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Glossary of symbols

Note: Dimensions are given in Sl (Systt me International) units. M is mass, L length and T

time
a chemical activity
aquifer compressibility
compressibility of water
B spacing between the parallel plane walls of afracture[L]
c(x,Y,2) concentration in three dimensional space
C constant
Bc carbon 13
D tensor of diffusion coefficients [L1/T]
d hydraulic depth [L]
DIC dissolved inorganic carbon
DM Dispersion Model
isotope ratio
(® Dirac function
L aplace operator
e goodness of fit
EM Exponential Model
f friction factor
F mass flux vector[M/LT.T]
g gravitational acceleration [L/T1]
GMWL Global meteoric Water Line
hy laminar flow head loss [L]
h total head (pressure head+elevation head) [L]
H deuterium
*H tritium
*He helium 3
i transfer function
IAP ion activity product
] number of observations
hydraulic conductivity [L/T],
K, equilibrium constant

viii



equilibrium constant for the dissolution of CO, in water

Kg solubility product
I hydraulic radius [L]

m mass of the molecule [M]
m Manning s roughness coefficient
M concentration in meq
n porosity
N, Froude number
N neutrogen 14
vV kinematic viscosity[L/Tt]
80 oxygen 18
p hydrostatic pressure [M/L/T?]
Pco, CO; partial pressure
Po dispersion parameter []
PFM Piston Flow Model
Q discharge [L$/T]
Qs base flow discharge measured [L1/T]
Qc discharge from the conduit aquifer [L1/T]
Qmax maximum discharge measured [L1/T]
Qr discharge from the porous aquifer [L1/T]
R ratio of the isotope of interest to the most abundant isotope of the species
Re Reynolds number
REV representative elementary volume
w density of water [M/L1]
S term for additional sources or sinks such as biodegradation, radioactive decay

and precipitation

Sl saturation index
Ss specific storage [L™]
T mean transit time of water [T]

TU tritium unit
dummy variable
u velocity [L/T]
Unmax threshold above which the studied integral of the REV stabilizes



Unit volume of earth material [L1]

water volume of the conduit aquifer [L1]

Volume of void space in a unit volume of earth material [L1]
water volume of the porous aquifer [L#]

total water volume in storage [L1]

water volume [L1]

Vienna Standard M ean Ocean Water
elevation head [L]



Abstract

Karst systems are highly heterogeneous aquifer bodies. Additionally to a matrix and afracture
porosity encountered in other water bearing formations, karst carbonate aguifers are
characterized by more or less large solutional conduits. These three types of porosity have
been regrouped under the term triple porosity. Modeling triple porosity aquifer poses many
challenges to the hydrologist. In this thesis, the applicability of physicaly based and lumped-
parameter models in karst hydrosystems are discussed, and their respective advantages and
flaws compared. The water chemistry and isotopic composition of the Lodowe karst spring in
the Polish Tatra Mountains has been monitored for a duration of three months. One storm
hydrograph was anayzed, and modeling techniques were combined with chemical and
physical observations to derive a conceptua model, as well as estimates of the water
resources and potential for contamination of the karst aquifer feeding the spring. The Lodowe
spring is characterized by its rapid response to storm events as well as a discharge dependant
variation in its water chemistry and isotopic concentrations. This response can be modeled by
a double porosity approach considering the porous matrix and the conduit system as two
separate entities in interaction with one another. The porous matrix assumes the storage
function of the karst aquifer while the conduit system assumes its transport function.
Although the drainage basin of the Lodowe spring is situated in a protected area, diffuse
contamination in the form of atmospheric pollution for example could still be a potential

contaminant source for the porous reservair.
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Zusammenfassung

