of the 
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chemical data, the group of the shallower wells was subdivided into other four groups at 

lower linkage distance. Hereby five groups were distinguished. The detachment of the 

groups was validated by discriminant analysis which allows scrutinizing the differences 

between the groups with respect to several variables. Only groups 1-2-3-4 were involved in 

the analysis, because group 5 is significantly different from the other objects. The 

discriminant analysis found that 95.8% of original grouped cases were correctly classified. 

Fig. 7.2 represents the group centroids which differentiate well. There are two overlapping 

objects in case of group 1 and 2 which can be due to the delineation of the several 

discriminant planes in two dimensions. The Wilk’s lamba statistic showed that the 

separation is determined mostly by HCO3
-, Ca2+ and Na++K+ content of the waters 

(Appendix 5). 
 

 

 

Fig. 7.2 Result of the discriminant analysis for the four groups (Canonical discriminant functions) 

The spatial distribution of the objects of Groups 1-4 is depicted in Fig. 7.3 and their 

distribution with depth is displayed in a general W–E directed cross section, crossing the 

whole Study Area (Fig. 7.4). Group 5 is represented only on Fig. 7.3. It includes the 

deepest well, representing the basement water, with significantly higher Cl- (14076 mg/l) 

and Na+ content (8267 mg/l) in comparison to the waters from the Neogene or Quarternary 

layers (Appendix 4). According to the map, with some exceptions Group 1 and 4 is 

prevalent to the west of the hydraulically delineated boundary between the fresh and saline 

water regimes (Fig. 7.3). To the east wells of Group 2 and 3 are dominant. The four groups 
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differentiate by depth as well, correlating with the hydraulically allocated areas of the 

saline and fresh water regimes (Fig. 7.4, Fig. 3.8a,b,c). The cross section indicates Cl- 

content of the different objects too, because Cl-, as a conservative element can represent 

the basement component of the water. This detachment is reflected by the Cl- content too. 

In the western side of the hydraulic boundary from 355 m depth Group 1 is prevalent with 

high Cl- values (59 – 400 mg/l) (Fig. 7.4). To the east from the boundary the wells of 

Group 2 with smaller Cl- values (5 – 15 mg/l) are located from ~200 m up to ~40 m depth. 

There are some exceptions (e.g. 212 m deep. well of Group 2 with 330 mg/l Cl- in western 

side of the boundary), as a results of that the groups were determined considering all 

parameters together, not just the Cl-. Another exception is well of Group 2 in the western 

end of the section with 4 mg/l Cl- (Fig. 7.4). 

In the upper ~30 m, towards west from the boundary Group 4 (Cl-: 50 – 1112 mg/l) and 

some wells of Group 1 are situated. On the eastern side of the boundary Group 3 (Cl-: 4 – 

231 mg/l) dominates. The interface among them cuts the surface at EOV Y 664000 – 

665000 m, towards west from the hydraulic boundary with 2-300 m. 

The groups can be characterized by their parameter distribution, represented on box-

whiskers plots (Appendix 6). Group 1 and 4 clearly differ from Group 2 and 3 in the 

Na++K+, Cl- and HCO3
- content. Group 4 is characterized by the highest Na++K+ values, 

which vary in a wide range (210 – 1739 mg/l). Group 1 is represented by smaller (59 – 796 

mg/l) and Group 2 (9 – 330 mg/l) and 3 (25 – 164 mg/l) by the smallest Na++K+ values 

(Appendix 6). The Cl- and HCO3
- content show similar distribution among the groups. 

Group 2 and 3 overlap in case of all these parameters, but the median of Group 3 is always 

larger.  

In pH the groups did not differ significantly. The pH is largest in Group 1 (7.9 – 8.6), 

followed by Group 4, and Group 2. Group 3 represents the smallest values (7.1 – 8).  

The value of the Ca2+ is the largest in Group 3, and the smallest in Group 1. The Mg2+ 

content shows similar distribution, excluding that Group 1 and 2 does not differentiate as 

clear as according to the Ca2+. According to the SO4
2- content the groups could not be 

distinguished significantly. 
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Fig. 7.3 Spatial distribution of the different groups in the Study Area 

 

Fig. 7.4 Distribution of the different groups by depth, on a W–E directed section 
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7.3.2.2 Geophysical study 

The distribution of the TDS and Cl- content of groundwater down to 60-70 m depths in the 

Quarternary layers was represented in Fig. 3.8c. The shallow groundwater is differentiated 

spatially from east to the west based on these parameters. The same difference was 

followed by chemical data from the basement up to the surface by archice chemical data 

(Fig. 7.4). This chemical differentiation is quasi coincident with the hydraulically 

established border between the two regimes. This detachment in the composition of 

groundwater was proved in points by the chemical data and now this pattern was to be 

verified spatially, by surface geophysical measurements too. 

The geophysical detection was carried out in those points where the lithology was well 

known. The RMT measurements were done along two sections. One is quasi parallel and 

the other one is located 1 km far to the north from the section (H1) (Fig. 4.2). VES 

measurements were taken in very close vicinity of existing boreholes and wells, from 

which detailed lithologic data were available (Fig. 4.2). In addition, VES measurements (in 

three points) were achieved in the dried lakebed (Fig. 4.2). The measurements in the 

lakebed were represented separately from the other detections (CD Appendix). 

Specific resistivity values were displayed uniformly along the above mentioned section 

(H1) between the 2.45 and 13.88 km, in the GSA (Fig. 4.2). In the sections lithology was 

indicated instead of the original hydrostratigraphic units, compiled from the archive 

borehole data at VES measurement points and refined by the locally compiled 

hydrostratigraphic sections from borehole data of the observation wells (O1-5) and archive 

wells of MÁFI (383-390) (Fig. 4.1, Fig. 4.2, Fig. 5.2, Fig. 7.5a,b,c,d). Thus the separation 

of the effect of lithology and pore water salinity was possible on both datasets (RMT and 

VES).  

Black numbers on the figures (Fig. 7.5a,b,c,d) represent the specific resistivity values of 

fresh water (TDS < 600 mg/L) saturated rock matrix, based on data from the literature 

(Erdélyi and Gálfi, 1988 Fig. 6.1 on p. 85). The measured and then calculated specific 

resistivity values were shown by isolines in Fig. 7.5a,b,c,d.  

The RMT results (red isolines) in the two sections show good correlation (Fig. 7.5a,b). 

Section “a” was detected northward from the lake, and section “b” crosses the lake (Fig. 

4.2). On section “a” underneath the lake systematically smaller (20-30 Ωm) values are 

displayed than the fresh water saturated rock values (Fig. 7.5a,b). This relation is proved 

till ~20 m depth, in the fine grained fluvial sand layer above, and in the gravel as well.  
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Fig. 7.5 Geophysical cross sections  

a: result of RMT measurements to the north of the lake, b: result of RMT measurements crossing the lake, c: 
results of VES measurements, d: result of northern RMT and VES measurements (see section line in Fig. 4.2) 

Towards the east from the Kelemenszék Lake the specific resistivity values systematically 

increase (30-70 Ωm) and gradually reach the black values which are characteristic for fresh 

water filled sediments. Section “b” shows a very similar resistivity distribution. As a 

difference, along the border of the two flow systems a smaller increase (~40 m) in the 

resistivity values could be observed. This increase appears at a local morphological height 

hereby it could be the effect of a local recharge area with infiltration of meteoric water. In 

the eastern end of the Fig. 7.5b section the values range between 50-100 m.  

The VES measurements (blue isolines) (Fig. 7.5c) indicate the same specific resistivity 

distribution are revealed in the RMT ones. Nevertheless, due to the penetration depth of 
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VES these values can be followed as far as 100-120 m in depth. To the west from the 

hydraulic boundary of the gravity-driven and overpressured systems, resistivity values (6-

25 Ωm) lower than the expected ones were registered, representing saline water saturated 

sediments. The highest differences between the measured (6-25 Ωm) and fresh water 

saturated (100-200 Ωm) values were again found in the gravel layer which is indicated by 

the lightest yellow color in Fig. 7.5c.  

The deviation from the fresh water saturated specific resistivity values can be followed as 

far as the undifferentiated Great Plain Aquifer, with heterogeneous lithology. This 

formation contains alternating clay, clay marl, marl, sand, and sandstone layers. In this 

deepest part of the section, the resistivity values (12-25 Ωm) have the smallest deviation 

from the fresh water saturated values (20-60 Ωm). 

Consequently, VES measurements reliably sign differences in pore water content between 

the two different flow regimes for this area only as far as ~70 m in depth. The 30 and 70 

Ωm isolines pass side by side to the east from the Kelemenszék Lake and from the 

boundary of the two hydraulically distinct flow regimes. This signs steep increase in the 

specific resistivity values towards the fresh water flow regime. In the eastern part of the 

cross section the effect of fresh meteoric water regime can be proved reliably with the 70 

Ωm isoline to ~30 m asl. Below it < 30 Ωm values were measured, but because of the 

modifying effect of clay layers it can not be interpreted as the effect of the water salinity 

exclusively. 

The measurements in the lakebed fit well into the drafted situation (Fig. 4.2). The three 

detections revealed the same results (Table 7.1). Down to ~100 m depth contiguous 8-12 

m values were observed (Fig. 7.6). 

Number 
of the 

detection 
EOV X EOV Y sm bottom of the layer (m) 

21 161336 659948 8.48 23.23 
21 161336 659948 12.81 ~100 
22 161577 660520 6.19 1.21 
22 161577 660520 9.52 9.15 
22 161577 660520 4.88 16.35 
22 161577 660520 14.87 ~100 
23 161149 660955 6.98 0.6 
23 161149 660955 10.41 12.45 
23 161149 660955 6.76 19.17 
23 161149 660955 11.8 ~100 

Table 7.1 Specific resistivity values of VES measurements in the lakebed 
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Fig. 7.6 VES curve fit of measurement in the lakebed (Nr. 23) by VES computer program 

(in the x axis AB/2, and in the y axis a are represented) 

Comparing the results of the two methods using the northern RMT section (section a in 

Fig. 7.5), specific resistivity values fit well and amend each other (Fig. 7.5d). The values 

under 30 Ωm characterize the saline water filled sediments’ resistivity in the western part 

of the cross section. Toward east from the hydraulic boundary, resistivity values increase 

sharply. Specific resistivity values which are higher than 70 Ωm sign unambiguously fresh 

water filled sediments. The transitional zone between the saline and the fresh water 

regimes can be delineated with the 30 and 70 Ωm specific resistivity isolines respectively. 

This transitional zone is 1-3 km wide, and has an irregular shape. This zone starts from the 

ground surface 0-4 km further to the east from the hydraulically delineated boundary of the 

gravity-driven and overpressured flow regimes, goes down vertically as far as 20 m in 

depth and then it follows roughly the line of the hydraulic boundary.  

7.3.3 Discussion 

The Study Area is tectonically highly disturbed. Close to Kelemenszék Lake, under the 

area of the surface salinization, several rejuvenated Middle Miocene normal faults 

connected to a Quarternary strike-slip fault system were identified. These faults based on 
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seismic interpretation originated from the basement and extend up to the near surface (200-

300 m). These structural elements crosscut the Algyő Aquitard and create continuity 

between the Pre-Neogene Aquifer and the Great Plain Aquifer. The faults can ensure a 

pathway for the overpressured basement origin NaCl-type water to get through the Great 

Plain Aquifer and to approach the near surface based on the model of Matthäi and Roberts 

(1996).  

In the western part of the DTI, the proximity of the Pre-Neogene Aquifer (< 600-1000 m) 

containing NaCl-type water and the low thickness of the Great Plain Aquifer (< 5-600m) 

can also contribute to the evolution of “short cut” and “water exchange” connection 

between the waters of the basement and of the near surface sediments. 

The western part of the DTI was examined by seismic methods in a more detailed 

comprehensive study of Mészáros (2005). The results show that not every graben and 

connecting strike-slip fault can correlate to surface salinization, however, under continuous 

saline areas, like the Danube Valley, these structural elements appear on the seismic 

sections. Kiss (2010) with magnetic and gravitational geophysical methods also proved the 

presence of the tectonic elements below Kelemenszék Lake. These measurements support 

the seismic results of this study and highlight the role of the recognised tectonic attributes 

as pathways in transportation of saline water from the basement to the near surface in the 

Study Area.  

The summary of the arguments which evidences these statements are as follows:  

(i) the geometry of the basin (< 600-1000 m basement depth), 

(ii) the hydrostratigraphy of the basement (10-8 m/s) and the basin fill (Algyő Aquitard: 

10-8-10-7 m/s; Great Plain Aquifer: 10-5 m/s),  

(iii)  the strike-slip faults as pathways for the overpressured NaCl-type basement water, 

(iv) the overpressure resulting the “short cut” and/or the “water exchange” connection 

between the water transporting strike-slip faults and the near surface Great Plain 

Aquifer. 

