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Preface

After a delay of two years due to the COVID, the Eurokarst conference, the largest event on
karst hydrogeology and carbonate terrains in Europe, was held again. This third edition took
place in Malaga, Spain, in June 2022, involving more than 150 researchers from 30 countries
from all over 4 continents.

Organized by the Universities of Malaga, Neuchatel, and Besangon, with the collaboration
of the Spanish Geological Survey (IGME-CSIC), the Eurokarst conference series arose in
2014 with the aim to continue promoting advances in research in the field of karst and
carbonate reservoirs, after more than 40 years of regular meetings. The first and second
editions were organized in Neuchatel (Switzerland) and Besancon (France) in 2016 and 2018,
respectively. In 2022, for the third time, the Eurokarst offered the opportunity to share with the
scientific community the most recent advances in karst hydrogeology and to increase the
understanding of processes and impacts on this media.

Among the current topics addressed during the conference, and despite their recurrence,
understanding groundwater flow systems within karst aquifers, its functioning, and the pro-
tection and management of water resources are still relevant issues, even more facing future
scientifical and technical challenges posed by a changing world. In addition, there was a good
number of research contributions dealing with developing new methods based on
physico-chemical characteristics of karst groundwater, hydrodynamic studies, and hydro-
geological parameter estimation.

It is clear that karst aquifers are complex hydrosystems, and their hydrological behaviour
cannot be assessed without (1) geological knowledge, especially structural geology and epi-
genetic and hypogenic features and (2) long time series of fundamental parameters, such as
rainfall, discharge flow, water electrical conductivity, chemistry, and many other parameters.
Only with this information is it possible to interpret karst dynamics to an event or seasonal
scale. Moreover, karst terrains require knowledge of catchments in natural areas, detailed
information on mean residence time, and more studies about the natural attenuation of con-
taminants to enhance our knowledge on intrinsic and specific vulnerability assessment.

A continuous transfer of improvements from conceptual to numerical modelling approa-
ches, and vice versa, is necessary to enhance knowledge of carbonate aquifer functioning and
ultimately achieve better evaluation and management of water resources. The state of the art
and the perspective of karst modelling were presented during the Eurokarst 2022. Various
types of numerical models representing both innovative approaches and case studies using
well-established modelling platforms were shown as examples on this topic.

Last but not least, some works contributed to advances in cave sciences, including new
methods for caving research and monitoring dissolved gases, water, and even ice appearance
in cavities. Also, geomorphological aspects of karst were discussed and some outstanding
examples of geodiversity were shown during the Eurokarst 2022 conference.

Eurokarst 2022 demonstrated that further research, not only on groundwater resources
assessment but also on the characterization of the hydrogeological functioning of the aquifers,
is essential to manage the aquifer sustainably and solve the still uncertainties of this media.
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Preface

This book includes 36 articles selected from the 131 communications presented to Euro-
karst 2022, covering a wide variety of topics in many fields related to karst: karst hydroge-
ology and methods to study karst aquifers, karst caves, and geomorphology, among others.

The articles are organized around two main topics:

e Karst hydrogeology and methods to study karst aquifers
e Karst caves, geomorphology, landscape, and natural heritage.
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Initiative to Select, Label and Protect
the World’s Most Important Karst Springs

Zoran Stevanovi¢

Abstract

Springs are important to the humanity because they
provide potable water to many locations in the world, thus
ensuring health, sanitary conditions, food production and
economic development. Karst and mineral water springs
are particularly important, but springs emerging from
karst aquifers are by far the largest—some are even
discharging entire underground rivers—whose flow
sometimes exceeds 100 m*/s. Having caused the estab-
lishment of permanent settlements and nearby cities,
especially in the Roman times, many springs are also
historically important. Although some of the best-known
karst springs are actively used and very well protected
from pollution, many others around the world have been
contaminated, devastated by over-pumping or impounded
by reservoirs. Taking advantage of the opportunity
provided by the 50th anniversary of the IAH Karst
Commission (KC) and the involvement of UNESCO in
our karst research, this initiative (project MIKAS) aims to
bring together both the KC members and many national
experts to work, on a voluntary basis, to: 1. develop
criteria for the selection of most important karst springs,
which inter alia should include historic, aesthetic and
scientific values; 2. establish the list of springs; 3. create
the Code of Practice for these springs’ utilisation and
protection; and 4. promote these springs by their in situ
labelling and Internet publicising. The idea to identify and
protect selected springs does not imply prevention of their
further use. To the contrary, this initiative intends to
highlight their importance, defend them against possible
devastation and ensure that any further intervention
considers their protective status.

Z. Stevanovié¢ (X))

Centre for Karst Hydrogeology, Department of Hydrogeology,
Faculty of Mining and Geology, University of Belgrade, Djusina
7, 11000 Belgrade, Serbia

e-mail: zstev_2000@yahoo.co.uk

Keywords

Springs * Karst » Geo-heritage ¢ Protection * Promotion

1 Introduction

Groundwater is a vital resource that provides almost half of
all the drinking water that is available in the world. How-
ever, for most people, this invisible groundwater is out of
sight and out of mind. In addition to many earlier campaigns
to promote groundwater and its importance, the UN-Water
has decided that the theme for the 2022 World Water Day
(WWD) should be “Groundwater: Making the Invisible
Visible”. Not all groundwater is invisible, though. As
aquifers’ discharge points, natural springs provide specialists
with an insight into underground secrets, and indirectly
assess the complexity of groundwater origin and distribution
(LaMoreaux and Tanner 2001; Bakalowicz 2005; Kresic and
Stevanovi¢ 2010; White 2010). Karstic and mineral water
springs are particularly important, but springs emerging from
karst aquifers are by far the largest, some discharging more
than 100 m>/s (Kresic 2013). They resemble true under-
ground rivers.

Karst covers more than 15% of the continental ice-free
land (Goldscheider et al. 2020) and karst aquifers supply
approximately 9.2% of the world’s population, or close to
678 million people, with potable water (Stevanovi¢ 2019).
The intakes of springs are the most common tapping struc-
tures in karst environment, as channelling gravity springs
and diverting water over long distances are still easier that
drilling many wells in hard karstic rocks (Stevanovi¢ 2018).
The latter is the second common way of tapping karst water.
Karst springs are important because they provide precious
water quality, also sustain ecosystems and maintain the
baseflow of many rivers in the world (Cantonati et al. 2006;
Bonacci et al. 2009; Stevens et al. 2011).
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The karst environment is so specific that it requires,
almost as a rule, a multidisciplinary approach and engage-
ment of specialists from various fields. In 1970, the Karst
Commission (KC) was established under the umbrella of the
International Association of Hydrogeology (IAH) as an
answer to the demand to collectively integrate this highly
specialised branch of hydrogeology. More than 50 years old
today, the Commission plays the focus point for the
exchange of ideas for further development of karst hydro-
geology (Milanovi¢ and Stevanovi¢ 2021). The project of
mapping karst aquifers all over the world was recently
completed thanks to the support of the KC (Chen et al. 2017;
Goldscheider et al. 2020). Through their published books
and articles, as well as many activities, members of the KC
also largely contributed to marking 2021 as the International
Year of Caves and Karst, extended to also include the year
2022. This is why the author of this article is launching the
initiative to bring these two together: karst springs and karst
experts. The aim is to select, label, protect and promote the
most important karst springs at the global and national level.
Although the KC should lead this activity, it is expected to
receive support from UNESCO (Gunn 2021) and its Inter-
governmental Hydrological Programme (IHP) and many
national experts who should work on a voluntary basis.

