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Introduction

Karst and its waters are challenging the entire biodiversity, but above all the
local population and engineers who are constantly trying to adapt karst
behaviour to their needs. What is perceived as a challenge by local population
is the limited water availability, uncertain crops and frequent flooding, while
the engineers are struggling to define water storage and paths, control the flow,
and protect the quality of water saving it from pollution. This is especially
difficult in highly developed karst regions such as the “classic” Dinaric karst.
The area between the Neretva and Skadar basins, shared by Bosnia &
Herzegovina, Montenegro and Croatia - chosen as the venue of the symposium
KARST 2018 - was declared by Jovan Cviji¢, the founder of karstology, to be the
“most completely developed karst anywhere”. A large engineering project to
control the biggest European sinking stream TrebiSnjica and utilise its energy
potential was implemented in Trebinje and its vicinity, laden with large karst
poljes. More than half a century had passed since this project began, and four
decades later we can say that most of it was completed quite successfully. The
project’s experiences and achievements are still intriguing to both
professionals and students, and the conference KARST 2018 can serve as an
opportunity to reminisce and share knowledge and information about its
operation.

It has also been four decades since A. Soderberg wrote the article evaluating the
design and construction of the two dams in Ordovician limestones in
Tennessee, “Expect the Unexpected”. We are using this slogan, frequently cited
by those working in karst, as a subtitle of our symposium. One of the experts
that liked this slogan very much due to his vast experience, and who spent most
of his career in Trebinje working on the “Trebis$njica” project, is Petar Milanovi¢.
This entire event is dedicated to the 80t anniversary of his birth. His work and
many books and papers reflect great effort and enthusiasm he had invested in
this karst water regulation project.

The symposium is attended by more than one hundred specialists from around
the world. Many of them are coming from “karst countries”, where they are
facing problems concerning water control and environment protection in their
everyday professional lives. The Proceedings consists of 56 contributions,
written by 150 authors. The five keynote papers discuss various aspects of
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karstology and karst hydrogeology, from historical to actual geo-environmental
prospects. Presentations are divided into three main groups: 1) Geological and
Hydrotechnical Engineering in Karst, 2) Karst Geomorphology, Speleology and
Speleogenesis and 3) Management and Sustainable Use of Karstic Water
Resources.

Providing an opportunity for the exchange of experiences and new ideas, this
three-day long Symposium, as well as the field trip, should help this and future
generations of practitioners and end-users in their attempt to better
understand karst and its wild nature and minimize the negative effects of
“unexpected” results.

Zoran Stevanovié Sasa Milanovié
Chair of the Scientific Chair of the Organizing
Committee Committee

viii



Symposium KARST 2018 - Expect the Unexpected

Trebinje 2018

Key Note Contributions



Symposium KARST 2018 - Expect the Unexpected

Trebinje 2018



Symposium KARST 2018 - Expect the Unexpected

Trebinje 2018
THE EVOLUTION OF KARSTOLOGY

Derek Ford!

1School of Geography and Earth Sciences, McMaster University, Hamilton, ON L8S 4K1,
Canada. dford@mcmaster.ca

Abstract: Modern karst studies began in the Dinaric karst region, stimulated by pioneer
works of the Serbian geographer, Jovan Cviji¢. Since his death in 1926, new generations
of geographers, geologists, physicists, chemists, civil and hydraulic engineers, bio-
scientists with widely different interests, social scientists, resource managers and
conservationists have converged to create a new inter-disciplinary field - ‘karstology’.
At the core of karst studies is rational understanding of the ‘triple porosity’ (matrix,
fracture and conduit flow) nature of the karstified aquifer. The controls of solution
conduit evolution are quite well understood: conduit distribution is deterministic but
complicated by many different factors. Investigation of conditions in the matrix,
fractures and inaccessibly small conduits demands multiple approaches both in the
field and in modern computer modelling. Rarely is it fully successful - “Expect the
unexpected”!

Key words - Dalmation karst; Jovan Cviji¢; triple porosity aquifers; conduit flow.

The evolution of karstology.

Dr Petar Milanovic and I are of similar age. He grew up in the Dinaric region, the
cradle of karst studies, trained in civil engineering, and has become a foremost
authority in dealing with the many engineering problems that arise in
management, economic development and conservation in karst areas. | grew
up in the southwest of England, fell in love with climbing mountains and
exploring caves, and studied physical geography in order to understand them
better. Over our professional lifetimes, it is true to write that Petar and I have
witnessed the convergence of our interests into the new, distinctive scientific
sub-field of “karstology”. This is recognised and emphasised in the opening
chapter of Petar’s latest book (Milanovic, in press), by the recent formation of a
Karst Section within the Geological Society of America that has separated from
the older Geomorphology/Quaternary and Hydrogeology sections, and by the
scope and contents of many current international conferences.

In pre-historic Europe and elsewhere karst springs or defensible caves formed
the cores of many of the earliest towns (e.g. Athens, Jerusalem; Shaw 1992). The
natural water flows were often modified for agricultural or urban distribution;
for example, in Roman times an artesian hydraulic head in the Ras-el-Ain spring
cluster in Mesopotamia was engineered to elevate water above a plain and
discharge it to otherwise arid lands (Burdon and Safadi 1963). Similar works
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continued sporadically until the Enlightment and there were many observant
reports and speculations by travellers in karst lands, those of Valvasor (1689,
cited in Shaw 1992), around what is now Postojna being outstanding examples.
However, there was more emphasis on fantastical writings about caves as
portals to the Underworld. It was not until the 19t Century that most
substantive scientific investigations began (Ford 2015). Writers in Belgium,
Britain, France, Italy, etc. made significant contributions but the foremost
regional focus was in the Dalmatian karstlands.

It was in 1893 that the Serbian geographer, Jovan Cviji¢, published his
University of Vienna doctoral thesis ‘Das Karstphdnomen’. Sweeting (1962)
describes it as “.... the beginning of karst studies proper.” Cviji¢ was a
geographer of his period, a field man whose wide interests also included glacial
geomorphology and regional ethnography, and who possessed an enviable
capacity for rapid sketches of features of interest (Figure 1). Das
Karstphdnomen works systematically through the typology of surface karst
landforms from smallest to largest - karren (skrape or skripovi), dolines (“the
diagnostic landform” and lengthiest part of the book, including pioneer
applications of quantitative geomorphology), dry valleys and gorges, and
concludes with the great Dinaric poljes. In the following years two other
Dalmatian researchers presented sharply contrasting views of the organisation
of the aquifer draining these landforms. Alfred Grund (1903) presented what
today would be categorised as an ‘equivalent porous medium (EPM)’ model],
while Friedrich Katzer (1909) drew a picture of disorganised solutional
conduits guiding the groundwater flow (Figure 2A, B). Cviji¢ responded with
what is, to my eye, an altogether superior interpretation (Cviji¢ 1918; Fig. 2C),
showing distinct vadose and phreatic zones with an ‘epiphreatic’ (seasonally
inundated) zone between them and a lithologically determined base of
karstification; I would modify this model today only by inserting an ‘epikarst’
fringe of dense solutional features on the top of it. Cviji¢ also contributed a
model for a geographical cycle of erosion/solution in karst landforms (Sanders
1921) that was a marked improvement on predecessors because it recognized
some of the realities introduced by the varying lithology and geologic structure
in the rocks.

After Cviji¢’ death in 1926 other lines of karst research developed that, amongst
geomorphologists, were somewhat misdirected into overemphasis on the
importance of climate differences in the creation of the surface landforms (e.g.
Lehmann 1936, 1954) at the expense of more thorough studies of the effects of
varying lithology, purity, structure, structural deformation, etc. in the carbonate
rocks, on development of the landforms and aquifers. After 1945
sedimentologists and petroleum geologists made major advances in our
understanding of carbonate deposition and the causes of its facies variations.

6
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The frequent occurrence of paleokarst horizons of different kinds and, hence,
differing petroleum storage, drew them into karstology; e.g. publication of an
influential genetic debate in North America (James and Choquette 1987) and a
Eurocentric world review by Bosak et al. (1989). During the first half of the 20th
Century worldwide experience with dams and reservoirs on limestone that
either leaked disastrously or failed to hold any water at all led to major
increases in interest in karst by practicing engineers, as exemplified by
Professor Milanovi¢’ well-received textbooks (Milanovi¢1981, 2004) and
others. Economic costs, pollution control and environmental protection have
re-focused the interests of karst enthusiasts with a very wide range of
professional training, producing major texts and geomatics programs in China,
Europe, North America and elsewhere (e.g. Zwahlen 2005, van Beynen 2011).
In the organic world, biologists, micro-biologists, biochemists, medical
researchers and entrepreneurs, now study the nature and evolution of lifeforms
at all scales in the distinctive, restricted environments that prevail in karst
caves and aquifers, in searches for new species and adaptations (Culver 2012).

Serbian Academy of Schence and Arts
Berard o Kavsr and Spefeolsgy

CVIAC and KARST
CVIIC et KARST

-

Fig. I6. La doline de Ponikve, pris de la stanon die chewein de for de Bakar
{Croatie aocideniale)

Das Karstphdnomen’ was “...the
beginning of karst studies proper.”
Marjorie Sweeting, 1972,

Fig 17, L'nvata Cerenifie dans la village de Linbang (prae de fa ville de Utice,
danr by Serbie md - ovoidesiale ), crewsde dans ler calonives s Trias supdriver

Figure 1. Jovan Cviji¢ (cover of Stevanovi¢ and Mijatovic¢ (eds.) 2005. Cviji¢ and Karst.)
Three of Cviji¢’ field sketches of dolines and uvalas.
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Rock control: the complexity of karst aquifers in limestone and dolomite.

For rational development, management and conservation in karst terrains it is
essential to understand conditions in the local rocks as fully as possible
(Milanovi¢, in press). There is said to be a greater variety of ‘facies’ (differing
kinds of deposits) in the carbonate rocks than in all other categories of
sedimentary rocks combined (e.g. James and Jones 2016). In addition, there
may be more soluble anhydrite, gypsum and salt interbeds in the precipitates,
and/or insoluble clastic layers (clay, silt, sand, etc., ranging from paper-thin
layers to thick aquitard beds): these all interrupt steady carbonate deposition,
causing more potential complexity. This initial variety is succeeded by the very
wide range of conditions that may be experienced during the compaction and
cementation (the ‘diagenesis’) of the sediment pile as it accumulates over
millions of years, and then by its structural deformation by tectonic processes
that uplift it into the meteoric groundwater and erosion (‘telogenetic’) realm
(Figure 2).

Karst groundwater systems can develop in and be restricted to single limestone
beds or extend throughout carbonate sequences as much as five thousand
metres in thickness. It is generally recognised that thick to massive formations,
as in much of Dalmatia, are best suited to karstification, but the world’s longest
mapped cave (Mammoth Cave, Kentucky, >600 km) is contained within a mere
50-60m of regular platformal limestone beds, while arguably the most
intriguing caves discovered during our professional lifetimes (Lechugilla
Caverns, New Mexico) straddle a mixture of reef, backreef and detrital facies.

Figure 2. Models of carbonate rock deposition and diagenesis from Moore (1989),
Mylroie and Carew (1995).

By definition, a carbonate karst aquifer is one that is drained by one or more
channels that have been enlarged by aqueous solution to dimensions big
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enough to permit turbulent flow (and, thus, accelerated carbonate dissolution)
where there is sufficient hydraulic head, = ‘conduit flow’. A diameter or width
of no more than one-two cm is normally adequate, implying that the aquifers
can function karstically where the conduits are much too small for human entry.
In fact, turbulent flow probably prevails for most of the time in most such
conduits. It is generally accepted that the majority of karst aquifers will exhibit
‘triple porosity’, however - tiny inter-crystalline, fossil and vuggy voids in the
matrix of the rock plus narrow planar openings in a proportion of the fractures
(bedding planes, joints) and faults that are penetrable by water) where flow will
be laminar, draining to the conduits with their turbulent flow. ‘Double porosity’
conditions (matrix plus conduit) are observed occasionally where the limestone
is diagenetically immature and has few fractures because it escaped significant
deformation during uplift; e.g. some of the chalk in southeast England and
northwest France (Rodet 2010). Fracture plus conduit double porosity is quite
common in carbonates subject to high metamorphosis that eliminated any
water exchange and flow in the matrix. In highly metamorphosed limestones it
is sometimes proper to envision a condition of ‘conduit-dominant double
porosity’ - 90%+ of the porosity is within the solution channel itself, the storage
(effective porosity) in the fracture that guided being very small, and that in the
matrix non-existent; e.g. Lauritzen (2010) in some examples of Norwegian
caves in marble and mica-schist.

(i) Cavernous aquifers. The origin and development of accessible solution
caves in meteoric aquifers has been studied quite intensively for 150 years and
is reasonably well understood. In a single generation the conduits tend to
develop branch-work plan patterns (L x W) that focus the flow from sinkholes,
fractures and matrix upon a single spring or narrow cluster of springs (see Ford
& Williams 2007; Worthington and Ford 2009). Greater, often confusing,
complexity in the appearance on the map is usually due to development of later
generations of caverns beneath the first ones as results of external valley
entrenchment lowering the spring lines. Locally, floodwater mazes may add to
the visual confusion. In their long sections (L x D) caves may exhibit one of four
relationships with the water-table, as shown in the righthand frame of Figure
3; they may loop deeply below it, fix its elevation at the upper apices of multiple
loops, develop entirely along it, or be a mixture of looping and water-table
elements. Deeper looping is favoured by more massive beds, steeper stratal
dips and/or lack of opportunity to discharge along the strike of the rocks (see
Ford & Williams 2007). Audra (1994) challenges the existence of deep loop
conduit systems but modern cave diving to -250m or more is finding them
often. Seasonal overflow to higher springs (usually, a previous generation that
is in process of being abandoned) is common in mountainous regions with
snowmelt or monsoon climatic regimes; this creates an epiphreatic zone, as
Cviji¢ recognized (Figure 3). At the top of the vadose zone above it, today we

9



Symposium KARST 2018 - Expect the Unexpected

Trebinje 2018

should recognize the more widespread and important occurrence of a
subcutaneous zone of intense dissolution, the epikarst, because it has very
important short-term storage capacity. Examples of deep looping, multiple
looping, and epikarst behaviour will be presented in the author’s conference
lecture.

Bmthyphreatc cove

- s

e P
A~ perMinge-inteadars, T

aquichus (fmpermeable 2o

Iohaa) watar-dahie cave

Figure 3. Left - the karst aquifer models of Grund (1903), Katzer (1909) and Cviji¢
(1918). Right- the ‘Four State’ model of the relationships between the watertable and
karst solution conduits (see Ford & Williams 2007).

(ii) Inaccessible aquifers. Only a small proportion of any cavernous aquifer is
directly accessible to cavers, and the majority of aquifers are wholly
inaccessible. They are explored by other means. Milanovi¢ (in press) stresses
that it is essential to make as detailed a geological map as possible of any site
that is to be managed or developed. I concur and would add that, if it can be
done, determining the location of any springs and groundwater sinks in the
area, then installing discharge, temperature and EC monitors and designing and
carrying out a dye trace programme, should be the next steps. Surface
geophysical surveys are always undertaken at a site - seismic, gravimetric,
electrical resistivity, induce polarity, etc. All have substantial limitations, their
accuracy is highly variable and rarely to be trusted to depths of more than a few
tens of metres; the case of the search for “Canada’s greatest undiscovered cave”
(using resistivity) will be presented as an example. Boreholes, with coring,
piezometry, standard downhole recording (including realtime video) are
expensive but essential: inter-hole dye tracing is proving to be a helpful
addition to standard pumping and Lugeon testing.