The chemical distribution of fluids from the basement up to the surface based on 

multivariate data analysis from archive chemical data supported the preliminary statements 

that the groundwater of the Pre-Neogene basement (Group 5) and water of the Neogene 

basin fill (Group 1-4) differs significantly (Rónai, 1965; Erdélyi, 1989; Mádl-Szőnyi and 

Tóth, 2009). In the Neogene and Quarternary layers (< 400 m) data were sorted into four 

groups which assign the pathways of the saline and fresh groundwater. Based on the results 

in the western part of the Study Area ascending saline groundwater with high Cl- (9 – 400 
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mg/l), Na+ (59 – 796 mg/l), and HCO3
- (336 – 1510 mg/l) content is prevalent from 400 m 

depth up to the surface (Group 1). In the upper ~20 m depth the groundwater with elevated 

Cl- (50 – 1112 mg/l), Na+ (210 – 1739 mg/l), HCO3
- (798 – 3130 mg/l) content saturates the 

rock matrix, representing the evaporation of the ascending saline water (Group 4). Towards 

east, from 400 m up to 40 m depth, fresh water is dominant with higher Ca2+ and less Cl- 

content (Group 2). Above it also fresh water is situated with elevated Ca2+, Mg2+ and 

HCO3
- content (Group 3). This distribution of the archive data assigns the areas of saline 

and fresh water regimes down to ~400 m, coincident with the hydraulically determined 

flow regimes. The boundary between them is a ~1-2 km wide transition zone. One object 

of Group 2 in the western end of the section represents fresh water flow system starting 

from direction of the Danube. 

To detect the spatial appearance of the ascending, highly saline fluid in the near surface, 

surface geophysical methods were carried out in the discharge area of the saline and fresh 

groundwater flow regimes. In the near surface, based on specific resistivity results a 

transitional zone could be delineated between the fresh water and saline water regimes. 

The results of VES and RMT methods showed that saline water saturates the rock media (< 

30 Ωm) in the surroundings of Kelemenszék Lake from the ground surface proven to a 

depth of ~70 m. In the eastern part of the Study Area fresh water fills the pores of 

sediments (> 70 Ωm) independently from the lithology. The transitional zone between the 

waters with different salinity is 1-3 km wide, and has an irregular shape. This zone 

correlates with the hydraulic flow branch boundary between the gravity-driven and 

overpressured flow regimes. The deviations from the hydraulic border are the highest (0-4 

km) at the near surface. 

7.4 ORIGIN OF HIGHLY SALINE WATER AT KELEMENSZÉK LAKE 

7.4.1 Local geochemical investigations 

7.4.1.1 Fluid characterization around Kelemenszék Lake 

The transition zone between the geophysically detected saline and fresh water dominated 

areas is located along the Dunavölgy Canal in the near surface (Fig. 4.2). From the two 

sides of the canal, chemical data of the archive 10 m deep wells of MÁFI are available (CD 

Appendix) (Fig. 4.2). These data are the basis for checking the local chemical composition 

of shallow groundwater on the two sides of the canal, i.e. the boundary. Fig. 7.7 shows the 
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chemical facies of these wells. Their spatial distribution is delineated on Fig. 7.8 which 

illustrates that the data are scattered. The wells do not show a clear differentiation along 

the supposed transition zone. Nevertheless in the saline tract, to the west of the transition 

zone, the chemical composition of groundwater is mainly Na-HCO3-Cl or Na(K,Ca,Mg)-

HCO3 type. Southward from the lake in wells 384 and 386 Mg2+ and Ca2+ dominate (Fig. 

7.8). In addition, in 332, 334 and 338 Ca2+ is dominant as well. Eastward from the 

boundary, in four wells Na(Ca,Mg)-HCO3 type groundwater could be measured, the other 

wells represent (Ca-Mg)-(HCO3)2 type or Mg(Na,Ca)-HCO3 water (Fig. 7.8).  

Hereinafter the chemical measurements were focused on the saline tract around 

Kelemenszék Lake, to the west of the transitional zone between the saline and fresh water 

regimes. The interpretation of the measured chemical components was first based on the 

comparison with water of the reference wells: i.e. the Izsák Reference Saline (IRS) well for 

saline, NaHCO3- and sporadically NaCl-type water as well as the Izsák Reference Fresh 

(IRF) well for fresh, Ca,Mg(HCO3)2-type water (Fig. 3.8b, Fig. 4.2). 

 

Fig. 7.7 Piper plot of shallow groundwater in the Chemical Study Area 
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Fig. 7.8 Spatial extent of saline and fresh groundwater in 10 m depth 

The arithmetic average values of all the measured parameters (Appendix 3, CD Appendix) 

were represented on a Piper-plot (Fig. 7.9). In the plot two separated water types can be 

distinguished. The smaller group contains the water of the IRF well, ISW2 dug well and 

the canals (C1-3), which are characterized by Ca-Mg-(HCO3)2 facies, representing the 

fresh meteoric water (Fig. 7.9). The bigger group comprises all wells around the lake and 

the IRS well, with Na-HCO3-Cl-type of hydrogeochemical facies (Fig. 7.9). The lake water 

(L1-2) has almost the same chemical facies as the IRS well, only with higher TDS 

(Appendix 3). 
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Fig. 7.9 Piper plot of the measured wells, canals and lake in comparison to the reference wells  

The points of the saline water group assign a linear trend, more sharply on the cation 

triangle. The trend follows an increase in Na+ against decrease in Mg2+ and Ca2+. Only D13 

deviates from this trend. On the anion triangle, another linear trend is delineated. The 

values change between the dominance of Cl- and HCO3
-. SO4

2- concentration is less than 

10% in every sample. The spatial distribution of the samples shows that in the case of the 

dug wells, Cl- dominates towards north and south from the lake and HCO3
- becomes 

prevalent to east and west. In every dug well Na+ is the dominant cation, but the role of 

Ca2+ increases eastward. In the case of the observation wells the rate of Cl- and Mg2+ 

increases from west toward east (in the direction from O1-2 towards O3-7). 

Examining the data in details, first a correlation matrix was set up for all the samples of the 

Piper plot (Table 7.2). It can be seen that the values of TDS, Na+, Cl- and HCO3
- correlate 

well (correlation coefficient > 0.75) in every sample and show strong connection, 
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consequently the spatial and temporal distribution of these parameters in the case of one 

sample is expected to be similar.  

 

mg/l Na K Mg Ca Cl SO4 HCO3 pH TDS 

Na 1,00                 

K 0,13 1,00               

Mg 0,00 0,47 1,00             

Ca -0,29 0,09 0,72 1,00           

Cl 0,95 0,10 0,05 -0,19 1,00         

SO4 0,55 0,40 0,02 -0,27 0,49 1,00       

HCO3 0,94 0,23 0,18 -0,10 0,87 0,47 1,00     

pH 0,68 0,00 -0,29 -0,50 0,57 0,53 0,56 1,00   

TDS 0,98 0,20 0,12 -0,16 0,94 0,53 0,98 0,61 1,00 

Table 7.2 Correlation matrix of average data  

(yellow boxes represent correlation coefficient > 0.75, based on data of L1-2, O1-5, D1-20, ISW2, C1-3, 
IRS, IRF) 

The linear connection between Na+ and Cl- is represented in Fig. 7.10a. The Na+ content is 

consistently higher in the samples than Cl- which reflects the presence of HCO3
- in the 

waters (Fig. 7.10a). The linear trend shows a gradual increase in the two examined 

parameters starting from the group of the precipitation data, the ISW2 well, and IRF, 

through the data of dug wells at the western and eastern sides of the lake, and the 

observation wells, towards the lake water (L1-2) and dug wells in north and south of the 

lake (D14, D2, D3, D11, D4, D10, D12). This trend could be interpreted as a mixing line 

between two end-members which are the gravity-driven fresh water of ISW2, and D13 dug 

well near the lake, and on the other hand the lake water (L1-2). Considering that the lake 

and shallow dug wells are influenced by the evaporation the end-members of the mixing 

line could be ISW2 and IRS. Thus the wells at the eastern and western side of the lake can 

be deduced from the mixing of the fresh water represented by ISW2 and D13, and the 

saline water, represented by IRS. The observation wells at the eastern side of the lake (O4, 

O5, O6), the dug wells in the N–S directed zone of the lake (D14, D2, D3, D11, D4, D10, 

D12), and lake water in comparison with IRS show the effect of evaporation. 
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Fig. 7.10 Plots of (a) Na+ versus Cl- and (b) Na+/Cl- versus Cl-  

Plotting the Na+/Cl- ratio versus Cl- the same distribution of data could be observed (Fig. 

7.10b). Two groups can be distinguished. Group 1, including the data of O4-O5, L1-2, 

IRS, and the dug wells in the N–S elongated zone around the lake (D14, D2, D3, D11, 

D12, D10, D4) show higher Cl- content in comparison with the other wells in Group 2. O6 

and O4 wells are comparable to IRS and the other wells in the group show increased Na+ 

and Cl- values. Their Na+/Cl- ratio is around 2.5, which is constant in the whole group, 

supposedly representing the effect of evaporation. Group 2, including the wells to west and 

east of the lake has smaller Cl- content than 400 mg/l, and their Na+ content changes in a 

wide range (Na+/Cl-~1-7). The canals and the well ISW2 have the smallest Na+ and Cl- 

values. Their Na+/Cl- ratio is close to 1 which represents the high influence of precipitation 

on them. 

All data show that TDS, Na+ and Cl- content of the shallow dug wells are the highest in the 

N–S directed zone through Kelemenszék Lake (Appendix 3, CD Appendix). This N–S 

trend can also be seen in Fig. 7.11, where only the average Cl- content of the water of all 

data points were displayed in the function of the YEOV (m) of the measuring point. The 

highest Cl- values can be found in the lake water (L1-2) and in some dug wells (D2, D3, 

D11, D14). Additionally, the O4, O5 and O6 wells have relatively higher Cl- ion content 

than the other wells and these values are is comparable to the Cl- content of the IRS well. 

The other group of dug wells has smaller Cl- content, comparable to the values of O1-O2-
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O3, ISW2, and IRF. The plot of Na+ versus YEOV (m) of the measuring points shows a 

totally similar distribution of the objects (Appendix 7). 

 

 

Fig. 7.11 Distribution of Cl- in W–E direction 

The other component is Ca2+ which shows spatial changes in the samples (Fig. 7.12). The 

highest Ca2+ content was detected in ISW2 well (91.1 mg/l). The value of this shallow 

well, located in the gravity-driven flow regime is comparable with the observation wells at 

the eastern side of the lake (O4-7). The dug wells at the eastern and southern sides of the 

lake are represented by higher values (e.g. D5: 57.27 mg/l, D13: 55.97 mg/l and D16: 52.3 

mg/l) than the other dug wells. The lake water, the dug wells to the north and west of the 

lake have smaller Ca2+. The smallest values were measured in O1 and O2, comparable to 

IRS (Fig. 7.12).  

Fig. 7.13 shows the variation of Cl- content by depth. In the case of the dug wells an 

increase can be observed in the N–S oriented, middle zone of the lake. The deeper wells 

are differentiated according to their position. O1-O2-O3 show similar values, than the 

canals, and O4-O5-O6 in the eastern side of the lake have increased Cl- content. 
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Fig. 7.12 Distribution of Ca2+ in W–E direction 

 

 

Fig. 7.13 Cl- distribution versus screened depths of wells 

Examining the data in the two depth interval of the wells, the composition of the deeper 

observation wells (5, 10 and 20 m deep respectively) is slightly different from the water of 

the dug wells. In the O1 (~5 m deep) and the O2 (~10 m deep) wells the main cation is Na+ 

(arithmetic average: 356 and 324 mg/l) and the average of the TDS content is 1261 – 1178 

mg/l. The values of the O3, in the north of the lake, are always in the lower range (average 
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of Na+: 284 mg/l and of TDS: 1072 mg/l) compared to the values of the others. The O4 

(~10 m deep), O5-7 (~20 m deep) wells on the eastern shore of the lake have higher Na+ 

(445 and 1058 mg/l), Cl- (192 and 677 mg/l) and TDS (2251 and 4071 mg/l) values. 

Moreover, the Mg2+ (74 and 100 mg/l) and Ca2+ (72 and 85 mg/l) content of these wells is 

also more considerable than in the other observation wells. The Na+, Cl- and TDS values 

are the highest in these wells amongst the observation wells (Appendix 3). Between O4 

and O5, the deeper well is represented by the larger TDS and Cl- content, showing TDS 

increase with depth. In ~20 m depth, O6 and O7 show a slight, continuous decrease 

towards east in TDS and in every measured parameter. 