Karst Systeme sind sehr heterogene Grundwasserk rper. Dabei  unterscheiden sich
Karstaquifere von anderen wasserf hrenden K rpern i ndem sie, zustzlich zu einer Matrix-
und Kluftporositt, von unterschiedlich breiten L s ungskan len durchzogen werden. Diese
drei Porosit tstypen fast man unter den englischen Begriff triple porosity zusammen. Die
Modellierung von Mehrporosit tssystemen stellt fr  Hydrologen eine Vielzahl von
Herausforderungen dar. In dieser Diplomarbeit werden die Anwendungsm glichkeiten von
physikalisch basierten- und lumped-Parameter Modellen, sowie ihren spezifischen Vor- und
Nachteilen diskutiert. In der Lodowe Quelle, welche im polnischen Tatra Gebirge liegt,
wurden drei Monate lang wasserchemische Parameter und |sotopenkonzentration gemessen.
Dann wurde ein Konzeptmodel aus der Kombination von Modellierungstechniken und
chemischen/physikalischen Beobachtungen erarbeitet. Die Wasserressourcen und das
Gef hrdungspotential durch Kontamination des Karstaquifers wurden ebenfalls abgesch tzt.
Charakteristisch fr die Lodowe Quelle sind eine sc hnelle Reaktion auf Regenereignisse
sowie  schttungsabhngige  Schwankungen der  Wasserch emie  und der
| sotopenkonzentrationen. Diese Reaktion kann mit dem Ansatz einer Zweifach-Porosit t
modelliert werden, wobei die por se Matrix und das Kanalsystem zwei unterschiedliche
Einheiten darstellen, die miteinander wechselwirken. Die por se Matrix fungiert weitgehend
als Speicher, whrend die Kanle die Transportfunkt ion bernehmen. Obwohl das
Einzugsgebiet der Lodowe Quelle in einem Schutzgebiet liegt, ist eine diffuse Kontamination,
zum Beispiel durch atmosph rische Deposition, nicht auszuschlieen. Dies stellt eine

potentielle Gef hrdungsquelle des por sen Grundwass erk rpers dar.
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R@sumd

Les systt mes karstiques sont extr@Emement h@t@rogisn&n sus d une porositd d interstice et

d une porositd de fissure rencontrde dans les miliex poreux et fracturds, les aquiftres
karstiques se caract@risent par les conduits de disolution qui les parcourent. On parle alors de
triple porositd. La moddlisation d aquiftres og seencontre cette triple porositd pose de
nombreux ddfis | hydrologue. Dans ce m@moire, les possibilitds des modtles
ph@nom@nologiques et de type « bo te noire » et lexs avantages et inconv@nients respectifs
sont compards. La composition chimique et isotopique de la source de Lodowe situ@de dans les
Tatra polonaises a Jtd mesur@e pendant une pdriodke trois mois. Un hydrogramme a @td
analysd, et diffdrentes techniques de mod@lisatiosombinde avec les paramttres physico-
chimiques mesur@s afin de ddvelopper un modtle coreptuel de | aquiftre. Les ressources en
eau et le potentiel de contamination de la nappe alimentant la source ont Jgaement Gtd
@vauds. Lasource de Lodowe est caractdrisde panerdponse rapide aux prdcipitations et des
changements dans sa composition chimique et isotopique en fonction du d@bit. Un systt. me
double porositd est mEme de modtliser cette rdpeaen considdrant le milieu poreux et le
systt me de conduits comme deux entitds sdpar@es @n interaction | une avec | autre. Le
milieu. poreux assume une fonction de stockage et les conduits une fonction de transport.
Bien que le basin versant de la source de Lodowe soit situd dans une zone prot@dgde, les
risques dune contamination diffuse du rdservoir paeux, par exemple par deposition

atmosph@rique, ne peuvent (Etre exclus.
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1. Introduction

1.1 General considerations about karst water resour ces

As a sedimentary rock covering up to 20% of the Earth s continents (Figure 1.1), carbonate
rocks and their associated karst systems are of major importance both from a scientific as well
as purely practical point of view. Karst systems differ from porous or fractured aquifers in
that they are characterized by a hydrological response (i.e. the flow at the spring) not linearly
related to its input in the form of rain or snow (Pinault et a., 2001). As Kehew (2000) points
out, carbonate-rock systems include some of the most prolific and important aquifers for
ground water supply, of which the Edwards aquifer in Texas and the Floridan aquifer in