In conclusion, it has become standard practice to attempt to model all of the
flow in an aquifer by computer. There are a wide range of programs available
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(e.g. Lancia et al. 2018) but, in the English-speaking world, variations of
MODFLOW public domain software (Langevin et al. 2017) are the most widely
used. Kresi¢ and Mikszewski (2012) provide a comprehensive review of
adaptations for conduit flow. I would stress that the modeller should attempt
to use all of the types of field data noted above that are available. This has often
been neglected by practitioners not trained in karst, sometimes resulting in
drastic errors of understanding and forecasting; two examples from the
Niagaran dolomite karst of Ontario (Canada) will be presented in my lecture.
“Expect the unexpected”!
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WHEN RESEARCH AND PRACTICE INVOLVES KARST: EXPECT THE
UNEXPECTED

Richard R. Parizek!

1 Emeritus Professor, Geology and Geo-Environmental Engineering, Department of
Geosciences, The 5-5Pennsylvania State University, University Park, PA 16801 USA

Abstract The 2018 Trebinje karst conference title alerts all who might live or work in
carbonate, marble, gypsum or halite terrains. Experienced geologists and engineers
should take special note when first assigned to new karst projects or intend to
investigate karst features, processes and events in unfamiliar karst settings. My
learning curve has been varied despite professional years mainly focused on
Appalachian karst. Few unexpected examples will illustrate: Identification of numerous
natural and man-related factors alone and in various combinations that account for
porosity and conductivity distribution, with soluble rocks, atmospheric deposition
resulting in acidic and nonacidic streams, gasoline spill in cavernous limestone leading
to an exploding water well, constraining rates of halite dissolution and breccia pipes for
US DOE’s TRU-waste bedded-salt repository (WIPP), New Mexico, pressurized brine
pockets resulting in flowing wells, heat-induced fluid inclusion migration, importance
of Devils Hole climate record to Yucca Mountain total system performance assessment
and regional arid hydrogeologic setting.

Keywords: Multiple conductivity controls, acid deposition, breccia pipes (halite) Devils
Hole, Nuclear Waste Isolation

Introduction

Welcome to Trebinje, the Trebisnjica, diverted above to a coastal power plant,
crossed via the ancient Arslanagi¢ Turkish bridge and consumed within Popovo
Polje, returning again to nourish Ombla and other springs. Thank you for
sharing your research findings, desire to learn, renew friendships, network and
strengthen claims to your research niche. The 2018 Karst Expect the
Unexpected organizing committee appreciates your contribution to this
conference, one of more than twenty-three cave and karst conferences
scheduled for 2018-2021. We share common purposes, an attraction to the
many aspects and engineering challenges posed by karst and to honor Petar
Milanovi¢ for his many academic, scientific and engineering contributions
greatly expanding knowledge of karst. We recognize his wife, Tihana, who
tirelessly maintained their inviting home, resembling at time more a field and
research office and raised two outstanding children while Pero tirelessly
explored caves, ponars or was abroad. Tina and Sasa are now distinguished for
their scientific and engineering contributions.
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My wife, Estelle, children Katarin, George, Evelyne and Byron, first met the
Milanovi¢ family attending the Karst Water Resources U.S.-Yugoslavian
Symposium, Dubrovnik, June 2-7, 1975. Our first trip, with Katarin as an infant,
(1966) was by train, Belgrade to Athens via scenic gorges, blue-green rivers,
smoke filled tunnels, Skopje’s earthquake rubble and more. This is our eighth
visit to the challenging Dinaric karst, its > 1,000 islands, bays, 6100 km
coastline, often difficult to access interior, rivers that come and go, poljes,
picturesque villages and stoic habitants, reflecting a long and complex political
history and demanding physical environment. Who can forget sunrises and
sunsets at Split; Kotor Bay; Korcula’s Burna Bay; Posip wines, Slivovitz
Domestica; hospitality and stimulating conversations.

As a student and early faculty member, few karst-related papers, let alone
dedicated sessions were included in scientific conferences, i.e., GSA, AAAS, AGU
and others. Karst research was not part of One’s day job. Advances were made
by adventurists exploring and mapping caves, conducting tracer tests,
“witching” for groundwater, pursuing archaeological and ecological interests or
expanding tourism while over time expanding knowledge of karst phenomena
notregarded by some as important science. Engineering practice progressed by
trial and often costly error e.g., foundation and impoundment failures, leaky and
failed dams, random groundwater exploration and unsuccessful wells,
sometimes polluted waters, hard to trace and capture pollutants, flooded mines
and quarries.

Petar Milanovi¢ and associates continue to enrich and broaden my
understanding of karst features, processes and events in various Kkarstic
terrains together with useful methods of investigation for which I am grateful.
I benefited from early edits of his widely distributed books, field trips and
discussions including insights gained during his family’s extensive travels and
studies while at numerous U.S. centers of active karst research. Lessons learned
were shared with my >100 graduate advisees and >5,000 students who
attended classes, colleagues and clients. Many of you have had similar
experiences and we look forward to your contributions to this 2018 Trebinje
karst conference.

Expect the unexpected is sage advice for all engaged in research and practice in
areas that contain some or are dominated by soluble rocks: limestone,
dolostone, marble, gypsum/anhydrite and rock salt. New unexpected
occurrences are inevitable especially if you begin work in new terrains. Only
brief examples are permitted here.

14



Symposium KARST 2018 - Expect the Unexpected

Trebinje 2018
Simplicity v Complexity

Janet Aitken, my undergraduate structural and economic geology instructor
said, “simple explanations are best”. Darcy’s law is elegant but limited when
working at extreme ends of the hydraulic conductivity scale now spanning 19
orders of magnitude! Quantifying flow in conduits and lava tubes stands in stark
contrast to rocks where only diffusion is possible. Regarding strata as
“impermeable” maybe acceptable for some geotechnical projects but not
others, e.g., isolation of nuclear and hazardous wastes.

My list stands at 36 and counting: natural and man-related variables taken
alone and in various combinations that contribute to spatial distribution of
porosity, hydraulic conductivity and other engineering properties (Parizek,
2002). The task is to narrow the list of most probable variables for a given
Karstic setting in order to plan and execute cost-effective site characterization
efforts required of critical geotechnical projects and when confirming or
advancing understanding of karst features, processes and events. Once
significance and magnitude of each contributing factor has been determined
using one or another one-off-analysis procedure, these can be overlain on
geologic and hydrologic maps to improve conceptual models useful in refining
numerical groundwater and management models. This attribute-overlay
methodology applies to all geologic settings. Early benefits may be noted when
comparing success exploring for groundwater using earlier more random v the
attribute-driven procedure. Well-yield data were obtained for the Penn State
University, University Park campus and Borough of State College, PA, USA, both
located in Ridge and Valley province of the Appalachian Mountains. The region
is underlain by nearly 2743 meters (9,000 feet) of folded and faulted limestone
and dolostone, Late Cambrian to Devonian in age. Wells with a yield 0f 9.46 1/s
preferably in excess of 15.7 1/s were regarded as successful given large
municipal demands.

The well success rate for earlier more random methods was 36 and 23 percent
for Penn State and the Borough respectively and then increased to 80 to 95
percent using the overlay method. Given a more regional search opportunity
where other favorable attributes could be combined to identify “sweet spots”,
resulted in 2 for 2, 2 for 3, and 4 for 4 successes with yields ranging from 44 to
189 1/s., development of site-scale, predictive groundwater flow and transport
and basin-wide flow models for fracture-flow dominated carbonate aquifers.

Although all carbonate strata included in this well study appear to contain
similar fractures, joints, faults and apparent petrographic properties, porosity
and hydraulic conductivity differ widely among stratigraphic units.
Improvements are needed, estimating aquifer potential, using first principles
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when mapping carbonate rocks and studying them in the laboratory. It would
be more cost-effective to use field testing methods for confirmation rather than
as the starting point when conducting hydrogeologic and geotechnical
investigations.

Geologic Map and Trout Atmospheric acid deposition has eliminated
sustaining populations of Brook Trout within preexisting cold water fisheries
along Laurel Ridge in southwestern PA and elsewhere. Laurel Ridge is an
anticlinal mountain that contains the sandy Loyalhanna Limestone
(Carboniferous) with different exposure configurations within tributaries
eroded along its flanks, some alkaline, others not. Many springs within valley
fill sediments and near valley walls located below limestone outcrops are acidic
and contain Al concentrations lethal to Brook Trout. Anticipating a creel limit
with geologic map in hand but lacking spring and stream chemistry for both
base-flow and storm-flow conditions will require stop at a fish market.
Unraveling groundwater flow within the 21 m thick fractured Loyalhanna and
colluvial-alluvial ravine deposits is elusive despite what might appear as
favorable distributions and exposures of limestone.

Craters During a June 12, 1970 thunderstorm, a 24 m deep well hand dug in
Ordovician limestone exploded. It demolished a concrete well pit and excavated
a crater 7.6 m across with a 0.6 to 0.9 m rim-crest diameter and apparent depth
of 3.6 m. Soil and rock deformation revealed both lateral compression and
vertical bedrock uplift had occurred. A dry cave 4.5 to 6.0 m high was reported
at about 12 m “large enough in which to turn a team of horses”. Using graphs
developed for analyzing explosive craters, density and volume and mass of
ejected debris (= 8.4368 x 104 kgm) energy required of 4 x 1015 ergs were
obtained equivalent to 90.7 kgm TNT (Gold, et al, 1970). Because gasoline was
detected in a well drilled inside the original hand dug well, energy contained in
gasoline and methane that was required were computed: as little as 9.46 1 and
between 6.1 to 19.8 m3 of methane were adequate. The property owner
discovered that from 757 to 946 | of gasoline were unaccounted for from their
storage tank 46.7 m away. The 1.4 and 7.8 volume percent mix of oxygen and
gasoline vapor was possible given dimensions of the hand-dug well and cavern.
A spark from an electric motor that powered the piston pump from within the
well pit triggered the explosion in full view of the housewife while she was
washing dishes. Had she looked to heaven in thankful prayer, it would have
been visible through holes in the roof and ceiling!

In contrast, a gasoline spill near Mechanicsburg, PA, USA, spread over nearly
0.77km2 with a product thickness of 2.1 m within dense but weathered
Ordovician limestone. The gasoline pool was encountered by a contractor while
drilling illegal drainage wells. This individual did not report “his treasure”
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because undercover, he was able to fuel business vehicles at no cost. A 231.9
mm rain event occurred late July 1969 raising the floating gasoline into
basements and fumes where basements were higher than the water table.
Explosions occurred in two cellars and again at a later date. Seventeen fracture-
trace extraction wells were drilled, and more than 1.43845 x 106 1 of gasoline
were recovered. A single well yielded 2.897 x 105 1 during March 1969
(Rhindress, 1971) in contrast with as little as 9.46 1 of gasoline required to
create the crater reported above.

Fuel spills and vapor releases are not uncommon in karst terranes. Vapors may
escape from sanitary landfills, originate from buried organic-rich soil horizons,
leaky pump-storage gas fields, conventional and nonconventional oil and gas
development projects, improperly plugged and unplugged abandoned wells.
Pennsylvania has estimated tens of thousands of unplugged legacies oil and gas
wells, possibly some brine wells that predate the 1856 Drake Well. Fortunately,
shallow occurrences of freshwater and marine limestones are somewhat
limited in distribution where the majority of legacy wells are expected.

Breccia Pipes More often than not near surface and shallow dissolution
features and processes receive attention at geotechnical project sites rather
than concerns for deep dissolution. The U.S. Department of Energy selected and
characterized a site in Permian salt within the Delaware Basin of New Mexico
and west Texas, USA, in which to isolate transuranic, or TRU Wastes, primarily
alpha emitters, produced for the nation’s defense program. A small percentage
of TRU wastes emits beta and gamma radiation. Ninety-seven percent of wastes
being emplaced at the Waste Isolation Pilot Plant (WIPP) is contact-handle
waste and the remainder is remote-handled shielded waste.

Permian Ochoan Series salts of the Salado Formation were selected for the
repository horizon at a depth of 655.3 m. Considerable effort was spent
quantifying the rate of salt dissolution from above, within, in between and
below two Rustler Dolomite formations located above the Salado salt and
within interbedded anhydrite beds above and below the repository horizon
together with their exposed western outcrops. Deep dissolution of salt was
revealed by structural disturbances of Castile Formation marker beds located
below the Salado. Some structural lows underlay topographic depressions in
the overlying desert suggesting a reliable dissolution predictive relationship.
More intensely disturbed zones were discovered near the buried margin of the
hydrologically conductive Capitan Reef. Further to the west and south, younger
cover salts and sediments were eroded exposing the reef containing Carlsbad
and other caverns.
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Miners at the Mississippi Chemical Mine, USA, encountered steeping downward
dips in a potash ore horizon until at a point underlying a hill in the desert above.
Their mining machine encountered ring fractures, angular blocks of anhydrite
and halite having collapsed from overlying beds and traces of petroleum. The
hill above is Hill C, a circular body of breccia continuous from mine working to
the surface. This dome-shaped feature has relief of about 30 m, eroded near its
center forming a topographic basin breached at places. It is flanked by
Mescalero Calcite which engulfs the Gatura Formation and brecciated Triassic
rocks with angular blocks of conglomeratic sandstone 3 or more m across
(Sayder etal, 1982). The Mescalero Calcite is an arid soil dating from ca 500,000
years. The area surrounding Hill C subsided as a result of regional near surface
salt dissolution. Ring-like elevated portions of dipping caliche outline the
breccia pipe supported by more resistant sandstone breccia. Elevation
difference between caliche anchor points and desert surface nearby were used
to constrain regional salt dissolution rates averaged over 500,000 years.
Persistence of an adequate roof thickness of Salado salt was assured.

Hill A is exposed as a low, circular breached hill resembling a topographic basin
with relief of about 12-15 m and about 370 m diameter. The rim of the hill is
capped by Mescalero caliche similar to Hill C with rather uniform dips away
from the rim of about 15°. Within its topographic basin, brecciated debris
composed of angular blocks of Triassic claystone, sandstone and conglomerates
are confined within a circular area about 245 m in diameter. Hills A, Band C are
believed to have formed by a brine-density flow dissolution process
concentrated near the base of salt. Anhydrite beds most likely provided roof
support for growing voids until these cantilevers failed resulting in rapid brittle
failure of overlying salt. By one mechanism, collapse may have involved slow
letdown and stopping of overlying rocks as suggested for some Redwall
Limestone breccia pipes near Grand Canyon, Arizona, USA (Wenrich, 1985;
Wenrich and Sutphin, 1989).

The age and hydrologic significance of known breccia pipes and possibly for
new abrupt failures were WIPP safety concerns. The abrupt collapse of two
Wink Sinks above the El Capitan Reef where it is also buried to the south and
east of WIPP near Wink and Kermit, Texas supported the abrupt collapse
hypothesis. These circular voids surrounded by ring faults and surface
depressions were 110 m and 137 m in diameter immediately after collapse and
may extend to reef rock below. Some believe Wink 1 might have been the site
of an improperly cased injection well responsible for cavity development that
led to abrupt roof collapse. Over time, collapsed debris within these circular
pools would have to become cemented with salt to resemble Hills A, B and C.
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The first waste packages were received at WIPP, April 28, 1999, with thousands
now stored in rooms excavated in salt with more to come. Final sealing of all
man-made penetrations surrounding and leading to the repository to preclude
possible solution pathways is mandated.

Breccia chimneys have been described in the northern part of the Michigan salt
basin, USA, Crater Lake, in Saskatchewan, Canada, in Keuper gypsum near
Hanover, Germany and elsewhere. The presence of contact and non-contact
radioactive wastes stored in the leaky, unstable Asse II Mine within a Lower
Saxony-German salt dome, comes to mind (Wikipedia). Design adequate for
mining salt proved to be inadequate to meet requirements for a mined geologic
repository intended fort long term isolation of nuclear waste. Collapse and
flooding of a Louisiana salt dome mineral extraction site is another case in
point.