Trace elements were also measured from the observation wells, the lake, the two reference 

wells, and from the precipitation (Fig. 7.3). Data were compared to sea water trace element 

values (Goldberg et al., 1971). Main questions of this investigation were the following: can 

the IRS well reliably represent the water of the overpressured regime, and can the signature 

of this basement-type water be detected in the shallow wells. The results of Mádl-Szőnyi 

and Tóth (2009) showed, that groundwater in the basement can be originated from 

meteoricly affected paleo-seawater, because its Na/Cl ratio is close to 1. Supposedly its 

trace element composition could also be similar to seawater. In this case this water 

composition can be used as natural tracer to understand the effect of the overpressured 

water in the near surface.  

In the case of some elements the values of the lake (L1) and IRS show significant 

differences from the other objects (Appendix 8). The Li and B content of IRS and L1 are 

the closest to the values of seawater. The B content of L1 is 3281 g/l, in IRS is 3842 g/l 

and in the seawater it is 4500 g/l. The values of O4 and O5 are also surpassing the values 

of the other wells (695 and 1066 g/l). The O1-3 wells are represented by an order of 

magnitude smaller B values. The IRF wells show good correlation with the precipitation. 

Li is more representative for waters of basinal origin. The Li content of O4 (17.9 g/l) O5 

(11.6 g/l) and L1 (13.3 g/l) is higher with an order of magnitude than the content of the 

other wells (e.g. O1: < 5 g/l). IRS shows the highest values (87.4 g/l). The Ba content of 

every well and the lake exceeds the value of seawater. These differences in the values of 

the wells follow the differences among them in the main element composition too. The Cl- 

and trace element values of the samples were normalized to the seawater composition after 

Goldberg et al. (1971). As the Cl- is conservative the dilution of the waters in comparison 

with the seawater can be traced by the dilution of their Cl- content. If the trace elements 
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changed and diluted differently than their Cl- content, it represents the effect of sediment-

water interaction. In case of the samples the normalized Cl- values show high dilution in 

comparison with the seawater. Normalized trace element values in comparison with the 

normalized Cl- values show significant difference which reflects the influence of sediment 

water interaction on in the evolution of the measured waters. 

 

Sample 
Cl       

(mg/l) 
Cr       

(μg/l) 
Zn       

(μg/l)  
Co       

(μg/l) 
Ni       

(μg/l) 
Ba       

(μg/l) 
Al       

(μg/l) 
Cu       

(μg/l) 
Sr       

(μg/l) 

O1 0.004   0.49     2.81 27.20   0.006 
O2 0.004 0.40 2.55 11.200 0.005 
O3 0.008 0.28 3.30 33.600 0.009 
O4 0.027 0.66 16.25 0.830 0.080 
O5 0.033 0.87 20.20 0.058 
L1 0.109 35.00 0.89 4.98 1.39 1.18 136.000 5.87 0.006 
IRF 0.001 0.40 2.18 2.590 0.027 
IRS 0.021 0.32 10.15 1.710 0.087 

precipitation 0.000   3.62     0.28 21.900   0.0003 

Sample 
Cl       

(mg/l) 
Mo      

(μg/l) 
B        

(μg/l) 
Pb       

(μg/l) 
Cd       

(μg/l) 
Li       

(μg/l) 
As       

(μg/l) 
Br       

(μg/l) 
H2SiO3   
(mg/l) 

O1 0.004 0.35 0.08 293.33     0.63   2.67 
O2 0.004 0.46 0.07 234.33 0.54 2.33 
O3 0.008 0.21 0.10 257.33 0.55 3.67 
O4 0.027 0.15 225.33 0.11 0.36 1.81 
O5 0.033 0.35 0.24 234.67 0.07 1.08 0.0001 4.38 
L1 0.109 1.12 0.73 146.67 0.08 3.73 0.0002 4.72 
IRF 0.001 0.11 0.004 340.00 0.33 2.72 
IRS 0.021 0.85 188.67 0.51 0.21 0.00002 0.01 

precipitation 0.0001 0.12 0.002 145.00         2.89 

Table 7.3 Trace elements in comparison to seawater values  

(seawater composition is after Goldberg et al., 1971) 

7.4.1.2 Temporal changes in chemical features 

In the previous chapter the main pattern of shallow groundwater chemistry in the saline 

tract was delineated. Now the temporal changes in this general pattern will be introduced. 

The temporal variation of the different chemical parameters in the lake water and 

groundwater is thought to be the result of the seasonal variations in the interaction between 

them. In Chapter 5, the seasonal changes in the relationship between lake and groundwater 

were characterized. It is a question whether the observed seasonal hydraulic modifications 

are present as changes in the chemical composition of the lake or the local effects of the 

interaction between shallow groundwater and lake are overprinted by the ubiquitous 
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upwelling of the overpressured saline water. The change in the chemical composition of 

the shallow (3-4 m) groundwater was followed seasonally from October 2005 to October 

2006. 

The elements as part of the interpretation are displayed on isoconcentration maps around 

the lake (Fig. 7.14). Cl-, Na+, TDS, HCO3
- and Ca2+ constitute the base of the investigation. 

Because of the good correlation (Table 7.2) and the very similar spatial changes of the 

values of Cl-, Na+, HCO3
- and TDS, a similar data distribution is expected. The data of the 

observation wells are also indicated on the isoconcentration maps (Fig. 7.14).  

The maps show the spatial distribution of data around the lake discussed in details in the 

previous chapter. No temporal change could be observed in the spatial distribution of the 

examined parameters in the shallow groundwater. The same distribution of data is 

preserved during the whole time-interval of the observation. In the case of Ca2+ the highest 

values are present at the eastern and southern sides of the lake (68 and 52 mg/l in October 

2006 in Fig. 7.14a, i.e. wells D16 and D17 in Appendix 3). To the north of it a negative 

anomaly could be delineated (~10 – 30 mg/l) (Fig. 7.14a). The temporal change in the 

values of the wells is not significant. 

The spatial distribution of TDS values is very similar to the Cl-, Na+ and HCO3
-. A N–S 

elongated zone with anomalously high values could be delineated in the case of every 

parameter that is represented by ~4500-6200 mg/l TDS content (Fig. 7.14b). The values 

gradually decrease towards east and west. Wells at the western side of the lake show a 

small decrease of TDS from October 2005 till March 2006 (D1: 3351 mg/l and in spring: 

1994 mg/l, D12: 4030 mg/l and in spring 1999 mg/l). The same decline can be observed in 

Na+, Cl- and HCO3
- too, in the case of these wells (Fig. 7.14c,d,e). The other wells did not 

show significant temporal changes.  

Well D13 to the south of the lake continuously showed smaller Cl-, Na+, HCO3
-, and TDS 

values than the other wells. This negative anomaly is preserved during the whole 

observation and results in a large contrast towards the neighboring well D14 which always 

represents one of the highest values of the same parameters. 



130 

 

Fig. 7.14a Temporal changes in the spatial distribution of the main elements and TDS around the 
lake 
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Fig. 7.14b Temporal changes in the spatial distribution of the main elements and TDS around the 
lake 
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Fig. 7.14c Temporal changes in the spatial distribution of the main elements and TDS around the 
lake 
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Fig. 7.14d Temporal changes in the spatial distribution of the main elements and TDS around the 
lake 
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Fig. 7.14e Temporal changes in the spatial distribution of the main elements and TDS around the 
lake 

The temporal changes in the chemistry of the deeper observation wells (down to ~20 m) 

and the lake were examined by time series plots (Fig. 7.15, Fig. 7.16). The lake 

composition follows the meteorological changes. In winter 2005-2006 its value reaches 

~4000 mg/l. At the beginning of spring a sharp increase of TDS started simultaneously 

with the increasing evaporation till November. During this period continuous level 

decrease can be observed. In winter 2006-07 the values stagnated around ~8500 mg/l.  
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b 

 

c 

 

Fig. 7.15 Temporal changes of the TDS content in the lake and the observation wells in comparison 
with the water level fluctuation. 

a: temporal variation in TDS content in the lake (L1) and the observation wells (O1-5), b: temporal variation 
in TDS content in the observation wells (O1-5), c: water level fluctuations in the lake and the observation 
wells (O1-5) 
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In the spring of 2007, because of the rain events from March to May a small decrease 

appeared in the time series of TDS coincident with the stagnating lake levels in this time 

interval. After May a very steep increase developed reaching the highest value in July 

when the lake dried up (TDS: 18078 mg/l).  

The composition of the observation wells seems to be more constant. The O1, O2, and O3 

wells represent small temporal fluctuations in their TDS content. The smallest TDS values 

always develop at the northern side of the lake, in well O3. In March 2006, the TDS value 

of the well abruptly increased up to 2394 mg/l and was decreasing back to the original ~7-

800 mg/l value till July. This could be the effect of some anthropogenic impact, but it is 

not an error, because the deviation is present in the values of every parameter (Fig. 7.16c). 

 

a 

 

b 

 

Fig. 7.16a-b Temporal change of chemical parameters in the observation wells and the lake 

 



137 

c 

 

d 

 

e 

 

f 

 

Fig. 7.16c-f Temporal change of chemical parameters in the observation wells and the lake 

The TDS values of the O4 and O5 wells are higher than in the observation wells on the 

western and northern sides of the lake (Fig. 7.16). The values of the different ions and the 
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TDS in the case of O4 and O5 show only small fluctuation (2-300 mg/l in TDS) after May 

2006. In March 2006, after the snow melt a significant decrease can be observed in TDS 

content (O4: ~1000 mg/l, O5~500 mg/l). In March 2007, in the same season just a small 

decrease occurs which is observable in the case of every observation well and the lake, too. 

7.4.1.3 Discussion 

The chemical results refine point wise the geophysical results down to 20 m. Chemical 

data of the shallow and the deeper observation wells surrounding the lake and the reference 

wells strengthen the presence of a “geochemical window” i.e. the Na-HCO3-Cl-type water 

discharge around the lake. This facies can be deduced from the discharge of the upwelling 

saline water which is hydrogeochemically represented by the IRS well (Fig. 3.8b, Fig. 7.9). 

This upwelling allochthonous water feeds the shallow groundwater under and around the 

lake. The discharge center is traced by the highest TDS and Cl- values of the shallow (D14, 

D2, D3) and observation (O4, O5) wells (Fig. 7.10, Fig. 7.11). The trace element 

composition of these wells and IRS well shows an increase in composition of Li, B, and Sr 

in comparison with precipitation, proving some additional component from deep NaCl type 

groundwater. Nevertheless, the significant deviation between the amount of the trace 

elements in the examined wells and in the seawater suggests that mainly the water-rock 

interaction is responsible for the evolution of the composition of the examined 

groundwater. The presence of the relatively higher Ca2+ and Mg2+ content in the 

observation wells (O4-7) and in the dug wells at the eastern side of the lake (e.g. D16-20) 

show the effect of the “fresh water” of the gravity-driven flow system as well. According 

to this pattern, at the eastern side of this geochemical window i.e. Kelemenszék Lake, fresh 

water discharge occurs and at the boundary of the flow branches the dispersion and mixing 

could be the main controlling factor. This mixing is signed by the continuous changing 

chemical composition eastwards from the lake in the shallow (D16-20) and observation 

wells (O6-7) too. The hydrogeochemical facies changes from Na-HCO3-Cl-type to 

(Ca,Mg)-(HCO3)2-type (Fig. 3.9, Fig. 7.8), while the TDS content decreases (Fig. 7.5, Fig. 

7.14b). In the west of the “geochemical window” the gradual decrease in TDS in case of 

the shallow dug wells, and the observation wells (O1-2) implies the effect of a local 

gravity-driven flow system from the higher elevated points towards the Danube. This flow 

system was also identified in the hydraulic part of the present study. 

Close to the surface, evaporation and the effect of fresh water canals modify the chemical 

composition. This is illustrated by the O3 well, for which the composition of water shows 
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the dilution effect of Kelemenszék Canal (C2) (Fig. 4.1). This dilution effect of recharge 

from fresh water canals was detected here also by RMT measurements (Czauner et al., 

2008). The locally measured relatively high resistivity values (40-65 Ωm vs. < 30 Ωm) 

indicate fresh water infiltration to the saline groundwater in the ~80 m wide vicinity of the 

canal. Dug well D13 also represents a diluted composition, and shows local negative 

anomaly of TDS, Cl-, Na+ and HCO3
- close to the area of the focused discharge. The reason 

for this anomaly could be the larger thickness of the surface aquitard around the lake, 

which preserves the infiltrating precipitation.  