At the annual meeting of the KC IAH held on 23 June
2022 during the Eurokarst 2022 conference in Malaga, this
initiative has been approved and following proposal of the
author of this contribution the project titled most important
karst aquifer’s springs (MIKAS) launched. The initial pro-
ject’s advisory board has also been approved and consists of
one representative from each continent, chairs of the
KC TAH and UNESCO IHP and project’s coordinator.

2 Brief History of Some Karst Springs
Utilisation

Tapping spring water is an ancient art. Historically, in order
to have easy access to water, people built their settlements
near large springs. As a rule, cities with plentiful water
drawn from successfully constructed intakes and reservoirs
provided a base for prosperous development and a safe
haven for their citizens. In contrast, cities that had no water
supply from nearby springs were often destroyed or aban-
doned because they were unable to survive long sieges.

The history of capturing groundwater and diverting water
to distant points is linked to ancient China, Mesopotamia
and Egypt. However, the golden age was achieved in the
Roman times.

The importance of precious spring water and its preva-
lence over nearby river water had been proven by the
Assyrian emperor Sanherib, son of Sargon II (703-681 BC).
He constructed the intake systems at the Khanis karstic

Fig. 1 Some of candidates for global list of springs heritage—existing
memorial plates at spring site are posted in left upper corner of each
photograph. a Khanis spring in northern Iraq, cuneiform inscription
carved in rocks; b Comal spring in Texas, USA, iron plate; ¢ Almyros
spring, Crete, Greece, plastic plate. All photos by Z. Stevanovié

gravity spring (near Atrush, northern Iraq, Fig. 1) to supply
the historical city of Nineveh, located some 16 km away
(near today’s Mosul in Iraq on Tigris River). The Khanis
water structure was one of the very first aqueducts ever
constructed (Reade 1978; Stevanovi¢ 2010).

During that historical period, Hezakiah, the ruler of ancient
Jerusalem, decided to dig a 500 m long tunnel under and
through the city walls to ensure supply of water from the
Gihon spring, which drains the Turonian limestone aquifer.
Before the Assyrian siege of the city, the spring was connected
to the Siloam water pool to prevent the spring from falling into
the hands of the enemy (Frumkin and Shimron 2006).

The Romans’ supremacy and dominance in the ancient
world were demonstrated through their knowledge of water,
including the art of tapping and delivering spring water. In
the narrow historical centre of Rome, there were 23 springs
that initially supplied small settlements around the city,
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while at the height of the Roman Empire, 11 long aqueducts
delivered more than 13 m’/s of water to the city from dis-
tances ranging from 16 to 91 km (Lombardi and Corazza
2008). The Roman architect Vitruvius was the first to leave a
written record showing that springs on mountain slopes can
be recharged by atmospheric precipitation, finding their
interaction in the rapid propagation of infiltrated water.

The Romans established many settlements across their
empire. Thus, several major cities were constructed around
major karst springs in the Adriatic part of the Mediterranean
basin: Trieste—Timavo springs, Rijeka—Zvir group of
springs, Split—Jadro spring, Dubrovnik—Sumet and Ombla
springs, Kotor—Skurda and Gurdié¢ springs (Milanovié
1981, 2021; Stevanovi¢ 2010).

In the nineteenth century, water from karst springs con-
tinued to be an important source of water supply to cities that
were developed nearby. The first 130 km long mountain
pipeline was completed in 1873 to supply the city of Vienna
from the Kaiserbrunn spring (Fig. 2). The quality of its water
is excellent, as it generally requires only chlorination, pri-
marily to clean the distribution pipes. Paris also obtained
water from several captured springs 100 to 150 km away
from the city, piped by aqueducts built between 1865 and
1893 (Margat et al. 2013).

3 Large Karst Springs Distribution

For the purpose of mapping large karst springs under the
World Karst Aquifer Mapping (WOKAM) project, Chen
et al. (2017) and Goldscheider et al. (2020) established the
basic selection criteria that included the following:

e Permanent karst springs with a minimum discharge > 200 /s
(for print map), > 500 I/s (for database),

e Temporary or highly variable springs with a maximum
discharge > 10 m’/s (50 m%/s),

e Very important submarine springs (experts’ opinion),

e Thermal water springs with discharge > 100 I/s that
are > 4 °C warmer than the average air temperature (or
200 1/s and 10 °C warmer than air temperature),

e Karst springs > 100 1/s with peculiar gas composition,
such as CO, or H,S (200 1/s).

Due to uneven distribution of karst springs and their most
dense distribution in Dinaric karst (Stevanovi¢ et al. 2016), a
more flexible approach has been applied to the final
WOKAM map. Therefore, the number of springs per 1000
km? in the Alpine orogenic belt and the Dinaric system was
reduced. For instance, in some small countries such as
Bosnia and Herzegovina, there are all of 8 springs that
regularly discharge more than 2000 I/s. Turkey has the same
number of large springs, followed by Montenegro (5).

Fig. 2 Some of candidates for global list of karst springs heritage—a)
Bekhal spring, Taurids Mts. Iraq; b) Margoon spring, Zagros Mts. Iran;
¢) Vaucluse spring, Provence, France; d) Kaiserbrunn spring, Rax Mt.
Austria; e) Inka’s spring, Cusco, Peru. All photos by Z. Stevanovi¢

Whereas, less restrictive criteria were applied for selecting
springs in some other parts of the world.

In the Americas, the largest number of springs is located
in the southern part of USA (Texas and Florida), Mexico
(Yucatan) and Belize. There is a dense distribution of large
springs in the Near and Middle East, China and Indonesia,
although many regions with a wide distribution of karst
rocks do not have very large springs. This is mainly due to
the presence of platform type of karst, with a lesser karsti-
fication degree (e.g. Canada, South America, Great Britain,
northern and eastern Africa).

The full-scale WOKAM map includes 201 selected karst
water sources, i.e. 162 continental freshwater springs, 16
submarine springs, 8 thermal springs and 15 water abstrac-
tion structures (Goldscheider et al. 2020). The World Karst
Spring Hydrograph Database (WOKAS) has also been pre-
pared (Olarinoye et al. 2020) to complement data included in
the WOKAM database.
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4 Karst Springs Heritage—Selection Criteria
and Application

The purpose of this initiative is to make a global karst
springs heritage list. The list should be made based on
common criteria but adapted to local conditions and recog-
nising the specific circumstances of each country. Something
that is important in one country does not have to be
important in others. The above discussed karst springs’
discharge can be viewed as an important but not critical
criterion for selecting springs that should, in the end, be
declared geo-heritage sites. The point of the project is not to
make a long list, but to instead identify the most important
springs in each of the karst countries, and propose that they
be labelled, better protected and used in a sustainable fash-
ion. Some large countries may have more than ten, while
some others may have just one or two, maybe even no
springs at all that would meet the listing criteria. However,
some sense of balance between these two extremes is always
recommendable.