Pressurized pockets of brine encountered below the Salado also were regarded
as unexpected to those who have not worked in the Delaware Basin. At least 10
out of 63 oil and gas wells and one dedicated WIPP site characterization well
penetrated brine pockets with initial pressurized surface discharges rate that
ranged from 137.4 to 3785 m3/day. Nor is it our experience to expect fluid
inclusions to migrate toward a heat source crossing salt crystal interfaces
toward nuclear waste packages. More recently, Abelson, et al, 2018, attributed
human-induced desiccation of the Dead Sea as the cause of more than 6,000
collapsed sinkholes and severe property damage along its western coast
through solution of a 10-to 70-m deep salt layer. The authors have recorded
nanoseismic events indicative of subsurface instabilities several years before
sinkhole collapse. Desiccation has allowed intrusion of fresh groundwater from
the Judean Mountains to the west to dissolve previously stable salt. Dead Sea
sinkholes are shallow by contrast to Delaware Basin breccia pipes, Wink Sinks
and breccia pipes reported near the Grand Canyon. Of interest is the rate at
which karst processes can change when subjected to new boundary conditions
such as at Wink and Kermit.

Milankovitch and Yucca Mountain Yucca Mountain is located in
southwestern Nevada in the U.S. Basin and Range province. It has been
extensively investigated for use by the US DOE as a mined geological repository
for isolating up to 70 metric tons of nuclear waste from commercial reactors,
spent nuclear fuel from non-DOE research reactors and other sources. Although
not licensed to allow construction, waste would be stored in tunnels excavated
in volcanic tuff elevated above the water table. Both independent engineered
and natural geologic barriers would be relied upon to ensure nuclide isolation
with a high degree of confidence in an existing arid environment. Welded and
non-welded ash flow tuffs were deposited on thick Paleozoic sequences of
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carbonate and other younger rocks subjected to compression and then
extension that produced the Basin and Range hydrogeologic setting. Active
faults, and younger volcanic deposits exist in the region. These were dated and
analyzed for probabilistic reoccurrence given consequences should one intrude
the repository.

Yucca Mountain is located within the Death Valley regional groundwater basin
(» 100,000 km?) where discharge occurs along springs, seeps and in the Death
Valley salt pan. Other localized discharges occur elsewhere within this regional
flow system adding to the challenge defining pathways, flow rates and barriers
to present and future groundwater flow and transport. The regional water table
at Yucca Mountain stands in volcanic tuffs and valley fill sediments above more
permeable Paleozoic carbonates. This is important in the total systems
performance forecasts of nuclide fate and transport when eventually they leach
from placement drifts, travel through unsaturated and saturated tuff and then
alluvium to the accessible environment. Travel times to the 10km compliance
boundary would be reduced significantly if tuff were to become dewatered and
allow nuclides to enter carbonate aquifers. This might occur given extensive
future groundwater withdrawals, prolonged desiccation from the last pluvial
and/or increased hydraulic conductivity within impeding layers located along
existing flow routes to Death Valley due to tectonic extension.

Funeral Mountain is an imposing topographic and structural feature located
between the proposed repository and Death Valley. If it is an effective hydraulic
barrier, groundwater must follow a long flow path around the mountain before
entering Death Valley. Faults within Funeral Mountain, however, incorporated
masses and wedges of limestone likely to provide shortcuts for concentrated
flow leading to Death Valley. Flow volumes of Death Valley springs immediately
southwest of Funeral Mountain exceed estimated recharge rates for tributary
basins located along the southwestern face of the mountain thus, requires an
additional source of water, yet another karst hydrogeologic, drilling and
geophysics project awaiting clarification.

Debate persisted regarding the origin of isolated deposits observed in Amagosa
Valley south of Yucca Mountain. Are they remnants of playa lake deposits or
paleodischarge deposits? The correct paleo-discharge interpretation provided
evidence of high stage of the paleowater table during pluvial and evidence for
likely shorten future nuclide travel distances to the accessible environment.
Constraints on timing and duration of climate states and water budget
estimates are vital elements in total system performance assessments. Data
available for this analysis included study of packrat middens, playa-lake cores
obtained from Owens Lake, CA, Searles Lake, CA, Death Valley, CA, Lake Bailkal,
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Siberia, vein calcite obtained from Devils Hole and compared with Vostok ice-
core and ocean-basin core analyses.

The Yucca Mt project has a connection to Belgrade University and Serbian
astrophysicist Milutin Milankovitch (1879-1958) and his theory of orbital
variations: consequences of wobble, tilt and obliquity that predate high speed
computers. As a graduate student (1956-1961) and even later, debate raged
among notable glacial geologist about which drift deposits should be assigned
to the Kansan, Nebraskan, Illinoisan, and /or Wisconsian glacial stages and their
sub-stages; how many and how far did each ice sheet extend; how to resolve
disagreements at state boarders, etc. C14 dating techniques had to be in error,
considered useless when in conflict with well-established stratigraphic dogma.
More than four or five major glaciations were impossible despite emerging,
later compelling evidence contained in deep sea cores that extended the
temperature record back 480,000 yrs. (Hayes et al, 1976).

The Devil Hole climate record extended to >5000,000 yrs. It provided the
longest, continuous land-based record through analysis of >30 cm thick layers
of dense mammillary calcite that precipitated continuously from calcite
supersaturated groundwater within a 91 m deep tectonic fracture and
collapsed void, not a plannar conduit formed by dissolution (Winograd et al
1992; Riggs et al, 1994). Winograd et al found a record that closely mimics all
major features in the Vostok (Antartica) paleotemperature and marine oxygen-
isotope ice-volume record but found differences in timing of termination
(glacial) among the Devils Hole, Vostok and SPECMAP record inconsistent with
Milankovitch theory for the origin of Pleistocene glacial cycles. Winograd et al
concluded that Devils Hole cycles originated from internal nonlinear feedbacks
within the atmosphere-ice sheet-ocean cycles.

A 500,000-yr. climate record has emerged that combines the past climate
record obtained from Devils Hole and orbital parameters that now projects
500,000 yrs. into the future. It sheds light on ecological conditions within
existing selected geographic climatic settings that can serve as an analog for
estimating past and future ecological conditions (Sharpe, 2004), along with
many other scientific applications.

Professor L. Hinnov, from George Mason University and others are extending
astrogeodynamics to earlier stratigraphic records with the expectation of
deciphering orbital controls on sediment records beyond 50 ma.
Astrogeodynamical forces recorded in carbonate stratigraphy in time may
assistin correlation and detailed hydrological characterization of soluble rocks.
Milankovitch never doubted his work and soldiered on despite doubters,
criticism and theory largely ignored for about 50 yrs. (Graham, 2000). The
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Hayes et al deep-sea core sediment paper showed that they were all able to
extract the temperature record back 450,000 yrs. as predicted by
Milankovitch’s theory 18 yrs. after his death and far longer following earliest
publications of his theory.

Final Word

We, by contrast, are all fortunate that the work of Petar Milanovic” is celebrated,
has been accepted, publications widely distributed, and his talents remain in
demand. Tina and Sa$a, through the encouragement of your mother and father,
it is not surprising that you are both driven by such a legacy.
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KARST WATER RESOURCES OF AUSTRIA, HYDROGEOLOGICAL
ASPECTS AND PROBLEMS

Ralf Benischkel
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e-mail: ralf.benischke@tugraz.at

Abstract: Karst water is in Austria an important water resource for supplying the
public with drinking water of acceptable or excellent water quality. About 50 % of the
inhabitants of Austria are supplied with karst water. Karst water will be used mainly
from springs in the Northern Calcareous Alps, with significant examples of the Viennese
Mountain Water Supply, and also of the cities of Graz and Innsbruck. To ensure high
quality and quantity different protection measures such as protection zones are
applied. Problems of quantity for water supply are usually not encountered and
problems with water in construction work can be minimized by a thorough
hydrogeological investigation, efforts for a sustainable water management are still
necessary.

Key words: Karst water, hydrogeology, water protection

Significance of karst water in Austria

Karst water in Austria is one of the most important drinking water resource.
From a total area of 83879 km?, about 22 % (18453 km?2) comprises karst
formations, and 80 % of these formations are located in the Northern
Calcareous Alps. From 8.77 million inhabitants of Austria (reported by Statistics
Austria as of 2017/01/01) about 50% of inhabitants are supplied by karst
water. Karst water supplies (at least to a greater extent) are for the cities of
Vienna, Graz, Salzburg and Innsbruck, where 28% of all inhabitants of Austria
are living. 32% are living in smaller towns or villages around the bigger karst
massifs. The individual figures show therefore an important national
significance of the karst water resource. Water from other aquifers (porous or
fractured) is used also for drinking water, in particular in the eastern and
southern part of Austria with smaller towns and villages and in rural areas.
Water from surface water reservoirs can be neglected, and also water from
cisterns, which is used only in very remote dry regions or for mountain huts.

Water balance and hydrogeological setting
The mean annual precipitation in alpine regions of Austria is about 1476 mm.
This is higher than the average of 1170 mm for the total area of Austria as

shown below (Figure 1). The recharge varies between 218 and 834 mm/y,
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whereas the average is 560 mm/y. This accounts for 38% of the total and is
equivalent to 25 x billion m3/a, from which 12.5 billion m3/y is usable. In total
4.7 billion m3/y are ecologically usable. Ecological usability means in this paper,
that the minimum daily mean in a long-term time-series of spring discharge is
the lower limit to which an aquifer can be exploited (Harum et al., 2001). The
karst phenomenon in Austria is concentrated in the Northern Calcareous Alps
(mainly Triassic to Jurassic limestones and dolomites) as mentioned above
(Figure 2).

in mm precipitation

-— A T ol
-~

-Azi =
g&f\yr" "{&Aﬂ' 2 wj

Inflow B

: 340 mm porati Evaporati
Evaporation open water bodies not productive
total 8mm 102 mm

516 mm
Evaporation

Evaporation productive

Precipitation
1170 mm

\\w’

Household
6 mm

Household
8 mm
Industry
20 mm

Large quantities of karst water are available in this part of Austria, lesser
quantities in the southern part and in the mid-section of Austria (mainly in
Paleozoic formations).
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Fig. 2: Types of karst water resources in Austria (red encircled). A: Water resources from
platform karst massifs, B: Water resources from karstic mountain chains, C: Water
resources from porous groundwater fed from karst massifs (modified from Schubert,
2000).

Examples of water supplies from karst massifs in Austria

The most prominent example of a water supply from a platform karst massif
(Figure 2, type A) is the 1st and 2nd Viennese Mountain Spring Supply in the
eastern part (Hochschwab and Schneeberg area) of the Northern Calcareous
Alps (Figure 3). Luckily it is possible to transport the water in a 90 km (1st) and
in a 180 km (2nd) long pipeline mostly without pumping to the reservoirs of the
city. Moreover, the water quality is high enough, so that there is no treatment
necessary at the capture and in the pipelines. Only in the reservoirs a slight
chlorination is applied to ensure microbial safety before introducing the water
into the public supply line.

An example for a water supply from a karstic mountain chain (Figure 2, type B)
is the main water supply of Innsbruck in the western part of Austria (Figure 4).
This water supply (Muehlau springs) is located in the mountain chain of
Nordkette, which forms the northern margin of the Inn valley. The water supply
is situated in a partly karstic and prominently fractured aquifer of Triassic
limestones and dolomites. The water - formerly a free outflow of springs - is
captured within a tunnel system and therefore well protected against pollution.
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Fig. 3: Left: Kaiserbrunn (main spring of 1st Viennese Water Supply; Mean: 0.7 m3.s7,
Minimum: 0.16 m3.s1), Right: Kldffer Spring (main spring of 2n Viennese Water Supply;
Mean: 5.4 m3.s1, Minimum: 0.5 m3.s'1) under flood conditions. (Photo left: C. Houdek,

©MA31-Vienna Water).

An example for a water supply from a porous (granular) aquifer fed additionally
by karst water (Fig. 2, type C) is the water supply of the city of Graz (southern
Austria; Figure 5). One third of the total water demand is provided from an
aquifer at the southern margin of Northern Calcareous Alps (adjacent to
southern Hochschwab area). The quality of the water is excellent, so that the
karst water (together with pumped groundwater) is introduced into the supply
line without any treatment and people can drink the water directly from the
tap.

Fig. 4: Impressions from the interior of the Muehlau spring tunnel system. The capture
gallery has been set within the saturated zone. The water enters from numerous open
fractures and is collected in a rectangular channel and transported outwards (Photos: R.
Benischke, G. Winkler).

At the maximum 200 L/s will be pumped and transported via a 76 km long
pipeline to Graz. A second part of the water supply is the use of a karst spring
from the nearby Schockel mountain (Paleozoic limestone) at the northern edge
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of Graz. These waters will be recharged artificially into the porous groundwater
aquifer and will then be pumped out at a rate of about 100 to 150 L/s. When the
artificially recharged the water will be cleaned through a sand filter to avoid
turbidity and other pollutants. Parallel a dense control program ensures the
water quality.

Hochschwab massif Nussmiiller (2001)

Schickor (1990)

€-200°80SZ° 681 *IN-obvryoq

Fig. 5: Left: Geological section of the water supply from the karst area. Upper right:
Southern flank of the Hochschwab. Dark blue: Water fed from the karst aquifer is
pumped out of the sedimentary glacial filling of the valley. Lower right: Artificial

recharge into a sand filter basin to clean up water from turbidity (Photos: R. Benischke,
C. Nussmiiller).

Problems of water quality and problems with water in construction
work

If problems encountered with the karst water quality then all usual measures
are taken to overcome or to avoid such problems. Although the karst water
quality is acceptable or excellent for the intended use, there are sometimes
problems arising e.g. from turbidity or microbiology. In such cases water will
be treated preventively, e.g. by UV-irradiation, chlorination, ozonisation, ultra-
filtration or in case of turbidity it will be discharged. To ensure a maximum
protection against unwanted environmental or anthropogenic influences
protection zones are established.

Problems with water in construction work occur during construction of dams
and reservoirs or tunnels. Usually it is a sudden unexpected water intrusion
into a tunnel or water loss of a reservoir. A thorough hydrogeological field-work
can help to avoid in advance such problems. Nice examples (Figure 6) were the
construction of reservoirs for electric power-plants in the Northern Calcareous
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Alps, such as Salza Barrage in the Dachstein Massif or Diessbach Reservoir in
the Steinernes Meer/Salzburg.

.

Fig. 6: Left: Diessbach Reservoir (Steinernes Meer/Salzburg)
(www.salzburg-ag.at/erzeugung/unsere-kraftwerke/wasserkraftwerk-diebach-2588/).
Right: aerial view of Salza Barrage (Dachstein Massif/Styria)
(www.ennstalwiki.at/wiki/index.php/Datei:Salza Stausee.jpg)

Both reservoirs are situated in a strongly karstified area but below the
drainable zone. In these cases, the Kkarstification did not reach the upper level
of water in the reservoir, therefore the reservoirs are tight and show no water
losses.

Protection of water quality and quantity

To protect the water, protection zones of different sizes are intended. In Austria
usually, different protection zones have to be distinguished: a protection zone I
(protection of the capture building, which covers in general only a small area),
a zone Il (extended protection zone), and sometimes also a zone III or a wider
conservation area. In special cases a kind of framework regulations will be set
under supervision of the ministry for land and forestry, environment and water
management, if for example different federal provinces are concerned.
Transboundary aquifers usually handled by a mixed commission of the
concerned states and are based on a state treaty.

In Austria there is partly a different usage of protective zoning. In every case
the border of such a zone must be unique, but not necessarily along the borders
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of individual plots. Usually there are interdictions, commandments and
reporting obligations to the state authorities.

Main goal of all protective measures is to assure high quality water in sufficient
quantity for drinking purposes, but also an acceptable quality and quantity for
industrial and commercial use. The position of water authorities and potential
consumers of Austria is that the water should be - wherever it is possible -
native and untreated.

Standard analytics comprises hydro-chemical and microbiological analytics but
have to be extended to specific isotope systems and inorganic and organic trace
substances from urban and rural activities, as well as from industry.

Efforts for a sustainable water management are still necessary and we can be
sure that the work of hydro(geo)logists will not be reduced, as the
responsibilities of scientists and public stakeholders grow more and more
under the observed continuous or sudden changing climatic, environmental
and even political conditions.
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DIKTAS: INTERNATIONAL GROUNDWATERS OF DINARIDES
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Abstract: Protection and Sustainable Use of the Dinaric Karst Aquifer System (DIKTAS)
project addressed these important issues, brought various specialists and stakeholders
together and evidently contributed to collaboration and awareness in the region. The
project overview below (modified from the final DIKTAS brochure) is meant also as a
reminder and introduction for the project next phase that starts this year.