The effect of evaporation is represented by the increased Cl- content of the dug wells in the 

middle N–S directed zone and in the lake (Fig. 7.11). Due to the evaporation effect the Cl- 

values of these wells are higher than in the deeper O4 and O5 wells which represent in 10-

20 m depth the discharge of the allochthonous saline water modified by mixing with the 

fresh water. 

The seasonal changes in the chemical composition of the shallow groundwater are almost 

negligible. The main pattern of the ions and the TDS is preserved despite the seasonal 

changes in the local hydraulic conditions. Only wells D1 and D12 at the western side of the 

lake show seasonally decreasing TDS content following snow melt and rain events. It 

coincides with the hydraulic investigation which proved that these wells are influenced by 

groundwater from a local flow system originating towards the Danube, providing fresh 

water supply to them. The constant distribution of the main chemical parameters supports 

the discharge of the allochthonous saline water in the area. The changes of the local flow 

conditions in connection with the lake did not influence the main chemical pattern. In 

addition, based on studies of Arndt and Richardson (1993), the seasonal changes in EC or 

TDS could be expected only in the upper 90 cm of the sediments around the lake. The dug 

wells are at least 2 m deep. 

Seasonal changes of chemical composition in the case of the deeper observation wells are 

also negligible. Just in March 2006, O4 and O5 in the zone of the discharge center show 

500 mg/l decrease in TDS which could be explained as a seasonally larger scale discharge 

from the fresh water regime.  
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7.4.2 Isotope geochemistry 

7.4.2.1 Data analyses 

In the course of the isotopic investigation, 18O, 2H and 14C were analyzed. 

The measured stable isotope compositions (18O, 2H) of the water samples from the data 

points (Fig. 4.1, Fig. 4.2) are displayed in Table 7.4. The data are presented in comparison 

with the local meteoric water line (LMWL) (Deák, 1995) in Fig. 7.17. Three groups could 

be delineated on the graph (Fig. 7.17a): lake water samples (L1-2; Group 1), the shallow 

observation wells from the eastern part of the lake (O4, O5; Group 2), and the rest of the 

data (Group 3).  

The lake water (L1, L2; Group 1) has the highest (18O= -0.35 ─ -0.71 ‰; 2H= -21.07 ─ -

21.31 ‰) stable isotope values. However, the water of the observation wells from the 

eastern part of Kelemenszék Lake (O4, O5; Group 2) shows relatively lower values 

(18O= -5.98 ─ -6.25 ‰; 2H= -50.11 ─ -54.26 ‰). The water of these groups (Group 1 

and 2) fits to an evaporation line with slope 5.58. Nevertheless, Group 3 shows a good 

correlation with the local meteoric water line (LMWL). In addition, the values of ISW1-2 

wells show a small effect of evaporation (Fig. 7.17a). 

In Fig. 7.17b the relation is presented between the Cl- and the 18O values of the waters. 

The same three groups can be distinguished. The data points of the lake water (Group 1) 

and Group 3 except for the IRS fit well to a trend line. The values of Group 2 show 

deviation from the trend line. These wells (O4, O5) and the IRS well have relatively higher 

Cl- content compared to the other observation wells (Table 7.4). In the case of the IRS well 

it means ~4 times, and at Group 2 ~1.5 times higher Cl- values in mg/l than it is expected 

from the trend.  
14C values from IRS (355 m deep), IRF (89.5 m deep) and FRS (180 m deep) wells were 

analyzed (Fig. 3.8, Fig. 4.2). IRF well represents the gravity-driven flow system, IRS and 

FRS wells the ascending saline water, below the gravity driven system (IRS) and below 

Kelemenszék Lake (FRS). The results are the following: IRS: 24500 ±2800 year (pmC: 0.6 

±0.2%), FRS: 29500 ±1300 year (pmC: 1.3 ±0.2%), IRF: the years could not be calculated 

(pmC: 60.5 ±0.2%). The results show that the saline reference wells represent the saline, 

but mostly Pleistocene age water. IRF well has young, Holocene water. 
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Fig. 7.17 Plots of stable isotope composition and Cl- content 

Sample  18O (‰) D (‰) Cl- (mg/l) 

L1 -0.71 -21.31 692 
L2 -0.35 -21.07 676 
O1 -9.74 -74.33 88 
O2 -10.02 -74.64 76 
O3 -9.19 -69.96 39 
O4 -6.25 -54.26 500 
O5 -5.98 -50.11 636 
IRF -9.49 -69.58 28 
IRS -10.27 -76.64 376 

ISW1 -8.46 -61.72 20 
ISW2 -8.72 -65.51 130 

Table 7.4 Stable isotope composition and Cl- data 

7.4.2.2 Discussion 

The 18O value of the groundwater in the basement is not known because only deep 

hydrocarbon wells reached the Pre-Neogene basement. The initial pore water stable 

oxygen isotope ratio in the Upper-Miocene and Pliocene formations varied between 18O= 
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-2 – +1 ‰, while the assumed value of the meteoric water in the Pannonian sediments was 

18O = -10 ‰ (Juhász et al, 2002).  

The stable isotope values (18O, 2H) of the IRS well show a similar composition to the 

wells from the western part of Kelemenszék Lake (Table 7.4, Fig. 7.17a). The effect of 

basin source water on the stable isotope composition of the IRS well can not be identified. 

As a matter of fact due to the differential rate of Pliocene to recent uplift (Vakarcs, 1997, 

Horváth and Cloething, 1996) it can be supposed that during the Pliocene uplift the 

topographic difference became greater than it is now and it was presumably enough for 

meteoric water infiltration. Therefore the isotope values of the IRS well (Table 7.4) 

represent the evolved water i.e. the initial pore water affected by the meteoric infiltration in 

the Pliocene. The similarity between the water of the observation wells on the western part 

of the lake and IRS suggests that their water possibly recharged in the same altitude and 

climate thus these have been similarly affected by the rainwater. 

All measured data (18O= -9 – -10 ‰, 2H= -68 – -84 ‰) represent young, Holocene or 

maybe a mixed Holocene and Pliocene water, with an important younger component. The 

 values of Group 3 are close to the local meteoric water line (LMWL) (Fig. 7.17a). 

Group 1 and 2 show the evaporation effect as their values can be deduced from the 

evaporation of Group 3 (Fig. 7.17a). Lake water is obviously affected mostly by the 

evaporation. As shown in Fig. 7.17b, the lake water can be deduced from the mixture of 

two end-members, well IRS and IRF. O1-2-3 show similar composition with IRF, while 

O4 and O5 observation wells represent the evaporated composition of IRS. Consequently, 

the water of the fresh and saline flow systems, represented by IRF and IRS, can be detected 

in the two side of the lake and in the lake water too. 
14C measurements supported the areal distribution of the two flow systems. The 

groundwater has Pleistocene age in the area of the ascending saline system, in the 

Quarternary layers. Consequently in the Quarternary layers the deep groundwater 

originated from the basement is present only in traces, but significantly influences water 

chemistry. 

7.4.3 Sediment-water interaction 

7.4.3.1 Data analyses 

The upper 10-20 m thick strata around Kelemenszék Lake are lithologically and 

hyrostratigraphically heterogeneous (Table 3.1, Fig. 3.8c, Fig. 5.2). Under the ~0,5-1 m 
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thick clayey silt ~2-6 m thick fine grained fluvial sand (and loess) can be found, 

underneath 8-14 m medium and coarse grained fluvial sand appears above a gravel strata. 

Therefore the ~10 m deep borehole of an observation well (O3) was chosen as a sediment 

sampling object which seems to be representative for the near surface sediments around the 

lake (Fig. 4.1). Eight samples were collected from the borehole distributed with the depth.  

From ISW1 and ISW2 from 1 m depth loess and sand samples were collected representing 

the sediments of the fresh water dominated area (Fig. 4.2). 

Sediment samples were collected also from seven points from the lake bottom (SE in Fig. 

4.2). The lake bottom lithologically is clayey silt and carbonate mud. Moreover, the salt 

minerals from the inner salty berm of Kelemenszék Lake were also sampled in five points 

smoothly distributed all around the lake (SA in Fig. 4.2). 

The XRD results for all collected sediment samples were similar regardless of the lithology 

(Table 7.5). The main minerals are quartz, muscovite, calcite, dolomite, albite, and 

chlorite/clinochlore.  

The salt on the surface contains thermonatrite (Na2CO3*H2O) and natrone 

(Na2CO3*10H2O) as well. It means that the salt minerals of the surroundings of 

Kelemenszék Lake pertain to the sodium-carbonate association (Szakáll et al., 2006).  

The evaluation of the sediment-lake water and sediment-groundwater interaction was 

achieved by the calculation of the saturation indices from the average chemical 

composition of water of O1-5 observation wells, ISW2, D13 and D14 dug wells 

represented by the smallest and the largest TDS content, and the lake (L1) by the 

PHREEQC 3.8. (Table 7.6).  

The results show that all samples are oversaturated for calcite, aragonite and dolomite. O4, 

O5, the lake water, D14, and ISW2 are oversaturated for magnesite too. The wells with 

less Mg and TDS are in equilibrium or are subsaturated. None of the objects is 

oversaturated for thermonatrite, natron and gypsum.  

 



144 

 

Table 7.5 Mineral phases in sediment and salt samples 
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Samples 
Mineral phases 

Calcite Aragonite Dolomite Magnesite Thermonatrite Natron Gypsum Huntite 
O1 0.62 0.47 1.14 0.02 -7.93 -6 -2.5   
O2 0.57 0.42 1.19 0.13 -7.96 -5.99 -2.57 
O3 0.64 0.49 1.13 0 -7.28 -6.26 -2.33 
O4 0.86 0.71 1.92 0.57 -7.86 -5.88 -2.3 
O5 1 0.85 2.18 0.69 -7.36 -5.39 -2.33 0.31 
D13 0.26 0.11 0.06 -0.69 -10.04 -8.14 -2.19 
D14 1.22 1.07 2.67 0.96 -6.45 -4.59 -2.37 1.37 
L1 1.82 1.67 3.77 1.46 -4.93 -3.08 -2.6 3.48 

ISW2 1.17 1.02 2.72 1.06 -7.13 -9.1 -1.73 1.6 

Table 7.6 Saturation indices for the minerals of the inner salty berm around Kelemenszék Lake 

These results suggest that the surface salinization can not be deduced from the average 

composition of the lake water and the surrounding groundwater. Only in the case of high 

evaporation could thermonatrite and natron precipitate.  

Cation exchange capacity was measured on one sample from the lakebed, a silt (aleurite) 

and a clay sample from borehole of O5 well, fine grained sand sample from borehole of 

O2, and besides, from the Ridge region loess from ISW2 and sand from ISW1 were 

analyzed (Table 7.7).  

 

Sample Ca2+ K+ Mg2+ Na+ Ca2+ K+ Mg2+ Na+ 

mgee/100g % 
fine grained 
sand (O2) 10.5 0.009 0.310 0.346 0.941 0.001 0.028 0.031 

silt (O5) 20.6 0.036 1.59 1.81 0.857 0.002 0.066 0.075 

clay (O5) 22.2 0.073 3.26 2.81 0.783 0.003 0.115 0.099 

clay (L1) 20.6 0.694 3.78 9.57 0.595 0.020 0.109 0.276 

sand (ISW1) 17.6 0.066 0.717 0.019 0.956 0.004 0.039 0.001 

loess (ISW2) 17.7 1.35 14.5 1.42 0.506 0.039 0.415 0.041 

Table 7.7 Exchangeable cations in the sediments of the saline and fresh water areas 

The values show the amount of the exchangeable cations regarding the different sediment 

types and locations. The results are expressed in mgee/100g and the ratio of each 

parameter related to the summarized amount of them. In the fresh water influenced (ISW1-

2) and in the saline water influenced area (L1, O2, O5) most of the exchangeable cation is 

Ca2+. The elevated Na+ value in case of the lake (0.276%) shows ion exchange between the 

lakebed and the Na+ rich lake water. The higher value of Mg2+ in the loess sample in ISW2 

(0.415%) is the result of the higher Mg content of this water (Appendix 3). 
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7.4.3.2 Discussion 

In the evaluation of the role of hydraulic settings in surface salinization it was also 

conclusive to answer the question whether the allochthonous chemical composition around 

the lake could be the result of local sediment-water interaction. Comparing the 

mineralogical composition of the sediments of the O3 well and the lake bottom to the 

groundwater and lake water chemistry it was found that composition of the shallow 

groundwater and the lake water can not be deduced from the interaction of fresh water and 

local sediment. This is also supported by the facts that the sediments of the fresh water 

dominated area (ISW1-2) show the same mineralogical composition and the groundwater 

composition is of Ca-(HCO3)2 type.  