Florida are two prominent examples.
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Figure 1.1 Major outcrops of carbonate rocks (Ford & Williams, 1989)



Of the different tasks facing the hydrologist studying akarst catchment, one can mention:
-The classification of a particular karst aguifer according to its flow system. The aquifer can
either consist mainly of a porous matrix with a minor secondary porosity in the forms of
fractures, joints and bedding planes not solutionaly enlarged; or it can be more similar to a
reticulation system, with a well-developed network of pipes and conduits (Shuster & White,
1971).

-The delineation of contamination protection zones (Maoszewski et al., 1998). Often,
classical approaches loose relevance due to the heterogeneous nature (both in space and time)
of the flow paths and velocities within a karst aquifer. The delineation of the aquifer s
watershed in particular is subject to considerable uncertainties, since a subsurface
hydrographic network may well have developed that differs considerably in its boundaries
from the overlying watershed. Such boundaries are indeed known to vary with discharge, as
karst conduits overflow into another watershed (F etter, 2001).

- The allocation of permissible annual water extraction volumes. In regard to water resources
management, reliable estimates of the long-term sustainable yield are important. A knowledge
of the origin and contribution of different water sources to the overall water balance can also
be necessary (Herzeg et al., 1997), as their respective water qualities can be either different, or
the sources more or less exposed to contamination.

-Water quality. Karst aquifers lack the filtering ability of porous aquifers and can transport
large quantities of suspended sediments in karst conduits, not only colloids', but larger
particles as well (Mahler and Lynch, 1999, Massel et a., 2002). Contaminants sorbed onto
these particles can be thus mobilized as mobile solid phase (Fetter, 1992). Karst aquifers are
also much more vulnerable to pollution than porous aquifers. Although the high transmissivity
of karst bodies can facilitate the treatment of contaminated aress, it also makes carbonates
aquifers much more vulnerable to large scale contamination (Leibundgut et al., 1998,
introduction & Fetter, 1992).

The monitoring of water level or discharge, as well as measurements of isotopic composition
and hydrochemistry of groundwater at springs can yield integrated information for the
entire karst system such as the mean water residence time for various flow paths. Catchment
scale modelling may indeed be the most adequate to study and try to understand the system
response to precipitation (Pinault et a., 2001).

! The term colloid refers to a particle-size range of |ess than 0.00024 mm, i.e smaller than clay size (Bates &
Jackson, 1984)



1.2 Aim of the study

In this study, a high resolution analysis of the hydrochemistry of the Lodowe spring during a
single storm event which took place in September 2007 is attempted. The spring, situated in a
karstified catchment spring in the Polish Tatra Mountains, was aready known for its wide
range of variation in flow rates (Barczyk, 2003). This, coupled with the greatly variable water
chemistry measured during the present study indicates a rapid mixing of water and conduit-
type flow within the karst aquifer (Lee & Krothe, 2001). A quantitative analysis of the
breakthrough curveisto be performed with the following aims:

- Separation of the discharge in components with different residence times.

- Estimation of the mean residence time and volume of water stored in each reservoir.

- Development of a conceptual model based on the combination of short term variations in the

water chemistry and isotopic concentration with long term tritium observations.

2. Geography, geology and hydrogeology of the L odowe spring

2.1 Overview

The Lodowe spring is situated in Poland s Tatra National Park (TNP). The Tatra themselves
belong to the Carpathian Orogeny, a segment of the Tethyan chain joining the Alps to the
west and the Balkans to the south (URL 1). This chain was then incorporated in the younger
Alpine belt (Figure 2.1). The Carpathians form a continuous arc 1300 km long from Viennato
the Iron Gates on the Danube, and are subdivided in western and eastern Carpathian, the
transition being in the region of Koice in Slovaki a where the general strike changes from
SW-NE to NW-SE.