Project Identity

The DIKTAS Project (the first phase 2010 - 2016) has been a collaborative effort to
facilitate the equitable, sustainable management of the Dinaric Karst Aquifer System’s
transboundary water resources and protect the unique dependent ecosystems from
natural and man-made hazards including climate change. It was initiated by the aquifer-
sharing states, Albania, Bosnia & Herzegovina, Croatia, and Montenegro, with the
support of the Global Environment Facility (GEF). It is funded by GEF with substantial
co-financing by the participating countries and other partners.

DIKTAS is a GEF regional project, implemented by the United Nations Development
Programme (UNDP) and executed by the International Hydrological Programme of the
UN Educational, Scientific and Cultural Organization (UNESCO IHP). The core DIKTAS
project partners are the Dinaric Region’s four fund-recipient countries: Albania, Bosnia
& Herzegovina, Croatia and Montenegro. Non-fund recipient countries participating in
the project are Italy, Slovenia, Greece, and France.

Methodology

The DIKTAS Project followed a methodology common to GEF projects, based on
conducting a Transboundary Diagnostic Analysis (TDA) and preparing a Strategic
Action Programme (SAP). The TDA, a substantial scientific and technical assessment,
was used to enhance the understanding of the groundwater resources’ environmental
status, in order to identify, quantify, and set priorities for the transboundary
environmental concerns, as well as identify their root causes as means to specify
practices and locations from which environmental degradation derives. Building upon
the TDA factual basis, a Strategic Action Programme embodying specific policy, legal,
institutional or investment actions will be nationally adopted within a harmonized
multi-country context. Actions included in the SAP will address the top priority
transboundary concerns to restore or protect the transboundary water resources and
ecosystems. Adopted and implemented by partner countries at the highest government
level, the SAP aims to provide a regional vision for the sustainable management of the
Dinaric Karst Aquifer System and propose the means to achieve this.
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Outcomes

1. Scientific knowledge for the Dinaric Karst Aquifer System was enhanced and
harmonized.

A large amount of data and information was collected through the TDA to analyse and
assess the Karst groundwater management status and framework. This process focused
on the hydrogeological characterization, the environmental and socio-economic
assessment, the assessment of legal and institutional frameworks and policies, and the
stakeholder analysis. The TDA covered Albania, Montenegro, Bosnia & Herzegovina and
Croatia, assessing and harmonizing hydrogeological data, as well as data on natural and
anthropogenic conditions. The knowledge produced can be used by partner countries
to take informed decisions about the karst aquifer management. Experts updated the
existing GIS databases for all partner countries with the features included in the DIKTAS
hydrogeological map.
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Fig. 1 Hydrogeological Map of Dinaric Karst

2. The main transboundary challenges and their root causes were identified.

An in-depth analysis of eight selected Transboundary Aquifers allowed the
identification of the most important transboundary issues of concern along with their
causes. A Root Cause Analysis was used to identify, and later, address the core of the
problems; not just their “symptoms”.

The main challenges in groundwater management include cross-sectoral coordination,

lack of implementation of IWRM principles in groundwater governance, as well as lack

of public administration capacity and public participation in decision-making
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procedures. The inappropriate disposal of solid waste and wastewater was recognized
as the most important threat to groundwater. Karst groundwater pollution is also owed
to agricultural and industrial activities. Infrastructure for hydropower production, a
significant part of energy production in all DIKTAS countries, has negative impacts. The
lack of financial means, the unregulated market economy and the weak environmental
values have an overall negative impact on the management of the karst water resources.
Due to lack of monitoring at local and regional level

there is limited assessment of the status quo and future trends with regards to karst
groundwater quality and quantity.

3. Discrepancies in laws and policies of partner countries were identified to
enable collective action to address the identified issues.

The Project assisted partner countries to create the conditions to apply common
principles and work towards an agreement on the implementation of common
measures at transboundary level. A SWOT analysis was performed to map the
strengths, weaknesses, opportunities and threats the karst management is currently
faced with, by collecting information on the legal, institutional and policy setting in the
region. Common approaches and principles as well as areas of concern shared among
partner countries were identified, along with contradicting national strategies and gaps
in national legislations that may have an adverse effect on decision making related to
the water resources management framework.

4. The widest possible consensus among stakeholders was secured and
awareness was raised, to facilitate a behavioral change regarding karst
management, as the basis for sustainable results.

The stakeholder engagement activities, based on the DIKTAS Stakeholders & Public
Participation Strategy, succeeded to raise awareness among stakeholders about the
value of the water resources and the need to manage these in a sustainable way.
Moreover, it facilitated the long-term commitment of aquifer sharing countries to
sustaining the Project results through the strengthened sense of ownership by
politicians, decision makers, users and other stakeholders.

A Stakeholder Analysis was used to identify the characteristics and understand the
opinions and perceptions of the stakeholders regarding the management of the water
resources. A number of stakeholder groups including water management competent
ministries, regional authorities, research institutions, tourism organizations, NGOs
working on nature and ecosystems, as well as private sector industries and hydropower
units, were consulted for the preparation of the TDA and the SAP through focus group
meetings, roundtables and internet based tools.

5. Coordinated action was initiated at both the national and transboundary levels.

The National Inter-Ministerial Committees allowed the engagement and contribution
of all related sectors in each partner country, for the identification of the priority issues
and solutions under the five Water Resources and Ecosystem Quality Objectives
included in the SAP. This ensured cross-sectoral work at national level, including the
sectors of water resources, land use planning, forestry, finance and energy.
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The Regional Consultation and Information Exchange Body, composed of partner
countries’ senior government officials is the first step to their systematic commitment
to transboundary cooperation, as it forms the key technical-political interface of the
Project discussing, commenting and approving the project outputs, such the TDA and
the SAP. Regional management actions for reaching each objective include measures
regarding policy and legislation, monitoring and data management, training and
awareness-raising, as well as investments.

Way Forward: Strategic Action Programme

The five objectives identified for the Strategic Action Programme:

e Ensure sufficient groundwater availability in dry periods, to support water
supply and environmental flow.

e Maintain and improve (where required) karst groundwater quality.

e Ensure protection of Groundwater Dependent Ecosystems, specific features
and their ecosystem services for the future.

e Support equitable use of groundwater resources.

e Raise awareness and build capacities related to karst water and dependent
ecosystems management.

Suggested priority actions include:
e The establishment of a common groundwater monitoring program followed by
intense capacity building in the public sector.
e The harmonization of criteria for the delineation of source protection zones,
aimed at a harmonized policy/regulatory framework.
e The establishment of a legal framework in transboundary sanitary protection
zones.

A proposed shared vision is to achieve joint sustainable and equitable use and protection
of the Dinaric Karst Aquifer System as the outcome of consultations among countries and
stakeholders. Upon adoption of the SAP by the aquifer sharing countries, it will guide
action in the years to come.
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Abstract: The karstis widely developed both in South China and in North China.
Many geo-environmental problems have been caused by the constructions over
these areas. This paper, firstly, is to introduce some wider conservancy and
water power stations with larger scale and the main geo-environmental
problems, such as leakage and collapse as well as the other geo-hazards which
includes landslides and debris flow etc. and related treatments are introduced.
Secondly, the main karst geo-hazards caused by high-speed railway and
subsurface ways in urbans are discussed. The rocky desertification in karst
regions of China as the important problems for development in mountain
regions have been paid more attention to research. Indeed, the rocky
desertification as the one of the karst environmental phenomena is appearing
by the natural karstification, particularly, by the unseasonal development to
enhance the soil lost in the less covers over karstified mountain regions. This
paper is emphasizing that the protection and reconstruction of eco-systems in
karst regions are the first purpose in studying karst regions, so that it is needed
to take comprehensive researches together with karst developmental rules and
the changing evolution over eco-geoenvironment by the developmental and
engineering impacts. The better eco-geoenvironment, the more beautiful karst
landscapes.

Key words: karst, geological hazards, geo-environment, protection,
reconstruction
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Geological and Hydrotechnical
Engineering in Karst
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Abstract

In hard-rock tunnels, most of the inflow comes from a small portion of the tunnel length,
some of the inflow comes from a large portion of the tunnel, and much of the tunnel is
dry. The total inflow accumulates as the sum of all the inflows. Zagros tunnel passes
through different formation and in a part of its route cuts the limestones with the karstic
potential. In this paper based on the geological investigation, observed and
measurement water seepage into tunnel in recorded sections using the numerical
modeling, (The Universal Distinct Element Code (UDEC)), the water ingress into tunnel
has been estimated. Results show that the large portion of water inflow is from the fault
zones and karstic zones. From the amount of groundwater inflow point of view, the
results show that amount of 50% of tunnel length can be classified as a low risk and
around of other 50% has a high risk and critical conditions.

Key words: Karst, Zagros tunnel, seepage hazard

Introduction

The hydrogeological features in a karstic environment need special attention as
there is an increased risk for water inflows and for environmental problems.
Tunneling in limestone may thus be a challenge for both geologists and
engineers owing to: high coefficient of infiltration from meteoric water, very
high permeability; often nonlinear underground flow, preservation of high
values of permeability at greater depths, potential of development of large
hydrogeological basins, which may extend far beyond the boundaries of the
corresponding geographic hydrological basins of the considered area,
involving, thus, greater quantities of groundwater, development of a non-
uniform and heterogeneous pattern of flow paths. Depending on the post-
tectonic and paleogeographic evolution of the area, preferential flow conduits
and karstic tubes could be developed with a capacity to transmit water at large
discharge rates. These conduits drain the surrounding jointed or finely
fractured rock mass of low or medium permeability, groundwater flow in a
flooding manner throughout the transfer (“unsaturated”) zone and -potential
crossing of large underground cavities filled eventually with earth materials
with the possibility also to carry a column of perched ground water.
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One of the major practical difficulties often associated with tunnel construction
is related to groundwater. In fact, some of the most disastrous experiences in
tunneling have been the result of interception of large flows of water from
highly fractured water-saturated rocks (Freeze and Cherry 1979). Estimating
groundwater inflow into tunnels is a difficult art, even if done carefully. There
are several analytical expressions in the literature to calculate discharges into
tunnels (Goodman et al. 1965; Zhang and Franklin 1993; Heuer 1995; Lei 1999;
Karlsrud 2001; Raymer 2003; El Tani 2003).

The main purpose of this paper is to classify the tunnel based on the amount of
water inflow and combination between results and actual geological features.

Zagros tunnel

Zagros tunnel with about 48.7 km length is being constructed in Kermanshah
province of Iran. This tunnel consists of 4 parts being excavated separately. The
execution of the last part of the tunnel is drilled by two TBMs from the Leileh
River to Kordi Ghaseman River.

Geology

The geological structures of the western part of Iran are under the influence of
the general trend of the Zagros Mountain Zimkan Anticline which the lowest
part is located at el.730 m a.s.l. and the Zimkan River flows with an angle
proportionate to the Range in this area. This trend is in NW-SE direction
observed along the folds cropping out (anticline, syncline). The axis of Zimkan
with the least overburden (113 -m thick) lies in this section. There are syncline
structures on both sides of Zimkan anticline whose most heights are about 1682
and 1384 m a.s.l. in the north and south of Zimkan area respectively. The tunnel
is located at el. 612 m a.s.l. of Zimkan.

Karst in Zagros Tunnel

The type of karstic zones in Zagros tunnel is recognized as a fluvio karst type.
Fluvio karst or evidence of tributary surface stream that lead to stream beds
underground when the drainage occurs.

In the area where the tunnel is located, there are many arid valleys at high
altitudes. The paths of these valleys are often not regular. Some of them, like the

valley of the village of Seyed Nabporab, are perpendicular to the tunnel.

In fact, there are currently no waters on the surface of valley, but the evidence
of exploratory boreholes drilled near the Zimkan valley in the vicinity of this
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site clearly shows the level of the upper surface of the karst region (Figure 2).
This set of porous rocks is seen at a certain level in all boreholes.
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Fig. 1. Geological map of Zagros Tunnel

It seems that this level has been the area of fluctuation of underground water
in the past, but at the time of this study the surface of the water was far below
this level due to the dry period of recent years. The existence of several faults,
sometimes with a length of more than 30 kilometers normal to the tunnel
pathway, initially forms water passageways. Then during the time, water
penetration in limestone and dolomite rocks extends the karstic aquifer region.
Some of the dry valleys show a general agreement with large and local faults.
The expansion of underground flows along the Zimkan Highlands with the same
mechanism. The currents are the same water bearing zones as observed in
tunnel.
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Given that along the faults and crushed areas, karsticity occurs more quickly,
therefore the phenomenon of karsticity in this range follows the lines of faults,
and any tectonic factors. The presence of Zimkan reverse fault in the anticline
axis leads to the creation of a crushed zone along the Zimkan valley, the effects
of which are found in the cores of the exploration borehole. Due to the existence
of this fault zone along the valley, it seems that a deep stream under the Zimkan
River can be existed and thus transfer and channeling of groundwater along
these zones has occurred. Considering the general morphology of the region
and the flow of streams along the surface, general flow of groundwater is
predicted to follow the northwest direction. Due to the extent of Zimkhan
anticline with a length of more than 30 km and the existence of extensive fault
systems and limestone rocks, water is driven along it and thus large karstic
conditions and aquifers are predicted to be extended in this area.

The most important lithostratigraphic units of the region that enjoy the
potential karsticity are the Jurassic and Triassic calcareous and dolomitic units.
Among Jurassic dolomitic limestone units there are interlayers and sometimes
lenses of evaporative units (gypsum and anhydrite). The evaporative zones in
the lower parts are often dissolved and the empty spaces that are often filled
with sediments seen as an influx of materials during the tunnel drilling.

Nowadays, the drilling of the tunnel is completed and the results of the water
leakage in the tunnel have been measured so far. In Fig. 3, the water leakage
values of the tunnel are given, measured up to the end of the tunnel
construction.

The 19632 chainage of tunnel is one of the most important areas of water
leakage. In this place, about a discharge of 4 cubic meters per second along with
an influx of materials were encountered that stopped the tunnel drilling
operations. This was again encountered in the chainage of 19672, as seen in
Figures 17 and 16.

In fact, this range is the distance between the F16 and F17-1 faults, which is well
illustrated in the geophysical results.
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Fig. 4. Combination of geophysical results and geological sections

Another area of water leakage is chainage 21611. According to the geological
section, it is related to the Homajge fault. The length of this fault is at least 15
kilometers. Along the tunnel, on the surface of the earth, alternate loose and dry

valleys are observed. The volume of water flowing at depths of more than 430
meters is significant.

Fig. 5. Right-F16 Fault Area 19632 - Left Hollow Area 19672- Empty Space behind
Segment- Stone: Brecciated Dolomite

Another very high water leakage observed in chainage of 22950. According to
the geological section, it is related to the F14 fault. The fault F14 interrupts the
lower Cretaceous-Jurassic and Triassic strata. This is a fault is dextral
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strikeslipe fault. Displacement of the horizons in this fault is over 140 meters.
This movement is documented in visual observations in field observations. (Fig.
6)

Numerical methods

Defining the boundary conditions, material properties, rock mass and joints
characteristics are the most parameters to generate the numerical model.
Based on the geological investigations, the DEM model has been generated and
the seepage rate into the different sections of the tunnel have been calculated.
It is obvious that the accuracy of calculations by software is totally depends on
the accuracy of input parameters [13]. Figures 7 to 8 are show the generated
model for tunnel.

Faults and major joints have the significant roles in water flow. Therefore, the
fault zones have been modeled separately using the FEM software. Figure 9 to
10 shows the generated model for Fault zone.
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Fig. 6. Engineering geology section of tunnel from 20100 to 21500
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Fig. 9. Generated model for the fault with  Fig. 10. Distribution of water head above
5 m crashed zone width tunnel in fault zone

Results of numerical method are show in the Figure 11.
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Observed water flow into tunnel

The actual water inflow into tunnel has been measurement for each section of
tunnel. Table 1 shows the amount of cumulative water observed in tunnel.

Table 1. Amount of water flow measurements
Estimated Cumulative Water Inflow Equivalent

(lit/sec) Length(m) Chainage(km)
938 80 3400-3480
1092 170 3480-3650
1366 280 3650-3930
1700 270 3930-4200

Comparing between observed water flows into tunnel and estimated using
analytical equations have been shown in figure 12&13.
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Base on Fig. 12. The actual water inflows into the tunnel are in good agreement
with the estimated groundwater inflow into tunnel. In addition, distinct
geological features (i.e. shear, fault or crashed zones) which might not be
intersected by conventional packer intervals have been considered in the
method.

Conclusion

Groundwater inflow assessment is essential for the design of tunnel drainage
systems, as well as for assessment of the environmental impact of the
associated drainage. Analytical and empirical methods used in the conventional
engineering practice does not adequately account for the effect of the jointed-
rock-mass anisotropy and heterogeneity. In this study, based on the geological
investigations such as water head above Zagros tunnel, rock mass permeability,
the groundwater inflow into tunnel has been estimated. It is showed that the
calculated flow values are in a good agreement with the observed and
measurement ones. Considering the hazard of ground water ingress, the results
show that about 50% of tunnel length can be classified as a low risk and around
of other 50% has a high risk and critical conditions. Applying these results
provides the designers with a more reliable data to design of the convenient
drainage system, drilling method, and tunnel support.
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Abstract: Hydraulic construction is of significant importance for the economics and the
population of Bulgaria. The geological environment has basic importance for designing,
constructing and exploiting of this type of facilities. The karst phenomenon impacting
approximately % of the Bulgarian territory is one of the critically risk factors for them.
As a consequence of the preliminary performed geological and hydrogeological studies
on karst terrains, a number of variants for hydraulic facilities were rejected in spite of
their suitability by other reasons. Nevertheless, 320 dams and hydraulic systems were
built in areas related directly or indirectly to carbonate rocks, creating favorable
conditions for karst formation. The present study discusses some of more expressive
examples. The overview of these cases shall improve the quality of the future designing
of hydraulic constructions in Karst terrains.

Key words: karstic waters, karst, hydraulic construction, Bulgaria

Introduction

The geological conditions have a dominant importance for constructing and
exploiting of hydraulic facilities. The presence of karst is one of the riskiest
factors in this aspect. The worldwide practice shows a number of cases of
impounded reservoirs and the related systems in regions with karst, as well as
the change of the hydrogeological conditions of the surrounding areas
(Milanovi¢, 2005, 2015). The aim of the present study is to present one
overview for the hydraulic facilities on the territory of Bulgaria built inside
areas with karstified rocks, or directly impacting the existing karst and related
karst waters.

Characteristics of the karst in Bulgaria

Karstified rocks are outcropping on about 23% of the territory of Bulgaria -
limestones, dolomites and marbles, containing more than 6000 caves inside.
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Besides, because the platform type of structure of North Bulgaria, a wide
presence exists of typical karsric aquifers often recovered by other type of
rocks. The carbonate rocks in South Bulgaria and in Balkan Mountain form
separated basins, mostly with mountain karst, due to the complicated tectonics.
The surface and underground karst formations are widely presented.

Hydraulic facilities in Bulgaria

Several thousand dams have been built on the territory of Bulgaria barraging
lakes of total exploitable volume of approximately 6,8 billion m3. The dams are
of different types and dimensions, consequently barraging different water
volumes. The micro-storage reservoirs of earth-fill embankment dams have the
widest presence. They are used for irrigations, aquacultures and drinking of
animals. Only 48 dam-reservoirs are of significant volumes, and they barrage
5628 million m?3 of water, or this is 82,8% from the total storage volume of the
all dam likes. These dams have been built for barraging more important rivers,
and they are of gravity rock-fill or concrete type, some of them being of
considerable high (the highest dam is the dam “Vacha” - 144,5 m). Their waters
are used for electric power generation, for supplying drinking and industrial
water, for irrigation. A part of the storage reservoirs in Rila Mountain and
especially in the Rhodope Mountain are interconnected by derivation canals
and in this way cascades of number of reservoirs were created. The water from
artificial lakes in different river valleys is redistributed by tunnel derivations.
Waters from the collector canals of mountain streams and rivers are directed
towards some of the dam reservoirs. Some typically earth-fill embankment
tailing dams barraging river beds, as well as the large number of recently
constructed barrages for micro-power plants must be considered as hydraulic
facilities in Bulgaria.

Hydraulic constructions and karst - examples

More than 320 dams and other types of hydraulic constructions in Bulgaria are
directly or indirectly related to carbonate rocks with conditions for karst
formation (Fig.1.). The performed preliminary studies on karst terrains have
shown the technically difficult and economically unprofitable realization of
such type of facilities. The designed sites were completely rejected or
alternative variants were chosen in some of the cases. As an example, the dam
construction on the bed of Vit River was declined in spate of the
morphologically suitable narrow valley near the village of Sadovets (Ivanov et
al,, 1960). The performed drilling had shown the existence of large open karst
caverns approximately at the level of the river and at the upper part of the water
saturated zone of the Senonian limestones forming the river valley escarpment.
The ground waters in the karst have a good connection with the river. The
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probable barraging with a dam will result as an important impact on the big
karst springs situated downstream from the designed dam. Another interesting
example is the refuse to realize the storage reservoir “Maragidic” situated at the
highest altitudes in Central Balkan Mountain (Grancharov, 1959; Chanov et al,,
1986). The dam and the reservoir were designed entirely on granites, but the
karst was the dominant factor for stopping the project realization. A
particularly interesting phenomenon is presented in this area - an existence of
pseudo-karst forms (sinkholes) in the granites. They were formed by infusion
of river water in the intensively fractured and altered allochthone granites,
overthrusting the highly karstified Senonian limestones. The fractures impact
the whole thickness of the granites and the penetrating river water creates
conditions for pulling out by suffusion of the grus sand from the granites
downwards in the karst caverns in the limestones. The creation of water
reservoir will accelerate the processes of suffusion, will activate the karst
processes and will provoke a serious loss of reservoir waters. A number of
designed dams and reservoirs in Bulgaria were never built because the proved
risks due to the high level of karstification and the significant potential for
losses of waters.
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Fig. 1. Outcrops of the karstified rocks in Bulgaria and hydraulic constructions

Nevertheless, that the karst exists in some of the regions, after performing the
necessary geological and hydrogeological investigations proving the technical
feasibility and the economical expediency, many dams were done. The dam and
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the lake of one of the first artificial reservoirs created in Bulgaria on Zlatna
Panega River near the town of Lukovit (the years 1925-1936) have been
situated entirely on Maastichian limestones. But no problems were detected
concerning the filtration. Even the existing karst spring at the foot of the dam
has never changed its discharge regime, despite the water level of the lake.

But a few cases exists, when the raising of the ground waters level and an
overflow of karst springs appeared. The last big dam “Tsankov Kamak” built in
Bulgaria during the period 2004-2009 in Central Rhodopes on Vacha River and
its tributary Gashnia River, has recently problems with the karst. The dam of
type concrete-double arch is 130,5 m high. The problems have appeared
because the significant permeability of the fractured and karstified marbles
outcropping along the bed of Gashnia River (Schréttner, 2005). For the
protection against potential losses of water through the karstified and fractured
zones in the marbles a cover of geo-membrane is made, as well as concrete
fillings of some areas of flooding
(Fig.2.). The level of the ground
waters in the region has been
changed after the execution of the
insulation, due to the decreased
feeding from the rivers or because
the impossibility for direct draining
towards the bed of Gashnia River.
The regular inspection of the
facilities in July 2017 discovered
fracturing of the insulation along the
bed and the banks of Gashnia River.
The lake was completely discharged
from water and a repair is now
running.
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Fig. 2. Insulation of the bed of Gashnia
River

The most serious problem in Bulgaria, related to the hydraulic construction on
karst terrain, is the dam of the impounded reservoir “Ogosta” (Benderev et al.,
2006) on Ogosta River at the nearest vicinity of the city of Montana. The main
karst spring is at about 400 m north-eastwards from the dam. It is draining the
karst basin in Upper Jurassic and Lower Cretaceous rocks outcropping along
the western bank of the lake (Fig.3.). The preliminary performed tracing
investigations have proved the connection of the waters from Ogosta River and
the spring, the underground velocity being of 25-30 m/h. After the barraging by
the dam and the beginning of impounding of the reservoir, the discharge of the
spring began to increase sharply. The gryphon of the spring and the canal
trough the city was not able to outfall the water quantities. New outlets of
ground waters appeared westwards from the spring. It was recorded a rising of
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the ground water level in the city. A tunnel of lengths of about 300 m has been
excavated for connecting the karst gallery discovered by skin divers, and for
reducing the water quantity directed towards the city. The spring discharge
raised more than 10 times (from 80-100 1/s to more than 2 m3/s) due to the
impounding of the dam lake during the years 1987-1988.
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Fig. 3. Geological map in the Ogosta dam vicinity and alternation of the spring flow
rate'(Benderev et al,2006): 1 -fans and alluvial deposits; 2 - eluvial materials; 3 -
Neogene formations (clay, sands, sandstones, marls, limestones); 4 - Cretaceous
formations (marls, sandstones, aleurites, argillites and limestones); 5 - Low Cretaceous -
Upper Jurassic formations (limestones); 6 - Middle- Low Jurassic formations
(sandstones, gravelites and conglomerates)

Similar example is the dam of the tailings pond near the town of Laki, built in
the years 60-70 of the past century. In reality it represents storage reservoir on
Ugovska River on the area of outcrop of highly karstified pre-Paleozoic marbles
(Naidenov, 1973). At the vicinity of the barraging dam 3 intercalations of
gneiss-schists have been detected, having important impact on the karst
processes. The grouting of number of springs of significant discharge was
executed in the constructional excavations and the lake basin. During the filling
of the tailing pond it was established a water loss by karstic canals, and the
discharge of two springs raised 2-3 1/sec to 500-600 1/s and from 10-151/s to
300 1/s. It was determined also the presence of tailing waste in 4 other springs.
The velocity of the karst waters was between 700 and 1000 m/d. Injections
were made in the caverns for stopping the leakage.

Karst terrains are also crossed by some of derivation tunnels of the
hydrotechnical cascades, mainly in the Rhodope Mountain. A part of these
tunnels is inside the zone of aeration, but during the tunneling of some others
(from HPP “Teshel” to HPP “Nastan” of cascade “Gorna Vacha”) an influx of karst
waters appeared (Ivanov et al., 1960). The most abundant influx of karst waters
was recorded at the access window I of the water race canal of HPP “Batak”
(more than 500 1/s). It decreased lately in the time.
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Direct impact on the karst waters has the collecting canal “Petrohan”, deriving
the waters towards HPP “Barzia”, besides its position on non-karstified rocks.
The canal is covered, but the open collectors are situated at altitudes from 1400
to 1450 m, and they redirect significant quantity of waters from the rivers
running southwards the main mountain ridge of Balkan Mountain (Stara
Planina Mountain). The principal problem is that these rivers at lower altitudes
rich the highly karstified Triassic limestones and dolomites where they loss
totally their waters inside the well expressed blind valleys. The consequence is
the decreasing of the feeding of the karst springs, especially for the karst spring
of Iskrets. Its discharge has dropped down from 5% during high water seasons
to about 40% during the dry summer months (Benderev et al., 2006).
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Fig. 4. Map of the water collections and the out flowing and the taken away waters of
Iskrets Spring.

During the last years an intensive implantation of small HPP and the related
barraging dams and canals is going on. From the existing 318 small HPP only
18 are in areas impacted by the karst. But taking into account their relatively
inexpensive and faster realization, very often the sites of their dams are not
designed on appropriated places. As an example, one of the most inappropriate
sites chosen for implantation of small HPP was in the area of the rail-way station
of Cherepish (Western Balkan Mountain). On the territory of only 3 kmz more
than 180 caves exist. The performed geological, structural, karstological,
speleological and geophysical studies have proved that the intensive karst
manifestation is presented on the site of the barragind dam, as well as on the
entire territory of the future reservoir. The only way for stopping the
underground filtration is the total cementation of the reservoir bed.

Conclusion

The performed till now studies, constructions and exploitations of
hydraulic constructions on karst terrains in Bulgaria have given a serious
positive, as well a negative experience. This experience could be applied
for the future similar activities. At this way the benefit is the increasing
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of the knowledge for the karst from practical, theoretical, methodological
and regional aspects.
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Abstract

Hydrogeological and thermogeological properties of the shallow subsurface in the
Dinaric karst area of Croatia were investigated in the context of its utilization for
ground- and water-source heat pumps (GSHPs and WSHPs). It was determined that
rock thermal conductivities are favorable for GSHP utilization and that wells with high
enough yield and stabile seawater or groundwater temperatures for WSHP utilization
can be designed in appropriate structural settings. Advantages and disadvantages of the
utilized methodology have been pointed out, as well as methods which should prove
useful in the future. Hydrogeological, geotechnical and thermal risks expected during
the drilling, installation and operational phases have also been identified. Presented
case studies have given the insight into the heat pump installation options and
conditions in Croatian part of the Dinarides, but can be useful to other researchers and
engineers both in the Dinarides and in similar karst regions.

Key words: Dinaric karst, rock thermal properties, hydrogeological properties, heat
pumps, Croatia

Introduction

Ground- and water-source heat
pumps with  high seasonal
performance factors are
considered as renewable resource
heating and cooling devices by the
o EU (Directive 2009/28/EC) and
¢oB 10 1 their application is steadily
Basic geologieal regions increasing. An EU  funded
., E pannonian GeoMapping project was
i, S Dinaridic conducted in 2013-2015 at eight
geologically diverse locations
throughout Croatia (Fig. 1) in order
to determine the geological
e conditions for their utilization
PIBROVNIETR, (Borovié etal,, 2015).

Fig. 1 Locations of presented boreholes
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Four of the studied locations were situated in karst terrains (two near the
Adriatic coast and two in the hinterland). 100 m deep boreholes were drilled
and double U-pipe heat exchangers were installed. Borehole core examinations
and sampling were conducted, and thermal parameters, which are crucial in
determining systems’ efficiency, were measured both in natural scale (Thermal
response test - TRT and Distributed TRT - DTRT - using advanced distributed
temperature sensing by fibre optic cables installed inside the U-pipe) and in
laboratory scale (direct measurement on core samples using ISOMET 2114
equipment by AppliedPrecision). In another project wells were drilled on the
site of a future hotel in order to ensure supply of seawater for a heat pump
system. Due to limited land area owned by the investor, the research aimed at
finding significant fracture systems which can support the required production
and reinjection rates.

A variety of natural and engineering conditions were encountered during the
course of these projects, the experiences from which can be useful to shallow
geothermal project development in similar karst environments known for
heterogeneity and anisotropy of engineering, hydrogeological and thermal
parameters.

Closed loop / ground-source heat pump cases

Heat pumps coupled to closed-loop borehole heat exchangers have been widely
utilized and investigated both theoretically and experimentally in the past few
decades. Theoretical models following Fourier’s law of heat conduction are
based on the assumption of a homogeneous and isotropic ground (e.g. Ingersoll
and Plass, 1948; Carslaw and Jaeger, 1959), which generally does not
correspond to reality, especially in karstified subsurface. Long-term (years and
decades) performance of GSHP system is highly dependent on the balance
between heat extraction during the heating period and heat injection into the
surrounding ground during the cooling period. This balance depends on the
climate of the region, ground thermal properties and heat advection by
groundwater flow, which is why it was necessary to investigate the potential
corresponding to local conditions. To this aim, four boreholes have been drilled
in the Dinaric part of Croatia and different conditions have been encountered.
While the boreholes in Pore¢, Gospi¢ and Zadar were drilled in carbonate rocks
(limestones), in Knin mostly evaporitic rocks were present (gypsum and
anhydrite in different proportions). In such environments thermal properties
of the subsurface were correspondingly disparate (Tab. 1). It is known that the
matrix porosity in carbonate and evaporitic rocks is very low, i.e. negligible in
an engineering sense. Therefore, their thermal properties are mostly dictated
by the thermal properties of minerals constituting the rock matrix, the fracture
and/or karst porosity and the fluid which fills in fractures and caverns. In such
medium it is very significant which fluid fills in the voids, because air has
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roughly 30 times lower thermal conductivity than water, which in turn has
tenfold lower thermal conductivity than rock forming minerals, e.g. A.i:=0,02
W/(m*K): }\waterzov6 W/(m*K): }\mineralszl -7 W/(m*K)

Tab. 1 Average thermal conductivities of rock samples in W/(m*K)
_ Gospic Knin Porec Zadar AVERAGE

1f_oramlmferal 2,73 (8) 2,73
imestone

Cretaceous limestone 2,18 (4) 3,28 (4) 2,73

2,95 (6) 2,90
gypsum / anhydrite 3,01 (17) 3,01
Ten measurements per sample were conducted (number of samples in parentheses).

It is visible that different rocks of carbonate (calcite) composition have quite
similar thermal conductivities in laboratory scale (Tab. 1). Also, rock thermal
conductivity is lower than that of pure mineral calcite. Unlike rock (and
especially rock mass) thermal conductivities, those of pure minerals have been
precisely determined. At standard temperature, for calcite it is in the range of
3.3-3.6 W/(m*K) (Robertson, 1988) or 3.3 - 3.8 W/(m*K) (Momenzadeh et al,,
2018), depending on the orientation of crystals in relation to heat flow.

The evaporite rock mass consisting of
gypsum and anhydrite is very
interesting, because according to
Robertson (1988) thermal
conductivity of gypsum is 1.2
W/(m*K) and of anhydrite 6.0
W/(m*K). Although it was not
possible to determine the
proportions of gypsum and anhydrite
in the rock by standard optical
methods, different proportions could
be assumed on the basis of very
variable thermal conductivities. E.g.
the evaporites were present in a 60
m sequence (Fig. 2). Out of that, 17
Fig. 2 Evaporite rocks in Knin borehole rock samples were collected and

thermal conductivities were
measured in a range of 1.63-5.16 W/(m*K)

In an environment with significant freshwater flow from the hinterland its
impact cannot be overstated, which was specifically proven by thermal
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recovery measurements after distributed thermal response testing in Zadar. It
is clear that in such places thermal recovery is rapid in comparison to other
areas where groundwater flow is lower, which is visible from much higher
thermal conductivity measured by DTRT in comparison to laboratory
measurements on samples (Tab. 2). In this case a combination of karst
environment and strong groundwater flow through the karst conduits or
preferential flow paths eventually caused significant drilling equipment drop-
downs and blockades, which resulted in abandonment of the borehole and its
relocation nearby.

Measurement technique Discrepancy (%)

LAB DTRT LAB-DTRT
2,92 2,73 6,96
2,58 2,08 24,04
2,19 2,05 6,83
2,86 3,21 -10,9

In Fig. 3 it is important to notice that caverns are present (which, depending on
the groundwater levels can be filled by water or air - causing different heat
transfer environments), as well as terra rossa and rock fragments with terra
rossa causing lower thermal conductivity, since thermal conductivity of such
mixtures was determined at different localities to be around only 1 W/(m*K).

¥
|

i-\
3

A

Fig. 3. Different materials in the roc mass of Zadar borehole: (1) terra rossa; (2) cavern;
(3) rock fragments and terra rossa - partially solidified; (4) fractured rock.
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In Gospi¢ the situation was much
simpler, since out of the 100 m which
were core-drilled, 97 m were, in
engineering sense, uniform Jelar breccia
(clast-supported, unsorted, mostly
monomictic limestone breccia with
miciriticc, mostly reddish matrix),
intersected by a few more significant
fractures (possibly faults) (Fig. 4). In
such an environment (similar to the
Porec¢ borehole), when the fractures are
minor and the limestones are generally
undisturbed, thermal properties are :
more consistent and depend on the Fig 4 Compact Jelar breccia (left) and a
thermal properties of rock forming fracture with striations (vight)
mineral.

Open loop / water-
source heat pump case
WSHPs are

thermodynamically
more  efficient  than
GSHPs, which is a
consequence of more

& ’ efficient heat transfer by
& Greb&nl d . . .

&N - advection, in comparison

\ to conduction. At the

L *‘v‘«‘ location of a future hotel

T DUBROVN in Dubrovnik (Fig. 1),

boreholes were favoured
to surface intake due to
aesthetic requirements,
but also as a solution
which offers higher energy efficiency. Predicted drilling area for the boreholes
was only 400 m2 (2 piezometers, 2 production and 2 reinjection wells). The goal
was to identify preferential flow paths in tectonically disturbed Cretaceous
carbonate rock mass (Fig. 5). The initial hydrogeological prospection was
conducted by mapping the structural elements and determining the positions
of tension and dissolution fractures in the rock mass, which were considered to
be the most promising structural element, able to ensure hydraulic properties
which will enable high enough yield and good reinjection properties of the
future wells (Urumovic et al., 2016). Abstraction wells are 30 and 40 m deep
and both reinjection wells are 25 m deep. The depths of abstraction wells were

Fig. 5 Locations of boreholes in Dubrovnik (red circle) on
the geological map according to Markovié¢ (1966)
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increased in comparison to initial plan, in order to minimize the temperature
variations of seawater. This approach resulted in a very favourable regime
between two production and two reinjection wells. The required seawater
intake for the system was 50 L/s. According to well parameter calculations
(Rorabough, 1953) from pumping test, over 500 L/s were secured. Pumping
test was conducted with Qmax=50 L/s and drawdowns in the abstraction wells
were negligible (10 - 22 cm), varying in concordance with tidal cycle. Owing to
an excellent yield of the abstraction wells and total reinjection, heating and
cooling for both buildings of the establishment are now supplied by the system
originally planned for only one (smaller) building. Although seawater
temperature will certainly experience some seasonal variations, it will be far
less pronounced than it would be the case using direct intake from the sea. The
boreholes further from the shoreline are used for abstraction to minimize
seasonal temperature variation caused by insolation. Such layout will increase
the seasonal performance factor of entire heat pump system throughout its
operational lifetime.

Conclusions and lessons learned

Shallow subsurface of the Dinaric karst area, which makes up roughly a half of
Croatian territory, was investigated for GSHP and WSHP utilization, and the
results were encouraging for both type systems’ deployment. Collected data
show that laboratory measurements systematically overestimated ground
thermal conductivity in karst terrains in general, but underestimated it in the
areas of high groundwater flow from the hinterland through karst conduits, i.e.
the properties of rock mass do not correspond well to thermal properties of
carbonate rock as a monolith. DTRT has proven to be an excellent indicator of
natural scale thermal properties of karstified rock mass and, additionally, of
karst phenomena such as highly karstified fault and fracture zones -
preferential paths of groundwater flow where heat is transferred by advection,
not only by conduction in the solid matter (Soldo et al., 2016). Also, the
unpredictability of drilling and heat exchanger installation in karst terrain was
confirmed and attributed to subsurface geological properties.

There are risks involved both during drilling and operational phases. During
the drilling, tools blockade and/or drop-down in the borehole have to be
foreseen. Strong groundwater flows can amplify these problems. For practical
purposes most of such boreholes will be drilled without coring, which would
diminish related karst problems. If more boreholes or wells were planned,
seismic refraction profiling would be advisable before the drilling, in order to
reduce the drilling risks. Electrical resistivity tomography should be conducted
to identify preferential groundwater flow paths or seawater intrusion paths in
the case of drilling for WSHPs.
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Risks present in the operational phase can be divided into hydrogeological risk
(water contamination by refrigerants and carrier fluids in an environment of
negligible autopurification capacity), geotechnical risk (destruction of installed
borehole equipment during storm events; evaporite rock swelling) and
thermogeological risk (excessive cooling or heating of the subsurface if heat
extraction/injection imbalance cannot be dissipated due to low heat and
groundwater flow; thermal short-circuiting).

Since only a limited number of possible research locations were available, no
dolomite or flysch rock masses were tested in the Dinaric karst area. This
should be a topic of future investigations due to their widespread distribution
throughout the Dinaric karst region.
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HYDROGEOLOGICAL RISK FACTORS OF DAM AND RESERVOIR
CONSTRUCTION IN KARST TERRAINS - “THREE DAMS IN THREE
GORGES” IN SERBIA
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Abstract: A brief analysis of construction risks is presented for three artificial
reservoirs in Serbia: 1 / “Bogovina”, 2/ “Stubo-Rovni”, and 3/ “Arilje-Svrackovo”,
planned in terrains mainly composed of karstified limestone. Each of the cases features
specific geological and hydrogeological properties of the terrain, and, therefore, specific
mechanisms of (potential) water losses under conditions of significantly altered
hydraulic properties of karst aquifers. Presented examples confirm that the
construction of dams and reservoirs in karst terrains carries potentially high risks of
water losses, and that detailed hydrogeological research should be carried out in the
early stages of project preparation. Special attention should be paid to: 1/karst aquifer
contact zones with impermeable rock formations, which may act as complete or partial
hydrogeological barriers to underground flows (losses) from the planned reservoir,
2/underground hydraulic connections of flooded karst, with permanent and occasional
karst springs outside the reservoir topographic catchment.

Key words: lake-reservoir, karst aquifer, water losses, hydrogeological research

Introduction

Construction of dams and lake-reservoirs generally carries a construction risk,
while the implementation of such projects in karst terrains significantly
increases the risk and requires additional funds and time dedicated to detailed
hydrogeological and engineering-geological research. The risk of construction
in karst may be divided into two categories: 1/ site selection risk, and 2/ risk in
the exploitation phase [1].

Site selection risk can be reduced to an acceptable level by well-conceived
hydrogeological and engineering geological research: detailed mapping of
terrain, hydrometry, geophysical survey, exploratory drilling, speleological
research, tracing tests, packer tests, pumping tests, etc. Based on obtained
results, an estimate of water losses is carried out, followed by
recommendations for sealing works that will reduce the losses to an acceptable
level.

The risks in the exploitation phase are [1]: 1/time (aging) factor - degradation
of natural deposits or sealing masses in cracks and cavities 2/induced seismic
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activity,3/breaks (collapses) that may be activated under the weight of
artificially increased water level, most often at the bottom of the river valley
where the karst forms might be covered by alluvial deposits, 4/submerged
karst springs or swallow holes (ponors) as potential pathways for underground
outflows (losses) of accumulated waters.

Since the 1970s [2] and concluding with the current planning documents [3,4],
the water management strategy of the Republic of Serbia has been based on the
construction of a number of dams and reservoirs with relating regional water
supply systems (RWS). The paper presents a brief analysis of the construction
risks for three planned reservoirs: 1/ “Bogovina”, 2/ “Stubo-Rovni”, and 3/
“Arilje-Svrackovo” (Fig.1), in terrains mainly composed of karstified limestone.
Out of several construction risks, only water loss potential is discussed. Other
relevant risks - geotectonic predisposition and seismicity of the area, stability
of the lake bed and sides in altered hydrological (hydraulic) conditions,
intensity of erosion processes in the basin, possible geochemical and
anthropogenic water quality degradation, impact on existing resources for
water supply, ecological and social impacts in artificially altered environment
and similar -were not considered in this article.

Fig. 1. Geographical positions of the reservoirs (A - finished, B - under construction, C -
planned)
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The “Bogovina” Case Example

The dam and reservoir were designed in the 1980s on the Crni Timok River in
eastern Serbia (Fig. 1), on the terrain consisting mostly of karstified Lower
Cretaceous limestone (Fig.2) with a maximum water level at 275 m.a.s 1., for the
purpose of supplying water to several settlements in the Timok region.
However, due to a successfully completed project of karst aquifer regulation
(Stevanovi¢, 2010), works on the dam construction were postponed for an
infinite period of time. The water supply of the targeted settlements was based,
starting from 2001, on the “transitional solution”-groundwater tapping using
four pumping wells located in the drainage zone of the karst spring Mrljis,
which is the main and lowest drainage point of the karst aquifer.

Hydrogeological research has been carried out to assess the risk of water losses
from the planned reservoir under modified hydraulic conditions in the karst
aquifer [6,7]. The key results of the conducted research are (Fig 2):

1/The Bogovina cave (266 m.a.s.l.) is a sort of ,hub” of the hydraulic mechanism
of the karst aquifer.Tracing tests showed that, during low-middle water levels,
groundwater flows from the Bogovina cave to the Mrlji§ spring (which is
flooded by the reservoir) and the abandoned coal minelocated within a heavily
fractured Oligocene marlstone. In periods of high waters, groundwater flows to
the periodical karst spring Fundonj (263 m.a.s.l). The Bogovina cave is also a
periodical karst spring which forms the Bogovinska River, a downstream (in
regard to the dam profile) tributary of Crni Timok.

2/Several pumping tests carried out in the Mrlji§ drainge zone caused the
lowering of groundwater levels in the Bogovina cave zone. It is important to
point out that the maximum flow rate of the Mrlji$ spring (before regulation)
was over 2 m3/s, which indicates high permeability of the karst channels and
cavities in the Bogovina cave-Mrlji§ directions.

3/ Several boreholes in the area have shown that karstification is intensively
developed at the depth of app. 80-90 m.

The results indicate potentially significant water losses from the reservoir,
whereas non-karstic rock formations (b1l-Cretaceous sandstone and b2-
Oligocene marlstone, Fig. 2) represent only fractional groundwater barriers.
Under the conditions of artificially elevated hydrostatic pressures, water
infiltration will intensify through the bottom of the reservoir in the Mrljis
drainage zone, and there will be flushing and removal of deposits from the karst
channels and caverns. Masked karstic forms (by alluvial deposit) could cause
further collapses. It has been assumed that after the reservoir fills up to the level
of app. 263 m.a.s.], infiltrated waters may form reverse underground flow to the
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Bogovina cave, as well as further, towards the Fundonj spring and the
abandoned coal mine. If the lake reaches the level of 266m.a.s.], the losses will
be increased by the outflow from the Bogovina cave. In addition, it is possible
that some of the accumulated water would also be lost through the right bank
of the reservoir, due to the assumed partial character of the barrier (b1) and
the hypsometric relation of the karst-nonkarst (b3), and flow to the Arnauta
River (Fig. 2) as well as further, downstream of the reservoir.
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Fig. 2. Hydrogeological scheme of the "Bogovina” reservoir wider area

The "Stubo-Rovni” Case Example

The “Stubo-Rovni” dam (western Serbia) was completed in 2010. It is planned
for it to form a lake of 50 million m3in the valley of the Jablanica River and its
tributary SusSica (Fig.3), with the maximum water level of 360 m.a.s.l and the
minimum of 310 m.a.s.1[8]. The primary purpose of the dam is the municipal
and technical water supply of the Kolubara District.
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Legend
[ Middle Triassic limestone: karst aquifer

Impermeable rock or minor aquifer
[ Cretaceous marstone, sandstone and limestone

[ Middle triassic porfyrite
[] Triassic dolomite
[1 Paleosoic schist

Other symbols
@  Karst springs Paklje (I) and Gradac (Il)

E= Planned Rovni reservoir conture

skm‘"+‘ Reservoir catchment boundary
s * Fault

Fig. 3. Hydrogeological scheme of the “Stubo Rovni“ area [9-modified]

The reservoir is positioned at the western rim of the “Leli¢ karst” area, and it is
planned to flood the SuSica valley (canyon), formed in highly karstified Triassic
limestone (Fig. 3). The average flow rate of the SuSica River is very low, and the
riverbed frequently dries out during the summer seasons. Several
characteristic karst features (ponors, periodical and permanent karst springs)
have been observed in the SuSica valley. Tracing tests have proven that
Cretaceous flysch does not create a complete barrier to groundwater outflow to
the Paklje and Gradac springs [10], outside the lake catchment (Fig.3). These
two springs are the major drainage points of the Leli¢ karst aquifer. The higher
lake level in the SusSica valley will intensify the underground outflow. According
to the dimensions of ponors, the swallow capacity is estimated at hundreds of
litres/second, while the average river flow of Jablanica (1967-2007) at the dam
profileis 1.37 m3/s [8]. The lowest boundary between impermeable Cretaceous
flysch and Triassic karstified limestone (Fig. 3), in the SuSica valley,is at the
altitude of 330 m.a.s.l. Therefore, a recommended solution is that the highest
lake level does not exceed 330 m.a.s.l.

The "Arilje-Svrackovo” Case Example

The “Arilje” dam will be built at the profile “Svrackovo” of the river Veliki Rzav
(western Serbia). It is planned to form a lake of 20 million m3, with a maximum
water level of 420 m.a.s.1 [11].

The terrain of the wider zone is composed mostly of Middle Triassic karstified
limestone (Fig.4).
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Fig. 4. (Hydro)geological map of the wider zone of Arilje dam
Legend: Water permeable rock/deposit: Tz - Middle Triassic karstified limestone; al, s:
Quarternary deposits: alluvial; Impermeable rock or minor aquifer: J23-Jurassic diabase-
cherts formation; Sf-Jurassic diabase a-Middle Triassic porphyrite; T1-Lower Triassic
sandstone, marlstone and limestone; C1,2-Carbon metamorphized sandstone and
conglomerate

At the dam section, the bottom and the sides of the Veliki Rzav valley are built
of the Lower Triassic karstified limestone and, in the higher parts, of (relatively)
impermeable riolites of the Middle Triassic and (relatively) impermeable rocks
of the Lower Triassic and Carboniferous (Fig.5).Numerous open and filled (with
clay material) caverns were identified by drilling holes along the dam section
up to the depth of about 100 m. Several packer tests have shown that the
permeability of karstified limestone is large to very large. Upstream of the dam
profile, the majority of the karst springs are registered on the left side of the
Veliki Rzav valley, at the altitudes above 420 m.a.s.l, outside the hydraulic
influence of the planned reservoir. The construction of the dam would
commence assuming that most of the water losses at the dam section can be
prevented and reduced to a minimum with adequate sealing works, and that
there is no risk of outflow from the catchment through the reservoir bottom and
banks.

It is certain that there will be no significant groundwater outflows through the
left bank of the reservoir, due to the Lower Triassic groundwater barrier (Fig.
4), and that is why most of the karst springs are registered at higher altitudes.
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However, given the continuity of karstified limestone spreading along the right
valley side (Fig. 4), the risk of underground losses through the bottom and the
right bank of the future lake should not be excluded. Currently, there is
insufficient data for a more detailed assessment of this risk. Simultaneous
hydrometry of the Veliki Rzav streamflow in successive sections upstream and
downstream of the dam profile, as well as observation of discharges of
registered karst springs downstream the dam site, are recommended before
any further construction work takes place.

max. water level

Fig. 5. Schematised geological profile of the dam site
Legend: Water permeable rock/deposit: T2 - Middle Triassic karstified limestone (karst
aquifer); Impermeable rock or minor aquifer: a-Middle Triassic porphyrite; T1-Lower
Triassic sandstone, marlistone and limestone; C-Carbon methamorphised sandstone and
conglomerate; Max. water level in planned reservoir

Conclusions

A brief analysis of the construction risks for three planned or partially
completed lake-reservoirs confirms the complexity of building such reservoirs
in highly permeable karstic terrains. Each of the cases features specific
geological and hydrogeological properties of the terrain, and, therefore, specific
mechanisms of (potential) water losses under conditions of significantly altered
hydraulic properties of karst aquifers. Evaluated case examples certainly
confirm that the construction of dams and reservoirs should be adapted to local
hydrogeological circumstances, for instance by decreasing the height of the
dam and by reducing the reservoir size. Potentially high risks of water losses
could also be reduced by performing adetailed hydrogeological research in the
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early stages of the project preparation,in order to timely take into account all
the aspects of the site selection risk and the risks in the exploitation phase.
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Abstract: The construction of grout curtain in the karst is a very common procedure to
reduce water losses from a reservoir. Based on long-term monitoring, and by
application of nonparametric correlation and rescaled partial sums - RAPS, water table
fluctuations were analyzed to obtain general trend and relation between piezometer at
the immediate zone of grout curtain. Short-term, but very frequent monitoring of water
table in the reservoir (SWT) and in seven piezometers, provides considerably better
insight into hydraulic behavior in karstic media. By separating the rising limb from the
recession limb on hydrographs and presenting on correlograms of adjacent
piezometers (in front and behind of the grout curtain), hysteresis loops were analyzed.
A different shape of hysteresis can be used for interpretation of hydraulic behavior in
karst media and functioning of the barrier. Application of this procedure was applied
on case example of Prevoj (Laziéi) dam at the grout curtain located on the left bank.

Key words: Long and short-term time series, grout curtain, hysteresis, hydraulic
behavior in karst

Introduction

A grout curtain should be sufficiently impermeable and possible a rise of the
gradient of leaking water through the grout curtain, increases the possibility of
its failure (Milanovic 2004). Analysis of the hydraulic behavior in karst and
functioning of grout curtain presents an important task for every dam and
surface reservoir constructed in karstified rock. Monitoring of water losses
based on long-term as well as on short-term monitored data, represents an
important part of controlling seepage through grout curtain. By characterizing
of hydraulic mechanism and focusing to the specific zone of a hydraulic barrier,
issuing the underlying support for timely reaction and cost-effective sealing
measures.

Study area

By the construction of embankment dam at the riverbed of Beli Rzav, of low
hydropower potential, formed surface water reservoir Laziéi, for reversible
hydro-power plant (RHPP). This is accomplished by pumping water from Drina
River to the Lazi¢i reservoir, upward more than 600 m. Total reservoir volume
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is 170x106 m3, and minimal and maximal operation levels are 815 and 881.5
masl. consequently. Embankment dam is 130 m high (881 masl) from Beli Rzav
river bed and consists of two rockfill dams with impermeable core - Prevoj (316
m long) and Kanjon (218 m long) with emergency spillway in between built in
rock mass, 400 m long. To reduce uplift forces in dam foundation and in the
body of the dam, two drainage galleries were constructed. Grout curtain below
the Prevoj dam is about 30 m deep, and water leaking is very noticeable on the
left bank of Prevoj dam. Therefore 109 m long grout curtain was additionally
built through the gallery (at the 883.2 masl) inside in the rock mass, from
843.20 masl to 803.8 masl. Initially, well grouting space was every 2 m, but
supplementary density increased to 0.5 m in some part. At the present
condition, water leakage reaches the amount of 200 l.s, at the maximum
operating level of water in the reservoir. On the left bank of the Prevoj dam, in
Cretaceous limestone and marly limestone, six piezometers were constructed
in the narrow zone of the grout curtain, and one piezometer is located on the
side of reservoir about 100 m away, and about 300 m in front of the grout
curtain, to represent state of groundwater (period of recession). In addition to
the above, two drainage galleries (G1 and G2) were also included in the
program of monitoring (Fig. 1). Since that this reservoir was built for RHPP,
fluctuations of the water table in the reservoir are very pronounced, and not
necessarily related to the water-season. Therefore, short-term but frequent
monitoring is very instructive.

On the basis of preliminary hydrochemical analyses, the TDS (total dissolved
solids) values ranged from 250 to 586 mg.l- for selected piezometers and water
from the reservoir. The lowest value comes from the reservoir water and was
used as starting point for comparison with other samples. Ca-HCO3 was the
dominant water type, showing the strong influence of carbonate rock, with an
exception for Na-HCOs observed in piezometer P-2, indicating the different
conditions of groundwater circulation.

Long-term time series analysis

According to the long-term measurements of the water table, with an irregular
interval from 2005-2015., Spearman rank order correlations were used to
explore interrelation of surface water table (SWT), selected pairs of
piezometers (P-1 to P-4) and two drainage galleries (G-1and G-2). Piezometers
P-5 and P-6 were constructed recently, in 2015.

Correlation analysis shows a very strong connection between SWT and

galleries, as well as piezometers at the dam side (Tab. 1). Adjacent piezometers

P-3 and P-4 show very strong correlation indicating a possible hydraulic

connection. But correlation solely is not a regnant factor for estimating certain

connection. This could be a case where the degree of sealing in the vertical sense
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is not the same, so we could have unsealed gaps, and correlation coefficient will
not be so highly significant.
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Fig. 1. Detail map of the left bank of Prevoj dam; P-1 to P-6 monitoring wells inside the
gallery, inclined 12° in front and back of the Lazici reservoir

Tab. 1. Spearman rank order correlations; marked are significant at p<0.05
P1 P2 P3 P4 G1 G2 P[mm]

SWT 0.666 0.380 0.691 0.545 0932 0946 -0.064

P-1 0.453 0.750 0.676 0.573 0.607 -0.114
P-2 0.548 0.568 0.351 0.344 0.009
P-3 0.836 0.672 0.634 -0.113
P-4 0.504 0.492 -0.115
G-1 0925 -0.086
G-2 -0.048

Long-term time series analysis provides possibility to quantify trends and
fluctuation records. Rescaled adjustment partial sums (RAPS) represents a
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suitable method for determination changes, whether they are natural or
artificial (Bonacci 2007). Analysis of adjacent piezometers in the zone of grout
curtain shows a different behavior. SWT in the reservoir is characterized by the
same sub-horizontal trend as observed in P-2 (behind of the grout curtain) and
P-3 (in the front of the grout curtain), while the trendline for piezometers P-1
and P-4 shows a trend of rising water level. This can be interpreted as a gradual
loss of function of hydraulic barrier in the zone representing by piezometers P-
3 and P-4 (Fig. 2). The upward trend in P-2 can be interpreted as impulse
response from the different zone (eg. P-3 and P-4).

Short-term time series analysis

To inspect hydraulic functioning of grout curtain in detail, frequent monitoring
was performed from 5th August 2015 to 27t October, at the level of every five
minutes. During this period about 24000 logs were collected. Monitoring
program included SWT in the reservoir and seven piezometers: three sets of
piezometers in the narrow zone of grout curtain (P-1 to P-6) and additional one,
situated on the side of the reservoir (P-7). This piezometer was used as
representative observation point for state of groundwater, showing period of
recession and low influence of SWT in the reservoir.

Jan 2005 Jan 2006 Jan 2007 Jan 2008 Jan 2009 Jan 2010 Jan 2011 Jan 2012 Jan 2013 Jan 2014 Jan 2015 Jan 2005 Jan2006 Jan 2007 Jan2008 Jan2009 Jan 2010 Jan2011 Jan2012 Jan2013 Jan2014 Jan 2015
3 3

Fig. 2. RAPS analysis of mean monthly SWT in reservoir and adjacent
piezometers P-1, P-2 (left); P-3, P-4 (right) in the zone of the grout curtain

The hydrograph for most of the piezometers was below the SWT and ranged of
about 12 m (for P-1) to 23 m (for P-2), except for P-6, only during the short
period of low level in the reservoir, and for P-5 which was constantly above the
SWT (Fig. 3). Both (P-5 and P-6), were located deeply in the rock mass, at the
end of the gallery. By comparing on the rescaled hydrograph of piezometers P-
7 and P-5, it is clearly noticeable recession period of natural state of the
groundwater on P-7. The recession of natural state of the groundwater also has
influence at the piezometer P-5 in front of grout curtain (Fig. 4, on the left). By
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comparing the piezometers P-5 and P-6 on the rescaled histogram, peak delay
on P-5 relative to P-6 suggest that leakage from reservoir probably does not
come from this zone and presents an impulse response of leakage from
neighboring zone (P-3 and P-4) (Fig. 4, on the right).
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Fig. 4. Hydrographs of observed pairs of piezometers P-7 and P-5 (on the left),
P-5 and P-6 (on the right) presented on different vertical axis

The correlograms of the adjacent of piezometers (in front vs. behind grout
curtain) and SWT vs. piezometers on the side of the reservoir, shows
nonlinearity. Based on the loop of the hysteresis, it is possible to analyze the
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hydraulic behavior of adjacent piezometers and estimate condition of the
hydraulic barrier. Similarly, when it comes to Lugeon test (Houlsby 1976),
according to the shape of the loop it is possible to define the type of flow regime.
Consequently, in the grout curtain like in rock masses, the hydraulic
conductivity (leaking) depends on apertures and infilling characteristics
(Goodman 1980). By separating of the rising limb (marked as - up on graphs)
from the recession limb (marked as - down on graphs) hysteresis loops are
formed. The obtained scatterplots indicate significant differences in the
hydraulic behavior between adjacent piezometers in the narrow zone of the
grout curtain (Fig. 5, on the left). Hysteresis phenomenon is more obvious with
the distance from the reservoir, deeply in the rock mass, as the consequences
of the complexity of flow process in karstic media as well as the existence of two
interrelated flow regimes (from the reservoir water and from groundwater -
Fig. 5, on the right):

e The correlogram P-1 vs. P-2 (A), shows not so intense relation as observed from
the relation SWT vs. P-1 (B), but it follows the same shape. This relation (B)
showing laminar to transitional turbulent regime with pressure increment, so
that the upper parts of the rock mass are more karstified. Considering that, it can
be concluded that hydraulic barrier is fully functional, with possible seepage
below the barrier. Prelaminar chemical analyses from the P-2, also confirm this
case.

e  Scatterplot of water table P-3 vs. P-4 (C) showed as straight line, representing a
consequence of seepage through the barrier with the strictly laminar flow. This
hydraulic behaviorleads to gradual flushing grouting material, already indicated
based on long-term time series. The correlation of the SWT vs. P-3 (D) shows
more complex relation as consequence of less karstified marly limestones, and
the possible existence of joints with infillings of low permeable materials.

e The correlogram of water table for pair P-5 vs. P-6, located deeply in the rock
mass, expresses the all complexity of interrelation of groundwater and reservoir
water (E). The complexity of mechanism of matrix flow and channel flow is
presented in relation SWT vs. P-5.
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Fig. 5. Hysteresis of the simultaneous 5min values of water table in adjacent piezometers
P-1 to P-6 (on the left), and SWT vs. piezometers, on the side of the reservoir (on the
right)

Conclusion

The role of the grout curtain in karst aquifer hydraulic behavior presents a very
important task in the dam stability and leaking process. Monitoring program, based on
long-term and short-term but frequent observations, provides a quality basis for
characterization of leaking process. Moreover, the applied analysis of the time series

provides the possibility of focusing on the specific zone within the grout curtain.
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BEARING ROCKS (IN THE TERRITORY OF THE FORMER USSR)

Nikolay Maksimovich & Olga Meshcheriakova!

lInstitute of Natural Sciences of Perm State National Research University, Russia,
e-mail: nmax@psu.ru, olgam.psu@gmail.com

Abstract: The article is devoted to the experience of dam construction, at the base of
which there are gypsum-bearing rocks. In the world there are about 70 similar dams,
of which about 15 - on the territory of the former USSR. The description of the Kama
hydroelectric power station (HPP), the Mingechaur HPP, the Yerevan HPP, the
Baypazinsk HPP are given.
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The presence of soluble rocks, such as gypsum and rock-salt, in the foundations
of hydraulic structures cause engineering geological conditions that are difficult
and unfavorable for safe construction (Cooper, 2013; Ford, 1989).

On the globe, karstic rocks are widely developed and occupy a tenth of the land
area (51 million km?).