The Cl- content of the groundwater and lake water can not be derived from the sediment-

water interactions in the shallow environment either, because there is no Cl- source in the 

sediments.  

Nevertheless, the calcite and dolomite precipitation in the lakebed can originate from the 

lake water. The detected surface salt minerals which were thermonatrite and natron can be 

deduced only from highly evaporated lake water. Worthy of note is that such an 

exclusively sodium-carbonate type surface salinization is also known from India (Datta et 

al. 2002; Szendrei et al. 2006). 

Cation exchange capacity measurements were aimed at evaluation whether ion exchange 

could be responsible for developing NaHCO3 type water around the lake. The values did 

not show difference in the fresh water and saline water beared sediments in the Ridge 

region and around Lake Kelemenszék, implying that ion exchange is negligible in forming 

the main chemical pattern. 

7.5 CONCLUSION 

The investigations carried out from the basement up to the surface provide evidences for 

the “basement and basin-origin of salts” theory in deep and shallow range. Those 

hydrogeologic circumstances which might be responsible for the extensive salinization in 

the Danube Valley comparing to the other parts of the Study Area were examined by 

seismic, multivariate data analysis, surface geophysical, chemical, isotopic, and 

mineralogical methods. 

The deep range seismic study first delineated the attributes responsible for this hydraulic 

situation, i.e. for the hydraulic connection between basement and surface aquifer, and 
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found the potential pathways for the transportation of dissolved solids from the basement 

to the near surface. Nevertheless, in local range the shallow geophysical, chemical, and 

isotopic results also support unequivocally the “short cut” and/or the “water exchange” 

connection between the basement and the near surface Great Plain Aquifer. The NaCl-type 

saline water of the basement can be added in limited volume to the NaHCO3-type water of 

the Great Plain Aquifer through the detected strike-slip faults due to the overpressure. This 

NaCl type water injected in points into the NaHCO3 type water saturated sediments 

ascends to the surface because of the coupled effect of gravity and overpressure. In the 

near surface the allochthonous saline water discharge in the western part of the Study Area 

where the lake is situated was confirmed. The allochthonous chemical composition around 

the Kelemenszék Lake is not the result of local sediment-water interaction (Table 7.5, 

Table 7.6). The elevated Cl- content of the groundwater and lake water also can not be 

derived from interactions in the shallow environment because there is no Cl- source in the 

sediments (Table 7.5, Fig. 7.11, Appendix 3). The only source of this Cl- can be the Pre-

Neogene basement.  

The presence of the gravitationally driven fresh water in the Study Area can not exclude 

the saline water to get out to the near surface. The boundary between fresh water and saline 

water was detected in the eastern side of the lake with geophysical and chemical methods 

too, and result supports that dispersion or mixing could operate between them forming the 

gradual chemical transition. 

Based on these considerations and the results of the whole research the following 

salinization model was set up for the Study Area (Fig. 7.18).  

From the shallow basement ascending flow originates with NaCl-type saline water. This 

deep water ascends due to overpressure and rises near to the surface intercepting the 

extensive aquitard and aquifer along conductive faults. These faults ensure “short-cut” and 

“water exchange” connection between the basement and the aquifer above. This hydraulic 

setting generates chemical anomalies in the aquifer and in the surface and produce 

NaHCO3-type water with elevated Cl- content.  
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Fig. 7.18 Conceptual model for salinization in the Danube Valley 

This water can appear in the near surface and cause contiguous surface salinization in those 

discharge areas where the infiltrating shallow fresh water is not superimposed above this 

upwelling saline water. In those areas where a fresh water lens is found above the 

upwelling saline water the gravity-driven flow controls the surface distribution of the salts 

of deep origin. In these areas the surface salinization shows patchiness character. In 

addition the research reveals the importance of the hydraulic settings in understanding of 

the cause and effects of deep origin salinization. 

In the zone of the deep originated salinization, i.e. around the lake, no chemical aspect of 

shallow groundwater-lake interaction could be observed. The chemical distribution of the 

water table wells and observation wells around the lake is independent of the temporal 

changes in local flow conditions between lake and groundwater. Only the effect of focused 

recharge can be observed in wells D1 and D12 in springtime. The reason for this constant 

chemical pattern is the ubiquitous upwelling of saline groundwater in the area.  
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8 SUMMARY AND THESES 

Wetland areas and the understanding of their functioning in connection with groundwater 

are of special importance all over the world. They have an important role in maintaining 

the biodiversity of the Earth, hereby require protection. Their wise management needs to 

be based on the knowledge of their relationship to groundwater. The understanding of their 

groundwater dependence constitutes the basis of the implementation of the EU Framework 

Directive, too. In Hungary, Kelemenszék Lake and the N-S oriented saline wetland zone of 

the Danube Valley represents a good example and a pilot area where the connection among 

the different groundwater flow systems and discharge type surface phenomena, i.e. the 

wetland area and the coupled salinization can be evaluated and understood. The 

experiences may be projected onto similar areas of the Great Hungarian Plain and other 

sedimentary basins of the world. 

The study of Mádl-Szőnyi and Tóth (2009) showed that Kelemenszék Lake and its 

surroundings are situated in a hydraulic window where two main flow regimes: an 

overpressured saline water originating in the basement, and to the east a gravity-driven 

fresh water flow system originating in the Ridge Region reaches the surface. This 

hydraulic pattern correlates well with the surface saline phenomena (saline wetlands, sodic 

soils, halophyte vegetation). The present comprehensive study is aimed at understanding 

the effect of groundwater flow systems on the wetland area and the surface and 

groundwater salinization, focusing on Kelemenszék Lake.  

The main statements and results of the study are the following: 

 

1. Local scale hydraulic investigations around Kelemenszék Lake detected a NW-SE 

oriented flow-through in the uppermost 20 m, perching on the ubiquitous, ascending 

groundwater from greater depths. Hereby the regional discharge in the Study Area is 

superimposed by these local flow conditions. Based on hydraulic data, in this upper ~20 m 

sublocal (down to ~1-2 m depth) and local (down to ~20 m depth) flow systems were 

delineated. The recharge area of the flow-through below the lake is the higher elevated part 

of the Danube Valley towards the NW out of the Study Area. This statement is supported 

by the water table map of Kuti and Kőrössy (1989). The Kiskunság Canal at the western 

side of the lake can also raise the level of the water table in its close surroundings, 

generating sublocal flows toward the lake. 
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2. Detailed hydraulic investigation showed that Dunavölgy Canal and its western 

foreground have a significant role, representing the discharge point of the local flow-

through below the lake. In addition, considering the former hydraulic results of Mádl-

Szőnyi and Tóth (2009), the canal and its foreground is the surface segment of the 

boundary between the ascending deep saline flow system below the lake, and the fresh, 

gravity-driven flow systems flowing from the Ridge Region towards the Danube Valley. 

Because the topographic depression of the Study Area is located in the N-S directed zone 

of the lake, a discharge point was expected to be situated there. The present situation 

reveals that the artificial effect of canal construction disturbed the original natural 

conditions and shifted the base level to the Dunavölgy Canal. 

 

3. Based on water table maps and hydraulic cross sections, the NW-SE directed slope of 

the water table resulted in a general flow-through condition about Kelemenszék Lake. The 

lake receives water permanently from NW-W and loses water to SE-E. In the NW-W side 

of the lake a constant inflow exists from the level of the water table and the canals as 

sublocal flow system, and a transient inflow from greater depths (5-10 m), from the local 

flow system. In addition, seasonally formed water table mounds all around the lake can 

provide groundwater discharge to the lake during wet seasons. On the downgradient 

(Eastern) side of the lake constant outflow exits to the local flow system. Below 10-15 m 

depth a quasi horizontal flow passes through below the lake. This hydraulic pattern shows 

that the ascending overpressured flow and the gravity-driven flow originating in the Ridge 

Region do not discharge directly in the lake and in its close surroundings. Their water did 

not influence the lake quantitatively. The lake is located in its own closed flow system 

which is hydraulically perched on the ascending saline water and is bordered by the 

regional gravity-driven flow from the east. 

 

4. It could be established that the lake and the groundwater are in a dynamic interaction. 

The flow directions between the lake and the groundwater down to 10 m depth show 

seasonal changes, driven by the local water table fluctuation under the control of 

meteorological conditions. In springtime, at high water table levels inflow is dominant, 

almost on every side of the lake. The lake loses water only on its downgradient (Eastern) 

side into greater depths (< 5 m). Mainly in the downgradient side of the lake seasonal 

water table mounds generate local recharge to it, resulting in reverse flow conditions 

compared to greater depths. In early summer (May and June) the same situation is 
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preserved, but the outflow component increases. The inflow from the local flow system 

diminishes. Dunavölgy Canal represents the main discharge point. In late-summer, autumn 

and winter, because of continuous decrease of the water table the lake gains water just 

from northwest, from sublocal flow, and loses water on its total lakebed surface. 

Simultaneously with the decline of the water table, the connection between the lake and the 

local flow system ceases and the main discharge point of all flow systems moves to the 

local water table depression westward of Dunavölgy Canal. In extremely dry seasons 

simultaneously with the decreasing water table, the lake dries up. By these investigations it 

was established that the lake is a water table type lake, which can fill up with water when 

the water table rises above the surface. 

 

5.  The water budget calculation about the lake demonstrated, that the lake budget is 

highly influenced by evaporation (0.4 – 5.7 mm/d) and precipitation (0.03 – 3.5 mm/d), 

while the groundwater (±0.06 – ±3.2 mm/d, error 10-90%) is only a weak component. 

Nevertheless, the monthly change in amount of net groundwater flow supported 

quantitatively the hydraulic results representing the seasonal variation in the groundwater-

lake interaction. The net inflow and outflow contributing to the lake compensate each other 

in an annual budget. Based on the results Kelemenszék Lake is determined as a water table 

type lake highly depending on the position of the local water table which is determined by 

the evaporation and precipitation. Hereby groundwater has a secondary role in the water 

budget of the lake. The results also proved the presence of the two agents responsible for 

salinization, the groundwater discharge carrying saline water to the lake, and the 

evaporation. The net groundwater flow in connection with the lake, characterized by the 

flux calculation between 5 and 10 m deep wells and the lake level shows smaller values 

than the water budget calculation (-0,4 – -4,9 mm/d). This deviation is supposed to be 

because of neglecting the groundwater flow from shallower depth (< 5 m). The 

groundwater inflow to the lake was measured by seepage meter too, resulting in a smaller 

value with one order of magnitude than the values of the other methods. These results 

display the spatially and seasonally different connection between the lake and groundwater 

as well. 

 

6. Based on seismic interpretation under the Study Area possible pathways were 

determined for the ascending saline water to approach the surface. In the Study Area the 

shallow basement depth (< 600-1000 m), the overpressure in the Pre-Neogene basement, 
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and the strike-slip faults detected below the lake assure pathways for the overpressured 

NaCl-type basement water resulting in the “short cut” and/or the “water exchange” 

connection between the Pre-Neogene basement and the near surface Great Plain Aquifer. 

This way the NaCl type groundwater in limited volume is injected into the NaHCO3-type 

water of the Neogene and Quarternary basin fill and they ascend together up to the surface 

by the coupled effect of gravity and overpressure. Above these areas continuous 

salinization can occur on the surface.  

 

7. The presence and spatial distribution of the gravity-driven fresh water and the 

overpressured saline water flow system in the Study Area was determined from 900 m 

depth up to the surface by chemical and geophysical methods. Multivariate data analysis of 

archive chemical data from the Pre-Neogene basement till the surface separated the 

groundwaters along the hydraulically defined boundary between the two flow systems 

based on their main element composition and pH. In addition, the results of this new 

method for this area supported the preliminary statements, that groundwater of the Pre-

Neogene basement (NaCl type) and water of the Neogene basin fill (NaHCO3 type) differ 

significantly (Rónai, 1965; Erdélyi, 1989; Mádl-Szőnyi and Tóth, 2009). In the Neogene 

and Quarternary layers (< 400 m) the distinguished groups of the archive wells as well as 

their different Cl- content assigned the pathways of the saline and fresh groundwater, 

coincident with the previous hydraulic differentiation of Mádl-Szőnyi and Tóth (2009). 