The major units of the western Carpathian, to which the Tatra Mountains belong, are, from
the central zone outwards (Sch nenberg and Neugebau er, 1997):

- A centra zone of crystalline basement rocks arching upward and their Mezozoic sediment
cover

- The Pieniny Klippen Belt

- A continuous flysch zone 30 to 130 km wide

- A Molasse foredeep

The Tatra National Park was created 1954. It extends over an area of 21,164 hectares and
consists of the entire Polish Tatra (Bibelreither and Schreiber, 1989). Its higher peak, Rysy,
on the border to Slovakia, reaches 2499 m.asl. The park is largely covered with mixed

woodland.
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2.2 Geological and hydrogeological setting

The Tatra Mountains are part of the central zone mentioned above, and consist of granite, as
well as metamorphic and sedimentary rocks (Zuber et a., 2007). Among those, carbonates are
predominant in the form of limestones and dolomites. Their widespread occurrence result
from the deposition of carbonate sediments and rocks in shallow marine waters (Kehew,
2000) during the Triassic and Jurassic. Figure 2.1 summarizes the environmental controls of
limestone deposition. Each environment has distinct deposits termed facies (Ford &

Williams, 1989).

Deep Open sea Fore Realal Dunes Open lagoon Restricted Supratidal
basin shelf slope cays or platform lagoon sabkha
tidal flats salinas

-4—— wide belts ———pp «f——— very narrow bells§ ————p G——— wide bells————————— >

sea level
normal wave base

mudstones, very fossiliterous debris, fossiliterous beach normal flats, bays salt
wackeslones, wackestones, breccias framestones, dune sands, marine channels gypsum -
shales some shale mudslone grainsiones grainstones himestone fossiliterous anhydrite
chalk well bedded, packstone thick bedding fossiliferous mudstone to early dolomite
thin 1o thin 1o thick bedding to irregular mudstone to grainstone. irregularly bedded,
thick bedded variable massive medium 10 grainstone dolomitic thin to massive
massive floatstone thin to colian
weil bedded, thick beds calcarenile
medium to
thick

Figure 2.2 Depositional facies of carbonate rocks (Ford & Williams, 1989)

The Lodowe spring emerges at the contact zone of two formations, the High Tatra unit of the
Wierchowe series and the sub-Tatra unit of the Reglowe series (Figure 2.3). The High Tatra
series is found in the highest parts of the Tatra Mountains and is mainly built of Jurassic
sandstones, limestones and marls whereas the older Sub-Tatra series consists of Triassic
sandstones, limestones and dolomites (Zuber et a., 2007). The Sub-Tatric series, along with
the Cho series, occupies the lowest, forested foot of the TNP. In the high Tatra zone, the
Trias is characterized by terrigenic delta sediments deposited in shallow sea basins. During

the Jurassic, the sea invaded areas occupied by the High Tatras succession. Periods of



transport of clastic material alternated with segtitation of carbonate and silicate material.
The Trias depositional troughs became deeper duhegJurassic, as exemplified by the
Ko cieliska valley, while ridges became elevated.

The sub-Tatra sedimentary basin was filled durihg Trias by alternating clastic and
carbonate (mostly dolomitic) sediments in a shalland steadily subsiding sea basin
(Soko owski et al., 1976).

Figure 2.3Geology of the Tatra National Park. 1- and 2-regsj 3-wells; 4-flow direction in
karstic channels obtained from dye tests; 7-criyseaformation; 8- sedimentary rocks of the
High Tatra unit; 9- sedimentary rocks of the sultrd anit; 10- carbonate Eocen; 11- Podhale
flysch; 12-fluvioglacial and river-valley sedimenis3-cross section line (Zuber & al., 2007)

The Lodowe spring dewaters part of the CzerwonerdMie Massif (see figure 2.4). It
emerges at the center of a pool of about 5 metatisis at an altitude of 974 m.a.s.l. Three
small streams flow from the pool for a few tensyadters to the nearby Kaeliski stream, a
perennial surface stream draining the &eliska catchment. The Lodowe spring has a mean