The initiative proposes that the following steps be taken:

1. Developing criteria for the selection of most important
karst springs;

2. Drafting the list of springs;

3. Creating the Code of Practice for these springs’ utilisa-
tion and protection; and

4. Promoting the springs by their in situ labelling and
Internet publicising.

The selection criteria should include, inter alia":

Historic,
Aesthetic,
Economic,
Ecologic and
Scientific values.

Some illustrations of great historic values were provided
in the previous chapter. However, there are numerous
springs in the world that have historic and/or cultural sig-
nificance for local nations or community development
(Figs. 1, 2).

The aesthetic criterion is always tricky, as de gustibus non
est disputandum. However, something like a waterfall, a
huge cliff or a cave behind a spring should commonly be
judged as a nice and acceptable landscape for the list (Fig. 2).

"The criteria should be established through the joint work of the
project’s Editorial Board.

The economic-management value should consider a
spring’s active use. Spring water can be used for potable
water supply, irrigation or for supplying the local industry.
In a few words, it can support the local economy by gen-
erating food and income to the local community or the
country as a whole. Some springs are used for generating
hydropower, providing geothermal energy or are applied in
balneology and recreation.

Even if not tapped, water from karst springs can be
essential from ecological point of view, to sustain ecosys-
tems, maintain the baseflow of rivers or fill large reservoirs.

The scientific value may take into account specific dis-
charge mechanisms of the springs such as large maximal
yield, intermittent flowing, gas bubbling, changing water
quality in coastal areas (fresh, brackish and saline) or some
other properties that could be of research interest to the
hydrogeological community.

Further discussion on selecting the criteria and drafting
the Guidelines for inquiry should be the task of the project’s
Advisory Board representatives of different regions of the
world. The Code of Practice for these springs should be
prepared along with the Guidelines or as a part thereof. The
idea of identifying and protecting selected springs does not
imply prevention of their further use. On the contrary, the
aim of the initiative is to highlight their importance, defend
them from possible devastation and ensure that any further
intervention takes into account their protected status.

Following in the footsteps of the WOKAM and WOKAS
projects, members of the Advisory Board should call on
regional and national experts to support the project by pro-
viding proposals and supporting the project’s implementa-
tion in the field. The idea is to create unique panels with
basic information (in local languages and English) about the
springs, their history and importance, morphological char-
acteristics, discharge mechanisms and other specific facts.
The content and form of these unique panels should also be
included in the Guideline prepared by the Advisory Board.

Information about the springs in question, presented on
the Internet and in brochures, would help their promotion
and could generate additional income for the local commu-
nities from geotourism. In case a spring is actively used for
water supply, which would necessitate its greater protection,
there would still be space for visits of organised groups
during designated time slots.

5 Conclusions

Springs in karst are precious “eyes” that give insight into the
often complex mechanism of groundwater creation and
distribution. Many are properly utilised or flowing freely to
ensure the existence of ecosystem, while others are
over-pumped or improperly protected from pollution. The



Initiative to Select, Label and Protect the World’s ...

initiative to identify, label and promote the most important
karst springs at the global level would spread knowledge
about their presence and value, while the prepared and
applied Code of Practice would help with their protection
and more sustainable use.

By decision of the IAH Karst Commission, this initiative
has been converted into a project MIKAS, to be led by its
members and voluntarily engaged the Advisory Board.
However, the MIKAS project would require the involvement
of many regional and local experts, and the employment of
their knowledge in the process of identification, description
and further promotion of selected springs including in situ
labelling by commonly agreed unique panel with emblems
of the KC, respective national or local community authority
and probably UNESCO IHP.

Eurokarst 2022 and the KC annual meeting were an
excellent opportunity to present and discuss the project’s
concept, create the Advisory Board consisting of regional
representatives and plan further steps.

The project further extension on selection of mineral and
thermal springs for creation of their global list should be a
task of the TAH Commission on Mineral and Thermal
Waters.
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Flood Hazard in the Classical Karst:
The Case of Mucille Polje (NE Italy)

P. Turpaud, C. Calligaris, and L. Zini

Abstract

In the north-western area of the Classical Karst (NE Italy),
the Mucille depression, after abundant precipitations, is
subject to frequent floodings, which become problematic
since 2001 as they more frequently affect housing and
recreational areas, leading the population to believe that
the swallow holes draining the area stopped functioning.
The climate changes as well as the increased frequency of
intense rainfall events led to evaluate the draining
capacity of the swallow holes in order to provide
fundamentals for the mitigation measures. The depression
is fed by a spring area and drained by two swallow holes
one of which is permanently active, while the other
functions only during floods. About 24 h after the onset
of heavy rains, the whole depressed area is flooded.
About 8 days later, the water level begins to decrease,
coming back to its initial height in about fifteen days.
During floods, while springs and swallow holes dis-
charges measurements are impossible, the extension of
the flooded areas has been mapped. The obtained flooded
surface together with high resolution DTM coverage
allows to calculate the volume of surface water. Conse-
quently, the hydrologic balance can be estimated during
the whole event. This study provides meaningful evi-
dences for the design of measures to mitigate the risk. It
estimates the discharge of the swallow holes, confirming
their efficiency. Nonetheless, it also emphasizes the need
to improve their draining capacity, especially considering
the unsuspected high outflow of the springs at the onset of
the flood.

P. Turpaud - C. Calligaris (<) - L. Zini
Dipartimento di Matematica e Geoscienze,
Universita degli Studi di Trieste, Trieste, Italy
e-mail: calligar@units.it

Keywords

Karst hydrogeology ¢ Flood hazard management * DEM
analysis * GIS ¢ Groundwater monitoring

1 Introduction

In the last decades, invasive and destructive flood events are
constantly increasing (Hirabayashi et al. 2013; Kvocka et al.
2016; Tabari 2020) and karst areas are no exception. Their
response to floods and to the water outflowing is dependent
on the intrinsic characteristic of the karstified hydrostructure
(conduits and fractures). The study of a small but meaningful
area (the Mucille karst depression) in the Friuli Venezia
Giulia Region (NE Italy) provides insights concerning the
flood dynamics in such environment.

After abundant precipitations, the Mucille karst depres-
sion is subject to frequent floodings which become prob-
lematic since 2001 as they, more frequently, affect housing
and recreational areas, leading the population to believe that
the swallow holes draining the area stopped functioning.
This belief, together with the climate changes that will most
probably cause an increase of the frequency of intense
rainfall events, led to evaluate the draining capacity of the
swallow holes and the aquifer dynamics both by direct dis-
charge measurements and by water balance modeling. These
assessments provide insights for flood risk reduction mea-
sures and data that can be helpful in evaluating the efficiency
of the realized mitigation actions.

The Classical Karst hydrostructure extends for approxi-
mately 750 km? from the So¢a/Isonzo River to the Adriatic
Sea and up to the town of Postoina. The springs draining it,
drain waters of three main contributions: the Isonzo
groundwaters, the Reka and RaSa rivers input through
swallow holes and the effective infiltration. The groundwa-
ters of the Isonzo Plain are partially drained along the con-
tact between the karst and the alluvial plain (Timeus 1928;
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Fig. 1 The study area is located along the south-western edge of the Classical Karst. The latter spans across the Italian-Slovenian border a,
b. Simplified geological map of the Classical Karst after Jurkovsek et al. (2016). The Mucille depression belongs to a network of polje featuring

numerous springs that drain the aquifer (c)

Mosetti and D’ Ambrosi 1963; Gemiti and Licciardello 1977;
Cancian 1987; Doctor et al. 2000; Samez et al. 2005; Urbanc
et al. 2012; Zini et al. 2015). This contribution is calculated
at approximately 10 m>/s (Zini et al. 2011, 2013; Calligaris
et al. 2019). In the southeastern sector of the hydrostructure,
in Slovenia, at the contact between flysch and carbonates,
several swallow holes drain the Reka and Rasa rivers. If the
latter drains only small water quantities, Reka river input
definitively influences the hypogean flows of the whole
eastern sector of the Classical Karst as its discharge ranges
between 0.18 m*/s and over 300 m*/s with an average of
8.26 m>/s (Gabrovsek and Peric 2006).