The saline water flow system is characterized by significantly larger Na+, Cl- and HCO3
- 

values, whereas the fresh water is rich in Ca2+. The measurement detected a fresh water 

flow system on the western side of the lake which can be identified as the hydraulically 

assigned local flow system in connection with the lake. The same spatial differentiation 

could be measured by surface geophysical methods too. In the upper 100 m, based on 

specific resistivity results a clear boundary could be delineated between the fresh water and 

saline water regimes. This boundary correlates with the hydraulic flow branch boundary 

between the gravity-driven and overpressured flow regimes. The change in chemical facies 

in 10 m depth from NaHCO3(-Cl) to (Ca,Mg)-(HCO3)2 type along the surface cut of the 

hydraulic boundary (i.e. Dunavölgy Canal) reflects similar differentiation in the water 

chemistry. This chemical difference detected on the two sides of the hydraulic boundary 

supports the different origins of the groundwater. In addition, the saline groundwater with 

elevated Cl- content is proved to be present below the lake from the basement till the 

surface. 
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8. The boundary detected between the saline and fresh water regimes is not a sharp border, 

but a 1-3 km wide transition zone. This transition is traced by the transitional change in Cl- 

data and the groups of the multivariate data analyses of the deep archive wells along the 

hydraulic boundary (i), by the transition zone of 30 m resistivity values in the near 

surface (ii) and by the near surface distribution of chemical data, i.e. the gradual increase 

of Ca2+ and the change in chemical facies from NaHCO3 to Ca-(HCO3)2, along the 

hydraulically determined boundary (iii). This gradual change in the chemical pattern in 

different depths proposes that mixing and dispersion could be the controlling factors 

between the two flow systems. 

 

9. By stable isotope and 14C measurements it was established that the ascending saline 

water below Lake Kelemenszék (in 180 m depth) and the Ridge Region (in 355 m depth) is 

of Pleistocene age and it is represented by close to present meteoric water type isotopic 

composition. These data support that the basement component (NaCl type water) in the 

ascending saline water is present only in traces, but chemically largely influence the main 

element composition, providing extra Cl- content. 

 

10. The discharge of the ascending basement and basin origin saline water in the close 

vicinity of the lake was evaluated by interpreting the chemical data of the shallow dug and 

the deeper observation wells in comparison with two reference wells, representing the 

ascending saline (NaHCO3-Cl type), and the gravity-driven fresh water (Ca-(HCO3)2 type). 

The similar composition of main elements, trace elements, and stable isotopes in the saline 

reference and the observation wells at the eastern side of the lake (O4 and O5) proved the 

discharge of the ascending saline groundwater below the lake. The discharge center is 

assigned by the highest TDS and Cl- values of these observation wells in 10 and 20 m 

depth. The discharge of this highly saline water can provide salt source to the salinization. 

The salinity of discharging saline water is enhanced by the evaporation, mainly in the N-S 

oriented zone of the lake. At the eastern side of the lake the increasing Ca2+ and Mg2+ 

content show the effect of the “fresh water” of the gravity-driven flow system as well. On 

the western part of the lake the smaller TDS and Cl- values (in well O1-2) signify 

discharge of the local groundwater flow system, identified in the course of the hydraulic 

study around the lake. In the lake based on stable isotope data, the saline and fresh water 

also discharge. 
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11. The main chemical pattern around the lake did not show any temporal changes which 

support the constant effect of upwelling saline groundwater in the area and water supply 

from the meteoric regime to the East. In this situation the lake is in connection with the 

local system acting in the upper 20 m. Consequently the deep originated flow system did 

not influence quantitatively the wetland area and the lake, but qualitatively it is the 

determining factor in surface and groundwater salinization. Its saline water is distributed 

by the overprinting local flow system near the surface. 

 

12. Mineralogical investigations supported that the composition of the shallow 

groundwater and lake water in the saline tract can not be deduced from fresh water and 

local sediment interaction. The Cl- content of the groundwater and lake water can not be 

derived from the sediment-water interactions in the shallow environment, either, because 

there is no Cl- source in the sediments. Exchangeable cation values of the fresh water and 

saline water bearing sediments in the Ridge Region and around Lake Kelemenszék did not 

show any difference, implying that the main chemical pattern around Kelemenszék Lake is 

not influenced by ion exchange along local flow paths. 

 

As a summary the lake is situated in a regional discharge area superimposed by a local 

flow system from a Danube Valley height to the Dunavölgy Canal. The source of salt in 

the area is the basin and basement origin ascending saline groundwater. This ascending 

saline groundwater flow did not influence the lake water budget quantitatively, but 

develops a constant chemical pattern, which cannot be contributed to local hydraulic 

effects. 
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APPENDICES 

Appendix 1a-b Seasonally measured data of water table wells and observation wells (a) and three weekly data and calculated gradient between observation wells and lake (grey values 

represent upward flow) (b) 

 
1a 
 

Observation 
point 

Location EOV Y EOV X 
surface 

elevation    
(m asl) 

depth 
from the 
surface 

(m) 

elevation 
head      

(m asl) 

hydraulic head (mBf) 

23.03.2003 04.10.2005 04.03.2006 28.05.2006 10.10.2006 13.10.2007 20.08.2008 14.10.2008

D1 Borda tanya 659485 161898 93,66 1,80 91,86 93,09 93,10 93,40 93,17   92,15 91,91 92,20 

D2 Papp tanya 660668 163146 94,00 2,85 91,15 93,10 92,92 93,28 93,05 92,75 91,90 91,15 92,08 

D3 Látos tanya 660786 163397 93,64 2,85 90,79 92,97 92,84 93,18 92,99 92,07 91,94 90,80 92,19 

D4 Andó tanya 661361 163550 93,73 2,25 91,48 93,08 93,15 93,29 93,03 92,98   91,46 92,26 

D5 Gubacsi tanya 661869 163383 93,40 2,10 91,30 93,11 92,15 93,20 92,95 92,45 92,00 91,36 91,93 

D6 Bangó tanya 662275 162922 93,60 3,00 90,60 93,08 92,27 93,14 92,77 92,05 91,55 90,60 91,75 

D7 Szabó Gy tanya 662634 162550 93,69 2,35 91,34 92,87 91,39 93,09 92,64     91,39 91,84 

D8 B. Horváth tanya 662009 162444 93,66 2,40 91,26 92,79 92,56 93,30 92,57 91,99   91,36 91,66 

D9 Bíró Gy. Tanya 661468 161952 93,74 2,38 91,36 93,02 92,90 93,23 93,29 92,64 91,90 91,36 91,99 

D10 Gubacsi G. tanya 660835 161869 93,42 2,75 90,67 92,80 92,94 93,21 93,27 92,52   90,62 92,10 

D11 Várkonyi tanya 660471 162959 93,54 3,04 90,50 93,07 92,94 93,25 93,01 91,67 92,05 90,56 92,04 

D12 magasles 2. 659589 160939 93,73 1,40 92,33 93,03 93,04 93,31 93,08 93,37 92,06 92,32 92,05 

D13 Gémes kút 1. 660176 160312 93,09 1,35 91,74 92,94 92,76 93,36 92,64   91,88 91,80 92,24 

D14 Gémes kút 2. 660482 160059 93,37 2,95 90,42 92,97 92,76 93,14 91,61 91,46 91,85 90,36 91,62 

D15 Téti tanya 661499 159824 93,41 2,40 91,01 93,11 92,56 93,16 92,73 92,41 92,76 91,01   

D16 Jóború tanya  661640 160212 93,58 2,40 91,18 92,88 92,68   92,80 92,08 91,60   91,70 

D17 Jóború-udvar 661772 160290 93,83 3,50 90,33   92,81 93,48 92,80 92,13 91,47 92,28   

D18 Gubacsi 3 tanya 662425 160280 93,54 3,00 90,54 93,14 92,54 93,13 93,04 92,18 92,13 90,46 91,68 

D19 Borbély tanya 1.  662967 160035 94,38 3,65 90,73   92,38 92,38 93,04 92,52 91,58 90,74 91,61 

D20 Borbély tanya 2. 663071 160040 93,21 3,32 89,89   92,56 92,81 92,89 91,32 91,56     

L2 tó 659800 161120 92,72 - -   93,02 93,22 93,14 92,92 - - - 

O1 O1 659332 161119 93,03 4,69 88,34   93,03 93,33 93,04 92,56       

O2 O2 659332 161119 93,04 9,90 83,13   93,05 93,36 93,09 92,58 92,24 92,37   

O3 O3 660673 162055 93,43 9,72 83,71   92,75 93,29 93,42 92,53   92,45   

O4 O4 661634 161078 94,30 9,87 84,43   92,49 93,20 93,29 92,23 91,83 91,98   

O5 O5 661634 161078 94,25 19,63 74,62   92,50 93,22 93,29 92,24 91,84 92,03   

C1 Kiskunság Canal 659042 161346 89,95 - -   93,84 93,92 94,00 93,90 93,83     

C2 Kelemenszék Canal 659160 161399 94,91 - -   - - - 93,80 93,90     

C3 Dunavölgy Canal 663926 162759 90,23 - -   92,87 92,49 92,56 92,33 91,93     

 
 



ii 
 

1b 

Date 
hydraulic head (m asl)  vertical hydraulic gradient  

L1 O1 O2 O3 O4 O5 O4-O5 O1-O2 lake-O1 lake-O2 lake-O3 lake-O4 lake-O5 
30.09.2005 93,02 93,024 93,054 92,749 92,493 92,496 -3,06E-04 -5,76E-03 -2,32E-03 -4,29E-03 3,13E-02 6,70E-02 2,95E-02
17.02.2006 93,22 93,244 93,234 93,349 93,073 93,066 7,14E-04 1,92E-03 -7,49E-03 -2,09E-03 -1,58E-02 1,82E-02 8,47E-03
04.03.2006 93,22 93,334 93,364 93,289 93,203 93,216 -1,33E-03 -5,76E-03 -3,07E-02 -1,64E-02 -8,70E-03 1,54E-03   
05.05.2006   93,174 93,214 93,279 93,033 93,036 -3,06E-04 -7,68E-03           
28.05.2006 93,14 93,044 93,089   93,273 93,276 -3,06E-04 -8,64E-03 2,35E-02 5,07E-03   -1,77E-02 -8,01E-03
08.06.2006       93,419 93,293 93,291 2,04E-04             
17.06.2006 93,18 93,214 93,254         -7,68E-03 -1,01E-02 -8,70E-03       
07.07.2006 93,17 93,155 93,184 93,189 92,913 92,916 -3,06E-04 -5,57E-03 2,58E-03 -2,09E-03 -2,82E-03 3,24E-02 1,41E-02
25.07.2006 93,06 92,794             6,74E-02         
06.08.2006 93,04 92,959 92,969 92,889 92,513 92,516 -3,06E-04 -1,92E-03 1,96E-02 7,27E-03 1,72E-02 6,70E-02 2,95E-02
26.08.2006 92,99 92,784             5,19E-02         
30.08.2006 93,02     92,779 92,283 92,406 -1,25E-02       2,78E-02 9,40E-02 3,46E-02
11.09.2006 92,97 92,594 92,684 92,529 92,333 92,336 -3,06E-04 -1,73E-02 9,58E-02 3,09E-02 5,13E-02 8,11E-02 3,57E-02
02.10.2006 92,92 92,564 92,584 92,529 92,233 92,236 -3,06E-04 -3,84E-03 9,20E-02 3,70E-02 4,60E-02 8,82E-02 3,89E-02
12.10.2006       92,519 92,243 92,256 -1,33E-03             
26.10.2006 92,88       92,213 92,216 -3,06E-04         8,50E-02 3,74E-02
30.10.2006   92,544 92,544 92,539                   
14.11.2006 92,94 92,604 92,614 92,599 92,283 92,286 -3,06E-04 -1,92E-03 7,39E-02 3,04E-02 3,42E-02 7,79E-02 3,43E-02
07.12.2006 92,88 92,604 92,584 92,589 92,303 92,316 -1,33E-03 3,84E-03 6,87E-02 3,15E-02 3,31E-02 7,28E-02 3,15E-02
21.12.2006 92,88 92,654 92,644 92,609 92,313 92,316 -3,06E-04 1,92E-03 5,71E-02 2,54E-02 3,13E-02 7,22E-02 3,18E-02
18.01.2007 92,85 92,664 92,664 92,639 92,373 92,366 7,14E-04   4,42E-02 1,88E-02 2,31E-02 5,93E-02 2,66E-02
08.02.2007 92,88 92,784 92,764 92,749 92,443 92,446 -3,06E-04 3,84E-03 2,09E-02 1,11E-02 1,36E-02 5,42E-02 2,38E-02
07.03.2007 92,92 93,024 92,994 92,979 92,687 92,702 -1,53E-03 5,76E-03 -3,07E-02 -9,80E-03 -8,70E-03 2,80E-02 1,15E-02
02.04.2007 92,90 93,054   92,879 92,613 92,631 -1,83E-03   -4,37E-02   7,06E-04 3,49E-02 1,44E-02
23.04.2007 92,83 92,784   92,689 92,443 92,446 -3,06E-04   4,13E-03   1,31E-02 4,58E-02 2,01E-02
14.05.2007 92,82 92,844 92,824 92,649 92,358 92,361 -3,06E-04 3,84E-03 -2,04E-02 -6,50E-03 1,36E-02 5,23E-02 2,30E-02
18.06.2007 92,74 92,734 92,704 92,519 92,178 92,181 -3,06E-04 5,76E-03   3,41E-03 2,54E-02 7,15E-02 3,15E-02
15.07.2007 0,00 92,444 92,424 92,529 91,883 91,896 -1,33E-03 3,84E-03           
02.09.2007 0,00 92,304 92,224 92,039 91,733 91,746 -1,33E-03 1,54E-02           
20.08.2008 0,00   92,374 92,449 91,983 92,026 -4,38E-03             
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Appendix 2a-b Average monthly evaporation data calculated by the different methods in (mm/d) (a) and in (mm/month) (b) 

2a 
 

Date 
Priestley-

Taylor 
deBruin-
Keijman 

Penman 
Brutsaert-
Stricker 

deBruin 
Jensen-
Haise 

Makkink
Stephens-

Stewart 
Mass-

transfer 
Ryan-

Harleman
Blaney-
Criddle 

Hamon Papadakis
Bowen 

ratio 
method 

Class A 
pan near 
the lake 

Class A 
pan in 

the lake 

08.2006 4,08 4,15 3,33 3,49 4,88 4,25 2,97 2,67 5,78 4,90 4,31 3,00 2,91 3,87 3,64 2,34 

09.2006 2,60 2,66 3,21 2,02 3,91 3,55 2,59 2,24 3,73 3,35 3,66 2,36 3,26 2,80     

10.2006 1,44 1,50 1,98 0,98 2,88 1,86 1,56 1,20 2,24 2,02 2,24 1,34 2,58 1,60 1,12 1,45 

11.2006 0,34 0,36 0,83 0,13 2,19 0,59 0,59 0,40 1,02 0,74 1,13 0,67 1,55 0,57     

12.2006 0,15 0,16 0,26 0,13 0,66 0,18 0,21 0,14 0,38 0,32 0,58 0,40 1,02 0,19     

01.2007 0,16 0,17 0,70 0,03 2,25 0,33 0,38 0,24 0,63 0,44 0,83 0,52 1,33 0,04     

02.2007 0,40 0,43 0,84 0,16 1,76 0,51 0,65 0,37 0,91 0,68 0,90 0,67 1,23 0,65     

03.2007 1,21 1,28 1,89 0,58 3,12 1,45 1,48 0,98 2,12 1,72 1,56 1,13 1,80 1,62     

04.2007 3,13 3,26 4,12 2,15 5,54 3,67 3,16 2,37 4,46 3,97 2,78 2,07 2,89 3,56     

05.2007 3,73 3,80 4,55 2,90 5,38 4,59 3,33 2,86 5,45 4,45 4,31 3,28 3,22 3,60     

06.2007 5,72 5,76 6,59 4,84 6,98 6,62 4,34 4,08 7,84 6,41 6,05 4,76 4,33 5,11 4,45 4,93 

arithmetic average 2,09 2,14 2,57 1,58 3,59 2,51 1,93 1,59 3,14 2,64 2,58 1,84 2,37 2,15 3,07 2,91 

median 1,44 1,50 1,98 0,98 3,12 1,86 1,56 1,20 2,24 2,02 2,24 1,34 2,58 1,62 3,64 2,34 

minimum 0,15 0,16 0,26 0,03 0,66 0,18 0,21 0,14 0,38 0,32 0,58 0,40 1,02 0,04 1,12 1,45 

maximum 5,72 5,76 6,59 4,84 6,98 6,62 4,34 4,08 7,84 6,41 6,05 4,76 4,33 5,11 4,45 4,93 

standard deviation 1,89 1,91 1,98 1,63 1,91 2,15 1,41 1,32 2,48 2,09 1,80 1,40 1,06 1,73 1,73 1,81 
 
2b 
 

Date 
Priestley-

Taylor 
deBruin-
Keijman 

Penman 
Brutsaert-
Stricker 

deBruin 
Jensen-
Haise 

Makkink
Stephens-

Stewart 
Mass-

transfer 
Ryan-

Harleman
Blaney-
Criddle 

Hamon Papadakis
Bowen 

ratio 
method 

Class A 
pan near 
the lake 

Class A 
pan in 

the lake 

08.2006 126,5 128,8 103,3 108,2 151,3 131,7 92,0 82,6 179,2 151,9 133,5 93,2 90,3 120,0 112,7 72,6 

09.2006 78,1 79,9 96,2 60,6 117,2 106,5 77,8 67,3 111,8 100,4 109,7 70,7 97,8 84,1     

10.2006 44,6 46,5 61,4 30,2 89,2 57,6 48,4 37,3 69,4 62,6 69,5 41,4 79,9 49,6 34,8 45,0 

11.2006 10,1 10,8 25,0 3,9 65,6 17,6 17,6 12,0 30,6 22,2 33,9 20,0 46,4 17,0     

12.2006 4,7 5,1 8,1 4,0 20,5 5,6 6,6 4,3 11,7 10,0 17,9 12,4 31,7 5,9     

01.2007 4,9 5,3 21,8 0,9 69,7 10,3 11,7 7,4 19,6 13,8 25,6 16,1 41,3 1,2     

02.2007 11,1 12,0 23,6 4,6 49,3 14,2 18,1 10,3 25,5 19,1 25,3 18,7 34,3 18,1     

03.2007 37,5 39,8 58,7 18,0 96,6 45,0 45,9 30,2 65,8 53,4 48,3 35,1 55,8 50,2     

04.2007 93,9 97,8 123,5 64,4 166,2 110,1 94,9 71,2 133,8 119,0 83,5 62,1 86,6 106,9     

05.2007 115,6 117,9 141,2 89,9 166,8 142,2 103,2 88,5 168,9 137,9 133,5 101,6 99,8 111,5     

06.2007 171,5 172,7 197,8 145,1 209,3 198,6 130,2 122,5 235,3 192,4 181,5 142,8 130,0 153,4 133,4 147,9 
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Appendix 3 Chemical parameters in the water of wells, canals, lake and precipitation 

 

samples EOV X EOV Y 
surface 

elevation 
(m asl) 

depth (m) pH T (0C) 
EC        

(mS/cm) 
TDS 

(mg/l) 
Na+       

(mg/l) 
K+        

(mg/l) 
Mg2+      
(mg/l) 

Ca2+       
(mg/l) 

Cl-        
(mg/l) 

SO4 
2-      

(mg/l) 
HCO3 

-     
(mg/l) 

CO3
2-     

(mg/l) 
NO3

-          

(mg/l) 
NO2

-          

(mg/l) 

O1 161119 659332 93.03 4.69 8.42 14.41 1569.49 1262.61 356.04 2.29 6.44 11.69 83.04 48.98 752.07 27.00 2.43 0.15 

O2 161119 659332 93.04 9.90 8.51 13.72 1433.91 1177.30 323.83 1.68 7.43 9.17 77.24 51.21 707.82 33.00 2.79 1.76 

O3 162055 660673 93.43 9.72 8.39 13.54 1429.83 1072.76 283.72 2.05 7.89 15.32 82.84 50.93 629.15 21.00 1.31 1.28 

O4 161078 661634 94.30 9.87 7.53 13.32 4151.42 3388.58 762.53 8.17 100.42 83.44 508.45 20.65 1910.82 66.00 5.45 2.40 

O5 161078 661634 94.25 19.63 7.70 13.73 4986.01 4076.08 1058.36 8.38 80.17 71.78 676.55 24.27 2184 72.00 8.42 6.77 

O6 160378 661809 93.50 18.40 7.42 13.80 3969.85 2977.39 646.00 7.87 100.32 84.64 404.00 7.30 1695.66 60.00 10.50   

O7 160038 663051 94.30 18.00 7.29 13.70 2088.00 2251.44 444.83 5.84 73.63 73.36 191.97 7.37 1424.14 78.00 8.60 4.31 

L1 160770 661249 92.66 - 9.39 15.89 9852.06 8110.01 2484.33 10.29 16.54 21.19 1342.91 132.25 3688.25 401.10 10.22 2.91 

L2 161120 659800 92.72 - 9.49 13.22 9710.24 8167.32 2590.59 10.50 16.11 20.72 1400.14 149.31 3979.94       

C1 161346 659042 89.95 - 8.03 14.80 503.58 348.72 17.08 4.30 15.63 53.33 27.90 41.13 189.30   0.50   

C2 161399 659160 94.91 - 8.19 14.95 512.87 350.57 16.95 4.31 15.45 54.70 28.49 41.50 189.01   1.30   

C3 162759 663926 90.23 - 7.52 14.98 760.55 455.84 33.41 5.50 22.80 56.41 32.65 47.55 258.04   0.65   

IRS 162300 672300 97.00 355.00 8.04 22.00 2792.00 2189.20 634.60 6.40 7.02 6.29 379.25 2.77 1128.73 30.00 6.50 4.80 

IRF 162526 672261 99.24 81.15 7.34 16.80 533.23 411.30 9.50 4.30 23.61 57.40 14.68 36.74 275.04 9.00 1.23 0.10 

precipitation - - - - 6.92 - 41.00 11.35 0.73 0.26 0.29 1.07 1.68 3.07 7.13 0.00 4.18 0.00 

D1 161898 659485 93.66 1.80 8.28 16.23 3189.77 2742.74 787.02 9.00 22.58 25.30 326.29 62.92 1509.63       

D2 163146 660668 94.00 2.85 8.40 13.87 6127.78 5091.63 1448.50 8.00 22.30 15.22 971.26 63.01 2563.34       

D3 163397 660786 93.64 2.85 8.21 13.90 5421.89 4346.17 1211.85 29.35 45.78 31.78 876.89 227.44 1923.09       

D4 163550 661361 93.73 2.25 8.20 15.70 4106.81 3361.82 930.81 33.77 59.47 41.70 565.22 102.41 1628.46       

D5 163383 661869 93.40 2.10 7.87 15.90 2326.50 1973.39 413.34 19.24 69.07 57.27 212.38 22.23 1179.86       

D6 162922 662275 93.60 3.00 8.23 15.97 1690.63 1457.91 305.90 21.07 36.84 31.75 62.38 49.05 950.93       

D7 162550 662634 93.69 2.35 7.81 16.73 4049.05 3492.27 806.76 58.95 83.22 41.65 355.42 119.86 2026.42       

D8 162444 662009 93.66 2.40 8.45 15.70 4178.50 3461.64 926.83 31.00 25.59 15.88 140.73 48.87 2272.74       

D9 161952 661468 93.74 2.38 8.02 14.70 2596.30 2283.02 590.13 22.83 30.01 29.60 201.17 78.63 1330.65       

D10 161869 660835 93.42 2.75 8.28 14.65 5570.45 4852.18 1337.75 61.00 51.50 28.90 738.72 92.07 2542.24       

D11 162959 660471 93.54 3.04 8.36 13.90 5224.00 4559.82 1282.41 32.20 48.06 22.90 986.60 67.40 2120.24       

D12 160939 659589 93.73 1.40 7.91 15.65 3560.50 4055.28 1106.31 29.59 48.56 50.05 757.00 12.53 2051.23       

D13 160312 660176 93.09 1.35 7.55 15.30 804.47 659.97 107.05 9.16 12.67 51.94 40.00 18.33 420.82       

D14 160059 660482 93.37 2.95 8.03 15.60 7490.58 6125.76 1722.88 16.14 52.92 44.79 1112.17 46.58 3130.28       

D15 159824 661499 93.41 2.40 8.07 15.17 1531.16 1218.6 267.19 16.48 43.14 41.51 55.64 18.64 930.86       

D16 160212 661640 93.58 2.40 7.91 14.80 3412.09 2905.68 684.00 16.11 62.61 52.30 210.85 106.42 1773.39       

D17 160290 661772 93.83 3.50 7.74 16.85 3403.33 2974.95 728.67 15.23 64.66 51.11 223.00 94.82 1797.47       

D18 160280 662425 93.54 3.00 8.07 14.20 3232.23 2865.17 694.47 25.33 44.62 28.33 165.54 59.19 1847.69       

D19 160035 662967 94.38 3.65 7.59 14.50 2742.06 2371.45 475.33 93.91 67.79 50.31 164.83 102.45 1416.83       

D20 160040 663071 93.21 3.32 7.55 15.90 1861.73 1618.98 290.75 19.80 55.04 45.46 98.50 24.62 1084.82       

ISW1 169639 678596 102.00 3.26 7.61 14.80 2480.00 1860.53 20       

ISW2 156731 674137 99.70 3.40 8.07 13.70 2140.50 1516.82 138.00 50.40 160.27 91.08 130.00 58.90 888.16       
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Appendix 4 Chemical parameters in the wells of the multivariate data analysis 

ID Wells 
Well 

depth (m) 
Na++K+ 
(mg/l) 

Ca2+           

(mg/l) 
Mg2+       
(mg/l) 

Cl-         
(mg/l) 

HCO3
- 

(mg/l) 
pH 

SO4
2-       

(mg/l) 
EOV Y EOV X Group 

1 Akasztó 114 18.0 358.5 33.5 49.9 103.0 1080.0 7.5 55.0 660353 152792 4 

2 Csengőd 267 118.0 469.6 19.8 19.1 299.3 616.1 7.9 8.4 666764 152383 1 

3 Csengőd 268 75.0 29.7 62.7 21.7 31.4 371.8 7.6 0.5 666888 152555 2 

4 D1 2.6 796.4 25.3 22.6 326.3 1509.6 8.3 62.9 659485 161898 1 

5 D10 3.4 1398.8 28.9 51.5 738.7 2542.2 8.3 92.1 660835 161869 4 

6 D11 3.7 1314.6 22.9 48.1 986.6 2120.2 8.4 67.4 660471 162959 4 

7 D12 1.7 1135.9 50.0 48.6 757.0 2051.2 7.9 12.5 659589 160939 4 

8 D13 2.1 116.2 51.9 12.7 40.0 420.8 7.5 18.3 660176 160312 2 

9 D14 3.7 1739.0 44.8 52.9 1112.2 3130.3 8.0 46.6 660482 160059 4 

10 D15 2.5 267.19 41.5 43.1 55.6 930.9 8.1 18.6 661499 159824 1 

11 D16 3.1 700.1 52.3 62.6 210.9 1773.4 7.9 106.4 661640 160212 4 

12 D17 2.3 743.9 51.1 64.7 223.0 1797.5 7.7 94.8 661772 160290 4 

13 D18 3.7 719.8 28.3 44.6 165.5 1847.7 8.1 59.2 662425 160280 4 

14 D19 4.3 569.2 50.3 67.8 164.8 1416.8 7.6 102.5 662967 160035 4 

15 D2 3.7 1456.6 15.2 22.3 971.3 2563.3 8.4 63.0 660668 163146 4 

16 D20 4.1 310.5 45.5 55.0 98.5 1084.8 7.6 24.6 663071 160040 4 

17 D3 3.9 1241.2 31.8 45.8 876.9 1923.1 8.2 227.4 660786 163397 4 

18 D4 2.8 964.6 41.7 59.5 565.2 1628.5 8.2 102.4 661361 163550 4 

19 D5 2.9 432.6 57.3 69.1 212.4 1179.9 7.9 22.2 661869 163383 4 

20 D6 3.5 327.0 31.7 36.8 62.4 950.9 8.2 49.1 662275 162922 1 

21 D7 3.8 865.7 41.6 83.2 355.4 2026.4 7.8 119.9 662634 162550 4 

22 D8 2.5 957.8 15.9 25.6 140.7 2272.7 8.5 48.9 662009 162444 4 

23 D9 2.9 613.0 29.6 30.0 201.2 1330.7 8.0 78.6 661468 161952 1 

24 Fülöpszállás 153 161.0 348.9 15.0 14.8 238.7 659.6 7.9 8.3 663977 164034 1 

25 Fülöpszállás 156 12.0 271.4 64.9 109.8 95.2 1187.7 7.3 85.9 664645 165405 3 

26 Fülöpszállás 157 12.0 17.4 93.3 47.7 62.0 317.0 7.4 124.2 667232 166230 3 

27 Fülöpszállás 158 98.0 151.9 25.1 16.9 67.0 476.0 7.6 12.0 668034 166528 2 

28 Fülöpszállás 94 180.5 351.1 17.8 16.8 226.9 676.6 7.9 7.9 663977 163169 1 

29 IRF 81.5 13.8 57.4 23.6 14.7 275.0 7.3 36.7 672261 162526 2 

30 IRS 355.0 641.0 6.3 7.0 379.3 1128.7 8.0 2.8 672300 162300 1 

31 ISW2 3.4 188.4 91.1 160.3 130.0 888.2 8.1 58.9 674137 156731 3 

32 Izsák 1282 81.2 7.8 57.1 24.6 5.8 313.1 7.5 2.7 672261 162526 2 

33 Izsák 1283 8.5 9.2 67.0 18.0 3.0 262.0 7.6 29.0 671222 163195 2 

34 Izsák 1284 8.5 164.0 148.0 73.0 231.0 397.0 7.4 274.0 670873 163283 3 

35 Izsák 1285 8.6 97.0 130.0 38.0 69.0 549.0 7.3 102.0 670819 163306 3 

36 Izsák 1286 8.5 14.2 52.0 45.7 34.0 281.0 7.7 55.0 670847 163607 2 

37 Izsák 1287 8.5 13.8 133.0 35.2 15.0 445.0 7.1 103.0 671121 163575 3 

38 Izsák 1292 50.0 48.5 41.7 11.1 34.5 336.0 7.8 5.0 672427 163038 2 

39 Izsák 1294 10.0 36.0 175.5 46.5 76.0 683.0 7.4 159.5 672842 162713 3 

40 Izsák 1295 51.0 59.2 44.7 13.4 8.7 336.0 8.6 6.0 672358 162525 1 

41 Izsák 1299 47.6 24.4 56.0 31.0 7.0 384.0 7.4 5.0 672515 168355 2 

42 O1 5.0 358.3 11.7 6.4 83.0 752.1 8.4 49.0 659332 161119 1 

43 O2 10.2 325.5 9.2 7.4 77.2 707.8 8.5 51.2 659332 161119 1 

44 O3 10.4 285.8 15.3 7.9 82.8 629.2 8.4 50.9 660673 162055 1 

45 O4 10.0 770.7 83.4 100.4 508.4 1910.8 7.5 20.6 661634 161078 4 

46 O5 20.0 1066.7 71.8 80.2 676.6 2151.7 7.7 24.3 661634 161078 4 

47 Páhi 74 180.0 34.6 49.8 19.0 7.7 349.0 7.6 1.8 675835 152197 2 

48 Páhi 86 168.0 32.4 51.5 20.6 4.8 353.2 7.7 1.4 675893 152161 2 

49 Solt 93 10.0 494.9 36.1 34.6 261.3 1010.6 7.5 102.7 657760 162095 4 

50 Soltszentimre119 97.3 184.4 17.4 15.9 61.4 513.2 7.9 4.4 668425 158982 1 

51 Soltszentimre120 99.0 171.9 15.2 15.7 59.3 504.3 7.9 5.7 668448 158995 1 

52 Soltszentimre 2 891.5 8267.0 380.0 177.2 14076.0 217.8 6.9 23617.0 668082 160319 5 

53 Szabadszállás 10 18.0 405.9 39.5 36.1 113.7 1052.7 7.6 74.4 658251 173549 4 

54 Szabadszállás 226 212.2 329.8 32.5 37.8 330.4 522.0 7.7 5.0 662628 170783 2 

55 Szabadszállás 237 41.0 8.0 49.6 16.1 4.3 242.5 7.5 9.7 657300 173500 2 

56 Szabadszállás 239 254.0 254.0 32.0 33.6 287.3 471.0 7.8 8.9 662543 170734 2 

57 Szabadszállás 243 255.5 381.5 32.0 32.5 399.9 590.7 8.0 9.6 662465 170750 1 

58 Szabadszállás 246 112.0 26.5 59.5 30.2 5.3 397.4 7.7 3.7 674400 172800 2 

59 Szabadszállás 247 260.0 323.1 27.6 33.0 368.4 550.1 7.9 8.5 662112 170968 1 

60 Szabadszállás 250 30.0 51.6 47.0 44.2 9.9 505.7 7.2 13.7 665907 173516 2 

61 Szabadszállás 251 25.0 12.9 108.3 39.5 35.6 408.4 7.6 100.0 664923 174069 3 

62 Szabadszállás 252 6.6 65.7 68.0 127.0 63.0 743.0 7.4 105.0 662802 172435 3 

63 Szabadszállás 253 5.5 209.8 61.0 55.0 50.0 798.0 7.5 85.0 662603 172099 4 

64 Szabadszállás 254 5.8 99.5 112.0 65.0 59.0 710.0 7.3 75.0 662819 172073 3 

65 Szabadszállás 255 6.1 278.0 68.0 85.0 107.0 832.0 7.6 330.0 663073 172145 3 

66 Szabadszállás 256 5.7 55.9 66.0 91.0 66.0 612.0 7.6 60.0 662817 171941 3 

67 Szabadszállás 257 6.0 20.2 124.0 45.0 15.0 609.0 7.5 15.0 662658 171789 3 

68 Szabadszállás 258 6.2 194.7 85.0 81.0 102.0 1040.0 7.5 10.0 662945 171795 3 

69 Szabadszállás 259 6.3 25.4 89.0 110.0 4.0 827.0 7.2 25.0 662905 171686 3 

70 Szabadszállás 260 6.3 26.7 69.0 77.0 7.0 496.0 7.8 110.0 662781 171487 3 

71 Szabadszállás 261 6.3 22.3 123.0 53.0 18.0 624.0 7.4 20.0 662999 171518 3 

72 Szabadszállás 9 5.0 821.8 35.9 62.7 300.7 1518.3 8.0 360.1 657300 173500 4 
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Appendix 5 Wilk’s lambda statistics of the discriminant analysis 

 
 

Tests of Equality of 
Group Means 

Wilks' Lambda 
HCO3

- 0.311 
Ca2+ 0.311 
Na++K+ 0.359 
Mg2+ 0.475 
pH 0.476 
Cl- 0.610 
SO4

2- 0.717 
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Appendix 6 Characterization of the 

differentiated groups with box 

whiskers plots (minimum, 

maximum, median and quartiles are 

represented) 
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Appendix 7 Plot of Na+ versus YEOV in the case of observation wells (in the case 

of L1-2, C1-3, D1-20, O1-7, IRS, IRF, ISW2) 
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Appendix 8 Trace element composition of the measured samples and seawater 

(after Goldberg et al., 1971) 

 

Sample 
Cl       

(mg/l) 
Cr      

(μg/l) 
Zn       

(μg/l)  
Co      

(μg/l) 
Ni      

(μg/l) 
Ba       

(μg/l) 
Al       

(μg/l) 
Cu     

(μg/l) 
Sr       

(μg/l) 

O1 77.60 <1 4.89 <1 <2 56.20 27.20 <1 47.00 
O2 70.9 <1 3.96 <1 <2 51.00 11.20 <1 37.70 
O3 160.0 <1 2.84 <1 <2 65.90 33.60 <1 70.60 
O4 512.0 <1 6.61 <1 <2 325.00 0.83 <1 639.00 
O5 634.0 <1 8.69 <1 <2 404.00 <0.5 <1 461.00 
L1 2064.0 1.75 8.85 1.99 9.71 23.60 136.00 17.6 50.50 
IRF 9.83 <1 3.98 <1 <2 43.50 2.59 <1 213.00 
IRS 406.0 <1 3.24 <1 <2 203.00 1.71 <1 692.00 

precipitation 1.68 <1 36.20 <1 <2 5.60 21.90 <1 2.67 
seawater 19000 0.05 10.00 0.4 7 20.00 1.00 3.00 8000.00 

Sample 
Cl       

(mg/l) 
Mo     

(μg/l) 
B        

(μg/l) 
Pb      

(μg/l) 
Cd     

(μg/l) 
Li       

(μg/l) 
As       

(μg/l) 
Br      

(μg/l) 
H2SiO3   
(mg/l) 

O1 77.60 3.48 365.00 8.80 <0.25 <5 18.90 <1 17.1 
O2 70.9 4.56 330.00 7.03 <0.25 <5 16.20 <1 14.9 
O3 160.0 2.06 443.00 7.72 <0.25 <5 16.40 <1 23.5 
O4 512.0 <1 695.00 6.76 <0.25 17.90 10.80 <1 11.6 
O5 634.0 3.49 1066.00 7.04 <0.25 11.60 32.30 3.5 28 
L1 2064.0 11.20 3281.00 4.40 <0.25 13.30 112.00 10.2 30.20 
IRF 9.83 1.14 18.80 10.20 <0.25 <5 10.00 <1 17.4 
IRS 406.0 <1 3842.00 5.66 <0.25 87.40 6.25 1.5 0.04 

precipitation 1.68 1.19 10.20 4.35 <0.25 <5 <3 <1 18.50 
seawater 19000 10.00 4500.00 0.03 0.11 170.00 30.00 67000 6.4 

 