In the former USSR, the total area of gypsum-bearing rock extends to about 5
million km2 (Gorbunova, 1977). Hydrotechnical construction in such soluble
rock regions can create conditions of enhanced dissolution and karst
development that can threaten the structures. Throughout the world there are
examples where the dissolution of gypsum in dam foundations have resulted in
tragic consequences. The failure of the St. Francis dam in California, US4, is one
catastrophic example where 400 people perished as a result. Numerous
problems are associated with dams on gypsum, these include settlement,
cracking and seepage with the constant threat of failure or expensive
remediation. For example, in the vicinity of Basel, on the Birs River, the
dissolution of gypsum beds in the dam foundation caused settlement and
cracking. Settlement was also observed on the San Fernando, Olive Hills, and
Rattlesnake dams in California. Loss of water from reservoirs on gypsiferous
rocks is common and seepages through the dam foundations were recorded on
the Osa River (Angara basin), in Oklahoma and New Mexico (USA). Seepage and
gypsum dissolution causes cavities to form and these features have been found
in the foundations of the Hondo, Maximilian, and Red Rock dams, along with a
dam in the Caverly valley, Oklahoma. Gypsum also occurs in the foundations of
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the San Loran dam in Catalonia, Poecos dam in Peru, and a number of dams in
Iraq (James 1978; James, 1980).

In a number of cases, the presence of gypsiferous rocks resulted in the rejection
of the dam site for construction, an example being the Saint Baume dam in
Provence, which was found to be on gypsiferous marls. Surveys for the Rian
dam in the vicinity of Alter Stolberg, south of Harz, stopped after gypsum was
discovered in the foundation zone. Gypsum has been proved in the foundations
of more than 50 dams and rock salt, which is more soluble, has been found in
the foundations of others including the Rogunsk and Nureksk dams on the
Vahsh River in Tajikistan (Maximovich, 2006; Milanovic. 2000; Molokov, 1981).

In the world, there are about 70 (operating, unfinished, destroyed) dams on
gypsum-bearing rocks, of which 15 - on the territory of Russia and the former
CIS countries (Table 1). In the territory under consideration, the Cambrian and
Lower Permian gypsum-bearing formations occupy the largest area.

Table 1 - Dams on gypsum-bearing grounds in the territory of Russia and the former CIS
countries

The name of the dam Country Opel:ate +)/
doesn’t operate
The Kama dam Russia +
The Mingechaur dam Azerbaijan +
The Erevan dam Armenia +
The Thilisi dam Georgia +
The Baipazinsk dam Tajikistan +
The Nureksk dam Tajikistan +
The Sangtuda dam Tajikistan
The Farhad dam Uzbekistan +
The Bratsk dam Russia +
The dam on the Osa River Russia +
The Rogunsk dam Tajikistan the construction is
underway

The Irganay dam Russia not completed
The Lower-Kafirnigan dam Tajikistan not built
The dam on the Iren’ river Russia not built
The Cheboksary dam Russia not built

Consider the experience of building some of them and the methods used to
protect them from destruction.

The Kama hydroelectric power station (HPP) on the Kama River (Russia).
The karstic gypsum-anhydrite and limestone-dolomite rocks include in the
zone of influence of the structure. The karst processes were activated after the
creation of the reservoir (fig. 1) (Maximovich, 2006; 2009).
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The rocks of the base of the HPP have an uneven vertical plastering. In the
sulfate-carbonate stratum, as a whole, an increase in the content of calcium
sulphate down the section is observed (Kuznetsov, 1947). The rocks in the
section of the dam section are characterized by heterogeneous fracturing.

In the design of the Kama HPP as a protection of gypsum-bearing rocks from
dissolution, it was expedient to create a waterproof canopy in the upper pool
with alength of 110 m, a cementing curtain at the beginning of the draining and
vertical deep drainage in its middle, but in the process of work the created
curtain could not provide the design value of the head, defined in 27%. With
time, the veil lost its effectiveness.

To compact the cement slurry, a gel-forming oxaloaluminosilicate solution was
proposed. The use of a silicate solution for tamponizing fractured soils at the
base of the dam in domestic practice was carried out for the first time
(Buchatsky, 1976, Voronkevich, 1976). Tamponage effect of this solution is
achieved due to the formation of a gel from a colloidal solution after its
introduction into the array by injection.

The densification, begun in the end of 1974, underwent a channel part of the
cement mill with a length of 465 m. Two side curtains with the length of 100 m
each were created. Thus, the curtain has a U-shape. As a result, the magnitude
of the pressure drops on the veil in the Shemsha and Upper Solikamsk aquifers
increased significantly. This led to a decrease in the filtration pressure on the
base of the hydraulic structure and, correspondingly, an increase in the stability
factor of the dam on the shear (Maksimovich, 1983).
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Figure 1 - Geological section of the base of the Kama HPP (Maximovich, 2006).
P2ss Sheshminsky horizon: 1 mudstone, siltstone with interbeds of limestone; Pzsol
Solikamsky horizon: 2 limestones, 3 dolomites, 4 marls, 5 marls and dolomites with
interlayers and gypsum lenses, 6 dolomites, 7 dolomites clay; Pir irenskiy horizon: 8
gypsum, 9 anhydrite
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Thus, the example of the Kama HPP shows that careful geological studies,
regime observations and a complex of engineering and geological measures to
increase the rock stability allow successfully operating pressure hydraulic
structures in the areas of distribution of sulfate rocks for a long time
(Maksimovich & Meshcheryakova, 2017).

The Mingechaur HPP on the Kura River (Azerbaijan) (fig. 2) (Geology..., 1959).
The valley of the Kura River is embedded in the deposits of the Apsheron stage,
characterized by the development of weathering cracks, mainly uncovered,
including crystals and veins of secondary gypsum.

In order to increase the stability of the slope, it was drained by a number of
almost horizontal wells drilled from the excavation to the clay layer, and also to
prevent the waterlogging of sandstones, they were shielded on both sides by a
special cementing curtain on the drained area.

Fears of the possibility of development in the rocks of the base of processes of
dissolution and suffusion determined the design of the anti-filtration curtain.
Due to the high aggressiveness of groundwater in relation to cement, prevailing
in the thickness of closed cracks, and among open - filled with loose material, a
bitumen emulsion was used to install the veil. In order to prevent the latter
being washed out on separate sections, the bitumen curtain is supplemented
with cementitious curtain.

Left bank Right bank

Bottom pipes

of excavation

1 |
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Figure 2 - Geological section along the axis of the Mingechaur HPP (Geology..., 1959)
Quaternary deposits: 1 - alluvial loams, gravel pebbles and sand, deluvial and proluvial-
deluvial loams; 2 - fragments of bedrock with loamy aggregate (landslide soils).
Absheron deposits: 3 - silty sandstone; 4 - sandstone-clayey silt; 5 - silty clay; 6 -
intermittency of powerful words of sandstones, clays, aleurites; 7 - intermittency of low-
power layers of sandstones, clays, silts; 8 - tectonic breccia

The Yerevan HPP on the Hrazdan River (Armenia) with gypsum-bearing clays
at the base (fig. 3). In deeper horizons there are gypsum strata with a thickness
of up to 10-15 m. The total thickness of the gypsum-bearing strata is 300 m. On
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the site of the dam, the upper layers of the gypsum-bearing strata lie directly in
the riverbed.

=
SO,
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Figure 3 - Geological section of the Yerevan Dam section (Lykoshin, 1992)

1 - fragments of basalts with loam and sandy loam; 2 ancient landslide formations; 3 -
boulder-pebble deposits of the riverbed. Hrazdan; 4, 6, 8, 10 - basalts; 5- boulder-pebble
deposits with fragments of basalts; 7 - basalt slags; 9 - lacustrine-alluvial deposits; 11 -
clays red-brown; 12 - clays calcareous, partially gypsum; 13 - clays calcareous, strongly

plastered; 14 - sole of a concrete pile tooth; 15 - groundwater level before the
construction of a hydroelectric power station

As protective measures, a curtain at the base of the dam is arranged by the
shock-mechanical method (the Ikos-Feder method). At the base of the dam, a
deep borobeton tooth is created, mating with the frontal and airborne cement
curtains in the fissile basalts of the right bank. Within the layer of gypsum slabs,
which in the underworld of the valley has a thickness of 6 m and steeply falls
deep into the right bank, the concrete-pile tooth reached a depth of
30-40 m. After 40 years of operation, no deformations of the dam and
associated structures were recorded (Geology..., 1959; Lykoshin, 1992).

The Baypazinsk HPP on the Vakhsh River (Tajikistan). The geological
structure, in which the Cretaceous, Paleogene and Quaternary deposits take
part, is characterized by a significant karst of carbonate rocks and the presence
of gypsum under pressure structures (fig. 4). The thickness of individual
gypsum interlayers varies from a few cm to 2-3 m (Lykoshin, 1992).
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Figure 4 - Geological and lithological section of the Baipazinsk hydroelectric station
(Lykoshin, 1992)

1 - bulk ground; 2 - alluvium; 3 - deluvial-proluvial deposits; 4 - proluvial-deluvial
deposits; 5 - Turkestan clays; 6 - Upper Alayan; 7 - Middle Alayan; 8 - Lower Alayan; 9 -
Suzak clays, Bukhara limestones: 10 - upper pack, 11 - lower pack; 12 - Adzhar
sandstones; 13 - Maastricht limestones

From the side of the upper slope of the dam and in the channel of the river there
is an anti-filtration screen and a drain. The same screen is made on the slopes
of the left and right banks, on the section between the dam and the tunnel in
order to reduce the filtration in the body, the base and bypassing the dam, as
well as the proper coupling of the dam to the banks. The anti-filtration spillway
devices are implemented in the form of a concrete drain before the weir, an
anti-filtration curtain under the concrete threshold of the weir and mating
walls, anti-filtration spurs in the areas of shore adjacencies, drainage under the
drains and drainage in the rapid flow zone. Observations have shown that, due
to the adopted design and silting of the reservoir, the hydrounit for filtration
and deformation of structures is in favorable conditions.

The above examples show that the presence of soluble rocks and the
development of karst processes in the area of pressure hydraulic structures
creates serious problems in their operation, significantly increases the cost of
construction and repair, and in some cases can lead to accidents and
destruction of the dam, which is accompanied by human casualties. Practice
shows that the cost of repair works related to the development of karst
processes can be comparable with the cost of the structure (Maksimovich et al,
2017).

Note that the obvious mistakes in the exploration, design, operation and
organization of observations are repeated year after year for a long time. This
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is largely due to the fact that by now the experience of dam construction on
soluble rocks has not been generalized, there are no clear methodological
approaches to the quantitative assessment of karst processes in the dam impact
zone.
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Abstract

Upper Gotvand Dam &Hydropower plant is located near to the city of Gotvand in
Khuzestan Province of Iran. This dam is the most downstream reservoir dam with total
volume of 5 billion cubic meters constructed on the Karun River. The main objectives
of this dam are to generate hydroelectric energy, control flood and supply of drinking,
agricultural and industrial water. 4.5 km apart from the dam axis on the left bank, there
is a formation so called Gachsaran that contains thick and karstified sequences of
evaporative formation. Given that a significant portion of this mass was going to be
submerged being below the normal water level of the dam following the impounding,
many studies were conducted on the dissolution, water escape and the change in
reservoir upcoming water quality. The studies began with geological and water quality
disciplines and continued with physical and numerical modeling of the dam reservoir.
Accordingly, the impounding and then powerplant operation have been planned and
carried out so that quality of water of the reservoir and downstream is acceptable.
Thereafter, the water quality has been monitored in regular intervals both in the
reservoir and the downstream discharge. The results show that the operational
scenarios have been successful.

Key words: Gachsaran formation, dissolution, dam reservoir, water quality
1 - Introduction

The presence of soluble formations such as gypsum and salt in the dams’
reservoir can cause several impacts among which the change in the water
quality is the most important one. Resevoir water tightening can be severely
vulnerable because of dissolution and the creation of a karstic environment.
Addressing such a serious problem is very difficult because similar cases have
been either rarely reported or have had disappointing results.

Upper Gotvand Dam is a tangible and successful case, which, despite the big
problem of soluble formations including salt in its reservoir, was constructed
and impounded. This paper aims to describe all measures such as technical
studies and remedials, taken to minimize any negative influence on the water
quality.
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2 - Technical Studies

Geographical Location and Weather

Upper Gotvand Dam is located in the north of Khuzestan province of Iran and
near Gotvand city. With a height of 185 m, this dam is the highest earth fill dam
in the Middle East. It was constructed on the Karun River which is the largest
river of Iran with an average annual discharge of 12 billion cubic meters. This
dam is the most downstream reservoir dam constructed on the Karun River.
The study area is located at the beginning of the mountainous area of Khuzestan
province. The lowest and highest temperatures in summer and winter are 50°C
and-1°C respectively. The average precipitation in the Karun basin is about 750
mm per annum.

Geology

Gotvand Dam reservoir is located in folded zone of Zagros range which is
elongated located from the southwest of Iran to the north with a width of 150
to 250 km. It has an almost northwest - southeast trend, in which the Paleozoic,
Mesozoic and Tertiary sediments over laid with the same dip. In the early
Permian, Zagros was covered with continental evaporative deposits, followed
by limy sediments associated with shallow seabed together with shale and
logon to middle Triassic facies.

The geological formations existing in Gotvand reservoir, ordered from the old
to the recent ages, are Gachsaran-Mishan, Aghajari and Bakhtiari. Gachsaran
Formation, well known due to Gachsaran Oil Field, has rarely been studied on
account of its gypsum-salt nature created as a result of the high deformation
and high inter-strata movement of anhydrite and salts. Aghajari Formation in
terms of lithology is composed of brown to gypsum limy sandstone, veins of
gypsum of reddish marlstone and siltstone. Grayish marlstone and limestone of
Mishan Formation are located in the lower contact of Aghajari Formation with
gradual conformable boundary. Unconformable Bakhtiari Formation is
observed in the upper contact of Aghajari Formation. Bakhtiyari Formation
comprises limy conglomerate containing chert with sandstone existing
alternately between them (see Fig. 1).

Anbal salt area is a part of the Gachsaran Formation located 4.5 km in the
upstream direction of the dam axis. It is bounded by the Karun River in the
north and west and by the valleys in the south and east. There are two salt mines
within this area. This area is surrounded by Mishan Formation. Mishan
Formation consists of colored marlstone and limestone. This area has more
than hundreds of sinkholes some of which with over 50 m in diameter and over
80 m in depth (Fig. 2)
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There have been performed geotechnical studies, exploratory borehole drilling,
field and laboratory tests as well as landslide studies on this area. Besides,
geophysical investigations have been carried out using geo-electric, seismic
reflection, GPR, and micro-gravimetric methods.

In addition, water quality tests and salt dissolution rate assessment have widely
been carried out applying different methods.
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Fig. 3. L: The elevation model of the area on which the results of filling the sinkholes are

drawn; R: The geophysical results applying microgravity method -The blue parts show

the low-density areas, and the reddish colors are the highest in the order of magnitude,
respectively. Low-density areas can be related to karstic spaces,

Salt Volume

One of the most effective factor on our studies was estimation of the salt
volume. To this end, the salt outcrops that had been observable from the north
to the south in the different elevations from 110 and to 200 m a.s.l. with a slope
ranging between 40 to 50 degrees toward the abutment, were accurately
mapped on the 1/2000 topographical drawings and then they were integrated
with the results of exploratory boreholes and the salt Percentage existing
therein. A maximum of 17% of the entire area has been considered as salt.
Lastly the salt volume was modified using Petrel and Arc GIS software and
estimated about 61 million cubic meters.

Chemical analyses and calculation of dissolution rate

The water samples were taken from the boreholes, river and other water
sources such as springs and streams of the area and chemically analyzed. A
model was used so as to calculate the amount of ion introduced through the
Gachsaran Formation to the reservoir applying Phreeqc software.
Unfortunately, due to the wide range of ions concentration in the boreholes’
water, the accurate results were not possible to obtain. In order to estimate the
salt dissolution rate, different laboratorial models were applied (see Table 1).
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Table (1): Methods and results of various tests of dissolution rate
e Dissolution
Specifications Method rate (cm / h) Remarks
Full dissolution 125 Assumlng complete dlss.olutllon .ofthe
materials involved with slipping
Indices tests 1 Assuming the samples are open on the
flank
Flow circulation 0.85 Assuming velocities of aboutcm / 1
Model 1: 200 3 By installi