Effective infiltration represents the main contribution to
the aquifer recharge with an average value of 20.6 m’/s
(Civita et al. 1995). Rainfalls quickly infiltrate into the
articulated paths of the karst structure thanks to an average
high rainfall (between 1000 mm/year on the coast and
1800 mm/year in the innermost areas), a poor vegetation

cover, the absence of thick soils and an intense and wide-
spread karstification of the rock mass.

The study area, located at the contact between the
south-western edge of the Classical Karst and the Isonzo
Plain, is characterized by a series of polje NW-SE oriented
which include, in addition to the Mucille plain, Doberdo and
Pietrarossa lakes as well as the Sablici depression (Fig. 1).

The karst aquifer, which in the area can be found on
average at elevations between 2 and 5 m a.s.l., is intercepted
by these karst depressions giving rise to a complex system of
springs characterized by extremely variable flows according
to the rainfall regime. This hydrogeological context was
heavily modified in the post-war period by the construction
of a channel draining, toward the Adriatic Sea, Pietrarossa
and Sablici lakes (Zini et al. 2022). The result is a lowering
of their baseflow level of about 1 m. Mucille and Doberdo
lakes were not directly involved by the reclamation activities
and thus maintained their natural hydrography characterized
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by the presence of a spring area, a drainage channel and a
series of sinkholes. Nonetheless, also Doberdo Lake evi-
denced a lowering of its baseflow level of about 1 m leading
to longer drought periods. This lowering is not proven in the
Mucille area due to the lack of data regarding the level
monitoring but is can be expected.

The Mucille depression is laid on a gently SSW dipping
cretaceous bedded limestone of the Povir formation (Jur-
kovsek et al. 2016).

It is fed by a spring area (S-02). During low-water con-
ditions, the flow is channeled toward a swallow hole
(Sw-01), while at high water table conditions, a second
swallow hole (Sw-02) participates in draining the area
(Fig. 2).

The minimum elevation within the Mucille depression of
about 4.8/4.5 m a.s.l. is encountered along the channel
connecting the spring area to the swallow holes. The rest of
the area is almost flat with elevations ranging from 6.0 to
8.5 m a.s.l. The lower groups of houses can be found at 8.1
and 8.8 m a.s.l., respectively.

Piezometer
Spring
Swallow hole
[——] Flooded area (18/12/2017)

2 Methods

The hydrogeological characteristics of the area have been
defined by field-survey and manual monitoring of water
level, electrical conductivity and temperature. Alongside,
water level in an adjacent piezometer (S20, Figs. 2 and 3)
has been monitored continuously in between 2017 and 2019
using a CTD-Diver (Van Essen Instruments) multiparametric
probe. Pressure was compensated using a Baro-Diver probe
(Van Essen Instruments).

Hydrograph analysis of two flood events together with
hydrologic balance and in situ discharge measurements
helped to define a flood control strategy. Discharge mea-
surements at various water level have been performed with
an MF Pro (OTT HydroMet). While discharge measure-
ments are possible in low-water conditions, during floods
assessment of springs and swallow holes discharge is
impossible due to channel overflow. Digital terrain model
allows to calculate the surface water volume at incremental
water table level (Fig. 4). Using phreatic levels registered in

Fig. 2 Composite aerial photograph of the Mucille area. Spring area, swallow holes and monitoring piezometer are highlighted. The flooded

surface on 18/12/2017 is mapped
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Fig. 3 DTM of the Mucille depression. The flooded area at the peak of event 1 (18/12/2017) coincides with the 7.5 m a.s.l. elevation. The surface
water volumes calculated with DTM allow the modeling of the water table elevation as function of the surface water volume

an adjacent piezometer (S20), this volume can be computed
over time. Consequently, the hydrologic balance (inflow
minus outflow) has been estimated during two flood events.

3 Results

The water balance and draining capacity of the swallow
holes were analyzed for two different flood events. The
results of in situ discharge measurements acquired during the
second one and at various stages during other floods (not
presented here) are also discussed.

Event 1

The flood was caused by two rainfall events: a first one
between 25th November and 1st December (76 mm) and a
second one between 8 and 16th December (153 mm) 2017
(Fig. 5). The flood recorded a maximum water table at 7.5 m
a.s.l. The fast water rise required a mean balance of 880 1/s
(inflow minus outflow) for one day (to be compared with the
low-water conditions springs discharge of about 50 I/s). The
following day it decreased to 280 I/s. The next 5 days, the
water balance oscillated between 0 and about 200 1/s. From
the eighth day on, while water level began to lower, the
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Fig. 4 Relationship between water level and surface volume obtained
by DTM elaboration. Successively this model was used for water
balance calculation

balance became negative for 8 days with values around
—200 I/s. As springs were still active, what obtained
demonstrates the high drainage capacity of the swallow
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Fig. 5 Water level measured in the S20 piezometer and daily rainfall data from Gorizia Italy (provided by ARPA-OSMER) during event 1.
Photographs illustrate the situation in the Sw-02 at different levels. The water level allows the calculation of the surface water volume (middle

graphic) and consequently the daily mean water balance (lower graphic)

holes at high-water conditions when direct discharge mea-
surements are impossible.

Event 2

The flood was caused by two precipitation pulses which took
place on 28th February (15 mm) and between 1st and 4th of
February (88 mm) 2018 (Fig. 6). This event illustrated a
more common and less intense rise of the water table with a
maximum of about 6.5 m a.s.l. The excess input of about
300 I/s for one day became negative after 5 days. It
remained negative (at ca. —50 I/s) for the next 7 days. The

last 7 days of the modeled period were characterized by a
slightly negative balance (between —7 and —2 1/s).

After the peak of event 2, in situ discharge measurements
have been performed to assess directly the swallow holes
drainage capacity. Before becoming inactive due to water
lowering, Sw-02 absorbs about 80 1/s. Sw-01 absorbs ca.
70-80 /s before the return to low flow condition.

Discharge Rating Curves

Further in situ discharge measurements have been performed
at different stages. The discharge rating curves of both
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Fig. 7 Discharge rating curves of the two swallow holes and of the
spring area

swallow holes and spring area are plotted in Fig. 7. Data
confirm the swallow hole draining capacity of at least 80 1/s
each, up to a water level of 6.5 m a.s.l.

incipient of large floods was not expected. It implies that the
maximum discharge at the spring should be about 1 m¥/s.
Consequently, the conventional pumping to lower water
level would be insufficient to mitigate damages.

The proposed solution involves first of all the regular
maintenance and cleaning of both swallow holes. On the
other hand, a drainage by channel would be prohibitive due
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to costs. Housing and recreational areas could be protected
with the construction of an embankment and the mechanical
enlargement of the southern swallow hole (active only dur-
ing floods) in order to improve its drainage capacity. The
comparison of the discharge rating curves and of the water
balance before and after the intervention will permit to
assess the efficiency of the intervention.
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of Central Texas

B. A. Smith, B. B. Hunt, J. Watson, and J. Camp

Abstract

The karstic Trinity Aquifers of central Texas provide
baseflow to streams and are used extensively as water
supplies for domestic, municipal, agricultural, and indus-
trial purposes. Rapid increases in population in the area
are placing significant demands on the aquifers in an area
that has very limited surface water supplies and is prone
to significant droughts. Droughts occur frequently in this
area and current levels of pumping in the Trinity Aquifer
have resulted in both the capture of springflow in karstic
areas, resulting in a major spring ceasing flow during
drought and groundwater mining in other less karstic
areas of the Trinity. The most significant historical
drought in central Texas occurred in the 1950s and lasted
for up to 10 years. Tree-ring data show that even more
significant droughts have occurred over the past thousand
years. Predictions for changes to precipitation due to
climate change are for more extensive flooding and more
severe drought. Long-term trends in water levels are
downward with only limited recovery during very wet
periods. An understanding of how these aquifer systems
function is key to proper aquifer management which is
likely to involve limits to pumping during average
conditions and more severe reductions during periods of
drought and incorporating alternative water supplies such
as rainwater harvesting, aquifer storage and recovery, and
perhaps importation of water from distant sources.
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1 Introduction

The Trinity Aquifers of central Texas have been used as a
source of water for many years, and water discharging from
springs provides base flow to streams in the area. Base flows
in streams that are fed by the Trinity Aquifers provide
recharge to downgradient portions of the Trinity Aquifers
and to the Edwards Aquifer. Rapid population growth in
recent years has significantly increased the demand for
groundwater in the area. Hays County, which is at the center
of the study area, has been the fastest growing county in the
USA from 2010 to 2020 (U.S. Census Bureau 2021). The
certain increase in demand for groundwater coupled with
severe drought will likely cause significant reductions in
springflow and decreases in water levels. This will cause
many water-supply wells to cease the ability to yield water
and negative ecological impacts along spring-fed streams,
both of which will lead to serious economic consequences
for the area. Furthermore, reduction of Trinity Aquifer
springflow will reduce recharge to the Edwards Aquifer that
hosts a variety of endangered aquatic species at Barton and
San Marcos Springs.

Studies are being conducted to better understand the
aquifers of central Texas so that proper management of these
aquifers will allow for sufficient groundwater of good quality
to be available for human and ecological purposes.

2 Hydrogeology

The geologic units that make up the Trinity Aquifers in the
study area (Fig. 1) are largely limestones and dolomites of
Early Cretaceous age (Fig.2). These sediments were
deposited on a broad shelf that separated the deeper water of
the Gulf of Mexico to the southeast and land of the Llano
Uplift to the northwest. Some of the depositional environ-
ments in which these sediments were deposited are coastal
plains, tidal flats, shorelines, and a variety of shallow-water
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environments (Hunt et al. 2020). These units are nearly flat
lying with a gentle dip to the east and southeast (Wierman
et al. 2010). Major faulting occurred during the early Mio-
cene along the Balcones Fault Zone. The strikes of these
faults are generally north-northeast, and most of the faults
occur in central and eastern Hays County and in adjacent
counties to the north and south (Fig. 1). The Balcones Fault
Zone consists of a series of en-echelon normal faults,
down-to-the southeast. Fracturing associated with the fault-
ing shattered the brittle carbonate rocks, providing pathways
for groundwater movement and the development of solution
conduits.

The eastern portion of the study area contains the
Edwards Group at and near the surface. Stratigraphically
beneath the Edwards Group is the Trinity Group that is
exposed in the western portion of the study area. In the
western side of the study area, the outcrops are dominated by
the Lower Glen Rose Member within the river valleys, with

the Upper Glen Rose Member making up the areas of higher
elevation.

The Upper Glen Rose Member (Fig. 2) is 108 m (355 ft)
thick in the upper reaches of the Onion Creek watershed and
thickens to about 137 m (450 ft) in the eastern portion of the
study area. In outcrop, the Upper Glen Rose Member is
subdivided into eight informal lithologic units, which cor-
relate to the classic work of Stricklin et al. (1971). These
units generally consist of stacked and alternating limestones,
dolomites, mudstones, and marls.

The Lower Glen Rose Member (Fig. 2), about 76 m
(250 ft) thick, is characterized by fossiliferous limestone
units with well-developed rudistid reef mounds and bios-
tromes often found near the top and base of the unit. The
shaley and dolomitic Hensel, about 10 m (33 ft) thick, is also
exposed in the incised river valleys and locally provides
semi-confining aquifer properties. The Cow Creek Lime-
stone is about 23 m (75 ft) thick. The upper portion of the
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Cow Creek Limestone is a cross-bedded grainstone unit that
is often limestone but can also be dolomite. The lower
portion of the Cow Creek Limestone becomes more dolo-
mitic and silty with depth grading into the underlying
Hammett Shale. The Hammett Shale serves as a confining
unit between the Middle and Lower Trinity Aquifers.

These carbonate units have undergone varying degrees of
karstification by hypogenetic processes and by later eoge-
netic processes. Groundwater flow in these aquifers is a
combination of flow through the primary porosity matrix of
the rocks, flow through localized pores that have developed
by dissolution of the rock, and through conduits that have
developed by dissolution along faults, fractures, and bedding
planes. Little is known about the distribution of these
porosity types within the aquifers because of the lack of
accessibility to the deeper portions of these aquifers.
Observations of structural and karst features at the surface
provide some clues to the nature of the deeper karst. Solution
voids, such as caves and sinkholes, are common throughout
the study area where these limestones and dolomites are
exposed at the surface.

3 Recharge

Recharge to the Trinity Aquifers has not been well quanti-
fied and the distribution of recharge across geographic
locations has not been determined in detail. However,
numerical modeling efforts that are underway are evaluating
rainfall, streamflow, and water-level data to gain a better
understanding of recharge in the study area. Part of these
efforts will be to determine how much recharge is taking
place along streams and how much is taking place in the
uplands.

Recent studies (Smith et al. 2015; Hunt et al. 2017)
indicate significant recharge to the Upper and Middle Trinity
Aquifers occurs from losing streams, such as the Blanco
River, Cypress Creek, Onion Creek, and Barton Creek
(Fig. 1). The losing reaches of the Blanco River and Cypress
Creek sustain Pleasant Valley Spring and Jacob’s Well
Spring, respectively. Any water in the Cow Creek that does
not exit the aquifer at the springs provides flow to the deeper
part of the Middle Trinity Aquifer to the east.
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Another source of recharge to the Middle Trinity is ver-
tical leakage from the overlying Upper Glen Rose (Jones
et al. 2011). Recharge to the Middle Trinity Aquifer in
central Hays County is primarily from lateral flows from the
updip recharge areas to the west (Smith et al. 2015). How-
ever, there is some indication of a hydrologic connection
(vertical leakage) from the Upper Glen Rose into the Middle
Trinity either due to significant head gradients from recharge
in the Upper Glen Rose or drawdown from pumping from
the Middle Trinity Aquifer (BSEACD 2017). Much of the
recharge to the Upper Trinity Aquifer is from direct pre-
cipitation and infiltration in upland areas where the Upper
Trinity geologic units are exposed at the surface (Wierman
et al. 2010).

Recharge from Barton Creek to the Trinity Aquifers has
not been delineated in detail, but flow measurements and
dye-trace studies have shown that recharge to the Trinity
Aquifers is taking place along some segments of Barton
Creek. At one location on Barton Creek, about 7 km (4.3
miles) above the Hays—Travis County boundary, a dye-trace
study was conducted in which dye was injected into swallets
in the bed of Onion Creek where the Upper Glen Rose
Member outcrops. The dyes were detected in several Middle
Trinity water-supply wells as much as 5.3 km (3.3 miles)
downgradient of the injection points.

4 Potentiometric Map

Some of the tools being used to characterize these aquifers
are a network of pressure transducers in monitor wells,
synoptic water-level measurements, streamflow measure-
ments for gain/loss studies, geochemical analyses of
groundwater and surface water, aquifer testing, dye-trace
studies, and analytical and numerical modeling. Water-level
measurements collected in March 2018 from more than 110
wells were used to construct the potentiometric map for the
Middle Trinity Aquifer (Fig. 1). The map shows that
groundwater flows generally from the west to the east over
the western and central portions of the study area. Near the
center of Hays County, groundwater flow diverges with flow
to the northeast and to the southeast. Further east in the study
area, the geologic units are faulted deeper into the subsurface
where there are no wells.

5 Hydrographs

Hydrographs from two Middle Trinity monitor wells and
from a flow gage at Jacob’s Well Spring show the impacts of
drought and pumping on water levels and spring discharge
(Fig. 3). Water levels in the Henly Church well in the far
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Fig. 3 Hydrographs of water levels in Henly Church and Mt. Baldy wells and flow from Jacob’s Well Spring
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Fig. 4 Geologic map of the area around Cypress Creek including Jacob’s Well Spring (JWS) and the underwater cave passage shown with heavy

black line

western portion of Hays County (Fig. 1) show an overall
decline from 1999 with distinct highs and lows representing
wet and dry conditions, respectively. Water levels in the Mt.
Baldy well northwest of Wimberley (Fig. 1) show more
moderate highs and lows, but the overall trend shows a more
moderate decrease from 1999 until 2019 when water levels
make a steeper drop.

Flow from Jacob’s Well Spring is the primary source of
flow in Cypress Creek which feeds into the Blanco River in
the town of Wimberley (Figs. 1, 4, and 5). A large conduit,

accessible by cave divers, is the main pathway for water to
discharge from Jacob’s Well Spring. This cave has been
mapped to a length of 1723 m (5655 ft) with the main
conduit having a length of 1323 m (4341 ft) and a
northwest-southeast strike. The main conduit is situated in
the Cow Creek and Hensel formations.

Continuous flow measurements from Jacob’s Well Spring
began in 2005 (Fig. 3). Long-term average discharge from
Jacob’s Well Spring is about 0.5 m>/s (17 ft*/s-cfs). Reports
from residents indicate that during the drought-of-record of
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Fig. 5 Jacob’s Well Spring on Cypress Creek, central Hays County

the 1950s, Jacob’s Well Spring never ceased flowing. Flow
from Jacob’s Well Spring ceased altogether during four
periods of drought between 2005 and 2014. Since 2014,
there have only been moderate droughts in the study area as
reflected in the hydrograph for Jacob’s Well Spring (Fig. 3).
However, with above average rainfall, including
record-setting rains in 2015, the Henly Church and Mt.
Baldy monitor wells show water levels in 2020 and 2021
were lower than any time since 1999 when water-level
measurements were first made with continuously recording
instruments. And the water-level highs from 2015 to 2017
were lower than the highs in 2002 and 2004 when rainfall
amounts were considerably less. The most likely explanation
for this discrepancy is the increases in groundwater extrac-
tion that have been taking place in recent years.

6 Population Increases and Groundwater
Extraction

There is very little firm data for the number of water-supply
wells in the area and even less for the amount of extraction
from these wells. Most of the wells that extract groundwater
from the Trinity Aquifers are low-production domestic wells
for which there are no meters to record production. Wells
that supply water to housing developments or to commercial
entities are permitted by the groundwater districts and in
recent years, there are records for this extraction. Ground-
water districts in the study area are collecting more infor-
mation about new wells being installed and learning more
about wells that were installed in the past. But any estimates
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for groundwater extraction is very approximate. Better
estimates of increases in groundwater extraction can be
made from population records. Considering that there is very
little surface water available in the study area, increases in
groundwater extraction should coincide with changes in
population. According to the U.S. Census Bureau (2021),
Hays County is the fastest growing county in the United
States for counties with populations greater than 100,000 for
the census period 2011-2020. The population of Hays
County increased by 53% since 2010 to 241,067 people.
These trends in population growth and groundwater extrac-
tion suggest that unreasonable impacts to the Trinity Aqui-
fers are likely to happen in the not-too-distant future. Recent
studies have shown that in portions of southwest Travis
County, the Middle Trinity Aquifer is depleted of ground-
water such that new wells are being completed into the
Lower Trinity Aquifer (Hunt et al. 2020).

7 Groundwater Management

Groundwater management in Texas is conducted largely by
groundwater conservation districts that are authorized by the
State of Texas to regulate the production of groundwater.
Groundwater conservation districts cover less than two
thirds of the state, and the districts have varying authority to
regulate groundwater. Groundwater production in other parts
of the state is not regulated. Within the study area (Fig. 1),
which consists of the western two thirds of Hays County,
two groundwater districts regulate the use of groundwater,
the Barton Springs/Edwards Aquifer Conservation District
(BSEACD), and the Hays Trinity Groundwater Conserva-
tion District. BSEACD manages the aquifers within the
district by assessing the sustainable yield of the aquifers.
This involves regulating the aquifers in a manner to avoid
unreasonable impacts to the aquifers and related water
resources. Unreasonable impacts are considered by
BSEACD to be loss of yield of groundwater to existing
wells, degradation of water quality, depletion of ground-
water over a long-term basis, significant decreases in
springflow, and ecological impacts to surface waters.
Avoidance of unreasonable impacts to the aquifers is
achieved by conducting scientific studies and promulgating
rules in a process that involves various stakeholders in the
development of groundwater management policy.

8 Conclusions

Increases in population in the study area are bringing about a
significant increase in groundwater extraction. Multiple
sources of data indicate that water levels and springflow are
decreasing even as rainfall is increasing. Recent data suggest

that groundwater in the study area is being depleted to
varying degrees. Some areas have already lost the ability to
extract groundwater from some portion of the aquifers and
must now drill deeper or look for other sources of water such
as rainwater harvesting, aquifer storage and recovery,
desalination of saline groundwater, and importing water by
pipelines from distant sources.

Because of the lack of groundwater data from the most
intense droughts in central Texas, collecting data from
numerous monitoring points is critical to this process. This
involves developing more monitoring wells with a broad
geographic distribution. Measuring flow in the streams that
contribute water to the aquifers and that receive flow from
springs must be conducted under various flow conditions.
Only limited tracer tests have been conducted in the study
area, so more tracer testing needs to be conducted to better
understand groundwater flow paths and velocities of flow.
Numerical modeling of these aquifers will be a critical tool
in understanding these aquifers and making predictions
about future groundwater availability under various pumping
and drought scenarios. A better understanding of population
growth and groundwater extraction is needed. Proper man-
agement of the aquifers will provide long-term use of the
aquifers for groundwater users and protection for the various
ecologic resources associated with these aquifers.

The keys to effective management of the Trinity Aquifers
will be conducting a high level of scientific studies and
involving an advisory team of groundwater scientists with
involvement of a diverse group of stakeholders to advise the
process and promulgation of rules that meet the legal and
societal requirements for groundwater management.
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Exploration of Karst Groundwater
and Surface Water in Central Middle Atlas,

Morocco

Abdelghani Qadem, Sébastien Lebaut, and Zohair Qadem

Abstract

The Middle Atlas, water tower of Morocco, is largely
composed of a limestone substratum, which implies
groundwater redistribution towards karstic aquifers. In its
central part, the Middle Atlas is drained by Sebou River
upstream. Many authors have studied this redistribution
essentially from the group of springs flows downstream of
the Upper Sebou catchment and from the upstream of the
Oum Er Rbia basin which drains the southern Middle
Atlas. We refine and discuss these proposals on the basis
of new results concerning hydrological balances calcu-
lated from flow data available at 5 hydrometric gauges
and the spatialization of climatic variables P and ET in
this area. It seems that 30% of the rainfall infiltrated into
the Upper Sebou basin is transferred outside the basin,
25% to the Oum Er Rbia and 5% to the Sais plain. We
hypothesize that the group of springs located at the
extreme downstream end of the basin and making up a
third of the Sebou flow at its outlet from the Middle Atlas
is fed by infiltration into the upstream sub-basins that are
right bank tributaries of the main course of the Sebou.
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1 Introduction

The central Middle Atlas has already been the subject of
numerous karst hydrology studies. These researches, punc-
tual in space or in time, have demonstrated the complexity of
the hydrological and hydrogeological functioning due to its
essentially karstic substratum. Indeed, net precipitation
infiltrates widely and is subject to underground redistribution
due to tectonic accidents or karst landforms. The studies,
carried out mainly on springs data, show that there is no
concordance between topographical and functional catch-
ment areas. While all authors agree on the role played by the
Liassic carbonates in the infiltration of rainwater which they
drain to recharge underground reservoirs, there is no con-
sensus on the general modalities of transfer/circulation of
this water within the sector and towards the surrounding
areas. The purpose of this paper is to hypothesize inter-basin
transfers and the volumes involved using hydrological bal-
ances at hydrometric stations. This is a classical hydrological
approach to establishing and performing hydrological bal-
ances from recorded hydroclimatic data. These assumptions
are made by means of a spatialized quantification of climatic
variables, precipitation and ET from ground-based and
spatialized data and from earth observation satellites data.
These input values of the hydrological system compared to
the observed flows allow hypotheses to be made regarding
the underground redistribution of the infiltrated water. These
hypotheses are discussed on the basis of the conclusions
already reached by authors who have taken an interest in the
subject.

2 Study Area

In geological terms, the Middle Atlas belongs to the intra-
continental Atlas system which crosses North Africa from
west to east, from the Atlantic to the central Mediterranean
along the 34° north latitude parallel. It constitutes a branch
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which crosses the Mesetas domain in an oblique way
(Fig. 1) with altitudes exceeding 3000 m asl (Michard et al.
2008).

The central Middle Atlas is part of two morphostructural
units. To the west, dominating the western Meseta, is the
tabular Middle Atlas; it corresponds to a karst (Causse in
French) established in carbonated sedimentary sequences of
the Lower Jurassic (Trias, Lias) whose altitudes are around
1200 m asl. This karst is marked by volcanic units and
basaltic flows dating from the Cenozoic (Frizon de Lamotte
et al. 2008). The eastern part corresponds to the folded Middle
Atlas, which is bordered by two major NE-SW faults. It
corresponds to a succession of synclinal basins in which marls
outcrop and anticlinal ridges in dolomites corresponding to a
mountain relief whose highest point is 3081 m asl (Jebel Bou
Iblane). But the main characteristic of the central Middle Atlas
is the influence of limestone and karstic phenomena (De
Waele 2009) (Fig. 2) due to the erosion and dissolution pro-
cesses that affected the Eocene palaeo-surface (Beaudet and
Martin  1967). The hydrological functioning of the
hydrosystem results from this geological/hydrogeological
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situation. On the Causses, which are crossed by valleys with
no flow, drainage is almost absent over large areas. The
generalized infiltration of water in the very permeable sub-
stratum feeds the resurgences at the base of the hillslopes in
contact with impermeable formations (Amraoui et al. 2003).
In this case, underground water circulation is the dominant
feature of the hydrosystem. The other feature of the landscape
is related to the surface forms of the karst. Indeed, there are a
large number of lakes in the poljes, dry or wet valleys and
dolines resulting from the intense Mio-Pliocene karstification
phase, which is now almost inactive (Martin 1981).

From a climatic perspective, the Haut Sebou basin is in a
transitional zone. In the west of the basin, the climate is
rather humid, with significant rainfall on the Middle-Atlasic
Causse (Ifrane, Azrou). The high reliefs can receive more
than 1000 mm of rainfall. The basins such as the Guigou
plain or the Maisser basin are considered to be under a
semi-arid influence with rainfall of around 500-600 mm due
to the protection of the reliefs (Ait Khabbach, Sefrou),
although there are distinctions to be identified. These cli-
matic nuances within the catchment area result from the
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Fig. 1 Geological context of the central Middle Atlas at the scale of Morocco (adapted from Michard et al. 2008)
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Fig. 2 Geology of the Sebou basin (according to Terminer 1936)

different morphologies of the relief as well as the phe-
nomenon of continentalization.

3 Material and Method

3.1 Water Balance

In a catchment area, water balance can be represented by
conservation equations, and the simplest model is charac-

terized by its water reserve S and the quantities of incoming
water P and outgoing water Q and ET between two-time

P ET

1

Q=P-ET-?R+ Exch

FD

Fig. 3 Representation of the components of the water balance

Azzaba
s

Dar El Hamra

A

Sebou
springs
Pont de Mdez

references ¢1 and 72, most often corresponding to the
hydrological year (Fig. 3):
S|2—-S|t1 =AS=P—-Q—ET
Term P represents precipitation. Water reserves are
formed by groundwater, soil and surface water. Loss terms
QO and ET are, respectively, the runoff and the total evapo-
transpiration of the catchment. When the change in water

supply between t1 and #2 can be considered negligible a
balance equation is:

ET =P — Q =FD with FD: flow deficit

Q: Flow to the outlet

P: Precipitation

ET : Evapotranspiration

7R : Change in groundwater reserves

Exch:Underground exchanges (losses or contributions)
with another catchment

FD : Flow deficit
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Characteristic of a bioclimatic context (Réméniéras
1986), ET is more or less stable in a homogeneous climatic
zone. By comparing FD with ET of a particular catchment, it
is possible to detect whether FD represents only ET or
whether it is composed of another variable. In the latter case,
one can assume open catchments and calculate the volumes
involved in these inter-catchment transfers (Fig. 3).

In this case, the runoff deficit, in addition to evapotran-
spiration, includes exchanges between basins as well as
possible variations in the hydrogeological reserve on either
side of the hydrological year considered. Applied to karst
basins, these volumes allow the calculation of a real
hydrogeological catchment area and the inference of water
volume transfers between catchments.

3.2 Data
e Runoff data

Hydrological analysis of the Upper Sebou basin can be
based on the flow values observed from 5 hydrometric
gauges managed by the Sebou Basin Hydraulic Agency
(Table 1). Three stations are set up on the main drain and
two on the most important tributaries (Méasser and Zloul).
The analysis is also based on the flows observed at the three
springs Ain Sebou, Timedrine and Ouemander.

Our analysis is based on two hydrological years for which
we have a maximum of data in all compartments: surface
flows, spring flows and precipitation. As the Ait Khabbach
station ceased to operate in 1982, the flows we use are the
average flows for the period 1970/1982.

e Rainfall

Topography conditions the spatial distribution of rainfall
through the orographic effect due to the ascent of air masses,
with adiabatic cooling inducing condensation of moist air on
windward slopes (Chow et al. 1988). However, the rela-
tionship between precipitation and elevation is complex and
depends on the way the region is exposed to the prevailing

Table 1 Flow gauges data

winds and on the synoptic conditions. To overcome this
problem, we adopted a precipitation modelling method that
aims to predict the values taken by a group of variables
Y (variables to be predicted, target variables and explained
variables) from a series of variables X (predictor variables,
the descriptors and explanatory variables).

This method, presented extensively in the thesis of
Qadem (2015), gives similar results to those obtained by
Nejjari (2002) by kriging. For the hydrological years
1984/1985 and 1985/1986, the rainfall calculated by the
model on the Haut Sebou catchment area in Azzaba is,
respectively, 338 and 462 mm. They are very close to those
of Nejjari calculated by kriging which are, respectively, 359
and 451 mm, that is to say differences of the order of 5% for
the two methods.

o Evapotranspiration

Remote sensing data that are spatially distributed can be
relevant control variables in the calculation of ET, and there
is a large number of publications showing that these satellite
data can be used to determine ET from regional to global
scales (Bastiaansen et al. 1998). We rely on the MOD 16
product values available since 2000 at a spatial resolution of
1000 m. Estimates based on MODIS products although
unable to account for soil surface heterogeneity at the plot
scale are able to reproduce the average catchment response
(Velpuri et al. 2013). For arid and semi-arid environments,
several authors have shown that results are acceptable at
regional and watershed scales (Aguilar et al. 2018).

4 Results and Discussion

We do not have MODIS ET values for the years 1984/86 but
a regression between P and ET over the period 2000/2010
shows an acceptable R? (0.75), so it was possible to calculate
ET values from rainfall values. The ET values for the Upper
Sebou basins are between 189 and 226 mm/year (Table 2).
These values are close to those found by Chaponniére (2005)
for the Rerhaya basin located slightly further south for which
about 225 mm is proposed.

River Flow gauge Putting in to operation (year) Catchment area (kmz) Elevation outlet (m asl) X Y

Guigou Ait khabach 1970 1200 1478 557.00 314.80
Maasser El Mers 1981 985 818 593.00 318.20
Guigou Pont Mdez 1955 3460 725 581.40 341.90
Zloul Dar El Hamra 1984 640 830 593.00 318.20
Sebou Azzaba 1957 4677 478 596.65 359.57
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Table 2 Rainfall and ET values for the five basins
Azzaba Pont de Mdez El Mers Ait Khabbach Dar El Hamra
mm Rainfall ETR Rainfall ETR Rainfall ETR Rainfall ETR Rainfall ETR
1984/85 338 201 295 186 320 192 350 182 378 216
1985/86 462 218 364 196 484 210 457 195 496 236
Mean 400 210 330 191 402 201 404 189 437 226
Table 3 Runoff means at flow gauges
Azzaba Pont de Mdez El Mers Ait Khabbach Dar El Hamra
Area (km?) 4677 3460 985 1200 640
m’/s 163 3.9 2.3 1.2 2.7
hm’ 514.4 122.3 71.6 36.9 84.3
mm 110 35 73 31 132
Table 4 Flow data at springs for 1984 to 1986
Ain Oumender Ain Timedrine Ain Sebou 3 springs
m’/s hm’ m’/s hm? m/s hm? m’/s hm?
1984/85 0.23 7.29 0.70 22.15 2.06 65.07 6.49 94.51
1985/86 0.27 8.43 1.46 46.01 5.76 181.77 12.38 236.21
Means 0.25 7.86 1.08 34.08 391 123.42 9.44 165.36
Table 5 Comparison of observed flows with theoretical flows from the water balance
Azzaba Pont Mdez El Mers Ait Khabbach Dar El Hamra
P-ETR (mm) 190 139 201 215 211
Losses mm 80 104 128 184 79
hm? 374.2 358.6 126.4 221.1 50.8

On average for the two years considered, flow at the
Azzaba station, the outlet of the Upper Sebou basin, is
16.3 m>/s, which represents an average annual volume of
514.4 hm? (Table 3). At the same time, the flows measured
on the three springs represent an average flow of 9.4 m*/s for
an annual volume of 165.4 hm® (Table 4).

The first observation is that on the whole catchment area,
in Azzaba, there is a loss of 80 mm of flow, which represents
an average of 374 hm’ over the two years in question
(Table 5). At the same time, the upstream station of Ait
Khabach is missing 221 hm®. As many authors have shown,
this upstream part of the tabular Middle Atlas belongs to the
hydrogeological basin of the Oum Er Rbia located to the
south. This volume of water therefore feeds the basin via the
sources of the Oum Er Rbia. Considering the values of
rainfall and evapotranspiration calculated on this part of the
Upper Sebou basin, this transfer of 221 hm? corresponds to a
drained impluvium surface of 871 km? for an average flow
of 7 m*/s and a water level of 184 mm. The surface value is

very close to the 884 km?® proposed by Bentayeb et al.
(1977) and 850 km? by Moniod (1973). From the considered
transfer flow perspective, our values are also close to those
proposed: Moniod (1973) proposes 196 mm and Loup
(1962) proposes a value of 9 m?/s for the sources of the Oum
Er Rbia fed by the upstream part of the Sebou. In the light of
the literature, we can already say that our values confirm
what other authors have proposed on the transfers at the
level of the Upper Sebou/Oum Er Rbia interfluve.

Further downstream on the Upper Sebou, there is a loss of
358 hm? at the Pont de Mdez station. This missing volume is
explained on the one hand by the 221 hm? transferred to the
Oum Er Rbia basin and on the other hand by the 126 hm?®
missing at the El Mers station on the right bank tributary
Maasser (Fig. 4). The missing 11 hm® can be explained by
underground transfers towards the west in the direction of the
edge of the tabular Middle Atlas from which many karstic
springs emerge (Latati 1985; Belhassan et al. 2010). Further
downstream, the Zloul, another right bank tributary of the



A. Qadem et al.

30
Zloul
Aziaba x catchment
Q=514 \\
‘% 16 € w M=374 x Dar El Hamra
& T~ F Q=84
2 <
3 - S _~M=50
T ° o
& b SN / &
k] 5 PontdeMdez Jf N -
k=] 1 i o, O
"?"‘ . