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This book is an important contribution to the research on limestone hydrogeology,
providing insight into some of the latest research in karst or limestone terrains. Water
resources in karst terrains are being utilized more and for more use; therefore, it is
critical for politicians, policy makers, regulators, and the general public to understand
the unique nature of their surroundings. Actions, which on the surface appear harm-
less, can have devastating impacts on foundations, water resources, and the environ-
ment. This book helps to better understand these unique situations so as to plan from
the beginning how to, or if, to develop an area. If it is decided to develop an area,
then it is important to prepare monitoring plans to measure possible impacts and to
minimize potential catastophes, if any. The population is continuing to grow and as
it does so, people move into more sensitive areas. Contributors to “H2Karst Research
in Limestone Hydrogeology” are helping society through their research to better
prepare for further development in karst terrains.
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Introduction

Even if karst aquifers cover approximately 15 % of the terrestrial land surface,
these water resources play crucial roles, particularly, in many mountainous or
agricultural regions. In these regions, karst groundwater resources are more and
more utilized for a variety of purposes: drinking water supply, irrigation, power
generation. The characteristics of karst systems, namely their relatively high heter-
ogeneity, high hydraulic conductivity, and low efficient storativity, make them vul-
nerable. Exploitation of these resources by inappropriate land use, however, calls
for special surveillance in karst landscapes.

The content of this book is the result of the H2Karst French-Swiss Symposium
held in Besangon in September 2011 and reflects the diversity of approaches to
karst research at present. The chapters included were selected by the members of
the Scientific Committee during the H2Karst Conference.

Establishing the location of karst conduits is difficult and requires the use of
indirect methods. One of the trends in research examined in this book is the use
of multiple geophysical methods to detect and map karst networks together with
anomalies (cavities and palaeo-collapses). Ground Penetrating Radar combined
with Electric Resistivity seems to fulfill this task.

Another way to solve the problem of conduit location is to infer a regional karst
network, accounting for borehole voids and karst collapses. This simulated net-
work can be input to a 3D coupled continuum-conduit flow model. Then, water
balance can be computed within this framework.

To study hydrodynamics and hydrochemistry, the ideal situation is to continu-
ously monitor outlets. This is not possible in very remote places, where access can
be sporadic (e.g., every 2 years in Patagonia). Special devices are required on this
type of site to obtain measurements between two consecutive Vvisits.

To hydrologically determine recharge altitude of piedmont resources is a chal-
lenge for the delineation of protection zones and for the development of strate-
gies for protection policies. Another way to compute water balance in Alpine
hydrosystems, which includes karst massif, involves karst sub-basins in distributed
hydrological modelling. Hydrodynamics is still a fruitful research field in karst
hydrosystems. In moderate climate regions, where recession curves are often inter-
rupted by partial recharge events, hybrid genetic algorithms are necessary to reas-
semble recession segments.

xi



xii Introduction

Hydrograph analysis appears to be a quantitative tool to correlate recession
coefficient with aquifer properties: response to diffuse recharge, combination
spring-well structure. The hydrodynamic behavior in recession enables parameter
estimation both in karst and in connected systems.

In exploitation conditions, the diagnostic plot of drawdown derivative enables
the interpretation of pumping tests in heterogeneous conditions under various
flow regimes. This method enables separation of conduit flow and matrix flow and
allows understanding of karst structure and flow exchanges.

The study of coastal karst deals with freshwater—seawater interaction, accounting
for tidal influence, and utilizing monitoring of a hydrodynamic parameter (water level)
coupled with physical measurements (temperature, electrical conductivity), and sam-
pling periodically for chemical analyses.

One contemporary issue for protection and management of the quality of karst
water is vulnerability assessment. Each method produces different results and
requires comparison of one to the other. Comparison of the Slovene and Spanish
methods includes sensitivity analyses which demonstrate the importance of param-
eter scoring.

Another approach to vulnerability is to take into account the behaviour of indi-
vidual contaminants during their transport and storage. At the field scale, a specific
attenuation is observed, due to first-order kinetics. Their impact in the spring is
actually determined by intrinsic vulnerability rather than by contaminant-specific
properties.

The H2Karst French-Swiss Symposium, held in Besancon in September 2011,
is the most recent symposium organized jointly by the Chrono-Environment team
in Besancon and the Centre for Hydrogeology and Geothermic of Neuchatel. From
1971 onwards, after the first conference held in Besangon, hydrogeologists of the
Besancon and Neuchitel teams organize an international event every 4-5 years.
In attendance are researchers, students, and practitioners of karst groundwater.

Except for the 1997 meeting, which was organized in the framework of the
12th International Congress of Speleology in la Chaux-de-Fonds, the conferences
have been organized in turn in Besancon (1976, 1986, 2001, 2011) and Neuchatel
(1982, 1992, 2006). Over the years, this French-Swiss symposium has taken on a
real international dimension with colleagues attending from around 30 countries
located on four continents.

Jacques Mudry
Catherine Bertrand
Francois Zwahlen



Expect the Unexpected! Groundwater
Flow in Karstified Carbonate A quifers

Derek Ford

Abstract Aquifers in carbonate rocks characteristically display triple porosity, the
most complex type of groundwater flow system. The complexity arises from ante-
cedent geological conditions, from local geomorphology and climate, and from the
patterns of solutional conduits (including accessible caves) and their relationships
with any matrix or fracture flow. Much is being learned from study of calcite and
other precipitates in such caves. Where not directly accessible, karst aquifers are
best approached by study of natural springs, recharge sink points and dye tracing;
wells and boreholes are secondary sources. Double continuum and triple porosity
designs are most suitable for computer predictive modeling.

Keywords Karst  Triple porosity aquifer ¢ Carbonate solution * Conduit flow

1 Introduction

All carbonate rock formations that display some measure of integrated ground-
water flow through interconnected, solutionally enlarged channels (conduits) are
potentially triple porosity aquifers (matrix + fracture + conduit), the most com-
plex type of water supply aquifer. The complexity arises both from antecedent
conditioning of the host rock and from current factors of recharge and discharge
determined by topographic, geomorphic and climatic controls. This presentation
is a personal review of the complexity, based on experience with karst aquifers
which began with schoolboy cave exploring in the southwest of England more
than sixty years ago. Its focus is upon aquifers fed by meteoric waters where

D. Ford (D<)

School of Geography and Earth Sciences, McMaster University,
Hamilton, ON L8S4K1, Canada

e-mail: dford @mcmaster.ca

J. Mudry et al. (eds.), H2Karst Research in Limestone Hydrogeology, 1
Environmental Earth Sciences, DOI: 10.1007/978-3-319-06139-9 1,
© Springer International Publishing Switzerland 2014



2 D. Ford

there is little or no confinement beneath impermeable cover strata. These are the
so-called hypergene or epigene aquifers which are the principal underground
sources of drinking and agricultural water supplies in the world’s carbonate rock
terrains. This paper is derived from an invited lecture to the 9th Conference on
Limestone Hydrology; it was divided into four parts and illustrated with examples
from around the world

2 Antecedent and Physical Geographic Factors that
Contribute to the Complexity of Carbonate Aquifers

Sedimentary rocks are classified by their bulk composition (limestone, sandstone,
mudstone, etc.) and subdivided into facies differing from each other in details of
their particle composition and/or the gross morphology of the accumulations. It
is reported that the number of initially distinct facies of limestone and dolomite
exceeds that of all other sedimentary rock facies combined (Scholle et al. 1983).
It is important to appreciate this great range because facies distinctions can pro-
foundly affect the solubility and effective porosity of the rock matrix, and also
help to determine the patterns of fracturing (secondary porosity) that will develop
later in it.

Karst and pseudo-karst processes can begin to operate on these facies even as
the sediment accumulates—carbonate dunes become cavernous due to mechanical
washout beneath case-hardened skins (syngenesis), submarine shoals and ramps of
calcium carbonate debris exposed by fall of sea level rapidly karstify under the
attack of rain waters (eogenesis), intertidal facies become brecciated by dissolu-
tion of transient gypsum layers, pauses in shallow submarine accumulation allow
some dissolution that produces layers of resistant hardground, while slow accumu-
lation at depth may form the soft and much more porous chalks. As an example,
U series dating of calcite and aragonite precipitates has shown that some carbon-
ate sand dunes blown up on San Salvador Island (Bahamas) about 125,000 years
ago had become strongly cemented and penetrated by solutional caves within
30,000 years or so due to subaerial exposure, an extremely rapid rate of change in
geological terms (Mylroie and Carew 1990).

Like other sedimentary rocks, however, the majority of limestones have been
transformed more slowly during their subsequent compaction and cementation
within larger accumulations in sedimentary basins. In these mesogenetic stages
the widely differing facies and differing sources of fluid flow further increase the
variety of physical and chemical conditions prevailing within the rock pile, and
thus the variability of effective permeability and solubility of the consolidating
rock (Fig. 1). Effects of dolomitization are always important, while pressure solu-
tion may selectively remove as much as 40 % of an already compacted carbonate.
Fluids from underlying clastic formations (transformational flow—Klimchouk
et al. 2000) dissolve further carbonate, leaving vugs and/or emplacements of chert,
massive sulphides, etc.
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Fig. 1 Left Diagenesis of limestone. This model emphasizes the wide range of conditions that
may affect a given volume of the rock pile, creating differences in the effective porosity of the
matrix and in the patterns of secondary fracturing that may develop subsequently (from Moore
2001). Right—upper An idealised relationship of primary and secondary porosity and pore size
to the hydraulic conductivity of different limestones following mesogenesis (from Smith et al.
1976)—Ilower Sketch showing how eogenetic karstification may short-cut the mesogenetic pro-
cesses (from Vacher and Mylroie 2002)

The effects of concurrent or later tectonic folding, faulting and other fractur-
ing are profound, and are considered again in all later parts of the paper. As the
carbonate formations (with or without intervening formations of sandstone, shale,
coals, etc.) emerge again in response to continental erosion (the telogenetic stages)
and so become incorporated into meteoric groundwater circulation systems, fur-
ther transformational flow from e.g. underlying sandstones, may produce deep-
seated karst reservoirs before the surface-driven meteoric circulation is fully
established.

With emergence, the patterns of surface meteoric recharge then become
very important. They are determined by stratigraphic, structural and geomor-
phic controls mingled with meteorological and biogeographical effects. Where
large streams can accumulate on other rocks before sinking into carbonates at
a geologic contact (allogenic recharge) they will usually dominate the conduit
drainage in the aquifer. In contrast, precipitation directly onto the carbonates
(autogenic recharge) produces more dispersed patterns, forming karren fields
or doline karsts (Ford and Williams 2007; Gunn (ed.) 2004). Leakage into karst
rocks from eroding cover strata such as calcareous shales can create intermediate
conditions (subjacent karst).

Climatic conditions clearly are very important because they determine the
amounts of recharge to aquifers, and the bulk variations of flow through them in
both space and time. As volumes of flow increase, so do the quantities of lime-
stone or dolomites being dissolved in most instances. Humidity and higher mean
temperatures increase the concentration of carbon dioxide in overlying soils,
amplifying the acidity of the water. Climatic factors have received considerable
attention in studies of karst landforms because of the strong contrasts between the
deeply indented topographies seen in some wet tropical regions with thick carbon-
ate formations (cockpit karst, tower karst), and the shallow doline plains found on
continental interior platforms in temperate and cool climates (Salomon and Maire
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1992). Limestone is abundant everywhere in the rugged Mediterranean region,
which has a pronounced summer dry climate; aquifer behaviour and management
there and into the semi-arid fringes around it (e.g. Jerusalem) has played a major
role in the development of Western cultures since early Biblical times.

3 Meteoric Solutional Patterns where the Conduits Become
Big Enough for Human Exploration

From an analytic standpoint modern karst aquifers may be divided into two
categories:

(1) those in which at least some of the solutional conduits are large enough to
physically explore and map; (2) those which are not, and thus can be approached
and probed only as ‘black boxes’ or ‘grey boxes’ in Systems Analysis terminol-
ogy. During the past one hundred years or so several thousands of kilometres of
cave conduits have been discovered and mapped by explorers, worldwide and
from every climatic and topographic setting (mountain, plateau, plain, coast,
submarine) except the high Arctic and the Antarctic. From this broad sample
it appears that in any one generation the conduits that develop tend to exhibit
branchwork (dendritic) or network (maze) patterns, with the former predominat-
ing below the epikarst at the global scale. They convey turbulent flow, whereas
flow in the fractures and rock matrix of an aquifer is mostly laminar. Caves large
enough for human beings to enter are only a small proportion of all turbulent
flow solution conduits present in most aquifers but their nature and distribution
provides insight into the others.

Based on such observations underground, the development of branchwork
passage patterns was investigated systematically at McMaster University (1971-
1975) by dissolving plaster of paris models to simulate: (1) development of a
single conduit (e.g. as in a river meander cut-off cave); (2) multiple stream inputs
in one rank (allogenic recharge); (3) multiple inputs in multiple ranks (auto-
genic recharge); and (4) restricted input (river valley under-capture)—Ewers
(1982); see Klimchouk et al. (2000), Ford and Williams (2007, pp. 214-222).
Figure 2 illustrates some of the principal findings. Figure 2a sketches the pattern
of growth where there is just a single input into a penetrable bedding or frac-
ture. Initially solutional micro-conduits (<1.0 cm in diameter) propagate radially,
twisting and turning through the irregularities in the aperture caused by facies
or diagenetic factors; sooner or later one or two of them (principal or p tubes)
advance towards the output boundary, distorting the equipotential pressure field,
reducing solvent flow to their competitors (secondary or s tubes) and eventually
breaking through to the boundary, which permits the much more effective tur-
bulent flow to occur throughout their length. Where there are multiple inputs in
one rank, the first one or two p tubes to break through will capture their com-
petitors laterally via the failed secondaries located between them, creating simple
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Fig. 2 a Model of the development of solution micro-conduits from a single input point in a
bedding plane or other penetrable fissure (from Ewers 1982). See the text for details. b Model
of the progressive development of conduits in a multi-input, multi-rank setting (from Ford and
Williams 1989, based on Ewers 1982). See the text for details

dendritic networks. Figure 2b shows the multi-rank or autogenic recharge case
that prevails in perhaps the majority of the world’s major limestone cave areas.
It is seen that the initial flow fields of the rank nearest to the output boundary
(the spring line) have the highest hydraulic gradient and obstruct those of the fur-
ther ranks, with the consequence that earliest development is reduced to lateral
competition in that rank in the general case. The p tubes that break through first
capture the lateral s tubes and induce a similar competition in the rank of inputs
behind them, as illustrated. This model fits development at scales ranging from
small, recently de-glaciated limestone pavements to the largest autogenic doline
and cockpit karsts. However, it may be distorted where local recharge conditions
give larger volumes of water to selected inputs in rear ranks or where major geo-
logic faults deform the flow fields, etc. Subsequent computer simulations of spe-
leogenesis using thousands of nodes in L x W grids have confirmed these simple
principles of conduit propagation that were derived from hardware modeling (see
Dreybrodt et al. 2005).

In the years between 1900 and 1970 speleologists paid more attention to the
patterns of conduit development in the dimensions of length and depth between
inputs and springs in fresh water aquifers. There was much debate on their sup-
posed relationships to the concurrent water tables. Four different propositions
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Fig. 3 The extended ‘four-state’ model of the form of solution caves in the dimensions of length
and depth (based on Ford 1971; Ford and Ewers 1978). See the text for details. Inset—a ‘head-
on’ depiction of Lake Glomdal Cave, Norway (from Lauritzen et al. 1985)

were advanced—caves develop primarily above the water table, below it, along
it propagating from the head, or along it from the output boundary. In 1971 the
author showed that all of these possibilities can and do occur in different karst
areas, proposing the ‘four state’ model illustrated in Fig. 3 (Ford 1971; Ford and
Ewers 1978; Audra 1994). The fundamental alternatives are: (1) flow through a
single ‘deep’ phreatic loop beneath a shallow vadose zone that has often been
created by the conduit volumetric enlargement itself (drawdown of the water
table); (2) multiple loops, where their upper apices determine the local elevation
of the water table; (3) mixtures of such loops with sections graded to an evolv-
ing water table; and (4) conduit development along a water table. This variety
is determined by the pattern and, especially, the frequency of penetrable fissu-
ration occurring in the host rock. As the frequency increases, so does the like-
lihood that development will be along or close to a water table that becomes
established early in the dissolutional enlargement of the void volume in the
aquifer. Mixtures of two or more of these four possibilities may occur due to
lithologic or tectonic fracture changes in the rock between the sinks and springs,
or during evolution of the caves due to sedimentation or breakdown in them. For
example, it is quite common to find major river caves that are well graded to a
regional water table in their upstream sections but dive into single or multiple
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phreatic loops closer to the springs. This is usually due to clastic sediments
obstructing early upstream loops, an effect that progresses downstream from the
sink points supplying the debris. Some authors have supposed that the ‘four-
state’ model demands that the cave development always progresses from deep
loops to water table conduits through successive generations as the elevation of
the springs are lowered by allogenic erosion (Audra and Palmer 2012) but this
is a misunderstanding: partial progression may occur, as shown for the upstream
river cave case noted above, but more often in my experience the successive
generations tend to maintain roughly the same amplitudes of looping. Finally, as
shown in Fig. 3, the model has two necessary theoretical end members—first, a
‘State Zero’ where the frequency of penetrable fissures is so low that no break-
through can occur in the available geologic time, with the consequence that sur-
face erosion processes such as canyon entrenchment destroy the limestone mass
instead. This is quite common in many marble outcrops, for example. The sec-
ond state is the converse, where the frequency of penetrable fissuration (plus
matrix effective porosity in some instances) is so high that the ground water
flow is dispersed in a multitude of micro-conduits that will not become large
enough for human explorers to enter before the limestone itself is removed
entirely. This appears to be the case in much of the British chalk, which is a
very important aquifer but not an exciting prospect for cave explorers. In broad
terms, it was the position adopted by Grund (1903) in some of the earliest writ-
ings on the topic.

The dimensions of width and depth across a cavernous aquifer have been
neglected by most speleologists in their analyses. Inset into Fig. 3 is the very
effective ‘head-on’ depiction of Lake Glomdal Cave (Norway) by S.-L. Lauritzen.
This multi-loop cave is developed in marbles dipping left-to-right across the scene
and has been explored and mapped throughout its length by cave divers (Lauritzen
et al. 1985).

These basic patterns of conduits propagating and linking together in three
dimensions may be complicated by: (a) the contemporaneous formation of
mazes of passages in parts of the evolving network due (chiefly) to inter-forma-
tional flow from non-karst rocks or to local artesian confinement or floodwater
surcharges; (b) paragenesis (clastic sediment progressively filling the cave dur-
ing its enlargement); (c) the introduction of new sinking streams or re-location
of old ones as results of climate change or channel avulsions at the surface; and/
or by (d) the multi-stage (multi-level) development of interlinked tiers of pas-
sages that are caused by changes of spring elevations due to erosion or aggrada-
tion. As consequences of these possibilities, the three-dimensional distributions
of passages, shafts and large chambers in caves where tens or hundreds of kilo-
meters of accessible passages are now mapped are among the most irregular and
complicated patterns known in science. However, they are not at all ‘chaotic’
in the formal physical sense; on the contrary, they are highly deterministic con-
structions, reflecting the complexity of carbonate aquifer dissolutional evolution
over thousands or millions of years.
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4 Speleothems, a Key to Understanding the History of
Aquifers Where There are Explorable Caves

Most explored limestone caves contain some stalactites, stalagmites, flowstones or
other crystalline wall coatings composed of calcite or aragonite precipitated from
waters percolating or flowing in the aquifer, in the phreatic zone as well as above
the water table (Hill and Forti 1997). They may cover less than 1 % or as much
as 100 % of passage ceilings, walls and floors, giving an observer initial, qualita-
tive insight into the distribution and rates of recharge of waters through the matrix,
fractures and inaccessibly constricted conduits in the host rock. This is suggested
in Fig. 4, a hypothetical model example where the cave is now entirely in the
vadose zone.

Beneath the soil there is well developed epikarst to depths up to a few metres in
which the flow and storage conditions can be investigated instrumentally at small
scale (e.g. Smart and Friederich 1987). However, between the base of the epikarst
and the roof of the cave there is a ‘vadose transition zone’ that is essentially inac-
cessible. As suggested by the downward arrow in Fig. 4, it is best understood by
studying relevant features of the receptor of its flow, the cave. In the figure two
deep dolines are seen to reduce the thickness of the transition zone with the result
that water passing through it is still acidic when it reaches the cave beneath them,
inducing further dissolution with breakdown there. In between these two features
the thickness of the zone is greater and rates of recharge and flow are probably
much less. In these conditions the water normally becomes chemically saturated
within the zone, and will precipitate a portion of its load upon emerging in the
cave. Comparatively, rapid dripping tends to produce carrot-shaped stalactites in
the roof, with stalagmites and flowstones on the floor beneath them (‘1 in Fig. 4);
progressively smaller rates of water supply are associated with a regular progres-
sion through simple straw stalactites (‘2”) to straws distorted by helictite extru-
sions (‘3”); finally to very slow precipitation of evaporite aureoles with aragonite
(‘4’) and hydromagnesite (‘5’). Surprisingly, little attention has been paid to map-
ping the distributions of these different types of speleothems in the roofs and walls
of caves that are now vadose. It is clear that they record differing conditions in
the overlying transition zone, not merely directly above the cave itself but in seep-
age catchment volumes around it that will widen upwards to the epikarst (Ford
and Williams 2007; pp. 291-292). In addition, in the lower levels of multi-stage
(level) caves, and in many single stage caves, the modern transition zone will
have evolved under antecedent phreatic conditions for a long period before it was
drained; study of speleothem distribution in such cases may also give insight into
past conditions of phreatic water flow in the rock above and between the conduits
that are accessible to explorers.

During the past forty years application of modern lab analytical technology has
greatly increased the range and precision of the paleo-hydrological and other envi-
ronmental information that can be obtained from speleothems (Ford and Williams
2007, 298-320; Fairchild and Baker 2012). The majority of calcite (and the rarer
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Fig. 4 A depiction of patterns of limestone dissolution and speleothem precipitation in an ide-
alised karst with well-developed epikarst, dolines, a transition zone of varying thickness, and a
range of speleothem types; figure adapted from an original drawing by Alain Mangin, with per-
mission. See the text for details

aragonite) speleothems contain sufficient natural U that they can be dated by U
series methods over long spans of time. As early as 1973, the author used simple
counting of U and Th isotope disintegrations (o particle analysis) to show that sta-
lagmites in a sub-arctic water table cave were greater than 350,000 years in age
and thus that the draining of the aquifer must be substantially older. The precision
and range of dating by U series methods was much improved by adoption of mass
spectrometric measuring techniques after 1987 (Edwards et al. 1986/1987 with
corals; Li et al. 1989 with speleothems). Figure 5 gives three examples; left, a sim-
ple stalagmite sectioned down the growth axis shows many substantial variations
in thickness and gray tone in its successive layers, suggesting an eventful history;
centre, an early example of thermal ionisation dating (TIMS) from the McMaster
University lab—a stalagmite from a sub-alpine cave in northern Spain ceased cal-
cite deposition soon after 27,800 years BP due to the onset of the coldest period
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B 10-11 ka cal BP

Fig. 5 Left—a typical example of the type of stalagmite used for paleoclimate studies, sectioned
and sampled for its O and C stable isotope record. Centre—a sample from Cueva del Cobre,
Spain, close to the modern alpine treeline (from C. Rossi, with permission). It exhibits stop-and-
go growth. Calcite (grey layers) is being deposited today. The bright white layers are aragonite.
See the text for details. Right—Stalagmite from 18.5 m below sea level in a drowned cave on
the west coast of Italy. ML (marine layers) 1, 2, 4 are marine deposits of serpulid worm casts
and calcite overgrowth. The hard dark calcite layers grew when the cave was above sea level,
between ~206 and 146 kyrs BP with one marine interruption ~200—-190 kyrs BP (from Antonioli
et al. 2004)

of the Last Glaciation; it began again around 16,700 years BP with precipitation
of aragonite that reflected cool and arid conditions at the surface, switching back
abruptly to calcite after two thousand years when the climate had become warmer
and more humid; right, a spectacular example of state-of-the-art induction-coupled
plasma dating (ICPMS) of a stalagmite recovered from below modern sea level in
Argenterola Cave, Italy, that records the sequence of low sea/vadose calcite and
high sea/marine overgrowth events at the site during the last 200,000 years.

The ‘ultimate’ speleothem dating methods today are those measuring the decay
of the uranium to their final end in non-radiogenic lead, U/Pb methods which, in
principle, can date the oldest calcites on Earth: its application presents technical
difficulties at the present time but they are being overcome in suitable samples,
e.g. Polyak et al. (2008) have obtained entrenchment ages as great as 17 million
years for the western sector of Grand Canyon, Arizona, by measuring the ages
of water table pool calcites in ancient caves now high up in the canyon walls.
Lundberg et al. (2000) dated the first karst phase in the giant hypogene caves of
the Guadalupe Mountains, New Mexico, to ~90 million years ago, the time of the
Laramide Orogeny.

Away from vigorous underground streams cave interior temperatures tend to be
very stable and close to the mean annual temperature of the outside environment. As
environmental change occurs at the surface, temperatures and other cave parameters
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Fig. 6 One of the great successes of oxygen isotope reconstructions of climate change using
speleothems. The samples are from Dongge and Hulu caves, 1,300 km apart in eastern China.
The cycles seen in their O isotope records are closely similar in age and amplitude, and correlate
very well with the computed variation of summer insolation for 25° North. There is also good
correspondence with the GISP (Greenland Ice Cap) oxygen isotope record from glacier ice (from
Wang et al. 2001)

adjust correspondingly. Most important, the fractionation factors that determine
the proportions of the heavier isotopes, 30 and '3C, in speleothem carbonate will
change, and also the partition coefficients of common trace metals such as Sr. By
the mid-1970s it was reasonably established that 1°0:'80 and 'C:!3C ratios in the
carbonate and trapped paleo-waters in U-dated speleothems can track regional and
global climate changes through the last three or more glacial cycles (Thompson et al.
1974; indicated by the upwards arrow in Fig. 4). With ICP mass spectrometer dat-
ing and carbonate micro-sampling techniques, the precision of such climate change
records has greatly improved (decadal or better in scale in many instances) and is
now attracting much study worldwide; shifts of path and intensity of the east and
south Asian monsoons are tracked, records of El Nino and ENSO events sought in
Latin American (Fig. 6). The most trustworthy dating of the Quaternary climate
cycles during the past 500,000 years is from thermal water calcite crusts in a spring
cave in the Nevadan desert (Ludwig et al. 1992).

The percolating waters may transmit many other evidences of environmen-
tal changes in the vegetation cover, soil, epikarst and vadose transition zone
above a cave. Trace concentrations of fulvic and humic acids and particulate
organic matter provide much of the colour in speleothems (van Beynen et al.
2001); and, when luminesced, often record annual or other seasonal detrital
flushing events passing through the upper aquifer (Shopov 1987; Genty 1992).
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Railsback et al. (1994) reported sequences of calcite-aragonite couplets in a
Botswana stalagmite that resulted from seasonal wet-dry cycles in the vadose
source zone. Differing thicknesses of such annual accumulations in successive
years can give us a measure of the net variations of recharge to the aquifer over
many years; for example, Shopov et al. (1994) found seven ‘fat’ years and
seven ‘lean’ years of deposition in a 27-year long sequence of luminescence
couplets precipitated between ~950-1000 AD in a stalagmite from a cave at
the forest-to-grassland transition in Iowa.

5 Carbonate Aquifers that We Cannot Explore Ourselves

Most of the volume of the great majority of carbonate aquifers is inaccessible to
explorers of human size; so, although it should be presumed that a given exam-
ple has some proportion of conduit porosity unless there is compelling evidence
to the contrary, these aquifers must be treated like those in all other rocks—as
‘black’ or ‘grey’ boxes. In North America, where the author has done the major-
ity of his research, the technical approach to carbonate aquifers has been much
the same as to all other types of aquifers—to probe the boxes by means of bore-
holes and observation wells, with a presumption that Darcy flow is predominant.
Necessarily, this approach is very costly from the beginning—the holes have to be
drilled! In the author’s opinion large sums of money have been wasted in the past
due to widespread lack of understanding of karstic behaviour among professional
hydrogeologists. This review concludes with some personal views on components
of ‘black box’ and ‘grey box’ exploration methodology.

The first step when approaching an unknown aquifer should be to locate and
instrument the natural springs. Detecting them may be difficult where they are
masked by aggradation, submergence, etc., but emergence at one or a few points
is the norm where there is significant conduit development in an aquifer. Much
can be learned from their discharge hydrograph records over one or a few hydro-
logic years; Mangin (1974/1975) offered a sophisticated analytical classification
of aquifer behaviour based on this variable alone. Bakalowicz (1976) and Jakucs
(1977) showed how much more can be learned by recording the water tempera-
ture, suspended and solute loads in addition; the composition and concentration
in many solute loads can be quite precisely determined by calibration with the
electrical conductivity (EC) of the water, a variable that can be measured inexpen-
sively and continuously (Krawcyk and Ford 2006).

The next step is to find the natural stream sinks (perennial or seasonal), quan-
tify their discharge and other properties, and trace the flow to the springs by use
of dyes or other tracers. The technology has improved greatly in detection lim-
its, breakthrough curve analysis, etc., since the author began in the 1950s (see
Dassargues 2000 for a comprehensive review). Smart and Friederich (1987) intro-
duced the practice of dye tracing from the epikarst into underlying caves, amplify-
ing our understanding of groundwater flow and dispersion in the vadose transition
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zone. Where water wells or observation boreholes are available instead they also
are being used to an increasing extent for tracing between wells or from them to
natural springs that are more distant. Today, pressure transducers, thermocouples
and EC bridges can be linked to flash card recorders inside watertight housings at
very little cost (<5 % of 1975 prices?) and operated at remote locations for months
or years without servicing. Turbidity metering and measuring organic fluxes by
flow-through fluorescence are improving quickly. Sink-to-spring connections can
be established and monitored efficiently and inexpensively by dye tracing using
modern spectrophoto fluorometers.

To study conditions where there are no accessible sinks and springs, or to inves-
tigate underground conditions between them, the first step is usually to apply one or
more of the many methods of probing by traversing the surface with ground-pen-
etrating geophysical instrument packages. How useful are they? Every researcher
has a favourite method but the author finds that few are successful below shal-
low epikarst or in detecting deeper cavities “... no one geophysical method has
been developed that resolves all the problems of sinkholes and cavities in karst
terrain” (Waltham et al. 2004). In the most recent thorough review Kresic (2013,
pp- 327-58) broadly concurs with this opinion, stressing that application of two or
more complementary methods is better than one and that any interpretation from
them must be followed by boreholes. Seismic techniques are the industry stand-
ard for deep exploration of bedrock formations and tectonics (e.g. in petroleum
exploration) but at more shallow depths the signals tend to badly perturbed by
soil cover and moisture content. Measuring the electrical conductivity or resistiv-
ity of the ground with arrays of electrodes has been the most widely used method
in karst terrains for many years. As a schoolboy the author helped a University
of Bristol team use standard resistivity to detect a large cave chamber under the
Bristol Downs (England) that had been broken into by lead miners in the 19th
Century and then forgotten. The detection was quick and accurate, but the location
was already known approximately and the chamber was at shallow depth in very
well drained rock, so that the contrast between resistance signals from rock and
void were strong and unambiguous. Conditions are rarely this favourable at other
sites. Micro-gravimetry has become popular as the cost of the instruments has
shrunk and their sensitivity increased. It can achieve some success where the strata
are homogeneous and the terrain is quite flat, though there can be problems where
the soil thickness varies. Ground penetrating radar is particularly quick and cheap
but penetration is usually <10 m and it is said to perform poorly in wet soils; how-
ever, the late Bill Wilson found it useful for detection of incipient sinkhole hazards
under sands overlying the young limestones in sinkhole-ridden Florida (Wilson
2003, personal communication).

Borehole analysis is a technological field in its own right. The author finds
borehole video records to be the most useful of the standard downhole inspec-
tion techniques when dealing with karst aquifers. If there are any solutionally
enlarged bedding planes or other fractures with turbulent flow in the hole they
will usually be detected; if there is no such flow, at the least the video should
show the most important levels and intervals for water temperature and solute
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Fig. 6 Simulated heads (m asl) and flow paths from 58 tracer injection points, porous medium and b a
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Spring; 85 Styx Spring; PS Pike Spring

Table 1 Modeling results from the homogeneous porous-medium and karst-aquifer simulations

Parameter Porous medium Karst aquifer
Hydraulic conductivity (m/s) 1.1 E3 4E-5107
Mean absolute error of heads in 48 wells 124 m 36m

Mean absolute error of heads in 48 wells and 15 cave streams - iim
Turnhole Spring discharge 173 Lis 4500 Lis
Pike Spring discl 150 Lis 836 Lis
Echo River § ischarge 201 Lis 359 Lfs
Styx Spring 96 Lis 100 Lfs
Fraction of total discharge at four springs 10% 95%

Mean tracer destination error 3.97 km 0.00 km
Notes: Mean tracer destination error refers to the difference b the deled arrival points at the Green River for the 58

mmspnngmschmgﬁmmkm&wnmedmewﬂwnwmmwmeuﬂs

Hydrogeol J (2009) 17: 1665-1678 DOI 10.1007/510040-009-0489-0

Fig. 7 The comparison between a a simple EPM model tracking flow from 58 known dye trace
injection points and b a karst conduit network model using CAVE, for Mammoth Cave karst area
of Kentucky. In the data table below the figure note the extreme differences in estimates of head
elevation and spring discharges that occur (from Worthington 2009)

chemical profiling, and for undertaking physical pump or slug (Lugeon) tests
between packers. A further important point for consultants is that video imagery is
more readily understood and appreciated by the general public, including lawyers
and judges in legal proceedings. Dye tracing (between holes or hole-to-spring) is
generally more helpful than most inter-hole geophysics in karstic aquifers.

In general hydrogeological practice today a computer model of the groundwa-
ter flow is usually considered to be mandatory for any aquifer that is to be man-
aged for water supplies or is threatened by pollution, quarrying, etc. Black box
(probabilistic) models focus on recharge events and the responses at the springs
and have been developed very well for individual springs since the 1970s, as
noted above (e.g. Mangin 1974/1975). Kresic (2013, pp. 435-464) gives a mod-
ern review of them. Deterministic (distributed parameter or grey box) numerical
models aim to encompass the entire aquifer, not merely the springs, predicting
the flow vectors, water table levels, potential yields at different points, etc. These
models dominate this field of study today. Opinion is divided on their applicability
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to karst aquifers as the latter are defined in this paper. “...the heterogeneity of
karst aquifers is so severe that it is virtually impossible to acquire sufficient field
information to construct a predictive digital model trustworthy enough to allow
extrapolation of heads and flow conditions from known to unknown locations, let
alone into the future”! (Palmer 2007). The MODFLOW finite difference model,
an Equivalent Porous Medium (EPM) model, has become the groundwater indus-
try standard in North America (e.g. Harbaugh 2005). Its codes are based on a
single-continuum porous medium concept that assumes an isotropic and homoge-
neous aquifer with laminar flow (Darcian). It can be modified by stacking layers
of differing hydraulic conductivity, e.g. a top layer of high conductivity for the
soil and perhaps the epikarst above lower conductivity for the transmission zone.
Double porosity (multiple-continuum) models seek to couple matrix + fracture,
or matrix + conduit, or fracture 4+ conduit and are currently the most popular in
Europe for simulating the observed conditions in most black box or grey box karst
aquifers (e.g. Kiraly 1998; Kresic and Stevanovic 2010). The ideal must be triple
porosity models (matrix + fracture 4+ conduit); however, the field data are rarely
good enough to support them, as Palmer (above) emphasized. One exception,
perhaps, is the Mammoth Cave regional aquifer in Kentucky where >650 km of
cave passages have been mapped, there are more than 100 observation wells and
water wells, many borehole observations and records from a large number of karst
springs along the Green River gorge. An accurate water table map has been con-
structed from them. Using these data, Worthington (2009) used the CAVE program
of Sauter and Liedl (2000) to obtain the very good model fit that is illustrated
in Fig. 7, where it is compared to a simple particle-tracking EPM that assumes
a single homogeneous body of rock. Reimann and Hill (2009) developed a con-
duit module that has been inserted into basic MODFLOW with some success.
Kresic (2013; pp. 479—484) introduces and advocates ... * a true breakthrough in
groundwater modelling” 2026 MODFLOW-USG, developed by S. Panday. It is a
code newly released to the public domain that (among other applications) allows
expansion of the basic MODFLOW package to simulate conduits in three dimen-
sions. It may be that the ideal triple porosity model is at hand; however, it must
be remembered that any results can be no better than the quality and quantitative
adequacy of the data being entered into the program. The author looks forward to
exciting new simulations over the next decade.
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Hydraulic Properties of Karst Groundwater
and Its Impacts on Large Structures

Petar Milanovi¢

Abstract A karst environment is a particularly sensitive and risky geological
formation for the infrastructure construction from the micro to the mega scale.
The hydraulic properties and specific regime of groundwater in karst are, in many
cases, the source of catastrophic failures. The most common destructive influence
of groundwater is the consequence of: massive turbulent flows; the fast erosion of
unconsolidated deposits in caverns and joints; the great kinetic energy of under-
ground flows; propagation of hydraulic pressure at large distances (piston effect);
and the enormous hydraulic pressures created in periods of full aquifer saturation,
including water-hammer and air-hammer effects due to rapid fluctuation of the water
levels. Despite extensive investigations, the destructive impacts are mostly unpre-
dictable in space and time. In many cases these destructive processes take time to
become established but final effects appear abruptly, causing considerable damages
or failures. The most common consequences of these impacts are subsidence at the
urban areas, along the roads and railways, as well as at the bottom of reservoirs;
water seepage from reservoirs; break-in of groundwater under high pressure during
underground excavation; destruction of surface remediation structures; destruction of
tunnel lining; degradation of grout curtains, induced seismicity; decreasing of down-
stream spring discharges; endangerment of underground species; and the creation
of many other unpredictable and unexpected problems. Some dam failures (empty
reservoirs) or collapses (entire buildings and factories sinks) were catastrophic.
Successful remediation solutions require serious and comprehensive investigations
including long period monitoring of groundwater regimes and (in many cases) reme-
dial works during the lifetime of the structure. During construction modifications
and adaptations of structures are very common in karst. Persistent, time-consuming
and expensive remedial works during the lifetime of the structure are no exception,
but, rather, they are the rule.
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1 Introduction

Karstification is a specific exogenetic process in which the hydrogeological
properties of soluble rock masses are changed by solution in vertical and horizon-
tal extension. The principal conditions for karstification are soluble rocks, a large
quantity of water and the presence of discontinuities mostly of endogenetic origin.
Karstification starts with the chemical action of water (solution) and after flows
becomes an important process of turbulent erosion. Both processes (solution and
erosion) occurred simultaneously. Mostly the intensity of karstification is not con-
tinuous on a geological time scale. Karstification is connected to an emergence
phase. Each phase of emergence was in some time followed by the process of
karstification of upraised carbonate rocks above the sea level.

As a result of the dynamic neotectonic movement and karst aquifer evolution
process, the transformation processes from several karst aquifers into a single
aquifer or decomposition of a single aquifer into a few independent aquifers are
common. Consequences of these processes bifurcation zones are common in karst,
also.

Intensity of karstification increases gradually from initial to the mature stage.
In contrast with other natural exodynamic processes, which are mainly limited to
the shallow surface zone, the karstification process penetrates into the deeper rock
masses mostly along the deep discontinuities. In some cases upraised water (ther-
mal or cold) plays an important role in karstification—hypogene karstification.

In a number of deep and high developed karst aquifers the role of some con-
duits has been changed during the karst aquifer evolution process. After the aqui-
fer discharge point has been accommodating to the lower erosion base level, the
upper channels lose the activity of base flows and stay permanently above the
saturated zone. These channels become the cave systems with temporary flows,
and, sometimes, are partially filled or completely plugged with cave deposits and
sediments.

In Fig. 1 the simplified cross-sections are presented as piezometric lines at dif-
ferent stages of karst aquifer depletion. Concentrated karst flows mean that karst
conduits very rarely are continuously inclined. Mostly its horizontal and vertical
conduit direction changes frequently. As a consequence, the karst channels in the
form of siphons are common and frequent. During dry periods these sections are
permanently full of water. Thousands of underground lakes exist in a number of
karst aquifers. The large concentration of cave-dwelling aquatic endemic species
settled in underground karst lakes all over the world. The exit part of the majority
of large karst springs (permanent or temporary) has a form of deep siphons.

As a consequence of the karst evolution process the hydrogeological hier-
archy of karst conduits (hydrogeological singularities) is created as one of the
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main properties of a karst aquifer. The top ranking conduits in hydrogeological
hierarchy (base flows) represent the base level for the entire karst aquifer. To
simplify the explanation of karst aquifer hydrogeological hierarchy, the recession
curve of karst springs discharge can be used. The recession curve is a complex
function which represents the discharge regime of the aquifer, i.e., the hierarchy of
the active karst conduits.

Different inclinations of recession curve correspond to the different discharge
coefficients, i.e., to the different hierarchy levels of karst flows. In particular, the
case presented in the Fig. 2 part of recession curve with a; — 0.13 represents the
flow in the largest channels, i.e., the top hierarchy channels and flows. The next two
sections of recession curve (o and a3) represent joints enlarged by the dissolution
process, and fractures and caverns filled with cave sediments, means secondary and
tertiary flows in hierarchy.
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1.1 Groundwater Regime of High Developed Karst

The main characteristics of groundwater regime in karst are: extreme fast aquifer
saturation, concentrated and fast underground flows, rapid groundwater level fluc-
tuation, kinetic energy of underground flows, piston effect and fast empting of the
karst aquifer.

Saturation of karst aquifers is very fast, particularly in bare karst. Saturation
occurred mostly through the extremely pervious epikarst zone, but also, in the
form of concentrated infiltration through the swallow-holes (ponors), with a swal-
lowing capacity of up to 120 m?/s.

Mostly the epikarst zone exposed at the surface without any soil cover (bare
karstified rock) is the groundwater free zone. The approximate thickness (depth)
ranges between 10-20 m, only locally deeper. Most of the openings (karst chan-
nels), dolines (sinkholes), karrens and fissures drain the water immediately down
to the saturated zone. In many cases 90 % of the water (in spite of the precipitation
at 100 mm/10 h) immediately percolate through the epikarst zone and after a few
hours reach the aquifer level at a depth of 1,000 or more meters. The negligible
part of water can be retarded in the unconsolidated sediments deposited in the kar-
rens, features or bottom of dolines (sinkholes). The thickness of epikarst cover can
be from a few meters, up to hundreds of meters. Depending on the cover thickness
the epikarst zone can be temporarily saturated, or can be permanently saturated.
In some cases the groundwater level is permanently a few meters, or a few tens of
meters above the epikarst zone.

Symbolic features in karst hydrogeology are ponors and estavelles, i.e., the fea-
tures of concentration infiltration. Often ponors are located along the periphery of
karst poljes and alongside river beds and river banks. Usually the recharge capac-
ity varies in range of a few m>/s; however, in a number of cases recharge is a few
10 m%/s. The capacity of the Ponor Biograd in Nevesinje Polje (Herzegovina) is
about 110 m?¥/s, and recharge of the Slivlje Ponor in Niksi¢ko polje (Montenegro)
is about 120 m>3/s. From a reservoir integrity point of view, estavelles are par-
ticularly dangerous because of double function and ponors cowered (masked) by
unconsolidated or low consolidated sediments.

Very fast concentrated underground flows (between 0.5 and 14.0 cm/s, locally
up to 50.0 cm/s) with a huge amount of flowing water (10 m?/s up to the more
than 200 m%/s) have as a consequence large kinetic energy. In some cases the
measured exit velocity at the end of the karst channel (spring outlet) was 16 m/s.
If the spring outlet is plugged the measured pressure in the channel behind the out-
let was between 10 and 11 bars. Another experiment by intensive pumping from
syphonic karst spring, in a dry period, shows that the flowing groundwater mass in
karst channels has considerable kinetic energy. Explanation of this phenomenon is
documented in the graph of the pumping test in Fig. 3.

During the recovery period, due to kinetic energy of underground flow, the
water level continued to rise to 130 cm above the starting position of the ground-
water level.
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Fig. 3 Graph of pumping test. Jama Spring, Nevesinjsko Polje

As a consequence of fast and turbulent groundwater flows, a very intensive erosion
and flushing of clayey deposits from cracks; and cavities frequently occur beneath
the dam foundation or along the reservoir banks. It is confirmed that the grouting
procedure is an extremely complex task if the water velocity is 10 cm/s or more.

In case of an earthquake, the seismic waves multiply the magnitude of erosion
and clay flushing from caves and joints at the dam site. In 1979, after the earth-
quake in Montenegro (IX° MCS), some consequences were registered at the
Gorica dam site (Herzegovina). The distance from the epicenter is about 100 km.
In the tailing water, downstream from the dam, the content of eroded clay
increased tremendously. Together with thick clay-flow and intensive bubbling the
compact clay pieces (0.2-1 kg) were taken out.

Saturated karst aquifers have properties of the hydraulic system under pres-
sure. The piston effect was confirmed by large-scale experiments and analysis of
the relationship between the spring discharge and water level in boreholes 4—6 km
behind the spring. Between 22 and 78 m>/s of water was injected into the ponor
zone at a distance of 16.5 km away from the spring (Ombla). At the same time, in
the ponor zone was injected dye tracer (Fig. 4).

Due to the piston effect the response of the system was much faster than the
velocity of underground flow. The spring discharge increased 35 h after water
injection. The labeled wave travel time from the same injection point to the spring
was nearly four times longer. A very strong correlation between the discharge of
the spring and water level in piezometers (r = 0.976) confirms also a very strong
hydraulic connection along the saturated karst system.
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In highly developed karst the groundwater fluctuation is rapid (up to 80 m/24 h)
and with huge amplitudes (up to 312 m difference between minimum and maximum)
(Fig. 5).
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Fig. 6 Relation of air amount (Q) and velocity of water rising in piezometer (Kesi¢ and
Kovacina 1978)

The karst aquifer water level graphs are among the most diagnostic sources of
hydrogeological information. As a consequence of hydrogeological properties created
by karst evolution process and karst aquifer groundwater regime, it is obvious that
simple stand pipe piezometers are the best monitoring devices in karst. Double stand
pipe piezometers have to be used also if hydrogeological properties require its appli-
cation only. Systematic use of multi-level piezometers in karst is not justifiable. It is in
collision with hydrogeological properties of the nature of the karst aquifer and can be
the source of improper design, and, in some cases, may lead to erroneous conclusions.

As a consequence of extremely fast aquifer saturation, the water table rises quickly
and removes the air from cavities in the aeration zone. Measurements of air stream
velocity from the piezometric pipes confirm good correlation between velocity of
water level rising and the amount of air squeezed out. Depending on the volume of the
local karst porosity relation between water level rising and the amount of squized air,
it is different in separate boreholes; even these boreholes are closely spaced (Fig. 6).

The air stream from some of the piezometric pipes sometimes reaches a velocity
of 15 m/s. If karstified rocks are covered with low consolidated sandy-clayey
sediments, the fast water table fluctuation provokes strong bottom—up erosion and
collapse at the surface of the terrain or at the reservoir bottoms.

One of the most visible aspects in the evolution of karst processes is the exist-
ence of well-defined karst horizons. As a consequence, the steady level hydro-
graphs of piezometric boreholes located in such zones are some of the well known
characteristics of karst aquifer (Fig. 7).

Discharge of karst springs changes rapidly with enormous difference between
minimum and maximum. In some cases, the difference is between 2 and 380 m3/s
(Fig. 8). Discharge of temporary karst springs can vary between 0 and 200 m%/s.

A Kkarst spring with a pulsation of discharge (intermittent springs) is one of the
hydraulic specificities of karst flows.
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2 Permeability of Karstified Rock Masses

Permeability of rock masses is commonly expressed by hydraulic conductivity,
Lugeon units or specific permeability. A water pressure test (Lugeon test) still
appears to be one of the most commonly applied methods in the framework of
hydrogeological investigations. The number of results and long time experience
of many specialists raise doubt about the reliability of the Lugeon criteria, par-
ticularly for karstified rock masses. Other methods are pumping tests, air pressure
tests and tracer tests methods that utilize dye or radioactive tracers.

Analyzing the relationship of the consumption of grouting mixture and the
basic permeability (results of WPT), no correlation was established. By comparing
the results of WPT (Lugeon test) and grout consumption that were obtained from
many examples in karst, it can be concluded that, according to the average perme-
ability, a sound estimation of a possible consumption of grouting mass in the grout
curtain cannot be made.

One of the very important reasons for the absence of correlation between
Lugeon values and grout consumption is the difference of fluids characteristics.
The Newtonian fluid, such as water, used in the case of a Lugeon test, can be char-
acterized by only one parameter—viscosity. The grout mass behaves as a Bingham
fluid possessing both viscosity and cohesion.

In spite of its limited practical value, the conclusion of the General report
Q58 of the International Commission for Large Dams (Bozovi¢ 1985) indicates
that the Lugeon test remains the main engineering tool in assessing permeability
of the dam foundations and in evaluating the achieved efficiency of the grouting
treatment.

Lu physically means approximately one joint (aperture 0.2 mm) at each 10 cm
of the borehole wall. Results of the WPT test contain also information related to
erodability, groutabilty and drainability of rock mass.

If the water pressure test encounters a cavern the double packer method has to
be used. The length of the test section, instead of 5 m, should be reduced, i.e., the
cavern has to be separated by two packers. That section can be considered as hav-
ing infinite permeability (unspecified high permeability). Usually it is defined as
permeability >100 Lu. A precise location of caverns along the grout curtain route
is very important to select the proper water-tightness treatment.

3 Hydrogeological Role of the Base of Karstification

The base of karstification which represents the transition zone below in which
there is no intensive karstification or karstic features are very rare. In general, the
base of karstification and the minimum water level coincide. On a regional scale,
the base of karstification plays important role from a geological engineering,
particularly hydrogeological, point of view.



28 P. Milanovi¢

Fig. 9 Contour map for the base of karstification according to results of jointly used electrical
profiling and electrical sounding. Arrows indicate base flow zone

In many cases the high position of the base of karstification has a role of under-
ground watershed zones. High position of the base of karstification prevents the
leakage from Bileca Reservoir (Bosnia and Herzegovina) toward the Bregava
River catchment area, as well as the leakage from Piva Reservoir (Montenegro)
toward the Tara River erosion base level. The high base of karstification prevents
leakage from the Geheyan Reservoir toward the Qingjiang River, China (Ruichun
and Fuzhang 2004). A similar situation was found between Cerknicko Polje and
Pivka valley in Slovenia (Breznik 1985).

In the opposite deep and narrow base of karstification, a position of concen-
trated underground flows is indicated. The narrow and deep corridor of the base of
karstification, with huge underground flows, was detected by geoelectrical investi-
gations in the catchment area of the Ombla Spring (Fig. 9).
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4 Role of Geological Structure on the Groundwater Regime

The number of dams and reservoirs operate successfully because the foundation
places were carefully selected on the basis of a superb understanding of a geo-
logical structure, its position and groundwater regime. In the opposite, the dam
failures attributed to geological causes which mostly occurred due to adverse geo-
logical structure and poor hydrogeological data.

The starting point in geological engineering is based on a good and reliable
geological data base. A good geological map is needed as a basis from which an
analysis of geological structure can be made. Results of such analysis provide the
basis for solving any of the engineering problems related to the reservoir water-
tightness, dam stability, selection of grout curtain geometry, geotechnical treat-
ment of rock mass, tunnel driving, as well as for additional mitigation measures of
possible damages during the hydraulic structure operation.

Structural characteristics of the rock mass are, mostly, the consequence of
tectonic activities; however, they are also the consequence of exogenetic factors
(release discontinuities). Structural relationships play an important role in regional
and local directions of groundwater circulation and rock mass quality. Position of
impervious lithological units with dominating marly, shaly or clayey component;
position of regional and local faults, including mylonite zones; and position of dis-
continuities (including dip direction, aperture, kind of infilling) govern the ground-
water circulation. Wide fault zones, with prevailing mylonite component, are not
the proper environment for karstification. In some cases karstification is developed
along the secondary joints along the perimeter of the main crushed zone.

Folding structures, especially the compressed anticline cores, are more resistant
to karst processes than horizontal and monocline structures. They reduce circula-
tion that is perpendicular to the strike and increase it in the direction of the strike.
This conclusion was carried out on the basis of number of case studies in China,
Herzegovina, Iran, Tasmania and many other karst regions.

By construction of any large structure the hydrogeological conditions and
hydraulic fields in rock mass are drastically changed. Grout curtains become bar-
riers for groundwater filtration and tunnels become huge drains. In both cases the
natural groundwater regime is completely changed, sometimes with considerable
influence on the surrounding environment.

5 Hypogene Karstification at Dam Sites

An important and quite special problem is the presence of hot or cold up-razed
water flows at the areas of some dam sites: Visegrad Dam (BiH), Salman Farsi Dam
(Iran), Hammam Grouz Dam (Algeria), Chichik Dam (Uzbekistan), Zhaiziangkou
and Pengshui dams, China. According to origin, approximately 10 % of known
caves can be classified as hydrothermal or hypogene (Ford and Williams 2007).
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Fig. 10 Deep upward circulation, source for karsification

Mostly the location of the thermal source is very deep with the possibility to be
exactly defined as low. However, deep karstification in these cases is obviously the
consequence of hypogene flows and, in many cases, requires adaptation of grout cur-
tain route and lower contours. The presence of hot water, particularly if it contains
salt, requires particular analysis of possible degradation influence on grout curtains.

Karst features at the Salman Farsi dam site (Iran) are developed as a conse-
quence of hypogene water at depth and simultaneous influence of hypogenic and
meteoric water close to the surface (Fig. 10). The number of detected caverns was
situated along the grout curtain route at different depths.

In the case of the Salanfe Dam (Switzerland) the leakage from the reservoir
has been registered during the first reservoir filling (1953). When the leakage
reached its maximum (>1 m?/s), the new thermal springs (20 1/s) appear in the val-
ley at a distance of 8 km and simultaneously induced earthquakes were registered
(Biancchetti et al. 1992).

6 Consequences of Karst Features and Underground
Water Regime on Large Structures

As a consequence of the above-mentioned properties, construction of large struc-
tures in karst is a risky task. The most common consequences of the listed hydro-
geological properties are subsidence at the ground surface as well as at the bottom
of reservoirs; water seepage from reservoirs; seepage of highly polluted water from
tailings; break-in of groundwater under high pressure during underground exca-
vation and tunnel operation; washing out of clayey/sandy filling from the rock
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Fig. 11 Hutovo Reservoir,
BiH. Ponors and large cracks
created during the first
reservoir filling

discontinuities and cavities; destruction of surface protective structures (air-hammer
and water-hammer effect); destruction of tunnel lining; progressive degradation of
grout curtains by erosion; induced seismicity and specific consequences of natu-
ral earthquakes; instability of dam structures due to intensive solution process of
evaporates in the foundation rocks; decreasing of downstream spring discharges;
endangerment of underground species; other various environmental consequences,
and the creation of many other unpredictable and unexpected problems.

6.1 Collapses as a Consequence of Reservoirs Operation

Induced collapses (swallow holes) at the reservoir bottom in karst are spatially
independent random events created by reservoir operation. Formation of induced
collapses in such a manner is very harmful because their development is unpre-
dictable and practically instantaneous. Collapse at the reservoir bottom is one of
the common failures that provoke leakage from the reservoir. Permanent reser-
voir fluctuations caused the groundwater level fluctuation and washing out of the
unconsolidated sediments or cave filled deposits. It provokes collapses in alluvial
coverage, as a consequence of ponors in the limestone bedrock and leakage from
the reservoir. An inevitable effect is concentrated seepage from the reservoir.

Well-known incidents related to this kind of reservoir leakage are: Lar
Reservoir (Iran), May and Cevizli (Turkey), Perdika (Greece), Vrtac and Slano
(Montenegro), Angara (Russia), Hutovo (BiH, Fig. 11), Mavrovo (FYUR
Macedonia, Fig. 12), Kamskaya (Russia), Huoshipo (China) and North Dike
(Florida). In some of them (May, Cevizli, Vrtac) all water quickly leaks out of the
reservoir as soon as the rains subside.

Some collapses are extremely voluminous. Among the many collapses which
have occurred during the Angara Reservoir operation, the largest collapse has a
volume of 7,000 m? (Trzhtsinsky and Filipov 1981).
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Fig. 12 Mavrovo Reservoir
(FYUR Macedonia).
Collapses as a consequence
of reservoir operation

Fig. 13 Demolished
shotcrete at the reservoir bank

The integrity of reservoirs in karst is seriously endangered by water table fluc-
tuation up to the reservoir bottom (presence of estavelles at reservoir bottom).
Sudden, abrupt, significant and rapid rise in the water table could cause strong
uplift, including air-hammer and water-hammer effects. Another phenomenon,
danger for reservoir watertightness, is also related to an increase in the water
table. In some piezometers at the Hutovo Reservoir a “breathing” phenomena was
registered: air would first rush out (the borehole would “exhale”) to be followed
with air rushing in (the borehole would “inhale”) with each stage lasting for up to
30 min and the cycle could be repeated many times. The air current velocities vary
between 0.5 and 1.5 m/s. However, the fastest air current circulation from the aera-
tion pipe can be about 15 m/s (Milanovi¢ 2006).

During 2 years of operation of the Hutovo Reservoir (Herzegovina) a number
of damages at the reservoir bottom have been recorded: 74 newly created col-
lapses, 1,300 m of fissures (width 2—15 cm), explosion of geomembranes and
destruction of shotcrete in a few places (Fig. 13).
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After two remedial phases (sealing of collapses and fissures), including construction
of aeration tubes to release pressure, the seepage rate was reduced from 3-5 to 1.0 m%/s
(Milanovi¢ 2000).

6.2 Water Seepage From Reservoirs

Leakage beneath the dam foundation or through the reservoir banks occurred after
the first filling at almost 80 % of analyzed case studies. In such cases the sealing
solution requires much patience and perseverance, as well as adequate funds. As a
result of a persistent, time-consuming and step-by-step sealing treatment, in some
cases the results justify the invested money.

After the sealing treatment, the leakage from Keban Reservoir (Turkey) was
reduced from 26 to less than 10 m%/s; in Camarasa (Spain) from 11.2 to 2.6 m3/s;
in the case of Marun dam site (Iran) the leakage of 10 m3/s was reduced to the
negligible amount; in the example of the Great Falls (USA) from 9.5 to 0.2 m?/s;
in Canelles Reservoir (Spain) from 8 m%/s to a negligible amount; in Mavrovo res-
ervoir (FYUR Macedonia) a leakage of 9.5 m3/s was considerably reduced; Bugko
Blato (BiH) from 40 m3/s in natural conditions to 5 m*/s; and in the case of Hutovo
Reservoir (BiH) from 10 m?/s in natural conditions to approximately 1 m?/s.

In the case of El Cajon Dam (Honduras), the sealing treatment was success-
ful in spite of very deep karst flow. The large karst cave situated 176 m below the
gallery had to be grouted under an extremely high head. To reach deep cavities at
this dam site the maximum borehole length of 250 m was applied (H. Kreuzer,
Personal Communication).

However, in some cases, despite an extensive investigation program and sealing
treatment, the results were inadequate to justify the time and money because the
hydrogeological conditions, as a consequence of karstification, were too complex.
After the first filling of Hails Bar reservoir in USA the leakage was enormous,
54 m¥/s. Corrective treatments started in January 1919. The dam was acquired by
Tennessee Valley Authority in 1939. Unable to overcome the continual problems
with foundation and leakage, TVA replaced Hales Bar in 1968 with Nickajack
Dam 10.3 km downstream. Montejaque Dam (Spain) is abandoned because of
unacceptable high leakage—4 m?/s (Fig. 14).

In the case of Vrtac Reservoir (Montenegro), leakage reached 25 m?/s; Visegrad
Dam (Bosnia), 14 m3/s; liki (Greece), 13 m?/s; Salakovac (BiH), >10 m?3/s; Lar Dam
(Iran), 10.8 m?/s; Ataturk (Turkey), >11 m3/s; Samanalawewa (Sri Lanka), 2 m3/s;
Perdikas (Greece); Mosul (Iraq) and May (Turkey) the water-tightness treatment was
unsuccessful.

In a karstic environment with a highly random distribution of karstic features
some uncertainties always remain. In karst modifications during grout curtain or
tunnel construction are therefore the rule and not the exception. Re-design of anti-
seepage structures has been applied in the case of Salman Farsi, Seimareh and
Kavar dams in Iran, as well as in the cases of Frimen Dam (USA) and Sklope Dam
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Fig. 14 Abandoned
Montejaque Dam, Spain

Figure. 15 Lar Dam, Iran.
One of the collapses induced
by reservoir operation

COLLAPSE
DAM IN RESER

(Croatia). In many other cases the number of local modifications (re-routing, exten-
sions, increasing the number of rows, increasing of curtain depth) were applied.

Problems related to the progressive erosion of clayey/sandy deposits from
faults, joints and caverns have as a consequence increased leakage from reser-
voirs after many years of operation: Mavrovo Reservoir (FYUR Macedonia), after
25 years of operation; and Hammam Grouz (Algeria), after 17 years of operation.
In the case of Visegrad Dam (Bosnia), during 20 years of operation, leakage grad-
ually increased from 1.2 to 14 m*/s (roughly 0.7 m¥/s/year).

Deep and fast flows—doubtful treatment. In the case of some reservoirs or
tunnels, very deep underground flows had caused partial or total failure of the
project. In the case of Lar Dam (Iran) the leakage problem is one of the most
complicated and extremely difficult problems to be solved using the common geo-
technology (Fig. 15).

The deepest karst leakage flows (10.8 m?/s) from the Lar reservoir have been
discovered down to 430 m below the riverbed. However, fractured karstic limestone
is extended to at least 700 m below the river bed. At 210 m below the river bed a
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large cavern was found and plugged (23 m high and 67 m wide, i.e., more than
90,000 m3). Few other caverns have been discovered at the depth of 250 m down to
430 m below the river bed. In spite of the extensive grouting and cavern filling, the
reservoir losses are still almost the same as before treatment (Djalaly 1988).

The main grout curtain at Ataturk dam site is 175-300 m deep below the river
level. The grout curtain bottom is high above the base of karstification. The total
leakage through the dam foundation in May 1996 was 11-14 m¥/s for reservoir
level 6 m below the normal storage level (Riemer et al. 1997).

In the case of Spilje Dam (FYR Macedonia) the main portion of water losses
(2 m%/s) occurs through the deep karst conduits. The deepest conduits are indi-
cated more than 250 below the dam foundation.

In another case, ViSegrad Dam (Bosnia and Herzegovina), the main leakage
conduits are encountered at the depth of more than 130 m below the dam founda-
tion (14 m%/s).

However, in some cases the deep sealing works are successful. There are some
examples of very deep but successful grout curtains. In those cases the velocity
and capacity of underground flows was limited, or filtration occurs through the
tight joints. It was the technical prerequisite for successful deep grouting.

In the case of Berke Dam (Turkey) the uppermost grouting gallery is at the ele-
vation of 346 m and bottom of deepest grout curtain contour line is at elevation of
minus 50 m. It is one of the most complicated grout curtains in the world (Altug
and Saticioglu 2000).

6.3 Underground Treatment

To prevent underground filtration beneath the dams and leakage from reservoirs
in karstified rocks the commonly applied underground geotechnical measures are:
grout curtain, positive cut-off, diaphragm wall, bath-tub structure and karst cavern
sealing.

6.3.1 Grout Curtains and Cavern Sealing

To define extension and lower contour of the suspended curtain, the rock mass per-
meability is common criteria. The question of target permeability in karst is still
open. The prevailing opinion is that permeability less than 5 Lu indicates suffi-
ciently impervious and practically ungroutable rock.

To construct a successful grout curtain in karst the closely spaced grouting galler-
ies are required (less than 30 m between galleries). The following grouting materials
are commonly applied: cement with different additives, cement/clay, clay/cement,
polyurethane foam, asphalt or hot bitumen and different types of cement mortar.

Almost always grout curtains in karst are combined with plugging of concen-
trated underground flows or caverns. Surfaces of some important grout curtains in
karst are presented below:
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Ataturk (Turkey) 1,200,000 m?, length 5.5 km, depth up to 300 m
El Cajon (Honduras) 610,000 m?

Limmernboden (Swiss) 544,740 m?

Berke (Turkey) 533,000 m2, depth up to 235 m

Busko Blato (Bosnia) 475,000 m?

Dokan (Iraq) 471,000 m?

Khao Laem Dam (Thailand) 437,000 m?

Slano (Montenegro) 404,224 m?, length 7.011 m

Keban (Turkey) 338,000 m2

Salman Farsi (Iran) 261,000 m?

Extreme inhomogeneity of karst porosity leads to great variability of grout mix
consumption along the grouting hole. For instance, in the case of Salman Farsi
(Iran) the average consumption of grout curtain is 79 kg/m; however, the con-
sumption range varies between 6 and 234.048 kg/m. A consumption rate less than
100 kg/m in karst is rare (only 17 % of analyzed cases). The consumption rates
vary mostly between 100 and 600 kg/m (in almost 70 %).

The term “karst cavern sealing” along the grout curtain or at reservoir banks
means: the geotechnical operation needed to block the groundwater circula-
tion along any karst singularity (channels or caverns) which cannot be treated by
applying a conventional grouting technology. This term also includes the treatment
of potential leakage paths along the heavily tectonized and wide zones filled with
mylonite or re-deposited clay/sandy material.

Plugging of large and accessible cavities along the grout curtain route requires
different technologies, including speleological investigations, excavation of access
shafts and adits, large diameter boreholes, and, sometimes, re-routing the weak
places at the grout curtain. If caverns are situated below the water table the first
step is definition of cavern size. If a cavern is detected by a borehole, one of the
best methods to establish cavern contours is echo logging. The cavern walls are
recorded by horizontally and vertically oriented ultrasonic transducer. Good
results were also provided by borehole TV camera.

For access and filling of the cavern by aggregate, large diameter boreholes
should be used. The next step is consolidation grouting of the aggregate and finally
grouting the contact between the concrete plug and cavern walls.

Volume of some large caverns at different dam sites is presented below:

Keban (Turkey) 600,000 m> Petek Cavern 150,000 m3 Crab Cavern
Salman Farsi (Iran) >150,000 m? Golshan’s Cavern

Lar (Iran) 90,000 m?

Pueblo Viejo (Guatemala) 60,000 m?

Sklope (Croatia) 25,000 m?

Canelles (France) 10,000 m?

Slano (Montenegro) 6,000 m?

Dokan (Iraq) 5,000 m?

El Cajon (Honduras) 5,000 m?
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Fig. 16 Salman Farsi Dam = et :
(Iran). Grout curtain by-pass o ?.,,"’;;:;;‘“‘" ooty
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In the case of Keban Dam the Crab Cavern (below the dam foundation and
below the groundwater level) was filled with concrete and injected solids. The
large Petek Cavern (at the left dam site bank, 150 m from the dam body) has been
filled through the shaft 2.5 m in diameter and 13 large diameter boreholes. About
605,000 m3 of limestone blocks, gravel, sand, and clay were thrown into the cav-
ern. Leakage rate from the Keban Reservoir decreased from 26 to 9 m%/s.

The problem of Golshan’s cavern (Salman Farsi Dam, Iran) has been solved
by re-designing the grout curtain in the right abutment to by-pass the cavern
from the upstream side (Fig. 16). To plug six large caverns along the grout cur-
tain route at the same dam site 3.125 m? of the SCC (Self Compacting Concrete)
was used.

One of the largest plugs was constructed as part of the Wulichong underground
dam in China. The plug size is: 33.46 m high, 13.9 m wide, and 2—-10 m thick, and
volume 4,811 m3 of concrete (Zhang and Wu 2000).

In the case of the cavern at Sklope dam site (Croatia), left bank, the grout
curtain route was re-designed and shifted downstream (Pavlin 1970). Presently the
large cavern is filled with water.

One of the first treatments of karst channel flows in the Dinaric karst area
was performed on the section of Slano Reservoir grout curtain. This chan-
nel flow was plugged at depths of 90-100 m below the surface, about 30 m
below the lowest level of water table. The successful injection of the grouting
mix could be carried out only during the lowest water table time. Under high
water table conditions the groundwater flow was too fast and caused instantane-
ous washing out of the gravel and grout mix. As a consequence plugging which
was initiated in 1966 was carried out intermittently over a period of 4 years and
5 months. Through a borehole @ 146 mm 4,124 m3 of gravel and 4,500 tons
of grout mix (only dry component) have been injected into the karst channel
(Vlahovi¢ 1983).

The plugging procedure of karst channels with water flows was successfully used
in some other cases: Charmine Dam (France), Krupac Reservoir (Montenegro), Busko
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Fig. 17 Wulichong
underground dam (China).
Concrete cut-off wall (Kang
and Zhang 2002)
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Blato Reservoir (BiH); Capljina underground Power Plant (BiH); Guntersville Dam
(USA), and Douglas Dam (USA).

Cut-off (Diaphragm) wall is a very effective watertight structure for plugging
the highly karstified and wide tectonized zones.

Different technologies are available: deep trenches made by cutters (Gotvand,
Iran); overlapping piles (Khao Laem Dam, Thailand; Akkopru Reservoir, Turkey;
Pavlovskaya Dam, Russia; Erevan Dam, Armenia; Baipazinskaya Dam, Tajikistan;
Wolf Creek Dam, USA); Kamthikhera Dam (India); Khoabin Dam (Vietnam)
and a mining method in the form of trenches between the close spaced galleries
(Karun I Dam, Iran).

One of the largest cut-offs has been constructed as part of the Wulichong under-
ground dam (Fig. 17). A reinforced concrete cut-off wall is 100.4 m high, 50-30 m
wide, and 2.5-2 m thick (Kang and Zhang 2002). For the cut-off foundation,
14,775 m? of Karstified rock mass and cavern deposits was excavated and replaced
with 15,152 m? of concrete.

Bath-tub structure means construction of an impervious structure by combi-
nation of vertical, inclined or sub-horizontal (Oymopinar Dam, Turkey; El Cajon
Dam, Honduras).
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BiH. River bed covered by

Fig. 18 River Trebisnjica, '
shotcrete

6.4 Surface Impermeabilization: Structures and Technologies

To reduce water losses from the reservoirs situated in karst the common applied
surface structures and technologies are: compacted clayey blankets; different kinds
of geomembranes; shotcrete (in the case of exposed rock); plugging of ponors
(swallow holes); impermeabilization of ponor zones by grouting blankets; heavy
reinforced concrete slabs (in the case of high water pressure); cylindrical dams
around the large ponors and estavelles; non-return valves to prevent uplift destruc-
tion (in the case of estavelles); construction of rock-filled or earth-filled dikes to
amputate sinking zones from reservoir and construction of aeration pipes to pre-
vent air-hammer destruction. In many cases, for a successful water losses reduc-
tion strategy, the combination of a few presented approaches is needed.

In the case of Karacaoren II Reservoir (Turkey) three types of protection have
been successfully applied: thick concrete, shotcrete and clay blanket (Okay and
Soydam Bas 1999).

A few different types of water-tightness protection of the Hutovo Reservoir
(BiH) have been applied: compacting of natural alluvial bottom; plugging of indi-
vidual ponors; grouting of largest ponor zone below the alluvial cover; geomem-
brane at critical areas; and reinforced shotcrete over the limestone banks.

To prevent leakage along the TrebiSnjica lost river (Herzegovina, length of
65 km) 2.2 million m? of shotcrete (5 cm thick) have been used (Fig. 18). In natu-
ral conditions the river bed was completely dry and the groundwater level was deep
below the bed. During the rainy period some sections of river bed are under strong
uplift. To prevent destruction of shotcrete the non-return valves were installed.

However, in karst, the risk is never completely eliminated. During reservoir
operation any impermeabilization structure is exposed to heavy water pressure and
different deterioration processes: piping, erosion, groundwater uplift, and air-ham-
mer and water-hammer effect. Collapses and wide open cracks can occur below
the watertight structures (Fig. 19).

To prevent a destructive effect of pressurized air, construction of aeration pipes
is necessary (Fig. 20).
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Fig. 19 Reservoir bottom (Hutovo, Herzegovina). Collapse and cracks beneath the geomembrane

Fig. 20 Aeration pipe at the AIR DIRRECTION
reservoir bottom (Hutovo,
Herzegovina) AERATION PIPE A

I
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COMPACTED
LAYER
CHANNEL IN
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Fig. 21 Niksic¢ Polje,
Montenegro. Cylindrical dam
around a large estavelle at the
reservoir bank

Fig. 22 China, Guangxi.
Gravity concrete dam in front
at the entrance of the large
underground river

One of the extremely massive structures was constructed to prevent water
leakage from the Akkupru Reservoir (Turkey). A 1 km wide stripe of karstified
reservoir bottom is protected with one meter of heavily reinforced concrete slab
to be resistant against 100 m of water column. The reservoir bank is protected
with massive reinforced concrete, also up to the reservoir level of 100 m. To pre-
vent leakage beneath the concrete slab the two rows of cut-off walls (overlapped
piles) have been constructed along the reinforced slab, down to the impervious
flysch (Giinay and Milanovié 2005).

To solve the problem of large ponor zones along the perimeter of the reservoir
long dikes were used. In some cases to amputate the ponor zone from the reser-
voir, the dike almost 3 km long has been used (Busko Blato, BiH). In the case of
large estavelle or ponor, with a single opening, cylindrical dams were constructed
(Fig. 21).

To prevent leakage from the reservoir area in China (Guangxi), the concrete
gravity dam was constructed (Fig. 22).
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7 Underground Damming

The case studies performed in different regions in the world, particularly in China,
provide that an artificial underground storage in karstified rocks may be technically
realistic. According to Lu (1986) more than 20 underground reservoirs have been
created in different karst regions of China. According to Yuan (1990) in the Xiashi
district (Guizhou Province), 16 underground dams have been constructed in karsi-
fied rocks. One of largest underground reservoirs was formed on the Linlangdong
ground river by construction of a 15 m high dam (Q average is 23.8 m>/s).

Two underground dams are constructed in the submarine spring karst “channel
to mitigate influence of sea water (Port-Miou and Bestouan, France). The first
dam is located 2,230 m from the entrance, 147 m below sea level. The other dam
(Bestouan) is at a depth of 31 m below sea level and at a distance of 3 km from the
channel entrance (Potie et al. 2005).

The project of the Ombla underground dam and reservoir is one of the larg-
est in the world. Location of the underground dam site is proposed about 200 m
behind the large Ombla Spring near Dubrovnik (Croatia) at sea level. The aver-
age discharge of the spring is Q = 24.4 m>. The crest of the underground dam is
foreseen to be at elevation 100—130 m. Estimated underground operational storage
space is about 5 million m?>.

Some dams in China are successfully constructed in front of the large cave to
create a reservoir in front of the ponor zone.

8 Problems in Evaporates

More than 60 dams and reservoirs along the world needs rehabilitation because
of problems related to the solubility of evaporates, mostly gypsum. A number of
cases were reported in the U.S., China, Russia, Iran, Iraq, Argentina, Guatemala,
Switzerland, Peru, Venezuela and some other countries (Cooper and Calow 1998).

Some prominent examples are: Mosul Dam (Iraq), Bratsk and Kamskaya
(Russia), McMilan Dam (U.S.A.) and Huoshipo Reservoir (China). Grouting in the
jointed gypsiferous rock is a questionable and risky task. In many cases, in spite
of massive and long-term grouting results, they are not successful (Mosul Dam).
According to Maximovich (2006), successful grouting of the gypsiferous foundation
rock (Kamskaya Dam) has been done by applying an oxaloaluminosilicate solution.

The salt rocks, which are more soluble than gypsum, are present in the foundation
of the Rogunskaya and Nuretskaya dams in Tajikistan. If reservoir water is in touch
with salt, the problem of pollution appears as crucial (Gotvand Reservoir, Iran).

The worst was the failure of the St. Francisco Dam (California, US—1929),
which killed 450 people. Catastrophic failure of San Juan earth Dam (Spain)
occurred during the first filling of the reservoir in 2001. Due to intensive dissolu-
tion of gypsum the part of dam collapsed provoking a huge flood in the down-
stream area (Gutierrez et al. 2003).
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Fig. 23 Different examples
of tunnels situated in
cavernous rocks

9 Underground Excavations in Karst

Tunnels in karst appear to be the most vulnerable structures. The large caverns and
huge inflow of underground water considerably retarded excavation of the deri-
vation tunnels, dewatering tunnels, as well as water transfer and communications
tunnels. Some common situations are presented in Fig. 23: (1) excavation of a by-
pass around a huge cavern; (2) crossing the cavern at sea level; (3) and (4) cross-
ing a cavern filled with unconsolidated deposits; (5) treatment of an empty cavern
in front of TBM; (6) collapse at surface provoked by tunnel operation.

From a hydrogeological point of view tunnels are situated: above the maximal
groundwater level (GWL); in the zone between minimal and maximal GWL (tem-
porary flooded); and below the zone of minimal GWL (in saturated zone).

Every large sinkhole above the tunnel route is a potential swallow hole during
heavy rains. In that case sudden and large water inflow is possible in spite of the
fact that the tunnel route is situated high above the GWL.

Particular problems may be encountered during excavation of tunnels below the
water table. In this case all karst channels are subject to high pressure, destructive
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Fig. 24 Tunnel Fatnicko
Polje—Bileca reservoir

effects of turbulent inflows and an enormous amount of water. Without the possibility
of draining the tunnel by gravity, any groundwater intrusion more than 100 I/s is a very
serious and dangerous problem. Sometimes consequences are tragic.

Defects during the tunnel operation are very common, particularly in the case
of power plant headrace tunnels. These tunnels are under pressure, and failures
occurred mostly in the sections where the tunnel intersected large caverns filled
with nonconsolidated cave sediments.

The large inflow of underground water considerably retarded excavation
of a number of tunnels in different karst regions. Excavation of the Kuhrang III
(23 km long tunnel in Iran) had a few years construction delay because of enor-
mous groundwater intrusions (and floods) at a number of sections along the tunnel
route situated in limestone. In some sections the pressure of underground flows
was 10-11 bars. In the tunnel section with overburden of 1.100 m the karst chan-
nel (aperture 1-1.2 m) has been cut by TBM. Discharge of a few liters of muddy
water started immediately. After 4 h, discharge increased up to 1 m?®/s. During
24 h, more than 1,000 m? of boulders, gravel and sand, including ~500 tons of sus-
pended material in water, was transported from underground into the tunnel. Very
complicated drainage structures in front of the TBM head, including a 4 m thick
concrete plug, were constructed to allow the plugging of the karst channel, grout-
ing the karstified rock mass in front of the tunnel head and further excavation. In
spite of a few horizontal pilot boreholes in front of the tunnel head, the existence
of the large karst channel was predicted partially, only.

The intake structure of the water transfer tunnel from the Fatnicko Polje to
Bileca Reservoir (15.6 km long, BiH) is located at the temporary flooded karst
polje at the ponor zone with a swallowing capacity of over 100 m?/s (Fig. 24). The
nine large caverns and a few karstified sections presented a great obstruction for
TBM technology. Different unconventional technologies were applied to over-
come problems with the cavern. In the dry period, the GWL is below the tunnel
level. After heavy rains the groundwater rises above the part of the tunnel in only a
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few hours. As a consequence of intensively karstified surrounding rock the amount
of groundwater intrusion into the tunnel was sudden and large. Beside the direct
inflow of sinking water in Fatni¢ko Polje, the large amount from a remote part of
the catchment area appears in the middle section of the tunnel.

For optimal excavation planning and to protect people in the tunnel the sur-
rounding catchment area and karst aquifer must be under severe hydrogeological
and hydrological monitoring.

According to present experience, TBM technology has a considerable defi-
ciency for application in heavily karstified rocks. Every cavern, empty or filled
with clay, with aperture more than 5 m, is a great obstacle for TBM. The problem
increases tremendously in the case of a cavity with strong water inflow at the tun-
nel head. If the cavity is filled with plastic clay, the efficiency of TBM is very low
and the possibility for TBM head sinking is very high. In many cases excavation
of the by-pass adit around the TBM head for manual cleaning and plugging are the
only possibility. This is a time consuming procedure.

To resolve the problem of groundwater burst (6.5 m3/s) into the 6.17 km long
Sozina traffic tunnel (Montenegro) the drainage tunnel (1.75 km long) was exca-
vated below the main tunnel.

Because of the intensive washing process of the clayey/sandy deposits, the tun-
nel tube of the 8 km long head race tunnel of the Capljina Reversible Power Plant
lost support at a length of 16 m. The leakage of 1 m3/s was a consequence of lin-
ing destruction. Repair works consist of construction of a reinforced arch beneath
the tunnel and filling of the empty space by gravel and grout mix. The empty space
above the tunnel was left untreated.

Relocation or deviation of the tunnel route because of huge caverns or cav-
ernous zones is common in karst: tunnel for reversible PP Bajina Basta (Serbia),
Capljina RPP (Herzegovina), Ybing-Gonxian Railroad tunnel, Nunning-Kunming
railway tunnel, water intake tunnel in Ontario (U.S.A.) and many others. Due to
enormous inflow in the head race tunnel in the case of Seimareh Power Plant the
inclination of the tunnel route was changed. In the case of Bajina Basta head race
tunnel the proposed route was changed to avoid the cavernous zone on the base of
geophysical investigations (geoelectrical sounding and mapping) from the surface.

Collapses at the surface occurred also as a consequence of tunnel driving
througn the caverns filled with clayey material, sand and pieces of rocks includ-
ing pieces 5-50 m: head race tunnel for RPP Capljina (Herzegovina), and Dodoni
tunnel (Greece). In the case of Dodoni, tunnel collapses have occurred at the sur-
face, 100 m above the tunnel (Marinos 2005).

Eleven examples of hydrogeological problems during excavation of tunnels in
Chinese karst is presented in the book “Prediction and engineering treatment of
water gushing and caverns for tunneling in karst “written by Xingrui 2010. The
Long Tan traffic Tunnel (8,693 m) crosses the area of the Tanchunguan under-
ground river. More than 770 m of the tunnel route is situated in the huge cavern
filled with clay and gravel deposits (Fig. 25).

Two serious problems during construction were successfully solved: foundation
in soft clay deposits and inflow of a huge amount of underground water. In the case
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Fig. 25 Ling Tan tunnel near cross-section
underground river (China) along tunnel LONG TAN TUNNEL
(Xingrui 2010)
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of the Zujiayan Tunnel, the problem was the direct connection of the tunnel area
with the surface, 200-300 m above, by a few karst channels (shafts). The main water
inflow occurred at the tunnel intersection with the karst channel.

10 Induced Seismicity in Karst

In many karst areas local seismic activities are registered during the intensive rain-
fall when there is abrupt filling of a karst aquifer and rapid rising of groundwater
levels. As a consequence of the water table increasing, the pressure of the air in the
karst channels and siphons significantly increase. Trapped “air-pillows”, including
the water in the vapor phase in caverns and fissures, escape the creation of strong
explosions that locally can lead to a damaged reservoir bottom and shotcrete lining
along the canals. Many times underground air-pillow explosions were recorded by
the seismological stations.

One of the earliest documented examples of induced seismicity was registered
at 1,837 in an Italian part of Dinaric karst. Explosions of compressed air as a con-
sequence of the fast increasing of water level have been registered by local inhab-
itants in the Timavo Spring region near the town of Trieste (Galli 1999).

In the other part of the Dinaric karst area (Fatnicko Polje, Herzegovina),
after heavy precipitation, local inhabitants have noticed strong ground shaking.
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Seismic shocks occurred 15-30 h before discharge of the large Obod Spring began
(Qmax ~ 60 m%/s). To analyze these events, one seismic station was temporarily
installed above the spring (Z-component, 1975). Ground vibrations and shocks,
before spring discharge started, were clearly registered by seismograph (Milanovi¢
2000). During abrupt impounding, at the “Bile¢a” Reservoir (completely situated
at extremely karstified rocks) some vibration and shocks were registered by seis-
mograph, which cannot be explained by normal seismic activity or induced seis-
micity. These vibrations were interpreted as explosions of trapped air and water
vapor in karst channels. The sound of escaping air at the surface close to the res-
ervoir and the appearance of colored water (by clayey particles) in the reservoir
water were visually observed.

In China, Lu and Duan (1997) distinguished three different types of induced
seismicity caused in karstic areas by reservoir water storage: A—loading faulted
type (due to reservoir weight); B—pneumatolytic process type (explosions due to
uprising of boiling water below the reservoir); and C—cave damaged type (explo-
sions of compressed air mass in caverns).

Similar seismic activity in different karstic regions, related to the fast saturation
of a karst aquifer after heavy rainfall, was noticed by authors from China, Italy,
Germany and USA.

References

Altug S, Saticioglu Z (2000) Berke arch dam, Turkey: hydrogeology, karstification and treatment
of limestone foundation. Present state and future trends of Karst studies. In: Proceedings of
the 6th international symposium and field seminar. Marmaris, Turkey

Bianchetti G, Roth P, Vuataz F-D (1992) Deep groundwater circulation in the Alps relation
between water infiltration, induced seismicity and thermal springs. The case of Val d’lllieze,
Wallis, Switzerland, Eclogae geol. Helv 85(2): 291-305. Birkhauser Verlag, Basel

Bozovi¢ A (1985) Foundation treatment for control of seepage, report Q 58. Quinzieme Congres
das Grandes Barages, Lausanne

Breznik M (1985) Exploration, design and construction of cut-offs in karstic regions. Quinzieme
congres des grandes barrages, Q.58, R.67. Lausanne

Cooper AH, Calow RC (1998) Avoiding gypsum geohazards: guidance for planning and
construction. British Geological Survey. Technical report WC/98/5

Djalaly H (1988) Remedial and water tightening Works of Lar Dam. Seizieme Congres das
Grandes Barages, San Francisco

Ford D, Williams P (2007) Karst hydrogeology and geomorphology. Willey, New York

Galli M (1999) Timavo, Esplorazioni e studi. Suplemento no 23 di Atti e Memorie della
Commissione Grotte Eugenio Boegan, Trieste

Giinay G, Milanovi¢ P (2005) Karst engineering studies at the Akkopru Reservoir area, SW of
Turkey. In: International conference water resources and environmental problems in karst,
Belgrade and Kotor

Gutierrez F, Desir G, Gutierrez M (2003) Causes of the catastrophic failure of an earth dam
built on gypsiferous alluvium and dispersive clays (Altorricon, Huesca Province, NE Spain).
Environ Geol 43:842-851

Kang Y, Zhang B (2002) Karst and engineering handling to the karst in Wulichong Reservoir,
Yunnan Province. Carsologica Sinica, Institute of Karst Geology, Guilin, China, 21(2): 120-130



48 P. Milanovi¢

Kesi¢ P, Kovacina N (1978) In: Laksiri K, Gunathilake, Iwao Y, Engineering geological evaluation of
reservoir leakage problem. 73rd Annual Meeting of ICOLD, 2005 Tehran, Iran, Paper No.: 151-S3

Lu Y (1986) Some problems of subsurface reservoirs constructed in Karst regions of China.
Institute of Hydrogeology and Engineering Geology, Beijing

LuY, Duan G (1997) Artificially induced hydrogeological effects and their impact of environments
on karst of north and south China. In: Proceedings of 30th international geological congress,
Beijing, vol. 22, pp 113-120

Marinos P (2005) Experiences in tunneling through katstic rocks. Water resources and environmental
problems in Karst. International Conference Belgrade-Kotor

Maximovich NG (2006) Safety of dams on soluble rock (The Kama hydroelectric power station
as an example). The Russian Federal Agency for Science and Innovations, Perm

Milanovi¢ P (2000) Geological engineering in Karst—Dams, Reservoirs, grouting groundwater
protection, water tapping, tunneling. Zebra Publishing Ltd, Belgrade

Milanovi¢ P (2006) Karst of Eastern Herzegovina and Dubrovnik Littoral. ASOS, Belgrade in
Serbian

Okay G, Soidam Bas A (1999) Experiences on two karstic dam sites. International commission
on large dams (ICOLD), Antalia

Pavlin B (1970) Kruscica storage basin in the cavernous Karst Area. Dixieme Congres des
Grandes Barages (ICOLD), Montreal

Potie L, Ricour J, Tardieu B (2005) Port-Miou and Bestouan freshwater submarine Springs
(Cassis-France) investigations and works (1964-1978). In: Proccedings of water resources
and envirnomental problems in Karst. Belgrade-Kotor

Riemer W, Gavard M, Soubrier G, Turfan M (1997) The Seepage at the Atatiirk Fill Dam. Dix-
Neuvieme Congres des Grands Barrages, Florence

Ruichun X, Fuzhang Y (2004) Karst geology and engineering treatment in the Geheyan project
on the Quingjiang River, China. Engineering Geology 76:155-164, Elsevier

Trzhtsinsky Yu B, Filipov VM (1981) Tectogenic activization of Karst in Angara Water Reservoir.
International engineering geology symposium, Istanbul

Vlahovic V (1983) Karst Reservoir of Slano. The Montenegrin Academy of Sciences and Arts.
Special editions, vol. 14. Titograd (Podgorica)

Xingrui H (2010) Prediction and engineering treatment of water gushing and caves for tunneling
in Karst. Guangxi Normal University Press, China

Yuan Daoxian (1990) Construction of underground dams on subterranean streams in South China
Karst. Institute of Karst Geology, Guilin

Zhang B, Wu M (2000) Seepage control treatment of Blind Valley Reservoir, Gao Yaoji, China.
Hydroelectric Power Construction Engineering Consultant Company, Yunnan Province



Inferred Conduit Network Geometry from
Geological Evidences and Water-Head in
a Fluvio-Karstic System (Val D’Orleans,
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Abstract Flow modeling is a useful tool to investigate sustainable scenarios of
water use for groundwater resources managers. However, the applications of this
approach in karstic aquifers are still limited due to the difficulties of locating and
describing the position and geometry of conduits. In the karstic aquifer of the “Val
d’Orléans’ (France), the location of the conduits was identified by the presence of
land-surface collapses and voids in the boreholes. In this dataset, 103 logs showed
voids >0.1 m and a highly porous zone around 80 m.a.s.l. In this chapter, a method-
ology is proposed to interpolate the dataset to build a karstic network at the regional
scale. Here, four scenarios of the conduit network geometry are tested, related to
the morphology of the network and its complexity. The scenarios are included in
a 3D coupled continuum-conduit flow model (Feflow®). The flows in the conduits
and in the host rock are respectively described by the Manning-Strickler equa-
tion and Darcy’s law. Constant boundary conditions and hydrodynamic properties
are assumed to test the model sensitivity to different network geometry scenar-
ios. The most relevant scenario is selected by comparing calculated and observed
water-heads in the boreholes. It aims to calculate a water balance at the regional
scale, results suggest that accurate models (correlation coefficient r> > 0.9) can
be obtained with an average hydraulic diameter approach and with highly simpli-
fied conduit network geometries. This confirms the interest of discrete continuum
approaches, even if the actual conduit geometry will never be known.
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1 Introduction

To model the groundwater flows in a karstic aquifer, the modeler is confronted with
the duality of flows, with the major role of the permeable discontinuities as the water
transfer compartment and the important role of the surrounding rock as the water
storage compartment (Kiraly et al. 1995). This duality is enhanced by the existence
of turbulent flows (Cheng and Chen 2004) that may take place in the conduits. To
integrate this duality, numerical schemes of coupled continuum-conduit flow models
were developed. However, the accuracy of the groundwater calculations is limited by
the difficulties of describing the location and the geometry of the conduits.

Some global conceptual models were proposed to estimate the average prop-
erties of the conduit at the regional scale from discharge measurements and
recession coefficient (Fornillo 2011), or from water quality (Grasso et al. 2003).
Other studies estimate the water exchanged between the discontinuities and
the surrounding rock from hydrogramm and chemiogramm (Binet et al. 2007;
Charmaoille et al. 2009).

In aims to proposed distributed models, several solutions have been devel-
oped to extrapolate network geometry from geostatistic and stochastic models
(Fournillon et al. 2010; Borghi et al. 2010) or from geomorphological interpreta-
tions and field evidences (Perrin and Luetscher 2008; Binet et al. 2010). In these
studies, the accuracy of the network description is related to the available dataset.
The actual geometry will never be modeled, and it is difficult to evaluate which
accuracy of the network geometry is needed for proposal of a groundwater model
calibrated at the regional scale.

This chapter aims to use 2,000 boreholes and 24 artificial tracer tests from a
well-known conduit flow system (the Val d’Orléans karst system) to infer a conduit
network geometry and to test the sensitivity of the karstic network geometry at the
regional scale on the groundwater model results.

2 Hydrogeological Setting

The Val d’Orléans is considered as a vast depression of the major bed of the Loire
River, 37 km long and from 4 to 7 km wide (Fig. 1). The karst aquifer is hosted
within a carbonate lacustrine deposit called the Beauce limestone overlain by the
Quaternary alluvia of the Loire River. In some places, a clay layer is interbedded,
creating a confined area in the limestones. This geological setting creates a multi-
layeed aquifer system with no neglecting flux between the alluvia and the lime-
stones (Lepiller 2006).

The Loire River feeds more than 80 % of the water hosted in the carbon-
ated karstic aquifer (from 11.5 m3/s during low water period). Rainfall recharge
is 150 mm/year (Gutierrez and Binet 2010). The water flows from the city of
Jargeau towards several springs of the Loiret River through the under pressure karst
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networks (Fig. 1; Lepiller 2006; Alberic and Lepiller 1998). The Loiret springs are
considered as the main emergence of the water infiltrated from the Loire River (from
0.1 to 5 m%/s). In this area the karstic conduits, explored by speleologist divers, pre-
sent a global flow rate of 2—10 m?/s.

Piezometric maps of the study area (based on more than 700 boreholes) have
been established for periods of low and high water levels (Desprez 1967). The
annual difference between these two levels is 1 m.

Martin and Noyer (2003) synthesized the hydrogeological properties of the
geological layers. Pumping tests in the limestones show a hydraulic conductiv-
ity of c¢. 5-30 x 10~* m/s. The alluvia deposits present a hydraulic conductivity
ranging between 10-120 x 10~* m/s. The hydraulic conductivity of the interbed-
ded clay deposit is assumed to be 10~® m/s. The 709 wells used for irrigation and
water supplies were counted (Fig. 2). The total amount of pumped water is about
3 x 107 m*/year (Binet et al. 2010).
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3 Materials and Methods

The 3D geological model and the location of the conduits is interpreted from
two databases (borehole logs and land-surface collapses realized by BRGM, the
French geological survey (http://infoterre.brgm.fr/ and http://www.bdcavite.net/).
In the Val d’Orléans aquifer, 2,000 lithological borehole logs were analyzed to
extract information about geology and underground karstic voids.

3.1 Geological Model

The thickness of each geological layer (alluvia, clays and limestones) observed in
the boreholes is spatialized using a kriging method and a variogram analysis, with
the GDM software (www.gdm.brgm.fr). The interpolated thicknesses, adjusted from
the variogram, are cross-validated. If two boreholes are located in a 50 m neighbor-
hood borehole, they are merged. The result of the geological model is scaled for a
250 m x 250-m square mesh.

3.2 Geometry of the Karstic Network Model

The voids recorded in the borehole logs are considered to belong to the karstic
conduit. The position (X, Y) of the voids >2 m are presented in Fig. 1. The 147
land-surface collapses (Fig. 1, from the cavity database), related to the presence
of an underground active conduit, are considered to be recharge points in the con-
duit network. Based on 24 artificial tracer tests (Lepiller 2006; Joodi et al. 2009),
observed voids have been shown to be connected as a part of the karstic conduit
network (Fig. 1). The tracer tests evidence the output points of the network.

To create a model of the conduit network geometry, a triangle interpolation
between the observed voids was used to link the voids between them and a mesh
used for design the network geometry was created (Fig. 2). The conduit network
geometry is considered to link the recharge and the output points within this mesh.
Numerous plausible network scenarios can be proposed. Four scenarios of the net-
work geometry were tested in this chapter with the aim to test the sensitivity of a
regional groundwater flow model to the network geometry.

3.3 Groundwater Model

For the second step, the four networks are imported in a coupled continuum-conduit
flow model (Felflow®). The 3D groundwater model includes discrete conduits with
turbulent flows described with a Manning-Strickler law hosted in a surrounding
rock where the flows are described with a Darcy Law. In Orléans, all the limestone
thickness is always under saturated conditions.
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Constant heads are fixed in the Loire and in the Loiret rivers. The hydraulic
head boundary conditions of the limestone layer are assumed constant to take into
account the fact that the water from the Beauce and Sologne area (lateral flows)
feed the Loiret springs. The roughness coefficient is adjusted to fit the maximum
flow velocities observed from the artificial dye tracer tests. Hydraulic conductivi-
ties of the rock are assumed homogeneous in a layer. The water mass balance is
adjusted changing the average conduit diameters.

The land-surface collapses, considered as vertical conduit, have the same prop-
erties than the horizontal conduits.

The accuracy of the network geometry scenarios is tested by comparing meas-
ured and calculated water tables. The field data includes 300 water-heads meas-
urements performed in September 1966 (Desprez 1967). Those measurements are
compared with a steady-state calculation realized for each of the scenarios. The
correlation coefficient R? between the measured and calculated water table to
assess the accuracy of the scenarios was used.

4 Results

4.1 Geological Model

The hydrogeological model presents three lithology types and 5 layers (Fig. 2).
The total thickness can reach 50 m. The position of voids is restricted to the east-
ern part of the area, where the limestone layer is not covered by clay layer. When
the clay layer disappears, the limestone becomes connected with the surface water
leading to the dissolution of the limestone and the development of conduits.

4.2 Geometry of the Karstic Network Model

4.2.1 Elevation of Conduits

Out of 2,000 borehole logs, 103 logs present voids >0.1 m (Fig. 3). The field data
show that the mean elevation of the voids is ¢. 80 m. a.s.l (c. 10-20 m below the
ground surface). The voids have a mean diameter of 3.5 m. A corresponding cross-
section of about 10 m? is estimated by assuming a circular shape of the conduit
(Fig. 4) which is located in a zone around 70-80 m a.s.l.

4.2.2 Geometry of the Conduit Network

Here, four network scenarios are used from a simple one to a more complex
one that honors all the dataset of karst evidences known in the Val d’Orléans.
The first model includes a single conduit (Scenario 0) between the Loire River
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and the Loiret River. Scenario 1 is a simple network to link all the voids >2 m.
Then a dentritic geometry network is proposed to link the voids <2 m to the voids
>2 m (Scenario 2). The last Scenario shows an anastomosed geometry network
(Scenario 3). Scenarios 1 and 2 h both the voids and tracer test data, and Scenario
4 also includes the land-surface collapses data. For the four scenarios, an average
constant hydraulic area is assumed for the overall conduits.
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4.3 Groundwater Model

Figure 5 shows the first layer with the boundary conditions applied in the flow
model. Each layer is described with mean values of hydraulic conductivities pro-
posed by Martin and Noyer (2003). The constant heads, deduced from measure-
ments data (French Environmental Agency), range between 87 m down to Orléans
to 110 m (Fig. 5). Location of the pumping wells is represented by crosses. The
mesh used for the groundwater model is represented by the black triangles.

4.3.1 Flow Velocity in the Conduits

The flow velocities calculated in the conduit are a key parameter of discrete-
continuum model. To adjust the roughness coefficient, calculated maximum flow
velocities are compared with the maximum flow velocities obtained by artificial
tracer tests (Joodi et al. 2009). The field data from tracer tests (Fig. 6) validate that
the Manning-Strickler law is adapted for the flows in this kind of fully saturated
karstic conduits. They show that the field data are coherent with a 15 m!/3 s~!
roughness coefficient.

4.3.2 Sensitivity Analysis

Table 1 shows the accuracy of each geometry network scenario (proposed in
Fig. 3) tested by calculating the R? of the measured/calculated water-head in the
aquifers. To respect the water balance described in Sect. 2, the average area of the
conduit is adjusted. The adjusted values are shown in Table 1.
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Table 1 Correlation coefficient R? for the four scenarios of network geometry, calculated water
balance and average diameter of the conduits chosen for the model. (All the other parameters are
fixed as described in 3.3)

Scenario 0 1 2 3

Water table R? 0.6 0.65 0.8 0.97
Water balance (m*/day) 1.2 x 10° 1.2 x 10° 1.2 x 10° 1.2 x 10°
Average area of conduits (m?) 45 20 15 10

Scenario 3 is identified as the best model which respects all the field data
(Table 1). Scenarios 2 and 3 present a high R? coefficient, and can be therefore
considered more closely to the actual geometry of the conduit. The existence of
an anastomosed geometry (Scenario 3) is confirmed, although the R? does not
increase strongly, this is the only solution that honors average area of the conduits
observed in Sect. 4.2. Under fixed hydrogeological properties and boundary con-
ditions, the model sensitivity (R?) varies from 0.6 to 0.95 only by changing the
geometry network. This shows the sensitivity of the flow model to the network
geometry.

Note that a simple conduit network (Scenario 0) enables to reproduce the water
balance and gives a 0.6 r* value for water table simulation. Related to the database
available, a simple conduit can produce a regional groundwater flow model with a
good accuracy.

The observed versus calculated water heads for the 300 boreholes are presented
in the Fig. 7. This scatter reports to Scenario 3, that is the best fit obtained. The
observed water heads are reproduced with an error range about +50 cm.

This groundwater model was realized in an area with a high density of water
head measurements (>1 boreholes/km?) and shows that a simple average area for
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the conduits and few hypotheses about network geometry gives accurate model
(1> > 0.8) at the regional scale. Even if the real geometry of the network will never
be known, a model of karst aquifer at the regional scale based on an averaged con-
duit area approach and simplifying the network geometry honors in an acceptable
way the discharge and water table dataset.

5 Conclusion

The conduits in the karstic aquifer of the “Val d’Orléans’ (France) are located in a
highly porous zone around 80 m.a.s.l. characterized by voids with a mean diam-
eter of 3.5 m. The 3D groundwater flow model is used to select the most realistic
geometry of the conduit network from scenarios derived from geomorphologi-
cal observations. These results show that the anastomosed geometry network is
the best scenario. The model is sensitive to changes in the network geometry. In
aims to calculate a water balance at the regional scale or to describe a water bal-
ance, it appears to be possible to produce accurate models with highly simplified
conduit network geometries. This confirmed the interest in the discrete continuum
approach, even if the real conduit geometry will never be known.

Acknowledgments This work was founded by the “Région Centre” and the “Département du
Loiret” through the TRAC and ICERE projects.
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Contribution of Isotopes of the Water
Molecule to Determine Recharge Altitude
of the Main Springs Welling Up in the
Middle Atlas Limestone (Morocco)

Abdelhadi El Ouali, Soumaya Sefrioui, Jacques Mudry,
Omar Fassi Fihri, Ali Essahlaoui and Hamid Marah

Abstract The present study contributes to characterize the Middle Atlas limestone
karst aquifers by implementing water stable isotope techniques, to determine the
recharge altitudes of major springs issuing from the Liassic dolomitic limestone, and
helping to delineate protection zones of the springs. Chemical analyses of spring water
show a composition that reflects both reservoir lithology and chemical evolution over
the flow transit through the reservoir. Analysis of the evolution of deuterium as a func-
tion of oxygen-18 suggests a local water line similar to that derived for rainwater at
the Fez weather station, indicating that the concerned aquifers are recharged through
rapid infiltration, without appreciable evaporation of rainwater. Application of the
established —0.27 %o per 100 m altimetry gradient for oxygen-18 to the isotopic signa-
tures of other analyzed springs enables the backtracking of recharge altitudes of these
springs. Comparison of these results with local and regional hydrogeological data
shows a notable agreement among springs for which the drainage basin is known, and
allows for more precise localization of recharge area of springs for which the drainage
basin is poorly known, with recharge altitudes up to 1,090 m higher than their emer-
gence zones. To a certain extent, these results help to determine recharge zones for
Middle Atlas springs and thus help in strategizing protection for this resource.
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1 Introduction

The Meknes-Fez area, which is situated north of the Middle Atlas, is one of the
most important agricultural regions in Morocco. Its agricultural and drinking water
resources are provided by the Middle Atlas karst massif (Fig. 1), and shallow and
also deep aquifers of the Meknes-Fez Basin (Chamayou et al. 1975; Essahlaoui
2000). The average climate of the area is Mediterranean, with Oceanic influ-
ences. The mean annual rainfall is 600 mm. It decreases with continentality effect,
and increases according to altitude and exposure to ocean disturbances from the
west. The highest temperatures can be recorded in July and August, and the mini-
mum ones in January. Yearly average values vary widely between 10 and 20 °C,
according to continentality and altitude. The Middle Atlas aquifers are composed
of Liassic carbonates, characterized by a permeability hosted in fissures and karst
conduits (groundwater of limestone plateaus called ‘causses’ and folded Middle
Atlas (du Dresnay and Studer 1975).

The Liassic calcareous and dolomitic massif gives birth to many springs that
emerge at the Northern and Southern of Middle Atlas (North of ElHajeb city)
thrust faults. Springs at the focus of the present study are chosen according to their
multiple uses, to the magnitude of their flow rates, and to their hydrogeological
context, as major outlets draining groundwater. The most important among those
are the Ribaa and Bitit springs (average discharge: 1,324 L/s), in the foothills of
the Middle Atlas limestone plateau, that supplies Meknes city with drinking water
as well as agricultural water.

For many years, the management of these springs concerns the Sebou
Watershed Agency and the National Office of Drinking Water (ONEP). Indeed,
karsts systems represent a valuable alternative resource to other aquifers over
exploitation, and to surface waters, especially in semi-arid Mediterranean environ-
ments. Thus, the goal of this study is to contribute in determining the origin of the
water outflowing from these high discharge springs, in order to aide in determin-
ing their protection zones.

2 Materials and Methods

A sampling campaign of 17 springs was performed during a high water period, in
February 2007. Measurements of physical and chemical parameters (temperature,
Electrical Conductivity, pH and alkalinity) were performed in situ.
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Fig. 1 Location of the study area and spatial distribution of the Middle Atlas groundwaters
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Analyzes (Table 1) concerned major chemical elements and stable isotopes of
the water molecule (?H and '80). These analyzes were performed in the labora-
tory of isotope hydrology of the National Center of Nuclear Study of Morocco
(CNESTEN), using a mass spectrometer (Table 1).

The methodology enables the exploration of the potential of multidisciplinary
approaches, focused on the use of stable isotopes of the water molecule, to deter-
mine the recharge areas of the main studied springs.
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A Middle Atlas

Fig. 2 Piper’s diagram of the Middle Atlas groundwaters

3 Results of Chemical Characterization

The results of chemical analyzes of sampled springs are plotted in the Piper’s diagram
(Fig. 2). This representation allows highlighting a wide variety of chemical types of
springs, with a strong prevalence of water with magnesium and calcium bicarbonate
types. In the folded Middle Atlas, there is a distinction between springs evolving
from two distinct poles. The first one is calcium-magnesium type, in springs emerg-
ing from the Lower Liassic dolomitic formations (sample No. 20). The second one is
represented by calcium springs emerging from the Middle Liassic limestone (sample
Nos. 32 and 40). These two basic types evolve into a sodium pole (sample No. 39)
for the first group, and into a sulfate pole (sample No. 38) for the second one. On the
Plateaus, there is a noteworthy evolution from springs situated close to their recharge
area (sample Nos. 5 and 8) to the more remote springs (sample Nos. 1, 7 and 30).

At the foothills, a significant evolution from the piedmont springs of the
‘Causses’ (sample Nos. 2, 3 and 4) can be displayed.

3.1 Relationship 8H = f (8180)

Plotting isotopic measurements (Fig. 3) for 43 different precipitation episodes
heavier than 5 mm and spread over the 1994-2002 period on the diagram 3°H = f
(3180), shows that rainwater fits a Local Meteoric water Line (LML) for which
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Fig. 3 Variation of 2H content based on '80 in rainwater of the Fez weather station (1994-2002)
and in the Middle Atlas spring waters

the equation is: 5°H = 6.9 * 3'%0 + 6.4. Superimposing the World Meteoric
water Line (WML) on the same figure displays proximity with LML for the most
enriched rainwater samples; however, the most depleted samples are located above
the WML, and fit a rather Mediterranean trend. This LML is the same as that
found in other areas of Morocco (Michelot 1991; Marah et al. 2007). It is gener-
ally attributed to coexistence, in this area, of rain from Atlantic and Mediterranean
origins. Projecting in the same graph (Fig. 4) stable isotope ratios of springs
emerging from the various Middle Atlas aquifers show that all of these springs
are located around a trend line very close to that described above (LML), indicat-
ing that waters recharging these springs were infiltrated during a climatic period
identical to that prevailing today, and that this infiltration is rapid, without stagna-
tion favorable to evaporation. The one exception is spring Ain Regraga (sample
No. 30) located below the WML, which seems to confirm the evaporation of its
water prior to sampling. This assumption is verified by the location of this emer-
gence within a swamp area; it is not a direct outlet of groundwater. Moreover,
this figure shows also the heavy isotopes depleted water sampled versus altitude.
Indeed, the folded Middle Atlas springs are the most impoverished, with values
of §?H and §'30 ranging between —46 and —60.50 %o versus SMOW, and —7.55
and —9.53 %o versus SMOW, respectively. The springs of the Middle Atlas lime-
stone plateaus (‘Causses’) follow them in the graph, with values of 8*H and 3'80
ranging between —37.51 and —51.64 %o versus SMOW, and between —6.16 and
—8.04 %o versus SMOW, respectively.
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Fig. 4 Determining recharge altitude of the Middle Atlas groundwaters, using 8'80 altimetric
gradient in rainwater

3.2 Stable Isotope Gradient Versus Elevation

Stable isotope gradient was determined by establishing a trend line that fits the
springs with a well-known recharge area, with an average altitude close to that
of the emergence zone. This trend reflects a gradient of 0.27 %o per 100 m gain
in elevation (Sefrioui et al. 2010). Comparing this gradient with previous results
obtained across Morocco can highlight similar results in the Rif mountains (ABHS
2002), in the Errachidia sedimentary Cretaceous basin (EI Ouali 1999; El Ouali
et al. 1999) and in the Tadla basin (Bouchaou et al. 1995). These results specify
those obtained by Marcé (1975), who evaluated the gradient to —1 %o per 350 m,
which corresponds to —0.286 %o per 100 m.

3.3 Average Elevation of Recharge Areas

Applying the trend equation established above to the Oxygen 18 content of each
of the springs analyzed (Table 2), enabled determining the average altitude areas
of the springs which are the purpose of the present study. Interpreting the results,
in the light of local and regional hydrogeological data, can suggest the following
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Table 2 Recharge altitudes of the main springs of the middle atlas, obtained from the gradient
Oxygen-18 versus altitude

No. Spring Z (m) 8 180 (%0 vs. SMOW)  Z recharge (m)  Difference (m)
1 Ain Maarouf 752 —6.16 915 163
2 Ain Aghbal 769 —6.66 1,100 331
3 Ain Ribaa 880 —7.42 1,381 501
4 Ain Bittit 750 —7.65 1,467 717
5 Ain Zerrouka 1,597 —8.03 1,607 10
6 Ain Aberchane 1,900 —8.90 1,930 30
7 Ain Titzil 1,550 —8.04 1,611 61
8 Ain Sidi Rached 1,550 —8.04 1,611 61
19  El Anssar 968 —7.55 1,430 462
20  Ain Ras El Ma 1,015 —7.57 1,437 422
30  Ain Regrag 1,032 —7.48 1,404 372
31  Bouk 1,114 —8.78 1,885 771
32 Ain Sebou 625 —8.32 1,715 1,090
33 Timedrine 650 —8.33 1,718 1,068
38  Ain marmocha 1,324 —8.61 1,822 498
39  Skhounate S.Mdez 1,410 —8.70 1,855 445
40  Ain Tataw 1,660 -9.53 2,163 503

remarks: for springs of the Middle Atlas ‘Causse’ (limestone plateau), the differ-
ences in altitude between the recharge areas and the emergence zones vary from
10 m for the spring Zerrouka (No. 5), to 372 m for the spring Regraga (No. 30).
This range appears to be related to the structure of the recharge areas drained by
these springs. In fact, this difference is significant between the Zerrouka recharge
area, which belongs to the more or less tabular ‘Causse’ of Ifrane (Bentayeb and
Leclerc 1977), and the Ain Maarouf and to the Ain Regraga recharge areas, whose
altitudes are increasingly higher. Although this difference in signature is the identi-
cal between the springs Ain Sidi Rached and Ain Titzil, respectively, it requires a
different interpretation. Indeed, the first one is located on a (more or less) sloped
and relatively small basin (‘Causse’ Ras El Ma), while the second is located in a
basin largely tabular and flat, but of greater spatial extent (‘Causse’ Guigou).

These results corroborate those obtained by chemical analyzes, which empha-
sized a shift from the springs in which the altitudes are close to those of their
recharge area (Zerrouka and Sidi Rached), to springs farther lower than their
recharge area (Ain Regraga and AinTitzil).

For the folded Middle Atlas springs, a distinction can be highlighted between
three clusters of springs. The first one includes spring No. 6, which recharge area’s
average altitude is close to its emergence altitude. It requires recharge from basal-
tic outcrops and/or from the Wadi Guigou’s underflow. The second cluster consists
of springs Nos. 20, 39, 19, 38, 40 and 3. These springs describe a stable isotope
relationship, same slope as the regional gradient, with a greater depletion than
rainwater, given their situation at higher elevations on the one hand, and subjected
to a hydrogeological structure similar for the various compartments of the folded
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Middle Atlas other. The third consists of the springs Nos. 32 and 33. These springs
are those farthest from their recharge area, with differences in altitude of approxi-
mately 1,100 m, which justifies the large discharge of these springs.

4 Conclusion

Resolution of the issues raised by previous studies thus improves knowledge of the
drained reservoirs, and helps in quantifying water resources for a more effective
protection and a rational management of these resources.

Chemical characterization of these waters shows that their composition reflects
that of the reservoir rocks they drain, on the one hand, and evolution they undergo
during their flow through these reservoirs on the other hand.

The elevation gradient for Oxygen 18 has been calibrated at —0.27 %o per
100 m. The application of this gradient to stable isotope content of the sam-
pled springs enables to infer average recharge altitudes for each of the springs.
Comparison of these results to local and regional hydrogeological data shows a
significant agreement for the springs whose watersheds were largely known, and
provide a valuable guidance for the knowledge of springs for which the recharge
area was poorly defined or totally unknown. These results contribute to rationally
define the areas of the aquifer involved in the recharge of the springs, and helps in
defining a strategy for the protection of this resource.
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Detection of Underground Cavities

by Combining Electrical Resistivity Imaging
and Ground Penetrating Radar Surveys:

A Case Study from Draa Douamis Area
(North East of Algeria)

C. Fehdi, I. Nouioua, D. Belfar, L. Djabri and E. Salameh

Abstract A geophysical survey routine is proposed to detect underground cavities
and dolines, based on the sequential application of ground penetrating radar (GPR)
and electrical resistivity imaging or tomography (RESTOM). A case study near
Cherea area (NE Algeria) demonstrates the applicability of these methods. Nine
GPR profiles and two-dimensional RESTOM have been applied, with relative suc-
cess, to locate paleo-collapses and cavities, and to detect and characterize karst
at two sinkhole sites near Cheria city where limestone is covered by about 10 m
of clayey soils. The survey results suggest that GPR and RESTOM are ideal geo-
physical tools to aid in the detection and monitoring of sinkholes and other subsur-
face cavities.

Keywords Resistivity tomography ¢ RESTOM ¢ GPR ¢ Karst ¢ Sinkhole ¢
Cheria ¢ Algeria

1 Introduction

Around Cheria there is a serious karstic hazard caused by Eocene Limestone
dissolution; this results in subsidence and the collapse of Quaternary terraces and
pediments producing dolines (Baali 2001). This active process is a major source
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of property damage and a potential cause of personal injuries. It is a growing
problem because of rapid urban development and changes over recent decades in
the manner in which town planning has controlled the area. While the population
of Cheria has remained approximately constant, the city has multiplied its urban
and industrial area by four times in four decades.

In many cases, karstic structures, such as subsidence features, voids and col-
lapses, represent disruptions to the geometry of an originally near-horizontal lay-
ered system. Geophysical techniques can be used to identify the feature geometries
by contrasts in the physical properties. These properties, such as density, mag-
netic susceptibility, electrical resistivity and conductivity, vary between the media
involved, and materials, such as limestone, gypsum, siltstone, clay, sand, breccia,
air and water, which all have different geophysical properties. Consequently, geo-
physical surveys are commonly applied for the detection of different types of sub-
soil anomalies. They allow large areas to be covered in short times and represent
an efficient way to detect subsurface heterogeneities, including voids, subsidence
areas or refilled cavities. Techniques used include seismic reflection and refraction
(Cook 1965), gravimetry (Colley 1963; Butler 1984; Bishop et al. 1997; Rybakov
et al. 2001), ground penetrating radar (Ballard 1983; Annan et al. 1991) and resis-
tivity tomography (Zhou et al. 2002). More recently, surveying based on magnetic
susceptibility differences has also proved useful for detecting and modeling cavi-
ties and soil heterogeneities on the outskirts of urban areas (Rybakov et al. 2005;
Mathé et al. 2006).

Resistivity Tomography (RESTOM) is one of the most promising techniques
for solving the sinkhole problem. RESTOM is a proven imaging technique where
the theory and application are well documented in geophysical research literature
(Griffiths and Barker 1993). Although RESTOM is a useful tool in mineral explo-
ration (Sasaki and Matsuo 1993; Van Schoor and Duvenhage 2000), the technique
is well suited to applications in the fields of hydrogeology, environmental sci-
ence and engineering (Spies and Ellis 1995; Barker and Moore 1998). There have
been many applications of electrical resistivity methods to detecting sinkholes and
cavities, for example, see Burger (1992).

In this chapter, a case study is discussed to demonstrate the potential of
RESTOM and GPR as routine geophysical tools for the monitoring of sinkholes and
other subsurface cavities. The survey sites are located in M’chentel area near Cherea
city (Fig. 1a, b and ¢).

2 Geological and Hydrogeological Setting

The Cheraa plain is located in north-east Algeria bounded by the Youkous to the
north, the Thelidjen to the south and the El Ma Labiod basin to the east (Fig. 1a).
The Cheria Basin is a subsident basin, which was formed during the Miocene;
it is a part of a narrow trough which forms a small portion of the great Mio-plio-
quaternary tectonic depression of Cheria (Vila 1980). The basin is entirely filled by
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marine sediments of Upper Cretaceous age. The bedrock is made up of marly rocks
of the Danien Tertiary age and marly limestone rocks of Cretaceous age (Gaud
1977). The survey area investigated in the present study is from the Eocene forma-
tion, which is known locally as the Cheria Limestone formation. This formation
is mainly made up of limestone which is overlain by Quaternary alluvial deposits,
composed of gravel, sand, silt and clay.

From a hydrogeological point of view, Eocene limestone formation constitutes
the most extensive aquifer in the Cheria Basin. The perennial water available in
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Fig. 2 Potentiometric map of Cherea plain (in Baali et al. 2007)

the study area is from the Eocene limestone aquifer. The Marly-limestone bedrock
forms the boundaries of the groundwater reservoir (Figs. 2 and 3). The alluvial
aquifer has not been appreciably utilized for water supply, because of the poor
chemical quality of water, and its limited extent. The thickness of the Eocene lime-
stone aquifer increases towards the central part of the basin (Chaffai et al. 2003).
Karst processes are one of the most important factors affecting the study area.
The karst is generated by the dissolution of carbonates and, depending on its cohe-
sive or non-cohesive behaviour, the subsequent collapse or dragging down of the
overlying Quaternary cover. Seasonal oscillations in the water table are also an
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important factor in these processes. A result of this dissolution and collapse is the
occurrence at outcrop of palaeocollapse features that vary in size and morphology
(Baali et al. 2007). The recognized karst processes are both syn-sedimentary and
post-sedimentary with the Quaternary deposits.

3 A Conceptual Model of Sinkhole Formation

A sinkhole results from either the transport of superficial material downwards
along solutionally enlarged channels or collapse of the rock roof over a large
bedrock cavity. Rock-collapse events are very rare; therefore, they constitute a
minimal engineering hazard (Beck 1991). The more notable engineering hazard
is created by the erosion processes in and beneath a soil cover. Of the sinkholes
which occur in overburden, the cover-collapse sinkholes are the most unpredict-
able and are most likely to cause catastrophic damage to engineering works. The
formation process of this type of sinkhole is shown in Fig. 4.

As shown in Fig. 4, the subcutaneous erosion starts with a buried solution sinkhole.
The presence of a solution sinkhole is not a necessity; however, it certainly constitutes
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a potential area for a cover-collapse sinkhole because of its hydrologic properties
(Williams 1985; Benson et al. 1998).

The erosion intensity near the base of the depression considerably exceeds
that of the upper slopes as a result of concentrated runoff infiltration. The ero-
sion process leads to a void in the overburden, especially when the materials of
the overburden are cohesive. The void may grow upwards until it reaches a more
resistant layer or the erosion process ceases, at which point the void attains a
temporary stability. A sinkhole will form when the soil roof fails and collapses
into the void.

The goal of a geophysical investigation is to delineate the potential collapse
area when the formation process is still at stage B or C, where a void has devel-
oped but the soil has not yet collapsed.

4 Materials and Methods

The electrical resistivity method has been used in geotechnical and environmen-
tal investigations for about a century. It may be the most frequently used for site
investigation in karst areas, especially when the overburden soil is clay-domi-
nated (Cook and Nostrand 1954). The electrical conductivity of clayey soil and
carbonate rock has an electrolytic origin, whereas most earth materials do not
conduct electricity very well. According to Archie’s law (LaMoreaux et al. 1984),
electricity is conducted through interstitial water by ionic transport. Carbonate
rock in general has a significantly higher resistivity than clayey soil because it
has much smaller primary porosity and fewer interconnected pore spaces. Its typ-
ical resistivity value is more than 1,000 Q m (Telford et al. 1990). Clayey materi-
als tend to hold more moisture and have a higher concentration of ion to conduct
electricity, therefore, have resistivity values <100 Q m (Telford et al. 1990). The
high contrast in resistivity values between carbonate rock and clayey soil favours
the use of resistivity method to delineate the boundary between bedrock and
overburden.

5 Field Investigation

5.1 Data Collection

Two-dimensional inversion techniques are becoming increasingly common and
often satisfactory to assess the resolution and determine the limitations of the data-
set, as shown by Dahlin (1996) and Dahlin and Loke (1998).

Electrical tomography profile was measured across the area, using SARIS
Scintrex resistivity equipment by Wenner configuration with a = 2 m and 9 levels
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Fig. 5 Arrangement of electrodes for a 2D acquisition and measurement sequence for the
Wenner configuration

of investigation, the total length of the profile through the collapsed site is 80 m.
The survey traverses were oriented N-S. The method is based on measuring the
electrical potentials between one electrode pair (M-N) while transmitting a direct
current between another electrode pair (A-B; Fig. 5a). Figure 5b illustrates the
pseudo-depth distribution of data points for the Wenner array configuration, used
in this study.

GPR is a non-destructive geophysical method that produces vertical cross-
sectional images of the shallow subsurface, the resulting image (radargram) being
very similar in style to seismic reflection profiles. GPR acquisition is based upon
the propagation, reflection and scattering of high frequency electromagnetic waves
(generally ranging from 10 to 1,000 MHz) within the subsurface (Gutierrez et al.
2009).

Nine GPR profiles with a total length of 145 m, were conducted in the area
enclosed by sinkholes 1 and 2. The GPR profiles were obtained using GSSI
(U.S.A.) GPR with 200 and 400 MHz center frequency antennas.

Nine profiles were conducted; the first one was realized to determine behavior
of signal and calibrate the appropriate depth (Fig. 6).

Four profiles have been realized for the first sinkhole; three of which are on
the limestone roof and the fourth on the soil surface (Fig. 5). The rest of the GPR
profiles were conducted in the areas west and north, near and around the second
sinkhole (Fig. 7).
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Fig. 8 The result of 2D inversion of Wenner array data from the study area (first Sinkhole)
6 Results and Discussion

6.1 Methods of Processing and Interpreting Data

6.1.1 Electrical Tomography

The resulting image of the Wenner array along the survey line, obtained over the
study area (first sinkhole) (Fig. 8), is formed by three panels. The first panel, located
on top, represents the pseudosection of the measured apparent resistivity. The mid-
dle pseudosection is the model calculated by the inversion program. The last panel
is the inversion model section.

The image in Fig. 9 clearly maps the sinkhole structure that affected the study
zone. The limits of three cavities can be seen as three smaller locally resistive
zones A, B and C (at station positions 56, 46 and 22 m, respectively) within the
basin-shaped zone.

These cavities are characterized by high resistivity values especially for the first
and the second (A, B). A prominent, highly resistive feature (350-400 Q m) is
visible below station positions 56 and 46 m. This feature appears to have a depth
extent of 3—6 m. Judging from the large resistivity contrast, this anomaly is the
response of an air-filled cavity.
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Fig. 9 Photograph showing A
the three cavities limits (at
station positions 56, 46 and
22 m)

The relatively high resistive zone on the left edge of the image (below station
position 22 m) could be the response of a further not deep cavity which is prob-
ably likely filled with clay. There are, however, no surface features indicative of
the existence of a subsurface cavity.

The bedrock is resistant corresponding to Eocene limestone situated at a depth
of 10 m. The resistivities of the limestone vary between 400 and 500 Q m. The
clays have a resistivity of about 1040 Q m. The two resistant peaks centered on
the stations, respectively, 40 and 50 m of about 2.5 m thick represents a zone of
highly resistant gravel.

6.1.2 Ground Penetrating Radar

The studied sinkhole area has been developed on a Plio-Quaternary deposit,
locally <10 m thick, whose deposits have been affected by synsedimentary subsid-
ence caused by the dissolution of the karstic bedrock (Fehdi 2011).

GPR surveys (200 and 400 MHz) were performed in the studied sector, a total
number of five profiles around the second sinkhole. Unfortunately, on the set of
these profiles data, cavities have not been detected. This non-detection is due to the
heterogeneous nature of the soil (clay and wet soil) not suitable for this technique.
GPR data for these profiles have shown in Fig. 10 an overall horizontal geometry.

Indeed, with the same equipment on the roof first collapsed limestone, which
is more homogeneous and resistant soil, several anomalies have been detected that
probably correspond to cavities (Figs. 10, 11 and 12).

The presence of a cavity is characterized by an amplification of the signal, and
a reversal of the polarity when positioned on the cavity. Concerning fractures, the
signal appears as a sharp and linear interface (Fig. 10).

The first profile PR/a shows a cavity located 10 m from the beginning of the
profile and 0.5 m deep.
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Fig. 10 Profile radargramm (PR/a) showing cavity and fracture
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Fig. 11 Profile radargramm (PR/b)

The radargram (Fig. 9) also shows a signal decompression zone from 11 m to
the end of the profile probably corresponding to a fracture with a depth ranging
from 1.1 to 0.6 m.

The second profile PR/b (Fig. 10) shows a cavity at 2.2 m from the starting
point and 50 cm deep.

At the end of the profile (between 11.7 and 14 m) a decompression zone prob-
ably corresponding to a small cavity or fracture to 0.7 m deep was found.
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Fig. 12 Profile radargramm (PR/c)

Table 1 Cavity positions of ~ Ne of cavity Position/start point (m) Depth (m)
the first sinkhole

1 0.8 0.5

2 1.2 14

3 2.5 1.7

4 431 0.6

Moreover, the signal shows a field much more heterogeneous than the previous
profile.

According to these results, a decision must be made to conduct another profile
(PR/c) in cross-section with the previous profiles (PR/a and PR/b) (Table 1). The
radargram (Fig. 12) shows a heterogeneous soil in the first 6 m with the presence
of several cavities as resumed in Table 1.

7 Conclusions

The geophysical surveys have provided valuable information on the extent and
geometry of the sinkhole structure. The high resolution of GPR prospecting allows
the sub-soil structure to be characterized and the presence of hazards in deeper loca-
tions to be inferred. The authors show that although in many cases wetness and high
clay contents of alluvial deposits are a handicap to the penetration depth of GPR-
systems, its profiles provide an excellent image of the distribution and geometry of
the deformation structures and sinkhole fill deposits located at shallow depth, espe-
cially in the homogeneous and resistant fields as limestone rock.
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The electrical resistivity profiles, although with a smaller resolution, have pro-
vided valuable information on the subsidence structure and distribution of the
stratigraphic units at greater depths.

GPR surveys (200 and 400 MHz) were performed in the studied sector, five pro-
files around the second sinkhole. Unfortunately, on the set of these profiles data, cav-
ities have not been detected. This non-detection is due to the heterogeneous nature of
the soil (clayey and wet soils) not suitable for this technique, whereas with the same
equipment on the roof of the first collapsed limestone, which is more homogeneous
and resistant soil, several anomalies have been detected that probably correspond to
cavities and fractures which are located at different depths.

The 2D cross-borehole resistivity tomographies conducted in this study allowed
mapping the complex geometry of the karstic subsurface conditions. The tomo-
graphic images computed within Res2DInv reveal the presence of three cavities’
limits, which can be seen as three smaller locally resistive zones A, B, and C (at
station positions 56, 46, and 22 m, respectively) within the basin-shaped zone.

These cavities are characterized by high resistivity values, especially for the
first and the second (A, B). A prominent, highly resistive feature (350—400 Q m)
is visible below station positions 56 and 46 m. This feature appears to have a depth
extent of 3—6 m, judging from the large resistivity contrast; this anomaly is the
response of an air-filled cavity.

The relatively high resistive zone on the left edge of the image (below station
position 22 m) could be the response of a further, not deep, cavity, which is prob-
ably likely filled with clay.

References

Annan AP, Cosway SW, Redman JD (1991) Water table detection with ground-penetrating
radar. In: Society of exploration geophysicists (annual international meeting program with
abstracts), pp 494-497

Baali F (2001) Eude hydrogéologique hydrochimique de la région karstique de Chéria N-E
Algérien. Magister Univ Annaba Algérie, p 100

Baali F, Rouabhia A, Kherici N, Djabri L, Bouchaou L, Hani A (2007) Qualité des eaux souter-
raines et risque de pollution en milieu semi aride. Cas de la cuvette de Chéria. NE algérien. J
Estudios Geologicos 63: CSIC, Spain

Ballard RF (1983) Cavity detection and delineation research. Report 5, Electromagnetic (radar)
techniques applied to cavity detection. Technical Report GL, 83—1, p 90

Barker R, Moore J (1998) The application of time-lapse electrical tomography in groundwater
studies. Lead Edge 17(10):1454—-1458

Beck BF (1991) On calculating the risk of sinkhole collapse. In: Kastning EH, Kastning KM
(eds) Proceedings of Appalachian Karst Symp, Radford, Virginia, 23-26 March 1991.
National Speleological Society, Huntsville, Alabama, pp 231-236

Benson RC, Kaufmann RD, Yuhr LB, Martin D (1998) Assessment, prediction and remedia-
tion of karst conditions on I-70, Frederick, Maryland, 49th Highway Geology Symposium,
Precott, Arizona, 1014 September 1998. Arizona Department of Transportation, Material
Group, Arizona Geological Survey, pp 313-325

Bishop I, Styles P, Emsley SJ, Ferguson NS (1997) The detection of cavities using the micrograv-
ity technique: case histories from mining and karstic environments. Geol Soc Eng Geol Spec
Publ 12:153-166



82 C. Fehdi et al.

Butler DK (1984) Microgravimetric and gravity gradient techniques for detection of subsurface
cavities. Geophysics 49(7):1084—-1096

Burger HR (1992) Exploration geophysics of the shallow subsurface. Prentice-Hall, Englewood
Cliffs, p 489

Chaffai H, Baali F, Djabri L, Rouabhia Aek (2003) Facteurs influengant le chimisme des eaux
dans une zone semi-aride: Cas des aquiféeres d’El Ma El Abiod, Tébessa, Hammamet et
Chéria. ICOWAP-Sep 2003. Colloque Oasis, Eau et population, Biskra Algérie, pp 339-344

Colley GC (1963) The detection of caves by gravity measurements. Geophys Prospect XI:1-9

Cook JC (1965) Seismic mapping of underground cavities using reflection amplitudes.
Geophysics 30(4):527-538

Cook KL, Van Nostrand RG (1954) Interpretation of resistivity data over filled sinks. Geophys
Prospect 21:716-723

Dahlin T (1996) 2D resistivity surveying for environmental and engineering applications. First
Break 14:275-284

Dahlin T, Loke M (1998) Resolution of 2-D Wenner resistivity imaging as assessed by numerical
modelling. J Appl Geophys 38:237-249

Fehdi Ch, Baali F, Boubaya D, Rouabhia A (2011) Detection of sinkholes using 2D electrical
resistivity imaging in the Cheria Basin (North-East of Algeria). Arab J Geosci 4:181-187

Gaud J (1977) Etude géologique et hydrogéologique du plateau de Chéria Wilaya de Tébessa.
Rapport interne No. 2. A.N.R.H de Tébessa (Agence Nationale des ressources hydriques), p 96

Griffiths DH, Barker RD (1993) Two-dimensional resistivity imaging and modeling in areas of
complex geology. J Appl Geophys 29:211-226

Gutierrez A, Galve JP, Lucha P, Bonachea J, Jorda L, Jorda R (2009) Investigation of a large col-
lapse sinkhole affecting a multi-storey building by means of geophysics and the trenching
technique (Zaragoza city, NE Spain). Environ Geol 58:1107-1122

LaMoreaux PE, Wilson BM, Memon BA (1984) Guide to the hydrology of carbonate rocks.
UNESCO, France

Mathé V, Léveque F, Mathé PE, Chevallier C, Pons Y (2006) Soil anomaly mapping using a cae-
sium magnetometer: limits in the low magnetic amplitude case. J Appl Geophys 58:202-217

Rybakov M, Goldshmidt V, Fleischer L, Rotstein Y (2001) Cave detection and 4-D monitor-
ing: a microgravity case history near the Dead Sea. Lead Edge (Soc Explor Geophys)
20(8):896-900

Rybakov M, Rotstein Y, Shirman B, Al-Zoubi A (2005) Cave detection near the Dead Sea-a
micromagnetic feasibility study. The Leading Edge (Society of Exploration Geophysicists)
24(6):585-590

Sasaki Y, Matsuo K (1993) Surface-to-tunnel resistivity tomography at the Kamaishi Mine.
Butsuri-Tansa 46:128-133

Spies B, Ellis R (1995) Cross-borehole resistivity tomography of a pilot sale, in situ vitrification
test. Geophysics 60:886-898

Telford WM, Geldart LP, Sheriff RE (1990) Applied geophysics, 2nd edn. Cambridge University
Press, New York

Van Schoor M, Duvenhage D (2000) Comparison of crosshole radio imaging and electrical resis-
tivity tomography for mapping out disseminated sulphide mineralisation at a surface test site
in Mpumalanga, South Africa. Explor Geophys 30:3—4

Vila JM (1980) La chaine alpine de 1’ Algérie orientale et des confins Algéro-Tunisiens. These de
Doctorat- es-sciences, Université Pierre et Marie curie, Paris VI

Williams PW (1985) Subcutaneous hydrology and the development of doline and cockpit karst.
Z Geomorphol NF 29(4):463—-482

Zhou W, Beck BF, Adams AL (2002) Effective electrode array in mapping karst hazards in elec-
trical resistivity tomography. Environ Geol 42:922-928



Using Hybrid Genetic Algorithms
in Assembling Master Recession Curves
of Karst Springs

Milos Gregor and Peter Malik

Abstract Computation methods, using the evolution algorithm concept—mainly
group of optimization methods known as genetic algorithms—provide an inter-
esting methodical approach, applicable for a construction (not interpretation) of
assembled recession curves. Assemblage of the master recession curve from vari-
ous hydrograph segments by the help of the hybridized genetic algorithm approach
can avoid obstacles such as limited time-series datasets, incomplete recessions or
too many segments in many recession curves, complicated hydrograph shape in
the case of karstic springs (caused by combined laminar and turbulent discharge
sub-regimes due to karst network settings), different time intervals of observa-
tions (daily or weekly frequencies), short time-series intervals, imprecise meas-
urements, different types of datasets (averaged or directly measured data) or even
rough (inaccurate) measurements of discharges. The only type of discharge curve
without practical output solution of the method presented is the constant outflow.
In practice, assembling of recession curves is necessary for hydrogeological phe-
nomena, especially in moderate climate regions, where recessional periods are
frequently interrupted by partial recharge events. The presented algorithm was
already implemented to a programme solution, so that the applicability of the
hybrid genetic algorithms method for master recession curve creation is at hand
without requirements on programming skills of hydrologists involved, which can
be considered as an immediate advantage of the method described.
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1 Introduction

Runoff from a catchment (or hydrogeological structure) is physically determined
by two types of impacts and parameters. In the first influencing category, there are
static properties of the environment (as e.g. geometry, hydraulic properties, catch-
ment slopes), which remain constant over time. In the second influencing category,
dynamic properties are counted, such as degree of structure (rock and soil mass)
repletion by water, rate of the water infiltration, rainfall and its variation in time
and space, evapotranspiration, possible anthropogenic influence and other time-
dependent factors.

Analysis of recession curves reflecting runoff from a catchment or discharge of
spring is often the method used in hydrological practice, which provides a wide
range of result interpretations. Although the principles of hydrograph analyses
have been developed for more than one and a half of a century (Boussinesq 1877,
1904; Maillet 1905; Horton 1933; Barnes 1939; Cooper and Rorabaugh 1963;
Schoeller 1965; Drogue 1967; Kullman 1980, 1990; Padilla et al. 1994; Griffiths
and Clausen 1997; Kovacs 2003; Gregor 2008), the introduction of computer
techniques mainly enhanced their applications in the broader field of hydrology
and hydrogeology. Such alternative applications can be found, for example, in the
analysis of hydrological drought (Tallaksen and van Lanen 2004), groundwater
vulnerability (Kullman 2000; Malik 2007) and in the separation of runoff com-
ponents, e.g. baseflow separation (Malik 2010). Several optimization techniques,
tending to solve many of the shortcomings and gaps of the existing methods, were
already introduced to hydrogeological and hydrological practice (Lamb and Beven
1997; Rutledge 1998; Posavec et al. 2006).

In rough approach, it may look like the recession curves have generally a simi-
lar course; however, the combination of the aforementioned parameters causes
each recession process to be unique and differs in absolute values of discharge
sequences. The influence of the dynamic parameters described is projected on the
complexity of recession curves described within even a simple watershed and rep-
resents the main problem to be solved in the process of master recession curve
assembling.

The second problem is found in a considerable variability in runoff, which
means that it is usually impossible to mathematically describe a recession curve
only by the use of one simple regression equation, and it is necessary to use a set
of multiple staked regression equations.

The third problem is that in many cases it is impossible to describe the runoft from
different catchments and hydrogeological structures only by the use of one type of
equation. Especially in the cases with flux type change (e.g. from turbulent to laminar;
Kullman 1983, 1990), it is necessary to find several matching equation types.

The last task is to overcome the problem with the accuracy of discharge meas-
urements and the frequency of measurements. Often, especially at low discharges,
the visible change between two readings in time is too small to be recorded. On
the other hand, if the typical flood wave duration in comparison with the frequency
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of readings is too short, the probability of maximal discharge recording is limited.
This may represent a serious deficiency, especially in the case of groundwater
monitoring, where many objects (springs or wells) are monitored only on weekly
bases, but a typical flood-wave peak after a storm event is shorter. In many cases,
especially when discussing specific operational monitoring objects, only short dis-
charge time-series (e.g. not longer for more than two years of observations) are
available. It is very probable that within such a limited time of observations the
extreme values are omitted from the available set of results.

Over time, several methods have been developed for this purpose. The most
simple and the first in the process of development is a manual creation of a mas-
ter recession curve. Using this method, all recession curves are shown on a single
chart. In the process of assemblage, each recession curve is moved on the horizon-
tal timeline until the individual curves will form one, more or less compact, master
recession curve. The main deficiency of this method is the time-consuming pro-
cessing and also strong dependency of results on the authors’ influence. Usually,
different authors obtain different recession results, depending on their previous
experience.

2 Materials and Methods

Genetic algorithms are, together with neural networks, expert systems and meth-
ods of chaos theory, considered to be a part of an artificial intelligence group of
methods. They are based on the principles of Darwin’s evolutionary theory and
can be described as stochastic search methods, based on the mechanism of natu-
ral selection and on the principles of genetics. In the field of water science, these
were used in parallel evolutionary calibration of hydrological models (Sharma
et al. 2006); determination of rock hydraulic parameters from the pumping tests
(Samuel and Jha 2003); optimizing of water resources abstraction (Chiu et al.
2007) or contamination transport modelling (Bayer and Finkel 2004).

The main principle applied within genetic algorithm procedure is the creation
of initial population of random solutions of the defined problem at the beginning.
Each solution in the population is presented as data structure (e.g. data array),
which allows us to effectively save the information about individual solution.
Individual solutions are tested and evaluated towards achieving a defined goal.
Subsequently, from the existing population of solutions, a new population is cre-
ated, while better solutions from the previous population are equipped with higher
probability of transition into a new generation in comparison to solutions with
lower valuation. In the creation process of a new generation of solutions, two indi-
vidual solutions are randomly selected; however, solution with better rating has
a higher probability to be selected. For this purpose, a “roulette mechanism” is
frequently used, where solutions with a higher rating obtain a bigger slice from
the roundel. After defined crossing is performed, a newly created solution takes
the properties from both of the two solutions from the previous generation. This
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Fig. 1 Division of selected depleting sections of the hydrograph into N-days segments

new individual solution presents a random combination of the parental genera-
tion properties. During the crossing process, a random mutation which randomly
changes a part of the final solution also occurs. This mutation process, however,
occurs only with very low probability.

Gradually, with help of evolution cycles repetition, a solution that is very close to
the ideal one is evolved. The described evolutionary process can be stopped either
by a pre-described number of evolutionary cycles in the set, or when a sufficiently
accurate solution is reached, or even if the population losses its ability to converge to
the ideal solution. Prior to the creation of a master recession curve, a detailed study
of the hydrogram should be performed. After individual segments of recession had
been chosen, each of the selected intervals of recession is divided to a correspond-
ing number of individual N-day segments (4-days long segments were found to be
most useful). By segmentation, the method can overcome the “shading influence” of
the dynamic factors (e.g. recharge and runoff variability). These segments are later
used in the assemblage process to create the master recession curves (MRC). Ideally,
resulting MRC is assembled by the simple moving of the defined short segments on
the timeline until they will together create one single line. In practice, this process is
not so simple and for the automatic shifting of separate segments on the timeline, a
described genetic algorithm is used.

3 Results

In the process of MRC assemblage from measured data, the structure of each separate
solution in the population of solutions had to be defined, as shown on Fig. 1. After
splitting of selected discharge recession intervals, several hundred segments were
usually obtained (Fig. 1). Each individual segment was the member of the population
of solutions, and in the population of solutions was defined by two-dimensional array
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Fig. 2 Definition of data
structure for each individual
solution in the population of
solutions
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(Table; Fig. 2). Depending on the number of pre-defined solutions in the population,
a corresponding number of data structures were created. In these, individual solutions
were defined. The first population was then created pseudo-randomly.
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The maximal time shift tmax was pre-defined before the run of the algorithm—
and the movement of segments in the evolution process automatically did not
overstep this value. A random shift between the initial time ty and maximal time
tmax Was then generated for each segment. Initial time ty here represents the peak
(maximum) discharge in the time—series dataset.

In the process of random shift generating for the initial population, the range of
possible random time shift values increases with decreasing values of discharges
in segments. After the initial—first generation had been created, individual solu-
tions were assessed from the “best-fit” point of view. As an assessment tool for the
accuracy of solutions, the dispersion area of the segments (Fig. 3) was calculated
for each solution.

Following the assessment of solutions in one generation, solutions for the next
generation were then prepared. To do this, two solutions are randomly selected
from the current generation by the use of “roulette selection mechanism”, where
better solutions are equipped with higher probability to be used as a source for
creating the solutions in the next generation. After the two solutions from the cur-
rent generation of solutions have been selected, only one solution is created for the
next generation by the crossing process from the two ones. In this case, a method
of “crossing by averaging” (Fig. 4) was applied. Here, a new individual solution
copies the data structure, while the time shift for each segment is calculated as an
average of the previous two solutions. In addition to the crossing process, also the
mutation processes (Fig. 5) are incorporated in the evolution.

Usually the mutation occurs with very low probability (e.g. 1 mutation per
1,000 crossings); however, in this case, this approach was modified—hybridized,
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as the mutation occurs at every crossing of solutions. Such an approach is fre-
quently applied within a method of artificial immune system. This allows the
reduction of the conversion rate of calculation and the population during the
evolution remains relatively variable. Mutation is applied after the averaging of
two solutions. Mutation value is just a random value generated from the defined
interval <tg, tgef>. If this range of random values were chosen to be too low,
also the variability of the populations would be relatively low. Conversely, if
the range was chosen to be too wide, after several cycles of evolution the devel-
opment of the ultimate solution would stop, as the mutation would not permit
the reduction of the value of the dispersion area segments. Therefore, the pre-
defined range of values, from which random mutation values can be created,
gradually decreases with the development of the evolutional cycles. It is also
possible to set the maximal range of mutations and its gradual reduction within
the run of algorithm application on the creating of the new solution. The pro-
cedure gradually created new and new solutions, which were continuously re-
assessed by calculation of the dispersion area of the segments.

Monitoring possibilities of the evolution process are either by displaying
of the best solution in actual generation (Fig. 6) or by displaying of disper-
sion area change in the average solution and the best solution in successive
generations.
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Fig. 7 Example of gradual evolutionary assembling of master recession curve (MRC) by the use
of strongly hybridized genetic algorithm

The evolutionary cycle was repeated until the number of its runs reaches a pre-
defined number of cycles. Application of this procedure gradually leads to creation
of the solution corresponding to the resulting MRC from the initial pseudo-ran-
dom generation (Fig. 7).

4 Discussions

After its implementation into the program, the described hybridized algorithm was
tested and used at many very variable conditions. The result of MRC evolution
from the recession curves selected from spring yield time series of a karstic spring
Dovalka in Muran (Central Slovakia; 48.7403°N; 20.0450°E) is shown on Fig. 8.
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Fig. 8 Result of master recession curve assembling for Dovalka karst spring in Muran (Central
Slovakia)
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Fig. 9 Result of master recession curve assembling for Pod Mravinami spring in Stilov (NW
Slovakia)—logarithmical plot

Three runoff sub-regimes of turbulent flow type are visible on the course of
recession. The second example (Figs. 9 and 10) shows the result of a MRC assem-
blage from the spring discharge measurements of Pod Mravinami spring in Sulov
(NW Slovakia; 49.151°N; 18.589°E). In the resulting MRC, two runoff sub-
regimes with laminar flow type, plus additional turbulent sub-regime was identi-
fied. These are plotted on a logarithmical plot on Fig. 9, while Fig. 10 represents a
normal plot view on a typical MRC of Pod Mravinami spring.
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Fig. 10 Result of master recession curve assembling for Pod Mravinami spring in Silov (NW
Slovakia)—normal plot

5 Conclusions

The use of strongly hybridized genetic algorithm allows the creation of mas-
ter recession curves at very variable conditions. This can avoid obstacles such
as limited time-series datasets, incomplete recessions or too many segments in
many recession curves. In the case of karstic springs, usage of strongly hybrid-
ized genetic algorithm helps to overcome problems with complicated hydrograph
shape, caused by combined laminar and turbulent discharge sub-regimes due to
karst network settings. It is also helpful if different time intervals of observa-
tions (daily or weekly frequencies), short time—series intervals, imprecise meas-
urements, different types of datasets (averaged or directly measured data) or even
rough (inaccurate) measurements of discharges are found in the time series ana-
lyzed. The only type of discharge curve without practical output solution of the
method presented is the constant discharge value in time, which under real hydro-
logical circumstances, however, in natural conditions never occurs over a longer
period of time. The described algorithm was implemented into a programme solu-
tion, and it is possible to try the evolutional assembling of the master recession
curve within the RC 4.0 module in the freely accessible HydroOffice software
(http://www.hydrooffice.org), developed by one of the authors.

When master recession curve is completed—manually or with the help of the
hybridized genetic algorithm—it is possible to apply any type of mathematical
recessional models (linear, exponential, hyperbolical, power model or their combi-
nation) for further interpretation. Description of recession functions, as well as for
deriving information on the physical functioning of the hydrogeological systems is
a subject of additional studies, additional to the assemblage of MRC by the use of
hybrid genetic algorithms.


http://www.hydrooffice.org
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Well Hydrograph Analysis for the
Estimation of Hydraulic and Geometric
Parameters of Karst and Connected Water
Systems

Attila Kovacs and Pierre Perrochet

Abstract Well hydrographs contain crucial information about the hydraulic
parameters and geometric characteristics of karst aquifers and connected water
systems. This chapter provides quantitative tools for the estimation of hydraulic
and geometric parameters by means of well hydrograph analysis. The analytical
formulae provided in this chapter establish links between aquifer properties and
hydrograph recession coefficients, and describe the spatial and temporal variations
of the water table. A first set of equations describe the recession limb of hydro-
graph peaks, while another formula provides a quantitative characterization of the
entire hydrograph peaks as a response to diffuse recharge. While existing spring
hydrograph analytical techniques provide information on the overall characteris-
tics of a karst catchment, well hydrograph analysis provides information on the
hydraulic and geometric characteristics of individual matrix blocks. The combina-
tion of the spring and well hydrograph analytical techniques provides a powerful
tool for the characterization of the structure and hydraulic behaviour of karst and
connected water systems. A new approach to well hydrograph decomposition is
presented, which makes the estimation of exact block geometry possible. In most
cases, well hydrograph peaks can be decomposed into three exponential segments.
These segments, however, do not represent different types of storage as suggested
by previous studies. The asymmetric analytical solution presented in this study
represents a powerful tool for parameter estimation in both karst and connected
water systems. The symmetric and 1D solutions can be applied for order of mag-
nitude parameter estimation. The proposed investigation method provides useful
information for water resource assessment, flood prediction, vulnerability assess-
ment, contamination risk assessment, geotechnical and speleological studies.
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1 Introduction

Karst aquifers are complex hydrogeological systems with strong heterogeneity,
which originates from the presence of hierarchically organized dissolution chan-
nels. Heterogeneity manifests in the duality (diffuse and concentrated nature)
of hydraulic processes taking place in karst (Kirdly 1994) including recharge,
groundwater flow and discharge.

The quantitative characterization of the hydrodynamic functioning of karst
systems requires the definition of realistic hydraulic and geometric parameters
(Kiraly and Morel 1976; Kiraly 1998, 2002). Direct information on these parameters
is rarely available or difficult to obtain. It was estimated based on model calibration
by Kovdcs (2003) that the explored sections of conduit systems do not represent more
than a few percent of the total length of a conduit network, even in extensively stud-
ied cave systems. Also, there is usually very limited information available on hydrau-
lically active conduits. Classical geological and hydrogeological surveys, borehole
tests, tracing experiments, speleological and geophysical observations provide only
limited information on the spatial configuration and hydraulic properties of a conduit
network. However, in most cases well hydrograph data, coupled with information
on the hydraulic properties of the low-permeability rock matrix, is available or eas-
ily obtainable via the installation of observation bores and well testing. Hydrograph
analytical techniques presented here are suitable for estimating effective hydraulic
parameters and geometric characteristics of karst and connected water systems.

The primary goal of the present chapter is to outline the theoretical bases of
a quantitative method for the estimation of hydraulic parameters and conduit
network geometry of karst aquifers and connected water systems based on well
hydrograph analysis. This chapter does not aim at discussing field applications; it
will be done in a subsequent publication.

2 Precedents

Spring hydrograph analytical methods for parameter estimation were provided by
several authors (Rorabaugh 1964; Berkaloff 1967; Bagaric 1978; Kovacs 2003;
Kovdcs et al. 2005). Spring hydrograph analytical methods for the estimation of
conduit network geometry were discussed by Koviacs (2003), Kovics et al. (2005)
and Kovdécs and Perrochet (2008).

Well hydrograph analysis for the estimation of hydraulic properties in karst was
applied by Rorabough (1960), Atkinson (1977), Shevenell (1996), Powers and
Shevenell (2000). These parameter estimation studies were mainly focussed on
practical applications, and provided little theoretical background to well hydrograph
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behaviour. No attempt has been made so far to estimate block geometry based on
well hydrograph data.

It was assumed by Shevenell (1996) that exponential components of well
hydrographs represent three types of storage upgradient of the monitored point,
similarly to the spring hydrograph decomposition theory of Forkasiewicz and
Paloc (1967). This assumption will be further investigated in this study.

3 Discussion

The notion of the recession coefficient was first introduced by Maillet (1905).
Maillet’s interpretation is based on the drainage of a prismatic reservoir, and presumes
that spring discharge is a linear function of the volume of water held in storage:

QO=aV (1)

where Q is discharge [L3T~!], V is volume of water in the reservoir [L3], « is
recession coefficient [T~'] usually expressed in days. Under recession conditions,
discharge also corresponds to the decrease of storage water:

=—— 2
0=-— @)
Equating (1) and (2) and integrating during the recession time yield the Maillet
formula:

O = Qoe ' 3)

where Q) is the flow rate at the start of the recession period.

Assuming that the volume of water held in storage is a linear function of the
reservoir area A and the water level H prevailing in it (i.e. V = AH), it can eas-
ily be shown that this level also follows an exponential behaviour with the same
recession coefficient, namely:

H) = Hoe ™' )

where Hy is the head at the start of the recession period.

3.1 Conceptual Model

It is demonstrated above that recession coefficient can equally be expressed from
discharge and hydraulic head time series for a simple prismatic reservoir with
unit storage. However, further evidence is required to demonstrate the hydraulic
behaviour of a strongly heterogeneous system. This is done by the application of
a simple conceptual model of karst and connected water systems consisting of a
rectangular catchment, a regular network of high-conductivity conduits embed-
ded in the low-permeability rock matrix, and a single outlet (spring) which drains
the entire conduit network. This model can be characterized by the hydraulic
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Fig. 1 A simple conceptual
model suitable for the
quantitative characterization
of karst and connected
hydrogeological systems.
T, [L2T 1] transmissivity
of the low-permeability
matrix, S,,[—] storativity

of the low-permeability
matrix, K [L3T~'] 1D
conduit conductance, S¢[L]
1D conduit storativity,
A[LY] spatial extent of the
aquifer, L, and Ly[L] block
size, x and y distance of
piezometer from block
centre, aq spring hydrograph
recession coefficient, oy
well hydrograph recession
coefficient
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parameters of the low-permeability matrix and of the conduit system, conduit
spacing, and the spatial extent of the water catchment (Fig. 1). This model repre-
sents an improved version of the conceptual model of Kovics et al. (2005).

3.2 Model Assumptions

As the applied conceptual model was developed for the purpose of deriving ana-

Iytical solutions, it involves a number of simplifications:

e Two-dimensional flow assumption is applied: the provided two-dimensional
solutions are generally applicable to shallow karst systems, where a single-level
active conduit network exists generally at the base of the aquifer represented by an
impervious layer or at the water table. Further considerations are necessary when
the presented formulae are applied to multi-level or deep phreatic conduit systems.

e Karst conduits are considered as fixed-head boundary conditions: the fluctua-
tions of water level in the karst conduit network are considered to be negligi-
ble compared to the changes of the water table in matrix blocks throughout the
recession process. As a consequence, the precision of the parameter estima-
tion method might decrease in the direct vicinity of karst conduits or surface
streams, where flood recharge can reduce or reverse hydraulic gradients (Kirdly
and Morel 1976) during early times of the recession process.

e Uniform initial head conditions are applied: some of the analytical solutions
provided in this chapter are based on uniform head initial conditions. This might
result in inaccuracies at the very early stage of the recession process when
applied to natural systems.
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e Conduit blocks are rectangular: as karst conduit networks are usually pre-deter-
mined by conjugated networks of tectonic discontinuities, rectangular block shape
is considered to be a satisfactory approximation. In the case of fractures/conduits
intersecting at sharp angles, block shape can be represented by an asymmetric rec-
tangular block formulation, for the calculation of fracture spacing.

e Uniform recharge function is applied: although the application of uniform
recharge (both in time and space) at the catchment scale might be simplistic, it is
a reasonable approximation at the block scale. The temporal variation of recharge
primarily influences the rising limb of a hydrograph peak. As the presented
parameter estimation method is based on falling limb hydrograph segments, the
above assumption has limited implications on the applicability of this method.

In order to test the applicability of the analytical formulae developed, numerical
simulations of synthetic karst systems were performed and results were compared
with those of the analytical calculations. The advantage of this method as opposed to
using field data is that the internal structure and hydraulic properties of our numeri-
cal system are known, while these are largely unknown in case of real systems.

3.3 Criteria for Karstic Hydraulic Behaviour

Although there is a fundamental difference in the formation processes between karst
and fractured hydrogeological systems, their hydraulic behaviour cannot be deter-
mined purely based on their geological characteristics. This is especially valid for
dolomitic rock formations, which are often considered as fractured systems, treated
as porous media and called as karst aquifers. The transient hydraulic behaviour of
strongly heterogeneous (karst or fractured) systems depends on their degree of heter-
ogeneity which can be quantified by a combination of hydraulic and geometric prop-
erties as demonstrated by Kovéacs (2003) and Kovics et al. (2005).

The baseflow discharge of well-developed karst systems is controlled by the
drainage of individual matrix blocks. This flow condition has been referred to as
matrix-restrained flow regime (MRFR).

The baseflow discharge of fractured systems is influenced by the hydraulic
parameters of fractures/conduits, low-permeability blocks, fracture spacing, and
aquifer extent. This flow condition has been defined as conduit-influenced flow
regime (CIFR).

A threshold value for conduit conductance between these two domains can be
expressed as follows (Fig. 2):

K} ~ 37T, Af )

where T,,[L?T~'] is matrix transmissivity, K.[L3T~!] is 1D conduit conductance,
A[L?] is aquifer extent, flL."!] is average conduit frequency.

The analytical formulae presented in this chapter are only valid for karst sys-
tems (MRFR regime) where K. > K¢. These following observations are not valid
for fractured systems (CIFR regime).
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Fig. 2 Dependence of the
baseflow recession coefficient
on conduit conductance.

K * is the threshold value
between MRFR and CIFR
baseflow. From Kovécs et al.
(2005)

o (1/s)

A. Kovics and P. Perrochet

CIFR

— oy, =
3 SmA
MRFR

T TTTIII]

LI iTTTTTI

T illlTTII T T TTTTT

Kc (m?s)

4 Hydraulic Head Distribution in Rectangular

Matrix Blocks

The distribution of hydraulic heads in the matrix blocks of a karst or connected
water system is strongly time dependent; primarily influenced by initial heads
and the duration, intensity and temporal variations of diffuse infiltration over the
aquifer surface. A first set of analytical solutions provided here were developed
to describe the evolution of hydraulic heads over the low permeability matrix
blocks during a recession period. This assumption included uniform-head initial
conditions across a matrix block. A second type of analytical solution provides a
quantitative characterization of the hydraulic potential field during and following
a constant recharge event. A comprehensive numerical analysis was undertaken
to test the validity and applicability of these solutions in synthetic karst aquifer

configurations.

4.1 Analytical Solution: Uniform Initial Head Distribution
Over an Asymmetric Block

In order to provide a mathematical characterization of hydraulic head distribution
over rectangular matrix blocks of karst and connected water systems, the follow-
ing 2D analytical solution has been derived:
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Assuming uniform initial condition Hy over the block surface, as well as zero
hydraulic head as boundary conditions along the sides of the blocks representing
karst conduits or connected streams, this solution is written down as the product,
in the x and y directions, of the 1D solution given in Carslaw and Jaeger (1959, p.
144 and 173).

It follows from Eq. (6) that:

16H 14 1 3
Huyn = 270 (cos [ ZE ) e — - cos T)eoa
Y w2 Ly 3 Ly

1 Sax\ _ss,
+500s(Lx >e

(7

Leading to the expansion:

cos [ 72 cos [ 22 )ema+8 _ Loog (TX) o (372) g-atiop®
L L, 3 L. L,
+ Leos (75 cos 7Y pact25%)
5\ L L
16H 1 3 1 3 3 2
Hyy = 20 — ~cos [ 25 ) cos [ 22 ) e+ 1 —cos [ 2 ) cos [ 2 ) 01D
f 3 Ly Ly 9 Ly Ly
L cos 3mx cos Sty 9267 + ! cos mx cos oy ¢S
15 I L, 5 L. L,
— L o (2T cos (272 ) a5 topd + 1 cos (275 cos (T2 ) e2sat+8
15 L. L 25 L. L

(®)




104 A. Kovics and P. Perrochet

Fig. 3 Position of |
observation points in

numerical block model. 0954 OES2 OESS
Lx = 1,200, Ly = 600 m
Obs1 \ Obs3
| - .
Table 1 ' Distapces of Observation point X v
observation points from the
. . Obsl 0 0
block centre in numerical
block model Obs2 300 150
Obs3 450 0
Obs4 0 150
Obs5 450 150

Ly = 1,200, Ly = 600 m

Analytical hydrographs were compared with numerically simulated hydro-
graphs for five different observation points in an asymmetric block. Block proper-
ties included T = le—5 m%s, S = le—4, Hy = 100 m, Ly = 1,200, Ly = 600 m.
The positions of observation points within the asymmetric block are indicated in
Fig. 3 and Table 1. Figure 4 indicates a very good agreement between numerical
and analytical results, and verifies the validity of the analytical formula (Eq. 11).

Figure 5 indicates the first nine hydrograph components (n = m = 3 in Eq. 6)
for observation point Obs5. For any asymmetric block, the first component is H1,
the second component is H2 (for Ly > Lx) or H4 (for Ly < Lx), where H2 = H4 in
the block centre of symmetric blocks (Lx = Ly and x = y = 0). The third compo-
nent is H3 (for Ly > Lx) or H7 (for Ly < Lx). As H2 and H4 can equally take nega-
tive or positive values depending on x and y, a modified approach to hydrograph
decomposition can be applied for determining the asymmetry factor (8) from the
first two components of well hydrographs.

If the second exponential component (H2 or H4) is positive (concave
hydrograph peak), the traditional decomposition technique of Forkasiewicz and
Paloc (1967) originally introduced for spring hydrographs can be applied. In the
case if the second exponential component (H2 or H4) is negative (convex hydro-
graph peak), a complementer decomposition approach can be applied. After fit-
ting a straight line on the semilog graph of the “baseflow” well hydrograph, the
remaining hydrograph needs to be subtracted from the first exponential. A sec-
ond exponential can then be determined by line fitting on the residual hydro-
graph. In most cases a third exponential can be fitted, which can also be used for
parameter estimation purposes. The asymmetry factor can be estimated through
hydrograph decomposition both in the convex and concave cases from the first
two exponentials as follows:
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Fig. 4 Analytical versus
numerical well hydrographs
(T =le—5m?s, S = le—4,
Hp = 100 m, Ly = 1,200,
Ly = 600 m)

Fig. 5 Analytical well
hydrographs components
for Obs5 (T = le—5 m%s,
S = le—4, Hy = 100 m,
Ly = 1,200, Ly = 600 m,
x =450,y = 150)
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Or from the first and third exponentials as follows:

§—1 .
B = T— 255 if Ly > Ly
255 — 1
B = if Ly > Ly (10)
1-346
where y = 2L, § = “1 , o, ap and a3 are recession coefficients of the first, second

and third exponentlal components

The asymmetry factor determined from a well hydrograph provides infor-
mation on the block shape of an individual matrix block. The asymmetry factor
determined from a spring hydrograph (Kovacs and Perrochet 2008) provides an
estimation of average block asymmetry throughout a catchment area, and might be
different from the asymmetry factor of individual matrix blocks. For a sufficient
dataset, a distribution function of block asymmetry can be determined, which can
serve as a means for a stochastic generation of conduit networks.

If block asymmetry is estimated via well hydrograph decomposition, and
hydraulic tests can be performed in the same or nearby wells, a quantitative esti-
mation of conduit spacing (or block size) can be made from one of the recession
coefficients. Based on Eq. 8 the recession coefficient of the first exponential com-
ponent can be expressed as follows:

_nzT(1+ﬁ2)_n2T 11
T T s \2T 2 (1n
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And the second exponential can be expressed as:
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The same formulae can be applied for estimating the hydraulic parameters of
connected water systems based on the spacing of surface water streams and well
hydrograph data.

4.2 Analytical Solution : Uniform Initial Head Distribution
Over a Symmetric Block

A symmetric approximation of block shape (square blocks) can be applied in the
case of negligible anisotropy with quasi-symmetric matrix blocks. This solution is
also useful when only the “baseflow” recession coefficient (a1) can be estimated
because of insufficient or bad quality data. In such cases block asymmetry ()
cannot be calculated, and thus the application of the asymmetric solution would
be problematic. The following symmetric solution provides an efficient tool for
parameter estimation is these situations. For symmetric blocks, Eq. 6 takes the fol-
lowing form (n = m = 2):

cos (%) cos (F)e 2 — %[cos (Z*) cos 37%)
+cos () cos (F2) |e7100 4 1 {cos (Z*) cos (52 )
= % +cos () cos (%) |e7204 + § cos 32") cos 37If—y)e_18“
% [cos 3%") cos 5%) + cos (S’TTX cos (%z—y o34
+% cos 52’—") cos %)6_50“

15)

It follows from Eq. 15 that “baseflow” recession coefficient can be expressed
from the first exponential component as:

27°T
A= s 1o
While subsequent exponentials can be expressed as:
107%T
= — 17
0= a7
187%T
= — 18
= (18)

Consequently, the “baseflow” sections of well hydrographs can be used for esti-
mating block size (if block hydraulic parameters are known), or hydraulic diffusivity
of matrix blocks (if block size is known) of a karst or connected water system. Most
importantly, hydrograph analysis represents an additional tool for verifying assump-
tions on the geometric and hydraulic parameters of complex hydrogeological systems.
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According to Eqs. 16-18, similar formulae can be used for expressing recession
coefficients from well hydrographs as from spring hydrographs (Kovics et al. 2005;
Kovics and Perrochet 2008). However, the decomposition method is different for the
two data types, and while the former represents block properties, the latter one pro-
vides information on the overall characteristics of an entire karstic catchment.

4.3 Analytical Solution: Uniform Initial Head Distribution
Over a 1D Block

A 1D approximation of block shape can theoretically be applied in the case of
extreme anisotropy with elongated matrix blocks. According to this solution,
it is assumed that the influence of the long side of a matrix block has negligible
influence on the hydraulic head distribution within the block at the observation
point. Hydraulic head as a function of time and distance from block centre can be
expressed as follows:

4Hy & (—1)" cos ((2n+ I)ZJT—L)C) -4t

Hup = — (19)
S 2n+1)
where
2
Tt
= — 20
a=-3 (20)

L represents the half of the short side of a strongly asymmetric block. For

n=3:
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It follows from Eq. 15 that “baseflow” recession coefficient can be expressed
from the first exponential component as:
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4.4 Analytical Solution: Uniform Recharge Over a 2D
Asymmetric Block

An analytical solution for the quantitative characterization of the hydraulic poten-
tial field over an asymmetric rectangular block during and following a constant
recharge event has been derived using the elementary constant recharge solution
developed by Bruggeman (1999, p. 323). The principle of superposition has been
applied in time to account for a recharge event of finite duration t as follows:
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where t is the time corresponding to the end of the constant recharge, ij is the
recharge rate (LT~!) and H(a-a,) is the Heaviside function that takes the value
H =0 for a < a; and H = a— a; for a > a;. From Eq. (25) if follows that the rising
limb hydraulic head is:
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A comprehensive numerical analysis was undertaken to test the validity and
applicability of these solutions in synthetic karst aquifer configurations. Analytical
and numerical solutions for five observation points in an asymmetric block are
indicated in Fig. 3. The numerical analyses verified the validity of the analytical
formula.

5 Well Hydrograph Decomposition: A Synthetic Example

Numerical modelling has been used to demonstrate the applicability of the above
hydrograph analytical techniques through a synthetic example. The advantage of a
numerical example is that the applied parameters are known, and thus the results
of hydrograph analysis can directly be verified.

The synthetic karst system applied consists of a square shaped karstic catch-
ment of 4,800 m x 4,800 m size (Fig. 1). The spacing of karst conduits is 1,200 m
in the x direction and 600 m in the y direction. The applied matrix transmissiv-
ity is Ty = le—5 m?/s, conduit conductance is K. = le 4+ 2 m3/s, matrix stora-
tivity is Sy, = le—4, conduit storativity is S, = 2.14e—7 m. A 24-h infiltration
pulse of 20 mm/day has been applied throughout the model area representing a
total infiltration of 460,800 m3. Half of this recharge (1.16e—7 m/s) was distrib-
uted as diffuse recharge over the aquifer surface, while half of the total recharge
(3.97e—5 m?/s) was distributed along the karst conduit network as direct recharge.
A constant recharge function has been applied. In order to reproduce realistic ini-
tial conditions, the same recharge pulse was applied twice with a 9-day gap in
between. A uniform hydraulic head distribution of H = 0 m was applied as initial
condition before the first recharge event. Only the second hydrograph peak was
considered during hydrograph analysis.

Numerical simulations were performed by the FEN family of discrete-contin-
uum finite element codes (Kirdly 1985).

The hydraulic heads at an observation point at model coordinates X = 2,850,
Y = 4,575 were exported and analysed for demonstration purposes. The block
coordinates (relative to block centre) of this observation point are x = 150,
y = 75. The falling limb of the simulated hydrograph at Obs1 and its decomposi-
tion are indicated in Fig. 7.

According to Fig. 7, the hydrograph at Obs1 can be manually decomposed into
three exponential segments. A convex hydrograph peak indicates that the second
component is negative.

In order to check the applicability of the above analytical solutions, a numeri-
cally simulated hydrograph peak at Obsl was manually decomposed and reces-
sion coefficients a3 were used for calculating block geometry and diffusivity
(D = T/S). Block size was calculated via well hydrograph analysis based on the
assumption that diffusivity is determined from pump tests in a matrix block. This
scenario represents a karst system, where hydrograph data together with hydraulic



112 A. Kovics and P. Perrochet

Fig.7 Well hydrograph 100
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test data is collected over a matrix block, and block dimensions (conduit geom-
etry) needs to be determined.

Diffusivity was calculated via well hydrograph analysis based on the assump-
tion that block size is known. This scenario represents a connected water system,
where the geometry of a river network around a connected aquifer block is known,
and well hydrograph data is available from within this block.

Hydraulic and geometric parameters were calculated making use of the three
analytical solutions presented in Sects. 1-3 to verify the applicability of these
formulae and to demonstrate the accuracy of the well hydrograph analytical
method.

Based on the comparative numerical simulations (Figs. 4 and 6) and the syn-
thetic example (Fig. 7 and Table 2), the asymmetric solution provides an accurate
tool for the estimation of block geometry and hydraulic properties. An average
error of 2-4 % can be achieved, where the largest uncertainty originates from
manual curve fitting performed during the decomposition process.

The symmetric and 1D solutions represent simple and quick tools for order
of magnitude parameter estimation with an error believed to be inferior to 74 %
(symmetric solution) and 91 % (1D solution) in the case of an asymmetry factor
of B = 2. A much higher accuracy can be achieved when the symmetric solution is
applied for quasi-symmetric systems. Similarly, accuracy improves if the 1D solu-
tion is used for strongly asymmetric blocks.

Where sufficient field data is available, the use of the asymmetric solution is
recommended. The symmetric solution can be used where less information can be
gathered. The 1D solution, which was used in previous studies, has limited appli-
cability and must be applied with care.
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Table 2 Hydraulic and geometric parameters obtained through well hydrograph decomposition
using various analytical solutions

Parameter Numerical Asym Error Sym Error 1D Error (%)
solution (%) solution (%) solution
a 333E-06 342E-06 3 243E-06 27 3.04E-07 91
o 9.00E—-06 8.90E—06 1 1.22E-05 35 2.74E—-06 70
a3 2.00E—-05 1.99E-05 1 2.19E-05 10 7.61E-06 62
B (fromajo)  2.00E+00 1.92E+00 4 2.00E+00 N/A N/A N/A
B (fromaj3)  2.00E+00 1.95E+00 3 2.00E+00 N/A N/A N/A
D (from o) 1.00E—-01 1.04E—-01 4 1.37E-01 37 1.22E—-01 22
D (from o) 1.00E—-01 1.04E—-01 4 7.39E—-02 26 3.65E—-02 63
D (from a3) 1.00E-01 1.02E—-01 2 9.13E-02 9 292E-02 71
Lx (froma;)  1.20E4+03 1.18E4+03 2 7.70E4+02 36 N/A N/A
Lx (fromap)  1.20E403 1.18E403 2 1.0SE+03 13 N/A N/A
Lx (froma3z)  1.20E4+03 1.19E4+03 1 9.42E+02 22 N/A N/A
Ly (fromaj)  6.00E402 6.13E402 2 7.70E4+02 28 S5A44E+02 9
Ly (fromap)  6.00E402 6.13E402 2 1.0SE+03 74 9.93E+02 65
Ly (fromaz)  6.00E4+02 6.18E402 3 9.42E+02 57 1.11E+03 85

Recession coefficients were determined by means of manual curve fitting from a numerically
simulated hydrograph (T = le—5 m%/s, S = le—4, ig = 1.16e—7 m/s, Ly = 1,200, Ly = 600 m,
x =150,y =75)

6 Conclusions

The present chapter describes the theoretical basis of new quantitative methods for
the estimation of hydraulic and geometric parameters of karst and connected water
systems. It also provides a validation of these methods through comparison with
numerical model results.

As spring hydrograph data are not always available, well hydrographs represent
an alternative way to hydraulic parameter estimation. While spring hydrograph
analytical methods assume a uniform parameter distribution and conduit spacing
throughout a karstic catchment, well hydrographs facilitate the determination of
the size and hydraulic parameters of matrix blocks at specific locations, and thus
provide information on spatial variability. An additional advantage of the well
hydrograph method compared to spring hydrographs is the negligible influence of
concentrated infiltration on the dataset. Furthermore to this, the conduit locations
determined from a sufficient number of well hydrographs make the estimation of
conduit spacing distribution functions possible, which can be used for a stochastic
generation of extensive conduit networks. The combination of the spring and well
hydrograph analytical techniques provides a powerful tool for the characterization
of the structure and hydraulic properties of karst and connected water systems.

Recession coefficient is an important indicator of block geometry and hydraulic
characteristics. In most cases well hydrograph peaks can be decomposed into three
exponential segments. These segments, however, do not necessarily represent dif-
ferent types of storage as suggested by previous studies. The recession coefficients
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determined from hydrograph decomposition serve for estimating block asymme-
try and the specific dimensions of matrix blocks. The asymmetric analytical solu-
tion presented in this study represents a powerful tool for parameter estimation in
both karst and connected water systems. The symmetric and 1D solutions can be
applied for order of magnitude parameter estimation.

The proposed investigation method provides useful information for water
resource assessment, flood prediction, vulnerability assessment, contamination
risk assessment, geotechnical and speleological studies.
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Distributed Hydrological Modeling

and Model Adaption in High Alpine Karst
at Regional Scale (Berchtesgaden Alps,
Germany)

Gabriele Kraller, Michael Warscher, Ulrich Strasser,
Harald Kunstmann and Helmut Franz

Abstract Distributed hydrological modeling in karst dominated catchments
is challenging as various unknown underground flow conditions and flow direc-
tions lead to unknown storage quantities. Missing parameterization in karst catch-
ments at regional scale prevents reliable hydrological modeling of subsurface
(unsaturated and saturated) water fluxes; and consequently, climate impact mod-
eling in karst dominated catchments is until today insufficient. The deterministic
hydrological model WaSiM-ETH by Schulla and Jasper was applied in the Alpine
catchment of the river Berchtesgadener Ache to describe the water balance and to
determine and quantify karst impact on hydrological processes at different time
and space scales in the watershed. The study area is situated in the northern lime-
stone Alps, characterized by a huge carbonate stratum, which is exposed to karstfi-
cation processes since Alpine lift. It is assumed, that subsurface flow channels and
heterogeneous storage effects lead to groundwater redistribution through mountain
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ranges and influence hydrological processes of neighboring valleys. In a first step,
former karst research in the area is evaluated to draw the main subsurface flow
directions within or in between sub-basins. Based on this, the water balance of the
sub-basins is examined to obtain further information on the regional hydrology.
This is done by analyzing model results of the hydrological model. A systematic
mismatch between modeled and measured runoff (over and underestimation) was
detected in three high Alpine karst dominated sub-basins, indicating hydrologi-
cal subsurface processes at sub-basin scale. The comparison of monthly sums of
modeled and measured water storage indicates subsurface water inflow, outflow or
redistribution in sub-basins and enables quantification of those processes. Based
on these outcomes, a method to predict future water storage in the Berchtesgaden
karst is developed and groundwater modeling is adapted in WaSiM-ETH, which
was developed to improve the hydrological model for karst-dominated catchments.

Keywords Alpine karst ¢ Distributed hydrological modeling ¢ Artificial neural
network ¢ Water balance

1 Introduction

Karst aquifers consist mainly of two components, the rock matrix and the con-
duits between (Atkinson 1977; Bakalowicz 2005; Kiraly 2003; Sauter et al. 2006;
Teutsch and Sauter 1991; White 2002). White (2003) describes fractures as a third
component of karst aquifers. This leads to a broad field of hydraulic parameters
and unknown boundary conditions, which form the main challenge of describ-
ing the groundwater flow in the existing approaches (Kiraly 2003; White 2002;
Sauter et al. 2006). Mountain massifs can be seen as lifted aquifers characterized
by high altitudinal gradients and inclined stratification (Kraller et al. 2011). The
head difference between recharge area and springs is the primary driving force for
the movement of water through the aquifer (White 2003). One can assume that
groundwater flow in Alpine catchments is increased. Being consistent with banked
karstified limestone, the increased groundwater flow may even be additionally
strengthened and redistribution processes may take place at the sub-basin scale
and affect receiving water courses in neighboring Alpine valleys (Kraller et al.
2011). Many studies in karstified areas focus on small-scale effects of karst con-
duits by examining spring hydrographs, chemographs and tracer breakthrough
curves—to define the size and the characteristics of one individual spring aquifer
(Birk et al. 2004; Bonacci 1993; Einsiedl 2005; Geyer et al. 2008; Hauns et al.
2001; Kovdcs et al. 2005). Scanlon et al. (2003) applied a distributed groundwa-
ter model for discharge modeling of single wells. Those studies do not provide
answers to questions about karst effects on the comprehensive water balance of
an Alpine headwater catchment, i.e., if water redistributes from one sub-basin to
another through flow cannels, and if groundwater flow in karstified mountains can
be quantified (Kraller et al. 2011).
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The distributed hydrological WaSiM-ETH (Schulla and Jasper 2012) is applied
in the watershed of the Berchtesgadener Ache to describe the water balance and
the impact of karst on the hydrology of the region. It is a modular hydrological
model system that includes all relevant hydrological processes within the water
cycle and provides outputs to all hydrological relevant processes within the area.
As the groundwater module of the model does not account for karstic environ-
ments, the systematic model mismatch was analyzed to describe karst impact
within and between neighboring Alpine sub-basins on the hydrology of the
region. In a first step, previous karst research is analyzed to draw the main under-
ground flow directions of the area. Then hydrological model results are analyzed
and systematic mismatches are used to define redistributed water quantities within
the karst aquifer at sub-basin scale. This knowledge is the basis for the develop-
ment of a new method to correct distributed models for karst environments at
regional scale.

2 Study Area

The test site for this study is situated in the Berchtesgaden Alps and covers an
area of 432 km?. It is characterized by extreme topography formed by single
mountain ranges and ridges and the valleys in between, spanning 2,100 m in
the vertical. Dominant rock formations are Triassic Dachstein limestone and
Ramsau Dolomite, where the banked limestone comprises a layer thickness
up to 1,000 m. The limestone was exposed to dissolution processes since the
Cretaceous, leading to a massive karstified aquifer with a wide range of sub-
surface flow channels. There are hundreds of springs as groundwater recharge
locations, feeding the seven rivers of the region. Generally the valleys are
drained by rivers in the northern direction, and are associated with the Danube
watershed. Three head sub-basins are situated in high Alpine karst terrain
(Kraller et al. 2011).

3 Regional Hydrology

Former research in the basin is evaluated and summarized to describe ground-
water flow to determine the main drainage direction, travel times, spring dynam-
ics and possible subsurface redistribution in the single mountain ranges, and the
whole basin. It aims to emphasize all outcomes indicating karst influence for
the whole watershed or single sub-basins. Figure 1 summarizes the main out-
comes. It was found that water flow is increased within sub-basins (sub-basin
Konigsseetal) but also that groundwater redistribution takes place (sub-basin
Klausbachtal, Wimbachtal, Konigsseetal). Furthermore, water outflow of the
watershed is indicated (Fig. 1). The main subsurface drainage direction is north
(Kraller et al. 2011).
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Fig. 1 Main subsurface water flow directions in the Berchtesgaden watershed (modified after
Kraller et al. 2011)

4 Distributed Modeling

The water balance is modeled with the distributed model WaSiM-ETH (Schulla
and Jasper 2012). It is a physically-based model that was applied in 50 x 50 m?
horizontal resolution. WaSiM-ETH uses physically-based algorithms to calcu-
late the majority of hydrological processes within the water balance, which are
calculated one after another during model run for each grid cell and each time
step (1 h). The model is applied from 2001 to 2010 whereby model calibration
is done in 2001-2002 and model validation in 2002-2010. For the description of
the soil water fluxes in the unsaturated zone, the solution of the Richards’ equa-
tion (Richards 1931) is used. Groundwater flow is calculated with an integrated
multilayer 2D-groundwater flow model, which couples dynamically with the
unsaturated zone. The flux equation is derived from the continuity equation and
Darcy-equation (Schulla and Jasper 2012). The model is not able to account for
the karstic environment and assumes porous conditions. Next to numerous free
model parameters, sensitive calibration parameters are the recession constant
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Fig. 2 Berchtesgaden watershed and sub-basins

krec for the saturated hydraulic conductivity and the interflow drainage density d,
(Schulla and Jasper 2012). Model input data were derived from several sources:
soil data and land use data is derived from the National park database. Data for the
hydraulic conductivity is derived from the hydrogeological map of Bavaria and is
assumed to decrease with depth according to a recession constant dependent on
the soil texture. Meteorological data was used from automatic and non-automatic
climatic stations within the area. Based on available river gauges and the digital
elevation model, the area can be separated into nine sub-basins (Fig. 2).

5 Model Results

First, the authors found that annual sums of measured runoff significantly dif-
fer between the high Alpine and mostly karst influenced head sub-basins
Klausbachtal, Wimbachtal, Konigsseetal (Fig. 1). When comparing measured
runoff in the three high Alpine sub-basins, Wimbachtal and Konigsseetal exceed



120 G. Kraller et al.

(a) 3000 measured runoff
2500 - ®Klausbachtal “Wimbachtal ¥ Konigsseetal

SN

2001/2002 2002/2003 2003/2004 2004/2005 2005/2006 2006/2007 2007/2008 2008/2009 2008/2010
Years

000 modeled runoff
2500 - ®Klausbachtal *Wimbachtal ~®Kénigsseetal

It

2001/2002 2002/2003 2003/2004 2004/2005 2005/2006 2006/2007 2007/2008 2008/2009 2009/2010
Years

(=]

Fig. 3 Annual sums of modeled (b) and measured discharge (a) sub-basins Klausbachtal,
Wimbachtal and Konigsseetal

sub-basin Klausbachtal distinctly (Fig. 3). After model calibration, the modeled
runoff results in equally calculated annual sums, dependent on precipitation input.
Consequently, a systematic over and underestimation of discharge was found in
these sub-basins when comparing modeled to measured runoff (Fig. 3). Runoff in
sub-basin Klausbachtal is overestimated and runoff in sub-basin Wimbachtal and
Konigsseetal is underestimated by the model. The authors assume that different
annual sums of measured runoff in the three sub-basins could be a result of sub-
surface water inflow, outflow or redistribution through karst conduits in this high
Alpine karst aquifer. This is not taken into account by the hydrological model,
leading to under and overestimation of measured runoff during model runs.

In a next step, monthly sums of water storage S(t) (Eq. 1) were analyzed for
sub-basins Klausbachtal, Wimbachtal and Konigsseetal in model runs and reality
to gain more information about the annual dynamics of measured runoff and the
underlying reasons of model mismatch.

S(t) = NSer(t) — QD (1)

By subtracting the modeled and measured runoff (Q) from the modeled effective
precipitation (NSeff = precipitation — evapotranspiration), storage reduction or
buildup is expressed and is assumed to be positive in winter and summer (snow
storage and soil storage) and negative in spring and autumn (snow melt and soil
storage decrease), leading to a systematic pattern throughout a year leading to
an even water balance equation. By comparing modeled to measured water stor-
age, deviations of the assumed pattern for the water storage may give insights
for groundwater inflow, outflow or redistribution at sub-basin scale due to karst
conduits within one hydrological year. Figure 4 shows the observed and modeled
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Fig. 4 a Comparison of the water storage (Smod) derived from results of hydrological model
runoff. Monthly sums June-October 2002-2011. Sub-basins Klausbachtal, Wimbachtal,
Konigsseetal. b Comparison of the water storage (Sobsreal) derived from measured runoff.
Monthly sums June-October 2002-2011. Sub-basins Klausbachtal, Wimbachtal, Konigsseetal
(modified after Kraller et al. 2012)

water storage in monthly sums for the year 2002-2010 for the analyzed sub-
basins. The observed water storage is derived from the measured runoff and the
modeled water storage is derived from modeled runoff.

The analysis of the observed water storage (Fig. 4b) shows that during spring and
summer pronounced negative peaks occur, indicating groundwater inflow and explaining
the amount of measured annual runoff. In sub-basin Klausbachtal there is less soil stor-
age and snow melt, indicating groundwater outflow and explaining the annual lack of
water. The water storage calculated by the model (Fig. 4a) differs from observed water
storage in spring and summer months. It is assumed, that due to groundwater inflow or
outflow real catchment sizes are larger or smaller than are presumed for distributed mod-
eling leading to systematic mismatch of modeled and measured runoff at the end. These
results coincide with the assumed regional hydrology (Kraller et al. 2011).

6 Adaptation of the Distributed Model to Karst
Environments

6.1 Artificial Neural Network and Distributed Model Correction

The preceding steps show that the hydrology of the three high Alpine neighboring
sub-basins Klausbachtal, Wimbachtal and Konigsseetal is unique for each and that
the hydrological model is not able to reproduce such conditions. These limitations
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Fig. 5 Overview of the presented method. Effective precipitation results in modeled and meas-
ured runoff. Consistent model mismatch was detected due to water storage deviations. Modeled
water storage (derived from hydrological model runoff) systematically over/underestimates
observed water storage (derived from measured runoff). The observed water storage is calculated
by the ANN and implemented in the groundwater module to account for the observed storage
processes. The ANN is applied to the subbasin Konigsseetal (Kraller 2012). The artificial neu-
ral network consists of an input layer, hidden layer and output layer. The inputs QS(t) (snow
melt and/or rain), snow precipitation PS(t), temperature T(t), relative humidity RH(t) give the
observed water storage SobsANN(t) (modified after Kraller et al. 2012)

cannot be explained by precipitation interpolation methods or precipitation correc-
tion (Kraller et al. 2012). The measured runoff in those sub-basins is attributed to
very heterogeneous subsurface water storage and flux conditions in karst terrain. It
is concluded, that underestimated water quantities in the model are a consequence
of subsurface water storage or influx processes within each of the sub-basins.
Only boundary fluxes from outside the watershed boundary into the sub-basin are
assumed. Therfore, the hydrological model needs to be adapted. The aim was to
find an adequate method to quantify storage conditions in the validation period of
the hydrological model WaSiM-ETH, to reproduce them and to find a possibility
to account for the storage also within the hydrological model (Fig. 5). The target
to be reproduced is the water inflow and outflow into the karst system, which can
be expressed as the observed water storage. This water storage in the karst aquifer
is temporally very diverse and underlies many influencing processes such as pre-
cipitation quantity and intensity, evapotranspiration and soil water storage. These
processes and their interaction are highly complex, and it is not possible to physi-
cally describe those in detail within the study area.

To learn and determine the observed water storage in highly karstified water-
sheds, an Artificial Neural Network (ANN) was developed, trained and applied.
ANNSs are nonlinear input-output models which are able to reproduce the desired
output based on a given input parameter set. An ANN is able to determine
complex input-output relationships where physically-based methods are lim-
ited. The main advantage of this method is that the network itself is trained by



Distributed Hydrological Modeling and Model Adaption 123

Fig. 6 Technical implementation of the influx in the distributed model (modfied after Kraller
etal. 2012)

parameter adjusting and after validation available itself as tool for calculating sub-
surface conditions. Due to the algorithm, negative and positive water storage can
be considered. The ANN aims to quantify the observed water storage for later cor-
recting the hydrological model. In this study, a two-layer feedforward backpropa-
gation network was applied. The architecture of the ANN is shown in Fig. 5. Input
variables for the ANN are hydrological model outputs. The output variable is the
observed water storage, or in other words, unknown subsurface boundary water
fluxes. The water storage calculated by the ANN is then converted into a tempo-
ral dynamic influx into or outflow of the groundwater module of the hydrological
model. It is used for hydrological model correction in the saturated zone to adapt
the model to karstic environments (Fig. 6). This new method is developed, applied
and tested in the high Alpine sub-basin Ko&nigsseetal. The implemented influx
is then considered in the consecutive sub-basins (Berchtesgadener Ache and St.
Leonhard). Monthly sums of modeled discharge and also runoff dynamics at three
river gauges (Konigsseetal, Berchtesgadener Ache and St. Leonhard) are analyzed
to validate the method (Kraller et al. 2012).

7 Results

The development of the new method shows that it is capable to reproduce missing
water fluxes in karst terrain. The missing water fluxes are then converted in a
boundary flux that is applied in the distributed model (Fig. 6). The performance
of the model correction is shown in Fig. 7 for the sub-basins Konigsseetal and
the downstream sub-basins Berchtesgadener Ache and St. Leonhard. Monthly
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Fig. 7 Monthly sums of measured runoff and hydrological model runoff with and without imple-
mented boundary flux from June to October for years 2007-2010 for sub-basins Konigsseetal
(a), Berchtesgadener Ache (b) and St. Leonhard (¢) (modified after Kraller et al. 2012)

sums of modeled water storage with and without boundary flux are compared to
monthly sums of measured runoff. The analyzed time period is the test period of
the ANN (2007-2010). The method leads to an increasing performance in sub-
basin Konigsseetal in the years 2007 and 2008 where there is a great discrepancy
between measured and modeled runoff in summer months. In the years 2009 and
2010 the model correction is overestimating measured runoff, because the devia-
tion of modeled and measured runoff before correction was already not as big as the
years before. In sub-basins Berchtesgadener Ache and St. Leonhard, the method is
increasing hydrological model performance. Results of the application of the conse-
quent flux in the hydrological model are discussed in detail in Kraller et al. (2012).

8 Conclusion

The hydrological model was applied in the catchment of the river Berchtesgadener
Ache to analyze the water balance within the area and to describe possible karst
impact on regional hydrology at sub-basin scale. As the hydrological model
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does not account for karstic environment, systematic model mismatch indicates
possible subsurface inflow, outflow and redistribution between sub-basins within
the high Alpine environment. Analyses of monthly sums of observed and modeled
water storage was conducted to gain more knowledge about observed and modeled
storage dynamics. Based on this a new method to adapt the hydrological model to
karst environments was developed. An Artificial Neural Network (ANN) is capa-
ble to reproduce and quantify missing water fluxes. This enables the implemen-
tation of a continuous inflow/outflow within the groundwater module (boundary
flux) in the distributed model to account for missing subsurface water fluxes. The
performance of the hydrological model is then increased. Furthermore, it is pos-
sible to apply the ANN in scenario calculations to ensure more realistic distributed
modeling in karst terrains in climate impact runs.
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Diagnostic Plots Applied to Well-Tests
in Karst Systems

Jean-Christophe Maréchal, Bernard Ladouche, Benoit Dewandel,
Perrine Fleury and Nathalie Dorfliger

Abstract Pumping tests conducted on wells intersecting karst heterogeneities,
such as the conduit network, are difficult to interpret. Nevertheless, this case can
be solved by assimilating the horizontal karst conduit to a finite-conductivity ver-
tical fracture. In this case, several flow patterns corresponding to the respective
contributions of karst subsystems (fractured matrix, small conduits and main karst
drainage network) can be identified on the diagnostic plot of drawdown derivative.
This is illustrated on two examples from Mediterranean karst systems. A pumping
test on a well crossing the main karst drainage network of the Cent-Fonts karst
system shows: (1) a preliminary contribution of the karst conduit storage capacity
followed by (2) linear flows into the fractured matrix. A pumping test on a well
intersecting a small karst conduit of the Bas-Agly karst system shows the exist-
ence of (1) bi-linear flows within both the karst conduit an the fractured matrix
at early times, followed by (2) radial flows within the fractured matrix and (3)
finally the contribution of a major karst cavity. The use of diagnostic plots allows
the identification of the various flow regimes during pumping tests, correspond-
ing to the response of the individual karst aquifer subsystems. This is helpful in
order to understand the structure of the karst aquifer and flow exchanges between
subsystems.
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1 Introduction

Due to the complexity and duality of flows, well-test interpretation in karst sys-
tems constitutes a challenging task for hydrogeologists (Kresic 2007). This is
especially true when the pumping well intersects karst heterogeneities such as the
conduit network for example. Nevertheless, well-tests can bring valuable informa-
tion on the presence and size of karst heterogeneities.

Diagnostic plots of drawdown derivative have been widely used in oil industry
for fractured reservoirs characterization. These techniques are now used by hydro-
geologists (Maréchal et al. 2004; Renard et al. 2009) in order to establish conceptual
models of fractured aquifers under pumping. This method can be applied to karst
hydrogeology as well. In this chapter, the classical response of a well test into a large
fracture (or karst conduit) is described on a log—log drawdown derivative curve. It
allows identifying successive flow regimes corresponding to the contribution of vari-
ous karst aquifer subsystems (fractured matrix within the vadose zone, karst conduit,
main karst drainage network) to the pumped well. The interpretation of such a diag-
nostic plot is illustrated on two examples from Mediterranean karst systems.

2 Method

In heterogeneous karst systems, the log—log diagnostic plot of drawdown and its
derivative in the pumping well or in observation wells can help in identifying depar-
tures in flow-geometry from the classical homogeneous radial case. The common
logarithm of drawdown s change is plotted versus the logarithm of elapsed time ¢,
together with log (ds/d In 7), the logarithm of the derivative of drawdown change
with respect to the natural logarithm of time. Several authors (Ehlig-Economides
1988) noticed that the drawdown derivative displays late-time straight lines, with
slopes related to the domain dimensionality and boundary conditions. Classically,
the log—log diagnostic plot can be divided into several portions: (a) early data used
for identifying the wellbore or karst conduit storage; (b) intermediate data for iden-
tifying the type of aquifer model that should be used (e.g. double porosity, uncon-
fined, drainage); and (c) late data for identifying the possible boundaries.

Siting a pumping well on the karst conduit network (Fig. 1) of a karst system
constitutes an interesting target regarding further possible karst aquifer exploita-
tion. This position of the pumping well allows draining of the highly permeable
karst conduit which will then interact with the surrounding matrix. The karst con-
duit constitutes then a useful extension of the pumping well. Two separate cases
are distinguished: (a) the case of a pumping well intersecting the main karst drain-
age network connected to the outlet (PWa in Fig. 1) and (b) the case of a pumping
well intersecting a small karst conduit (PWb in Fig. 1).

These cases can be compared to wells stimulated by hydraulic fracturing tech-
niques as described in the petroleum literature. Consider a vertically fractured well
producing at a constant flow rate in an infinite, isotropic, homogeneous horizontal
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Fig. 1 Karst aquifer with a pumping-well (PW) located into the karst conduit network (modified
from Goldscheider and Drew 2007): PWa pumping well crossing the main karst drainage net-
work; PWb pumping well crossing a small karst conduit

aquifer. Figure 2 shows the general behaviour of a well with a horizontal conduit
that can be assimilated to a finite-conductivity vertical fracture. The flow-pat-
tern geometry under such conditions will change with time and includes several
flow periods (Cinco-Ley and Samaniego-V 1981). During early pumping times
(Fig. 2a), conduit linear flow (conduit or wellbore storage effect) is characterized
by a straight line with a slope v = 1 on the diagnostic plot. After a transition flow
period, the system may or may not exhibit a bi-linear flow period (Fig. 2b), indi-
cated by a one-fourth-slope straight line that lasts as long as the conduit bound-
aries do not affect the flow pattern. As time increases, the flow in the matrix
becomes one-dimensional (horizontal, parallel and perpendicular to the conduit)
as illustrated on Fig. 2c. On a diagnostic plot, the slope of the derivative curve is
v = 0.5. As pumping continues, the flow pattern can change from parallel flow
to pseudo-radial flow (Fig. 2d). During this period, the pumped water originates
from farther away and the local effect of the finite-length conduit tends to disap-
pear. The drawdown curve tends to the Jacob straight line with a slope v = 0 of the
derivative at late times; however, this would arise only if the duration of the pump-
ing test is very long. This four-period flow-pattern geometry makes it impossible
to interpret such drawdown curves with classical techniques. The corresponding
typical drawdown and derivative curves (diagnostic plot) are illustrated on Fig. 2e.

3 Study Areas

The Cent-Fonts karst (Fig. 3) is a mixed-flow karst system located north of
Montpellier (Hérault region, Southern France) in a thick limestone and dolo-
mite series (Middle and Upper Jurassic). It has been characterized by long-term



130 J.-C. Maréchal et al.

(a) (b)

Conduit linear flow
karst conduit

- ~ — — @ — ~— Bilinear flow

! 4 /'/1‘ 4
pumped well oUmpedwii
(c) (d)
[ D \
Matrix linear flow \
l l 1 l karst conduit Pseudo-radial
e flow
/. _— ', —
W
meped well /umped \TII \
(e)

flow

Drawdown (m) /
derivative (-)

L -
~ /" Conduit linear flow /

.7 Wellbore/conduit storage effect
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early pumping times; b bi-linear flow; ¢ matrix linear flow; d matrix pseudo-radial flow during
late pumping times, modified after (Cinco-Ley and Samaniego-V 1981); e diagnostic plot of the
same case

monitoring (1997-2007) and numerous studies (Ladouche et al. 1999, 2002, 2005,
2006; Aquilina et al. 1999, 2005, 2006). The Cent-Fonts spring, located on the
right bank of the Hérault River, is the only outlet of the karst system (Fig. 3a).
Its discharge ranges from Qs = 220 L/s (during severe low water stage periods)
to more than 12,000 L/s during peak flow in winter or spring, the average spring
discharge having been about 1 m3/s during the 1997-2005 period (Ladouche
et al. 2005). The Cent-Fonts spring is the outlet of a water-saturated karst conduit
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Fig. 3 a Geological and location map of the cent-fonts karst system. b Location of pumping
well (F3); cross section showing the wells intersecting the conduit network

network that has been partially explored and mapped by divers in the vicinity of
the spring, particularly for the purpose of the pumping well sitting (Bardot 2001
in Ladouche et al. 2005). The network is developed below the Hérault River to a
depth of at least 95 m (Fig. 3b). In the mapped area, the cross-sectional area of the
karst drain ranges from 4 to 16 m? and its largest part (a 400 m> cavity) is located
at the end of the explored karst conduit (Fig. 3b). Three wells intercept the karst
network near the spring (Fig. 3b): CGE is about 60 m deep, F3 is located about
100 m upstream from CGE and reaches the largest part of the conduit at a depth of
128 m, and F2 is located 3 m from F3 in the same conduit.

The Bas-Agly karst system is located on the Mediterranean coast in Southern
France (Pyrénées Orientales), near the Salses-Leucate lagoon (Dorfliger et al. 2009).
Due to the complex tectonics of the Corbieres, strongly influenced by Pyrenean oro-
genesis, the Jurassic-Cretaceous limestone aquifer is not a continuous aquifer. The
depth of karstification, several hundreds of meters below sea level, is linked to the
Messinian Salinity Crisis. This system is partially cut off from the Mediterranean
Sea by the Plio-Quaternary sedimentary cover. To the north, the karst is in con-
tact with the brackish Salses-Leucate lagoon (Fig. 4). The two main springs of this
karst system are the Font Estramar spring and the Font Dame spring, which emerge
near the brackish lagoon, a few kilometers from each other. The Font Dame spring
is characterized by several outlets in a wetland with a low water stage discharge of
300 L/s and a high water stage discharge of 6,000 L/s. The Font Estramar spring is
located at the foot of a Cretaceous limestone cliff. Its discharge is between 800 L/s
and more than 20,000 L/s. The total mean annual flow rate for the two springs is
2,500 L/s (1,700 L/s at Font Estramar and 800 L/s at Font Dame).
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Fig. 4 Geological and location map of the Bas-Agly karst system and Robol well

4 Results

4.1 Cent-Fonts Karst System

A long-duration pumping test (1 month) was conducted on the main conduit of the
Cent-Fonts karst system (Marechal et al. 2008, Ladouche et al. 2007). The well F3
has been sited by diving exploration in order to intersect the main karst conduit
about 100 m upstream from the spring of the system (Fig. 1b). The well was pumped
at a constant discharge rate of 400 L/s. During the first 24 h (=1,500 min), the stor-
age effect in the karst conduit prevailed (slope v = 1, Fig. 5a). After that, the draw-
down tended to linear flow with a slope decreasing to v = 0.7. No bi-linear flow
period was observed. In fractured systems, Cinco-Ley and Samaniego-V (1981) con-
sider that this behaviour is not present when the fracture has a high storage capacity
and a high conductivity. This is the most probable reason for such behaviour, given
the large diameter (3.5 m) of the karst conduit in the vicinity of the pumping well.
Analytical solutions for a pumping well intersecting a vertical fracture of infi-
nite conductivity can be transposed to a well intersecting a high-conductivity karst
conduit. Such solutions were developed by petroleum engineers for application to
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Fig. 5 a Diagnostic plot of the cent-fonts pumping test; b temporal evolution of measured draw-
down and fitting with the single-vertical-fracture method of (Ramey and Gringarten 1976), modi-
fied after (Maréchal et al. 2008)

artificially fractured wells (Kruseman and Ridder 1990). They deal with a fully
penetrating, vertically fractured well pumped at a constant rate, in an ideal, homo-
geneous, and horizontal formation (corresponding to the matrix in the karst sys-
tem) of constant thickness, porosity (S;,) and permeability (7},).
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In case the storage capacity of the pumped well and conduit is low, the fracture
is idealized as a planar surface of zero thickness and infinite hydraulic conduc-
tivity, such that there is no hydraulic-head drop as water flows internally through
the fracture to the well (Gringarten and Ramey 1974a). In addition, if the well or
the pumped conduit are large enough to induce a significant well-storage effect,
a modified solution can be applied (Gringarten and Ramey 1974b; Ramey and
Gringarten 1976). This storage volume involves all high-hydraulic conductivity
volumes that communicate with the well. It is represented by C,f defined as the
ratio between the change in volume of water in the well plus karst conduit, and the
corresponding drawdown. This parameter corresponds to the free-surface area of
the dewatering conduit network (vertical shafts and variably saturated conduits).
Although cited in hydrogeological literature, field examples of these analytical
solutions are rare (Kruseman and Ridder 1990).

The fit of the vertical fracture with the storage model on measured data is
quite good after 10 h (rfRMS = 3.15 %, Fig. 5b). Using the hypothesis of a
5,000-m-long karst conduit, the obtained hydrodynamic parameters are given on
Fig. 5b. During this test, no pseudo-radial flow period was observed. This is most
probably due to the great length of the karst network.

4.2 Bas-Agly Karst System

The Robol well was drilled in the Bas-Agly karst system near Perpignan (Fig. 4).
With a total depth of 500 m, a karst conduit with an approximate diameter of
10 cm was intersected at 420 m depth. The diagnostic plot of the long-duration
pumping test shows three phases (Fig. 6):

e During the first 20 min, the flow regime was characterized by a slope
v = 0.2 — 0.3 corresponding to bi-linear flow (linear flow in the conduit and in
the fractured matrix);

o Between 20 and 100 min, the drawdown derivative was constant (v = 0) cor-
responding to a pseudo-radial flow regime within the matrix. The transmissivity
of the matrix was determined to be 2.5 x 10~4 m%/s;

e After 100 min, the derivative strongly decreased because of stabilized draw-
down due to a constant head boundary condition most probably corresponding
to another large karst volume.

No conduit linear-flow regime was observed at the beginning of the test because
the radius of the intersected karst conduit is small and its storage effect is therefore
not measurable. The early transition to a pseudo-radial flow regime is due to the
limited length of the karst conduit compared, for example, to the Cent-Fonts karst
conduit. Therefore, no linear flow within the fractured matrix is observed.

These changes in flow regimes induce fluctuations in the electrical conductivity
(EC) of the pumped water (Fig. 6). Let us assume that the pumped water results
from the mixing of two end-members: less mineralized (low EC) conduit water
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Fig. 6 Pumping test in the Robol well, intersecting a deep small karst conduit

and more mineralized (high EC) matrix water. During the first phase, the EC is
average because the water is a mix of conduit and matrix water. During the second
phase, the EC increases as the matrix contribution increases: the maximum value
reaches ECmax = 960 ps/cm. Once the effect of another karst conduit is observed
on the drawdown derivative (Phase 3), the water EC decreases toward that of the
karst conduit water EC (<750 ps/cm). The rapid EC decrease suggests the exist-
ence of a direct relationship between two karst volumes. This could be either a
fracture network between two separate karst conduits, or a constriction separat-
ing a single karst conduit in two parts. Interestingly, the sharp EC increase of the
water after 20-25 min induced by increased pumping rates was due to matrix-
water inflow; the small pumped karst conduit could not provide the necessary
water, which consequently flowed in from the matrix.
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5 Conclusion

Classical methods for pumping tests interpretation cannot be applied to wells
intersecting karst heterogeneities. Nevertheless, the use of diagnostic plots allows
identification of various flow regimes during pumping tests, corresponding to the
response of the individual karst aquifer subsystems (fractured matrix, small con-
duits, and main karst drainage network). The succession of various flow regimes
brings information about the complexity of flow processes within the karst system.
This is helpful in order to understand the structure of the karst aquifer and flow
exchanges between subsystems.
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Abstract In a shallow karst aquifer in SW Slovenia assessment of groundwater
and drinking water source vulnerability has been performed using different meth-
ods. The small, but well defined, Orehek karst is mainly drained by the no longer
exploited Korentan spring. The recharge area of the spring is well karstified,
densely wooded, and covered by thin soils. Besides precipitation, the spring is addi-
tionally recharged by temporally active sinking streams. To assess the vulnerabil-
ity, two methods, COP+K and Slovene approach, have been applied. Both methods
provide tools for assessing vulnerability in carbonate rocks. They both rank among
very sophisticated methods that require vast amounts of data, time, and financial
and technical resources. Both methods share the same methodological proce-
dure and consider the same type of information, categorized by the same factors.
On the other hand, the scoring, classification and weighting of individual param-
eters between the methods are different. Consequently, the resulting maps differ
significantly. Major differences between the results are identified and discussed.
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In addition, sensitivity analysis of individual factors have been performed and
compared to cross-correlation, autocorrelation and water budget calculations.
The results show high dependence of the COP+4-K method to the parameters char-
acterizing the infiltration conditions (the so-called C factor) and distance to water
source. The Slovene approach vulnerability classes are mainly influenced by thick-
ness of the soil cover, presence of morphological features and the temporal hydro-
logical variability that is justified by the performed statistical analysis.

Keywords Vulnerability assessment ¢ Karst aquifer ¢ Water protection ¢ Slovenia

1 Introduction

Karst aquifers are becoming economically more and more important as they contain
large amounts of good quality groundwater resources (Ford and Williams 2007).
Due to special functioning and behaviour of karst aquifers (high permeability of
aquifer systems, concentrated recharge and rapid infiltration of water, fast flow
through karst conduits and transport over large distances), karst water sources are
particularly vulnerable to contamination. Therefore, they need proper protection and
management.

Many national regulations concerning the protection of water sources are pri-
marily based on the distance from the water source or the velocity of the ground-
water flow to a spring. Often, the criteria do not consider the special features of
water flow in karst, such as the heterogeneity and complexity of recharge con-
ditions, the changes in the velocity and direction of water flow under diverse
hydrological conditions, etc. However, almost two decades ago a concept of
groundwater vulnerability mapping was recognized as an alternative to conven-
tional regulations regarding the water protection (Vrba and Zaporozec 1994).
In some countries, such as Switzerland and Ireland, the concept of vulnerability
assessment is successfully used in determining water protection zones and plan-
ning land use on karst (Dorfliger and Zwahlen 1998; GPS 1999).

For such assessments, guidelines were elaborated, i.e., the European approach,
in the framework of the international COST Action 620 project (Daly et al. 2002;
Zwahlen 2004). On these foundations, numerous methods for assessing and map-
ping the vulnerability of karst waters were developed that took into account dif-
ferences between individual carbonate aquifer systems, accessibility of data, and
economic capabilities. These methods were used and tested at various test sites
around the world on a number of occasions. Reviews of some methods have been
done by several authors, including Zwahlen (2004), Ravbar (2007), Goldscheider
(2010), and others.

Up to now, most complete implementation of the European approach and the
most comprehensively designed methods are COP+K (Vias et al. 2006; Andreo
et al. 2009) and the Slovene approach (Ravbar and Goldscheider 2007). Although
these methods share common methodological procedures and require the same
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information, a comparison study in a selected test site (Orehek karst) in SW
Slovenia has been made. The aim of the study was to distinguish the main differ-
ences between the two methods in the resulting resource and source maps. The
maps have been evaluated and sensitivity analysis of individual factors has been
performed. The obtained results have been evaluated by different statistical analy-
sis of hydrological data.

2 Description of the Test Site

The Orehek karst area is a well defined shallow karst aquifer, situated in SW
Slovenia. It covers an area of around 9 km2. A slightly uplifted ridge reaches
up to 725 m in height above the surrounding 545-600 m altitudes. The aquifer
consists of an anticline of Cretaceous and Palaeocene limestones (Fig. 1), which
is in the SW partially thrusted over Eocene flysch and encircled by it (Gospodari¢
et al. 1970; Petri¢ and Sebela 2004). The Orehek karst is well-karstified with
numerous dolines and 70 caves registered in the Slovene Cave Cadastre (2010).
The carbonate rock in its northern part is covered with a thin layer of rendzina
soil, and in the southern part with brown carbonate soil of various depths. The
area is influenced by sub-continental climate with average annual precipitation of
about 1,670 mm (period 1971-2000). In the same period an average annual run-
off was about 900 mm.

The aquifer is additionally recharged by several small sinking rivers on the SW
(e.g., Crmelice, Orehovike ponikve) that are not permanent. On the NE margin of
the aquifer very low permeable flysch acts as a hydrological barrier. Two temporal
springs (Policek and Mrzla jama) and a permanent Korentan spring drain the aqui-
fer. Tracer test results proved the connection of the southern part of the aquifer and
the Orehovske ponikve sinking stream with the Poli¢ek spring at high waters. At
low waters, the underground waters of the southern part of the aquifer flow towards
the Pivka River situated further to the east (not shown on Fig. 1) (Gospodari¢
et al. 1970). The second tracer test performed at medium waters proved the connec-
tion of the Crmelice sinking rivers with the Korentan spring. The groundwater flow
velocity was estimated to be 25 m/h and the tracer recovery at 71 % (Schulte 1994).

The main outflow from the Orehek karst aquifer, the Korentan spring, is a
typical karst spring, characterized by rapid, sharp responses to precipitation
events. Spring discharges range from a few I/s to about 3 m%/s with an average
of 0.2 m3/s. Based on the results of tracer tests and the water balance method, the
extent of the spring’s recharge area has been estimated and delineated to 6 km?
(including the non-karst part of the catchment: Petri¢ and Sebela 2004). The
results of the water balance calculations infer, that the Orehovske ponikve sink-
ing stream drainage area (marked as “Temporary, not confirmed” on Figs. 2 and 4)
does not belong to the Korentan spring catchment.

The results of daily and hourly time series analysis show low memory
effect for discharge and high memory effect for electrical conductivity and
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temperature of the Korentan spring. The storage capacity of the Orehek karst
aquifer is therefore small, meaning that the spring reacts instantly to the pre-
cipitation events in the catchment, which is typical for small and well karstified
karst systems (Kovaci¢ 2010). Small variations in the values and high memory
effect of electric conductivity and temperature of the spring show that the auto-
genic recharge is of much greater importance for the spring as the recharge from
the Crmelice sinking river.

Korentan has been used for local drinking water supply in the period 1955—
1972. A few years ago its reactivation as a reserve source has been discussed and
a source vulnerability map using the EPIK method has been prepared in order to
determine the water protection zones (Fig. 2). The map shows predominance of
Moderate to High vulnerability of the aquifer. Very high vulnerability has been
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Fig. 2 Vulnerability map obtained with the EPIK method (Petri& and Sebela 2004)

assigned to sinkhole drainage basins and to areas with well-developed epikarst
(Petri¢ and Sebela 2004; Kovaci¢ and Petri¢ 2007). Unfortunately, until now no
protection zones and regimes have been implemented and no further effort for the
spring’s re-utilization has been made.

3 Methodology

In this study, two methods for assessing groundwater vulnerability, the COP+K
(Vias et al. 2006; Andreo et al. 2009) and the Slovene approach (Ravbar and
Goldscheider 2007) have been applied in the Orehek karst. Both methods take into
account the specific properties of karst. The vulnerability assessment includes the
geological, hydrological, and hydrogeological characteristics of a karst system and
the precipitation regime. Relative to the purpose, two types of vulnerability assess-
ment are available: for resource and for source (Daly et al. 2002). Assessment of
resource vulnerability includes parameters that control the flow of infiltrated water
from the surface all the way to the water table. Here, relevant factors include the
permeability and thickness of the soil and rock composing the unsaturated zone
(named O factor) and the concentration of runoff as influenced by topography, the
karst features, the vegetation cover (C factor), and the distribution and intensity of
precipitation (P factor). The additional K factor, which considers the characteris-
tics of water flow in the saturated zone, makes it possible to assess the vulnerabil-
ity of a water source.
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The COP method (Vias et al. 2006) was primarily designed for resource
vulnerability assessment, but was later adapted for source vulnerability assessment
and named COP+K (Andreo et al. 2009). The Slovene approach (Ravbar and
Goldscheider 2007) is based on the COP method for assessing resource vulner-
ability; therefore, some of the factors are differently scored or classified. In addi-
tion, the Slovene approach has been extended for source vulnerability mapping.
It also offers the possibility of considering the temporal variability of hydrologi-
cal conditions and the linked protection of surface waters and groundwater. The
method additionally includes guidelines for hazard and risk assessment, and con-
siders the value or importance of a groundwater source or resource.

In order to analyze and compare the resulting maps, the sensitivity analysis
techniques have been utilized. This technique provides valuable information on the
influence of each parameter on the final index. The maps have been fragmented to the
“unique condition subareas” (UCS). A UCS contain one or more zones (consisting of
pixels) where a unique combination of different parameters compose the final vulner-
ability index (Gogu and Dassarges 2000). Then the sensitivity can be evaluated as:

Vi Vi

Syi = N . (10.1)
where Sy is the sensitivity (for the ith UCS) associated with the removal of one
map (of the X factor), V; is the vulnerability index original on the ith subarea, V;
is the vulnerability index of the ith subarea calculated without considering the X
factor, N is the number of maps used in primary suitability (3) and n is the number
of maps used in perturbed suitability (2).

The sensitivity of each parameter for the whole catchment area is:

Z (Sxi : Axi) (10'2)

S — i=1
m

where S is the sensitivity associated with the removal of one map from the whole
catchment area, Syj is the sensitivity (for the ith UCS) associated with the removal
of one map (of the X factor), Ay; is the percentage of surface area of each UCS
and m is the number of UCS.

As the values of the O factor vary from 1 to 15, while those of the C and P fac-
tors vary from O to 1, it is necessary to divide the O value by the maximum value
possible (15). Thus, all the variables have the same range (0—1) and the distortion
produced in the sensitivity analysis results by the differences between the values
of the factors is eliminated.

This technique was applied, amongst others, by Gogu and Dassargues (2000)
for the EPIK method, by Pételet-Giraud et al. (2000) for the RISKE method and
by Marin et al. (2012) for the PaPRIKa and COP methods.

Cross-correlation analysis of daily precipitation-discharge data, autocorrelation
analysis of temperature and electric conductivity of the Korentan spring and water
budget calculations of the aquifer have additionally been made to better character-
ize the aquifer system.
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4 Vulnerability Maps: Results and Comparison

Figures 3 and 4 show the resource vulnerability maps and the percentages of vul-
nerability classes. According to both methods, the karst aquifer is generally char-
acterized by High vulnerability with some patches of Moderate vulnerability. This
is using the COP method influenced merely by the land use, density of vegetation
cover and slope inclination, while using the Slovene approach by the thickness of
the soil cover, location of the morphological features and the temporal variability
of the hydrological conditions.
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Table 1 Average sensitivities of parameters for the whole aquifer
UCS C o P

COP method 45 0.17 0.25 0.04
Slovene approach 53 0.11 0.29 0.03

The main difference between the vulnerability methods concerns the catch-
ment areas of the sinking streams. These are characterized by significantly
lower vulnerability by the Slovene approach due to consideration of temporal
variability of hydrologic conditions and lower score of the variable distance to
swallow holes.

The results of the overall sensitivity analysis show, that both vulnerability
assessments are highly sensitive to the O factor, less sensitive to the C factor and
almost insensitive to the P factor (Table 1). The insignificantly small influence of
the P factor to the final degree of vulnerability using the COP method has been
previously also reported by Vias et al. (2010).
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Figures 4 and 5 show the Korentan source vulnerability maps and the percent-
ages of vulnerability classes. Evaluation of source vulnerability mainly depends on
data of predominant groundwater flow directions and velocities.

These resulting maps are consistent with the results of the daily precipitation-
discharge cross-correlation analysis that point to high vulnerability of the Orehek
karst aquifer as well. The results proved fast reaction of the Korentan karst spring
discharges to precipitation events and low storage capacity of the system, which is
characterised by shallow vadose zone.

Both, the COP+K and the Slovene approach methods clearly differentiate the
direct recharge area from the southern sector of the aquifer, the connection of
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which has not been proven with the Korentan spring. In this area, vulnerability
is considered Low. The COP+K shows significantly larger areas characterized
by higher vulnerability in comparison to the results obtained with the Slovene
approach. A distinct difference between the two maps is due to the weighting of
the groundwater travel time and the K factor. In addition, the southern part of the
aquifer that is presumably not drained by the Korentan spring is by the Slovene
approach classified as of Low vulnerability, whereas the COP+K method classi-
fies it as of Moderate and Low vulnerability. Nonetheless, lower vulnerability of
these areas is in accordance with the results of autocorrelation analysis of tem-
perature and electric conductivity of the Korentan spring and water budget calcu-
lations of the aquifer that show that sinking rivers have very little or insignificant
influence on spring water. The Korentan spring is mainly recharged by diffuse
infiltration.

5 Conclusion

So far three vulnerability mapping methods have been applied in the Korentan
spring catchment (including EPIK; Kovaci¢ and Petri¢ 2007) resulting in three
very different source vulnerability maps. Many studies have demonstrated that
the application of different methods for vulnerability mapping at the same test site
produced different or even contradictory results despite the use of the same data
(e.g., Vias et al. 2005; Neukum and Hotzl 2007; Ravbar and Goldscheider 2009;
Marin et al. 2012, and others). The present study showed that it is even so in the
case when methods are based on the same methodological procedure, the same
type of information, categorized by the same factors. The scoring, classification
and weighting of individual parameters plays the most important role in assess-
ing vulnerability degree. However, unless the results are verified, it is not certain
which method produces the most reliable results.

In this study, the COP+K method and Slovene approach that are very similar
methods have been further analyzed by sensitivity, cross-correlation and auto-
correlation analysis. The results show that the COP+K vulnerability maps are
merely influenced by the land use, karst features, vegetation density and slope
inclination data that compose the so-called C factor, and by the distance to the
water source. The Slovene approach vulnerability maps are, on the other hand,
influenced by thickness of the soil cover, morphological features and temporal
vulnerability. The performed correlation analysis showed high vulnerability of
the aquifer, its fast reaction to precipitation events and low storage capabilities,
and justifies the introduction of temporal hydrological variability into the vulner-
ability mapping.

In the future, various conventional hydrogeological methods and techniques
(hydrograph and chemograph analyses, tracer tests at different hydrological con-
ditions), and previous studies of hydrodynamic response of the Korentan spring
(Jemcov and Petri¢ 2009; Petri¢ and Sebela 2004) should be used to evaluate the
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obtained vulnerability maps and to verify the used methods in detail. As only reli-
able and objective interpretation of vulnerability indices can serve as a basis for
the alternative protection zoning in karst, these should be as reliable as possible.
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Study of Subterranean Floods in Oceanic
Subpolar Karst of Madre de Dios
Archipelago (Patagonia, Chile)

Laurent Morel, Stéphane Jaillet, Richard Maire,
and Members of Ultima Patagonia

Abstract Madre de Dios archipelago is located, at 50°30" S, on the Pacific front.
The karst areas in the reef limestone of Upper Paleozoic of Chilean Patagonia have
long remained unexplored because of their remoteness, difficult access and very
inhospitable cold, wet and windy climate. The annual rainfall is 7-8 m/year~! and
the average wind speed reaches 70 kmph~! almost unidirectional (W to NW), and
involve strong floods at a high rate. To study the flood dynamics, several under-
ground sites have been instrumented in 2008 and recovered in 2010.

Keywords Flood ¢ Karst ¢ Cave ¢ Instrumentation ¢ Patagonia ¢ Chile

1 Introduction

Madre de Dios archipelago is located at 50°30" S, on the Pacific front, on the isotherm
+7 °C, at the northern limit of the subpolar isothermic climate (Maire et al. 1999;
Fig. 1). The karst areas of Chilean Patagonia have long remained unexplored because
of their remoteness, difficult access and very inhospitable cold, wet and windy climate.
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Fig. 1 Average of rainfall and temperatures in Guarello during the 2004-2007 period

Fig. 2 Location map of
Madre de Dios archipelago

The average wind speed reaches 70 kmph~' and the winds can regularly exceed
100 kmph~! (Fig. 2). The annual thermal amplitude is weak, about 56 °C. The day-
time temperatures are rarely negative at sea level. Annual rainfall is 7-8 m/year™!; it is
very well-balanced, with average precipitation evenly distributed throughout the year.

In protected places, the vegetation is characterized by the primitive magellanic for-
est with the genus Nothofagus inherited of Gondwana. The southern edge of Madre de
Dios was almost completely covered by ice during the last cold period, except for some
limestone nunataks. The Permian and Carboniferous limestones (Tarlton limestones)
are located between volcano-sedimentary formations of Upper Paleozoic on South and
West (Duque de York formation) and the Mesozoic granites of the Patagonian Batholith
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on the east. These carbonates, with many dikes, correspond to corallian paleoreefs, part
of an accretionary prism of the Gondwana paleocontinent. Recent Kr—Ar dating of
biotite indicates 133—140 Ma for the intrusions in limestones related to the magmatic
activity of an ancient volcanic arc (Sugden et al. 2005; Maire et al. 2009a). Some resid-
ual fragments of the old oceanic floor (Denaro Complex) were observed.

The first reconnaissance of the French association Centre-Terre was made in
1995 by a four-caver team aboard a tiny fishing boat and allowed a brief incursion
on Diego de Almagro at 51°30 S (Pernette et al. 2009). The aim was to verify
the presence of karst and possible cave systems on some of the isolated islands.
Four other expeditions took place in 1997, 2000, 2006 and 2008. The discovery
of Kawésqar remains (burial sites) and paintings, the giant dissolution runnels, the
“rock comets” (wind-oriented solution features), the Whale Cave with many whale
bones located between +6 and 437 m high (Maire et al. 2009a), and many other
discoveries confirmed the important archaeological and geomorphological poten-
tial. This exceptional karst, called the “Marble Glaciers”, is determined by the
absence of frost below 500 m a.s.l., the huge rainfall and the strong winds coming
from the Pacific Ocean (Jaillet et al. 2009, 2010, 2011; Maire et al. 2009b).

To study the flood dynamics and their frequency, different underground sites
have been instrumented in 2008 and the data recovered in 2010. During heavy rain-
fall most of the caves are partially flooded. In order to study and to understand these
systems, three kinds of different underground networks were instrumented with
“Luirographes”, special data loggers measuring the pressure and the temperature of
water (Morel et al. 2009).

In 2008, four sites have been studied: (1) North Tarlton for exokarst runnels;
(2) Mask Sinkhole (Guarello), an underground river fed by three lakes at the con-
tact sandstone-limestone; (3) Plein Cintre cave (Madre de Dios), a young karst
spring situated on Soplador hillside; and (4) Kawtcho Sinkhole located at the bot-
tom of the valley, in the extension of the Soplador fjord. It collects part of this val-
ley’s water with an average flow of a few hundred litres per second.

In these sites the water level (function of water flow) and temperature have
been recorded during two years with a time step of three minutes. These sites
present different dynamics, with an underground river fed by exokarstic lakes and
rivers. The caves develop in contact with sandstone and limestone. The rainfall is
very high and involves strong floods. The results will provide knowledge about
the rising time, the number and intensity of floods depending on studied sites.
The accessibility conditions are an important parameter. All of them can be easily
reached in one to four hours walking distance.

2 Data Logger: The Luirographe

The Luirographe is an apparatus to measure and to record the fluctuation of water
level (discharge); it has been used for the first time in the Cave of La Luire, Vercors,
in the French Alps (Morel 2010). This instrumentation is based on the principle of
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Fig. 3 Typical solution
runnels with steps in Madre
de Dios

water absolute pressure at a specific point. It can continually record for several years
with a frequency of acquisition varying from one second to several minutes.

Friction losses: Any type of moving fluid has energy losses depending on the
state of the surface (and hence of friction) against the walls. These losses are related
to a reduction of pressure (or open water level) and are oriented to the direction of
water flow (Morel and Lismonde 2010). In addition, the friction losses increase as
a function of the water velocity. These friction losses depend on the wall roughness,
but also of obstacles (flow disturbances) such as bends, boulders and any change of
the conduit section. The unit is the pressure and does not depend on ambient pres-
sure. This water level is a function of the water flow collected by the cave. Without
flow measurement, it is impossible to link the water level with flow.

3 Presentation of the Studied Site

3.1 Exokarst Runnels n°l1

The exokarstic runnels are a typical dissolution feature of Madre de Dios (Fig. 3).
These drainage forms represent hydrologic networks in miniature. All the major
parameters of terrestrial karst erosion are there: fluvial erosion, meander formation,
regressive erosion. Runnel floods have been observed at nearly every rainfall.

The rate of surface dissolution is estimated at more than 100 mm/millennium from
glacial erratics, exhumed dykes or historical paintings, the most important known in
the world. The experimental site (2008-2010) has been achieved to understand the
karstic dissolution on limestone in subpolar oceanic setting (Jaillet et al. 2010, 2011).
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Fig. 4 Cross section of Plein Cintre cave
3.2 Karst Spring of Plein Cintre, Site n°2

The cave of Plein Cintre is a young karst spring situated on the left side of
Soplador valley. The entrance is a large porch and the cave is a labyrinth galleries
system. This cave is crossed by an underground river cut by several waterfalls and
ending with a sump (Fig. 4). In the upper galleries some parietal clayey depos-
its can be observed and show oldest flooded galleries. Remnants of fluvio-glacial
deposits (pebbles, sands, silts) are visible in some places. The Luirographe has
been installed outside, just near the exit, upstream of a threshold.

The recordings indicate the underground river flow is similar to the exokarstic
runnel flow. Floods have been observed at nearly every rainfall. The increasing of
water level does not exceed 30 cm. The catchment of about some km? is constituted
of open cracks and barren karren, and the cave develops very close to the surface.

3.3 Kawtcho Sinkhole, Site n°3

The Kawtcho sinkhole is located in the valley of Seno Soplador at the contact of lime-
stone and sandstone. A river with a flow rate of several tens of I/s enters in the sinkhole.
During high waters, the water level can reach up to 425 m; at that moment the cave is
flooded completely with a lake in the entrance. The sinkhole drains a part of the water
of the Soplador valley. The mean temperature water is 8 °C, and it is colored red brown
by tannin of peatbogs. The cave ends with two siphons (+0 m a.s.l.) and the resurgence
is probably located under the sea level in the Seno Soplador (Fig. 5).

3.4 Grotte du Masque, Site n°4

The “grotte du Masque” is located at the bottom of a large depression south of
Guarello, at the contact with limestones and sandstones. Two rivers disappear
inside two different sinkholes separated by a hundred meters. A dry gallery of 4 m



156 L. Morel et al.

S:50° 18,849
W 75° 21,703
alt:44m

0 50 m

CENTRE-TERRE PATAGO @

Fig. 5 Cross section of the Kawtcho sinkhole

in diameter, with sediments on the floor, is reached by an upper entrance. Two
rivers join each other at 60 m deep and some hundred meters before the terminal
siphon (Fig. 7). Outside, the first river is fed with a lake that is fed by another one;
this river goes to the Masque sinkhole. The Plume Sinkhole is fed with the second
river that is fed with a third lake (Fig. 6). The Magellanic forest and peatbogs cover
a large proportion of catchment estimated to 3 km?. This configuration has a direct
impact on the hydrogeological dynamic, as will be discussed below.

4 Study of Recordings on the Different Sites

The rain falls discontinuously; however, the water flow is smoothed and depends on
the studied site. Three parts could be observed on the flood hydrograms: rise and fall
times, short recession curve. The recession curve, the rise curve and the fall times are
different according to the site. The signal is naturally filtered by the cave. The char-
acteristics of this filter and the time constant are the signature of the karst system.

A hydrogram of Kawtcho sinkhole and Plein-Cintre spring is presented in
Fig. 8. The pressure sensor records the atmospheric and water pressure. Therefore,
for Plein Cintre the water level is nearly the same value; however, the atmospheric
pressure fluctuates more slowly than the water pressure. For example, a reduction
of pressure is observed the February 12th and an increase of pressure just after. At
midday a flood is observed, but not in the Kawtcho sinkhole. Just before the 12th,
a very short reaction time was observed between the two caves of less than one
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hour. The reaction time is a quarter of an hour for the Plein-Cintre from the begin-
ning of the rainfall. Reaction time is confirmed by many floods.

The flood hydrogams of Kawtcho and Masque are presented in Fig. 9. Here
again, the curves of Masque cave are smoothed compared to Kawtcho, for exam-
ple, for the floods of February 24th. The time reaction between the two caves is
about one or two hours depending on the floods.

The sorted water level of Kawtcho is presented in Fig. 10 during a two-year
period. For more than half the year the cave has at least a few meters of water
level. This curve is monotonic and decreasing because of the simple organization
of the pipe (tube). The same curve type is found for Masque cave.
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Fig. 9 Kawtcho and Masque hydrograms, February 2008

Another characteristic of these three networks is the speed of water floods. On
the hydrograms the flood curves are smoothed and depend on the type of cave.
For Plein-Cintre resurgence the time reaction to a rainfall is much quicker than
for Kawtcho and the Masque cave. To compare these results, the hydrograms are
standardized, that is to say the maximum water level recorded is brought to 100 %
for each cave. In other words, the maximum flood “measures” 100 %. The speeds
of rising are calculated on these standardized curves (Fig. 11). The unit of these
speeds is in percent per hour. For the Plein-Cintre the maximum speed recorded is
65 % per hour; for the Kawtcho it is half and for the Masque six times less.

The ranking of importance of floods is presented in Fig. 12. The water levels
are standardized in the aim to be compared (the maximum flood is brought to
100 %). The Masque curve is smoothed for large floods. This graphic represents
one of signatures of these networks.

It is possible to determine hydrological characteristics of these networks if the
spring discharge is known. However, only a few emergences above sea level have
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been discovered on Madre de Dios archipelago while other springs are submarine.
Most of the karstic systems have been formed during the last ice ages when the
ocean level was lower than now.

More examples could be given for other caves. The flash flood that occurred in
February 2000 in a sinkhole cave (“Perte du Futur”) is remarkable for its sudden-
ness. The response time was only fifteen minutes between the exokarstic flow into
the runnels and the water wall running in a steep gallery located 150 m below the
surface. There is no reserve of water in the epikarst zone because of the open frac-
tures as shown in the hydrograms of Plein-Cintre. The lack of an epikarstic aquifer
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is proved by the flow regime. Without rainfall, the subterranean rivers are fed only
by water stockage situated in the impervious sandstones. For example, this water
storage feeds the Masque sinkhole. The only reserves of water are situated in the
phreatic zone; however, it is difficult to estimate the dynamic volume and the per-
manent volume without true recession curve.

5 Conclusion

Four sites have been studied: a resurgence, an exokarstic runnel, a system of
lakes and a sinkhole. Several types of subterranean floods are presented in these
four examples. Many floods have been recorded because of high rainfall spread
throughout the year. These hyperhumid, karsts situated in the Roaring Fifties, in
the subpolar oceanic zone, have allowed a better understanding of this very origi-
nal underground hydrology. An important research work must be continued.
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Characterizing the Hydrogeology of Bell
Harbour Catchment, a Coastal Karstic

Aquifer Influenced by the Tide and Affected
by a Saltwater Intrusion

M. Perriquet and T. Henry

Abstract A hydrogeological study focused on a karstic aquifer of a small
catchment (~50 km?) located on the south coast of Galway Bay is described. The
key aim of the study is to better understand the freshwater/seawater interaction
in this coastal region west of Ireland. Discharge from the catchment is entirely
through intertidal diffuse springs and submarine groundwater discharges (SGD).
Logging of temperature, conductivity and water levels at coastal springs, turloughs
and boreholes in the catchment is underway; water samples have been recovered
for chemical analysis and water tracing has been undertaken. Initial results clearly
show a tidal influence up to 2.5 km inland and an intrusion of seawater at least up
to 1 km inland. This saltwater intrusion varies, depending on the balance between
the tidal periods (spring/neap) and the groundwater level.

Keywords Coastal karstic aquifer ¢ Saltwater intrusion ¢ Hydrogeology
Catchment discharge * Ireland

1 Introduction

Understanding the interaction of fresh and sea water in coastal karst systems is criti-
cal for current and future water management, especially in the context of various EU
Directives (Water Framework Directive, Floods Directive, Marine Strategy Framework
Directive) and in the context of the potential impacts of changing weather patterns
and sea levels. The complex behaviours of groundwater in karst systems highlight
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the needs for detailed data collection and analysis at the field scale. Additional
complexities areas added in coastal karst areas where sea water and groundwater inter-
act. This study is focused on developing a better understanding of salinity intrusion
in a relatively small groundwater body in a large, regional scale karst aquifer system
in the west of Ireland. The catchment—Bell Harbour Catchment—was chosen due to
its relatively small size and its fairly well-defined boundaries (Drew 1990). It is a sub-
catchment of a much larger karst catchment (the Gort-Kinvarra Lowland Catchment).

The study catchment covers an area of around 50 km? which is located in a
large karstic region called the Burren (Fig. 1) and is defined by upland areas to
the west, south and east at an altitude of about 300 m. Drainage is to the north to
Galway Bay via Bell Harbour.

The Burren Region is one of the most extensive limestone karst areas in north-
western Europe covering an area of approximately 600 km? (Gallagher et al. 2006).
The geology is dominated by massive or bedded Carboniferous limestone of several
hundred metres thickness with interbedded chert, shale and dolomite horizons. The
area is bounded to the east by limestones of the Gort Lowlands and to the south by
sandstones and shales. Within the study area the geology is dominated by limestones
of the Burren and Slievenaglasha Formations, all of which dip gently (2-3°) to the
south (Fig. 2). The Burren Formation limestones are generally pale-grey and thickly
to massively bedded with occasional cherty intervals (Pracht et al. 2004). The lower
boundary of the Burren Formation is marked by a laterally continuous dolomite
horizon while the upper boundary is formed by an irregular paleokarst surface. This
latter boundary is visible at coastal outcrop and forms the base of the Slievenaglasha
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Formation. The rocks of the Slievenaglasha are predominantly thick-bedded, pale
grey crinoidal limestones whose upper boundary (in south County Clare) is marked
by a thin phosphatic and cherty micrite and shale (Sleeman and Pracht 1999).

Late Palaeozoic deformation of rocks in Ireland occurred with the continental
collision forming Pangea. While the effects of this collision are apparent in the
rocks in the southwest of Ireland, the succession in South Galway is largely undis-
turbed (Graham 2009). The limited deformation of the succession in the north of
the Burren has been attributed to the stabilizing presence of a southward continu-
ation of the Galway Granite pluton. The main structures across the entire region
are sub-parallel east-west to east-north-easterly trending, gently plunging folds
with wavelengths up to 500 m (Pracht et al. 2004). Only two faults are mapped in
the Burren region, one of which is in the western part of the current Bell Harbour
Catchment study area. This fault, which is known as MacDermott’s Fault, runs
approximately north-south and shows a slight sinistral displacement of mem-
bers of the Burren and Slievenaglasha Formations. Geophysical investigation of
this fault is being completed, using electrical resistivity tomography, as part of
this ongoing research. Initial indications suggest that the fault extends beyond
its current mapped extent running under Bell Harbour (O’Connell, Personal
Communication 2012). Joints and veins are extensive throughout the area. The
veins are clustered, non-stratabound fractures formed in response to north-south



166 M. Perriquet and T. Henry

compression during the Variscan, while the joints occur in stratabound fracture
networks formed during uplift (Gillespie et al. 2001).

By the early Cenozoic, an extensive and thick cover of Upper Carboniferous (and
possibly younger) clastic sediments (sandstone, silts and shales) covered the entire
region. Under the temperate, humid climatic conditions that dominated through the
Cenozoic in Ireland limestone dissolution and associated surface lowering rates
exceeded the erosion rates of the clastics, allowing the development of limestone
lowlands overlooked by steep, Namurian clast-capped scarps (Simms 2003). By the
Pliocene, it is likely that the northern scarp of the Burren had retreated to roughly
its present location creating the lowland landscape to the east of the present study
area. During this time the Namurian clastic cover in the Burren plateau area was
largely unbroken and drained by an extensive surface drainage network. Where these
drained onto limestone, they dissolved out the limestone leading to significant lower-
ing. The major valley that is the focus of this study (Bell Harbour) resulted from sur-
face dissolution rather than direct erosion by surface streams. The scale of this valley
suggests that it developed early in the evolution of the Burren plateau (Simms 2003).

The Burren and Slievenaglasha Formations are largely composed of pure lime-
stones that are susceptible to dissolution, leading to the formation of distinctive karst
topographic features such as turloughs (seasonal lakes largely fed by and draining to
groundwater), swallow holes, sinking streams, limestone pavement, caves and large
springs. The landscape in the Burren region (and in the study area) is among the
best examples of karst landscape in Europe and is the finest example of karst terrain
in Ireland (Drew 2001). There are thought to be three main groundwater flow sys-
tems operating in this region: (1) rapidly draining epikarstic (shallow) systems made
up of solution conduits and joints; (2) deeper discrete conduit flow systems where
flow is through major dissolution conduits and fracture conduits; and (3) dispersed
fissure/joint systems linked to the larger conduit systems. In the study area there
is little evidence of surface drainage features and soil cover is thin or absent in the
upper portions of the catchment; drainage is almost entirely by groundwater flow.

Annual precipitation in the area averages approximately 1,500 mm with an
annual effective rainfall estimated at 980 mm. The rainfall occurs throughout the
year though the spring and early summer months tend to be drier. Recharge in
the catchment is mostly diffuse through the large area of limestone pavement in
the upper portion of the catchment, and, as is typical for the region, water drains
almost wholly by underground channels directly to the sea via submarine or lit-
toral diffuse springs. Aquifer storage is low and during extended wet periods the
conduit systems can back up leading to the development of three groundwater-fed
and draining seasonal lakes (turloughs) which may persist for weeks or months
on the landscape. Five intertidal springs have been located in the eastern edge of
Bell Harbour (Fig. 3). The lower portions of the extensive underground drainage
system may be affected by saltwater intrusion especially during high tides and or
following extended dry periods when groundwater discharge is limited. Moreover,
this salinity intrusion can be influenced spatially by the geology and the topogra-
phy of the catchment as well as by the location, size and shape of the conduits/
fractures which carry the groundwater flows.
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Fig. 3 Location of the hydrogeological elements into Bell Harbour catchment

The research focuses mainly on understanding the relationship between tidal
level and groundwater chemistry, using groundwater level and specific conductiv-
ity values collected in boreholes, turloughs, springs and in the bay. Time series
analysis will be used, among other tools, in the aim to define the tidal influence
into the catchment over time. Moreover, a method to evaluate the quantity of
freshwater discharging into the Bell Harbour bay from submarine and intertidal
groundwater discharge (SiGD) is applied.
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2 Materials and Methods

This project is the first detailed groundwater study to be undertaken in this
catchment and detailed data collections have been completed on the field and are
ongoing:

e A karst geomorphological investigation is in progress, the focus of which is
mapping the most important land karst features of the area;
e Water samples from thirteen (13) boreholes, three (3) land springs, seven (7)
marine springs, one (1) cave and two (2) turloughs were recovered in March
2011 for chemical analysis (analysis undertaken focused on the abundance of
major anions and cations);
Discrete discharge measurements of the five coastal springs have been recorded
on a monthly basis over a one-year period;
e Discrete water level measurements using a dip meter have been recorded in nine
boreholes and specific conductivity (SpC) values have been collected at five
intertidal springs on a monthly basis over a one-year period.
In Situ Aqua TROLL 200 loggers have been installed in five boreholes (B03,
B05, B0O8, B57 and B59) and CTD-Divers are sited at three permanent or sea-
sonal lakes and two coastal springs. The in situ loggers are connected with a
vented cable to take account for atmospheric pressure. This sensor can resolve
pressure level to +0.05 % Full Scale, temperature to +0.01 °C and SpC to
40.1 puS/cm. A Baro-Diver installed adjacent to borehole B0O5 allows for com-
pensation of the pressure measurements from the CTD-Divers. These sensors
can resolve pressure level to 1 cm H,O, temperature to +0.01 °C and SpC to
40.1 uS/cm. Two SBE 37-SI MicroCats have been ballasted at the bottom of
the turloughs and two others are hung on mussel float lines in Bell Harbour bay
at 1 and 6 m below the water surface. Pressure readings are not taken for Bell
Harbour MicroCats because of tidal movement and fluctuation. These sensors
can resolve pressure level to £0.1 m, temperature to +0.0001 °C and SpC to
40.1 uS/cm. The logging interval is 15 min for all of the sensors. An RTK GPS
survey of all wells, springs and collection points has been completed to relate
all water levels collected above Mean Sea Level (MSL).

3 Results

The collection of the data is still on-going but already early results are presented
here, and can be grouped into three main areas:

1. Data from the various loggers are used to understand the principal character-
istics of the aquifer and to explore the relationship between rainfall events and
well water levels;

2. All of the data sets are used to better understand the influence of the tide on
saltwater intrusion; and,
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3. Estimation of the submarine and intertidal groundwater discharge into the bay
has been attempted to better understand temporal fluctuations in groundwater
quantities.

3.1 Aquifer Water Level Changes

Water level measurements in the five boreholes logged show a range of responses
(Fig. 4). During a period of base flow, boreholes BO3, BO5 and B08, located within
1 km of the sea, have almost the same elevation (~2 m above MSL). The base-flow
elevations from boreholes B57 and B59 (~2.4 km from the shore in the middle of
the valley) are 7 and 10 m above MSL, respectively.

The responses after a rainfall event are shown in Table 1. Borehole B03 is com-
pleted in the solid limestone matrix (or in fracture system not well connected with
an active conduit), and it shows slow storm responses and only small changes in
water levels for the two rainfall events. It is also affected periodically by pumping
effects with a large drawdown of 5 m. BO5 shows rapid storm responses and fairly
large rises in levels which suggests it is well connected to an active conduit system
and that recharge reaches it rapidly. BO8, B57 and B59 display amplitudes of 10 m
each: suggesting that a large volume of groundwater discharges through the valley.
B57 responds quickly, suggesting it is near a conduit system, probably the large
mapped NNE-SSW trending fault (MacDermott’s Fault).
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Table 1 Delay and amplitude of the water level changes in the five boreholes between the first
rainfall input and the maximum of water level rising for two major rainfall events

Rainfall event October 31, 2010-November 5, 2010 January 10-15, 2011

Intensity of rainfall 11 mm/day 13 mm/day

Boreholes Amplitude (m) Delay (h) Amplitude (m) Delay (h)
BO3 ~4 ~48 ~4 ~48

BO5 ~6 ~18 ~6.5 ~24

BOS ~10 ~35 ~10.5 ~35

B57 N/A N/A ~10.5 ~18

B59 ~10 ~43 ~9 ~41
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Fig. 5 Tidal influences observed in water levels recorded in five boreholes from the 20th to the
26th of December 2010

3.2 Tidal Influence and Seawater Intrusion

Water levels recorded in the five boreholes are all tidally influenced (Fig. 5).
Amplitudes vary from 0.04 m for water levels at B59 to 1.4 m for water levels at
BO5. Tidal efficiency—the ratio between the amplitude observed at a borehole and
the amplitude of the tide in the bay—values were calculated (Table 2). The lag
time observed with the Galway tide is from 1 h 35 min at Borehole BO5 to 8 h and
45 min at B59. Small variations observed in water levels of boreholes B0S5, BO8
and especially in B57 are only due to pumping effects.

Examination of borehole BO5 SpC data shows the largest variations associated
with tidal influence (Fig. 6). Fluctuations of SpC are stronger during spring tides
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Table 2 Distance from the shore, average tidal efficiency and lag time estimated for the
5 boreholes

Distance from the shore (m) Tidal efficiency (m) Lag time
BO3 560 0.058 3 h 30 min
BO5 265 0.445 1 h 35 min
BO8 1,065 0.174 2 h 00 min
B57 2,400 0.131 3 h 35 min
B59 2,300 0.005 8 h 45 min
10 1400
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Fig. 6 Water levels recorded at Oyster spring with water levels and SpC of Borehole B-05 from
10/11/2010 to 02/02/2011

(generally varies between 60 and 110 uS/cm) than during neap tides (vary between
10 and 40 pS/cm). During base-flow periods the SpC is close to 650 uS/cm and
can drop to 380 uS/cm during a high rainfall event (during which the water level
rises about 6.5 m). A high peak of SpC (1227 ps/cm) was observed on December
26, 2010. This occurred during a spring tide and when the Oyster spring was com-
pletely dry (from December 13, 2010 to January 10, 2011) and precipitation was
very low (<50 mm from December 12, 2010 to January 9, 2011). The water level
was the lowest recorded (1.7 m above MSL at low tide) since August 2010 during
this same period. This high peak of SpC can be associated with a seawater intru-
sion into the aquifer which occurred during a period of low rainfall and high tidal
amplitude.

Only the SpC data recorded at borehole BO8 has similar tidal variations with
smaller amplitude. However, no saltwater intrusion is observed into this borehole
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over the time period. The other boreholes are either further inland (B57, B59) or
not well connected with the conduit/fracture system (B03) and their SpC data does
not show any fluctuations due to the tide or a saltwater intrusion.

3.3 Submarine and Intertidal Groundwater Discharge

An estimation of the groundwater volume discharging into Bell Harbour was made
using the simple tidal prism model. This method is explained in detail in Cave and
Henry (2011): a volume of water available for runoff and a volume of freshwater
discharging into the bay are estimated separately and then compared.

The salinity of water between each high to low tide is averaged and divided by
the maximum salinity measured on the previous flood tide (Eq. 1). This allows for
some ebb water being returned to the bay on the following flood tide. The height of
low water is subtracted from the height of high water for that tide, and the result mul-
tiplied by the surface area of the estuary, to obtain the total volume of water brought
out on the ebb tide. The total ebb tide volume is then multiplied by the freshwater
proportion to obtain the volume of fresh water removed on each ebb tide (Eq. 1). It is
assumed that the water in the bay is well mixed, and that the Microcat salinity values
are therefore representative of the entire thickness of the water column.

1 — (Sgw — Srw)/max. salinity of flood tide x (Hyw — Hrw) x Surface Area

D

) Volume of water brought out
Proportion of freshwater
on the ebb tide

where Spw—Srw and Hpw-Hpw are, respectively, the average of salinity and the
difference of height between high tide and low tide.

The surface area of Bell Harbour has been calculated from LIDAR data to be
1.8 km?2. This formulation was applied for each tidal cycle from the December 2,
2010 to May 31, 2011 (using the salinity data available from the Microcat located
in the middle of the bay).

The Potential Runoff is estimated by the multiplication of the Effective rain-
fall (ER) (Precipitation—Evaporation) with the surface area of the catchment. The
storage term is neglected here due to a regular rainfall through the year. ER was
calculated by averaging the daily rainfall from existing Met Eireann rain gauges at
Ballyvaughan (located west of the catchment near the coast) and Carran (located
inland south-east of the catchment) and subtracting the monthly evaporation data
from the station at Birr, the closest to the catchment.

A total freshwater discharge into the Bay of 7.40 x 107 m? has been estimated
for this 6-month period with the proportion of freshwater averaged at 3.7 % of total
water in the bay, giving a freshwater discharge of 4.7 m*/s (Fig. 7). The total volume
of the potential runoff has been estimated at 470 x 107 m® which is significantly
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Fig. 7 Estimation of the volume of freshwater discharging into the bay plotted with the volume
of the total rainfall

smaller. It appears that the magnitude of the freshwater discharge is over-estimated.
However, this method assumes that the water is well mixed throughout the bay;
however, Bell Harbour bay behaves differently. Indeed, several dark spots into the
bay have been noticed from aerial photographs, and a Microcat had been left just
above one of these which could be a potential SGD. To check the nature of these
possible SGD locations, a horizontal and vertical salinity survey was completed
across the bay on a rainy day in June 2012. Initial results show a drop of the salinity
at the spot where the logger had been left. It may therefore be possible that the salin-
ity measured at this point is under-representative of the salinity of the entire bay.

4 Conclusions

The study of a karst aquifer affected by a saltwater intrusion is complex and
requires large amounts of data from different sources to understand the dynamic of
the saltwater-freshwater interface.

The interpretation of the water level variations in the aquifer shows some dif-
ferences in the spatial behaviour of the aquifer system and can be used to assess
how well or poorly connected each well is to a conduit/fracture system. A rain
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gauge was installed in the catchment in August 2012, and it is anticipated that a
better relationship between rainfall and groundwater level may be estimated using
correlation and spectral analysis.

All the boreholes logged show a tidal influence on their groundwater level with
different lag times and amplitudes. Using these results with the Ferris and Branch
(1952) equations, it is planned to evaluate a transmissivity value at different points
in the aquifer. This method will also be used to better understand the spatial
behaviour of the aquifer. It is also hoped to examine the data for different periods,
for example, during neap or spring tide, or low and high water level to determine
the nature of their impacts.

The estimated SiGD volume entering Bell Harbour has been over-estimated
using the tidal prism method. However, it has been noticed this over-evaluation
might be due to the specific location of the logger which was close to a SGD
point. A horizontal stratification of the salinity has been observed during the recent
survey work, and it will be incorporated into a revised estimate of freshwater dis-
charge to the bay.

The initial results presented here will be refined and subject to reworking cou-
pled with new data from water geochemical analyses, ongoing monitoring of
water levels and SpC in intertidal springs, boreholes and turloughs (which reflect
local water tables).
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Contaminant Attenuation in Karst
Aquifers: A Paradigm Shift

M. Sinreich

Abstract Significant advances have been made in the characterization of transport
and storage in karst aquifers over recent decades. This improved understanding per-
mits further integration of the behaviour of individual contaminants and their specific
transport, enabling comparisons to be made. This has been particularly challeng-
ing as it is necessary to consider different flow components encountered in karst
aquifers, including fast conduit flow and storage in less permeable rock volumes.
Comparative tracing experiments using contaminant surrogates have proved to be an
appropriate method for estimating the specific attenuation of selected substances at
the field scale. Several attenuation processes may be involved and could be identified.
Examples from Swiss karst aquifers highlight the in situ effectiveness of such attenu-
ation processes, some of which can be described using first-order kinetics. It could
be shown that solute and colloid tracers are able to interact with aquifer material
despite the dominance of preferential and conduit flow components. Consequently,
if reactive and/or non-persistent contaminants are involved, the arrival at karst springs
is determined by contaminant-specific properties and hydrochemical characteristics
rather than by the intrinsic vulnerability of the aquifer. This demands more refined
conceptual transport models and also represents a paradigm shift in the assessment of
karst groundwater vulnerability and contaminant attenuation.
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1 Introduction

One of the most cited characteristics of karst aquifers is their particular vulnerability to
contamination, which is linked to fast water flow along conduits, as well as the reduced
effectiveness of natural attenuation processes compared to other aquifer types. The
high vulnerability of karst groundwater is evidenced by numerous studies dealing with
the presence of many types of contaminant found at karst springs once released in the
catchment.

Transport, storage and attenuation are key factors which determine the fate of
contaminants in groundwater and their appearance at monitoring points. While
karst studies over recent decades have led to a better understanding of the hydrody-
namics of such systems and have produced updated conceptual models of transport
and storage, investigation of attenuation processes seems to have lagged behind.

Although contaminant-specific vulnerability has been addressed in relation to
karst groundwater management on a conceptual basis (Zwahlen 2004), research
is still required to provide more information on mechanisms affecting the fate
and transport of specific contaminant types in karst aquifers. The actual paradigm
regarding karst vulnerability features both preferential conduit flow and the by-
passing of protective layers; however, it is still subject to underestimation of atten-
uation potential, as significant interaction between contaminants and rock surfaces
along these passages is neglected.

This paper intends to focus on the potential of karst aquifers to attenuate reac-
tive and/or degradable contaminants during transport and to attempt quantification
of such phenomena on a process-scale. The findings presented suggest a paradigm
shift toward the consideration of attenuation processes and their integration into
karst groundwater transport conceptual models.

2 Contaminant-Specific Vulnerability

Concepts dealing with karst groundwater vulnerability in Zwahlen (2004) consider
transit time and maximum concentration as critical parameters for defining vulner-
ability to contamination. For intrinsic vulnerability, contaminant concentration is
a function of attenuation, which, in turn, is the result of dilution during advective-
dispersive transport. In the present context, however, attenuation rather refers to
reaction processes related to specific vulnerability, defined as an additional effect
dependent on an individual contaminant or contaminant type. According to Fig. 1,
which shows possible classes of karst groundwater vulnerability (Sinreich et al.
2007), consideration of contaminant-specific attenuation processes may lead to a
reduced vulnerability.

Dual porosity and multi-permeability approaches are possible hydrodynamic
conceptual models that may form the basis for specific attenuation assessment
(Fig. 2). Although a fast flow component must always be expected in developed
karst systems (resulting in short first arrival times), slow flow components through
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Fig. 2 Conceptual model for a karst sub-system including a fast flow component and a less per-
meable rock volume, and assuming characteristic attenuation reactions and kinetics in the differ-

ent domains (Sinreich et al. 2007)



178 M. Sinreich

less permeable rock volumes, including storage, also play an important role.
Consequently, discrimination of sub-systems is essential to evaluate their attenuation
potential, assuming distinct hydraulic and hydrogeochemical conditions within each.

For instance, significant water volumes may be put into storage during recharge
events which slowly discharge into the karst conduit network during baseflow.
This may provide significantly longer residence times during which substances
are able to undergo reactions. Storage may thus become a multiplicator for time-
dependent attenuation processes.

3 Comparative Tracing Approach

Although groundwater quality monitoring at karst springs is a crucial tool for
characterizing contaminant transport and its relation to discharge fluctuations, it
often remains qualitative, i.e., no relation to source concentrations. This makes
it particularly difficult to obtain recovery rates or attenuation rates from such
data. Contaminant monitoring by passive sampling can only become quantitative
if combined with an input/output mass balance, as performed by Schwarz et al.
(2011) for the transport of polycyclic aromatic hydrocarbons (PAH). Such com-
prehensive studies are overdue for karst systems though are still rare due to the
significant effort necessary to tackle heterogeneity and transient conditions inher-
ent in this aquifer type.

Alternatively, artificial tracer testing can be used to provide a means for deter-
mining transport parameters on a more quantitative basis. While classical tracer
tests are limited to tracers with conservative behaviour, comparative tracing exper-
iments benefit from specific processes related to individual tracers, which may act
as surrogates for contaminants relevant to karst groundwater. Such experiments are
more conclusive if they are restricted to single processes and distinct sub-systems.

Results obtained from breakthrough curves of a comparative tracing experi-
ment, as presented in Fig. 3 and described in detail in Sinreich and Flynn (2011),
emphasize the remarkable distinction between recovery rates, and attenuation,
respectively, of various substances within the epikarst layer. Attenuation extend-
ing to over more than two orders of magnitude highlights the relevance of some
processes involved, despite fast flow as indicated by the first arrival times and the
steep rise of some tracers’ breakthrough curves.

Similar trends reported from other studies (e.g. Geyer et al. 2007) prove that
tracer-specific processes are involved and that some interaction with the aquifer
surfaces may occur. If viewed in isolation, however, such observations are not suf-
ficient to fully characterize attenuation and related processes and have limited sig-
nificance. Complementary laboratory-scale experiments can solve this problem by
identifying the processes that are responsible for tracer attenuation when aquifer
material is contacted.

Provided that advective-dispersive transport can be assumed, tracer-specific
attenuation can be directly inferred from the divergence in conservative solute and
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Fig. 3 Cumulative mass recovery during a comparative tracing experiment indicating significant
differences for inorganic solutes, organic solutes as well as biotic and abiotic colloids due to spe-
cific attenuation of each tracer

reactive solute breakthrough curves (Sinreich and Kozel 2009). Similarly, particle
attenuation can be deduced if a non-reactive reference particle tracer of identical
size is injected (Sinreich et al. 2009).

4 Process-Based Assessment

In the following, some experiments are briefly described in order to evaluate the
potential of solute and particulate substances to undergo reactions with karst aquifer
material inferred from field tracing in conjunction with information obtained from
laboratory experiments. The aim is to help gain an insight into processes at work
during transport and to highlight the role that both layer and contaminant character-
istics, as well as hydrochemical conditions and variations, can play in this context.

4.1 Layer Characteristics and Reactivity

Layer properties are determined by mineralogical composition as well as micro-
bial activity in the subsurface. The role of biofilms on contaminant fate is manifold
and extends from degradation of organic compounds to providing specific sorption
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Fig. 4 Solute biodegradation in microcosms of karst aquifer materials (/eff) and in situ attenua-
tion rates deduced from tracer breakthrough curves assuming first-order kinetics (right)

sites by altering rock surfaces (Sinreich and Kozel 2009). The example of Fig. 4
highlights the importance of different layer characteristics on solute attenuation,
including residence time within each sub-system

Experiments shown in Fig. 4 investigated and quantified mass removal from
karst aquifers caused by degradation processes (Sinreich 2007). The results of
laboratory batch tests that compared pristine and sterilized aquifer microcosms
suggest that biofilms are responsible for the attenuation of a non-persistent sol-
ute tracer. It concludes that biodegradation is the relevant process responsible for
tracer attenuation under the conditions encountered.

In situ rates deduced from breakthrough curves of a conservative tracer and the
non-persistent tracer for two field tracing experiments exhibit degradation rate in
the saturated zone which was one order of magnitude lower than in the vadose
zone. Given the much longer travel time during saturated flow transport in that
case, mass loss is about 50 % for both sub-systems during the experiments.

4.2 Contaminant Characteristics and Reactivity

Results from a vadose zone experiment emphasize the role of contaminant proper-
ties on attenuation, employing microorganism types of the same size but with dif-
fering sorption characteristics.
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Fig. 5 Breakthrough curves of two virus types indicating significant attenuation of the reactive
type (left). The deduced first-order sorption rate is compared to that of a similarly assessed bacte-
ria-sized colloid tracer (right)

Figure 5 reveals the presence of sorption processes, resulting in differences
in recovery and concentration of similarly-sized colloids which can exceed two
orders of magnitude. Laboratory tests proved that biotic processes are not involved
during the timeframe of the field experiments and that sorption processes must be
responsible for the removal of particulates from suspension. Consequently, sig-
nificant in situ attenuation for both bacteria-sized and virus-sized colloids must
be assumed, due to strong interaction with, and attachment to, rock surfaces. This
is particularly interesting, as colloids have been shown travelling predominantly
along the fast flow component due to exclusion effects, thereby by-passing the less
permeable rock volume (Sinreich et al. 2009).

4.3 Hydrochemical Variations

Physico-chemical reactions are strongly dependent on the ambient conditions
encountered in the system, such as pH, redox, or ionic strength (White 1997). These
conditions may fluctuate widely in karst aquifers, both spatially and temporally.
Figure 6 shows another example of tracing using the same reactive virus type
as in Fig. 5, in order to demonstrate the effect of hydrochemical variations on virus
attenuation over time. Due to the simultaneous injection of ionic tracers during
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the continuous input experiment, the evolution of virus concentration mirrors the
gradual rise of ionic charge in groundwater, expressed by the increasing electrical
conductivity.

A tracer concentration which increases towards unity could be expected for a
non-reactive colloid. Assuming the same virus attenuation rate as for Fig. 5, a con-
stant relative concentration of about 0.12 could be modeled (Flynn and Sinreich
2010). However, as with the change in hydrochemical conditions, the decline in
virus concentration continues until virtually no viruses reach the monitoring point,
despite continuous injection of this tracer. This in turn suggests that all colloids
are able to have contact with rock surfaces and that attenuation is controlled by
virus properties and hydrochemistry, and is not restricted by limited possibilities
for interactions. Modelling results accordingly revealed increasing attenuation
rates with time.

5 Concepts and Conclusions

The current understanding of karst hydrogeology forms a good basis for the
refinement of according conceptual models and expansion to include reactive
transport phenomena which consider contaminant-specific processes. Some prom-
ising approaches have been proposed by several authors, such as Loop and White
(2001) as well as Vesper (2008) for NAPL, Savoy (2008) for degradable com-
pounds, or Schwarz et al. (2011) for PAH. Experimental data from comparative
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tracing is assumed to provide significant input in such developments (Sinreich
2011). Supplemental tools, such as isotope fractionation or modelling approaches,
have the potential to make further progress in this field.

In specific terms, the findings have proven the existence and time-dependent
nature of several attenuation processes in karst sub-systems. As can be seen in the
examples of Figs. 4 and 5, process modelling, which assumes first-order kinetics,
can explain the behaviour of different contaminant types and therefore represents
an appropriate concept in attenuation assessment. Although laboratory experi-
ments can identify the relevant processes which contaminants or tracer surro-
gates undergo in the presence of aquifer material, field-based tracer testing has the
potential to assess the in situ effectiveness of such processes.

These findings contradict the common hypothesis of the insufficient oppor-
tunity for contact of contaminants with reactive surfaces in the karst subsur-
face. In fact, attenuation limitation is suggested to be primarily the result of the
lack of reactivity of some contaminants. If, however, contaminants are prone to
attenuation processes, karst environments are capable of providing a significant
attenuation potential. In conclusion, provided there is a certain reactivity of the
contaminant of interest, attenuation processes must be assumed. This applies to
both solutes and particles as well as for vadose and saturated karst sub-systems.
Attenuation effectiveness is then determined by reaction kinetics in conjunction
with residence time (Fig. 7).

The time-dependency of most processes, therefore, make them less efficient in
karst than in other aquifer types. However, the results also indicate that reaction
kinetics can be very rapid and be able to totally remove contaminants from the
liquid phase within hours. This timeframe makes the processes relevant for karst
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groundwater flow conditions. Furthermore, prolonged residence times are a key
factor for the effectiveness of attenuation processes in karst aquifers, as is the case
with storage volumes or flow through low permeability zones.

The evidence for the in situ effectiveness of attenuation processes, even in
karst, despite its relatively unfavourable conditions, suggest that the hypothesis of
the overall high vulnerability of karst aquifers should be relativized with respect to
contaminant-specific fate and transport in the aquifer. This represents a paradigm
shift in karst hydrogeology and forces karst groundwater transport vulnerability to
be assessed contaminant-specifically, and on a process-scale.
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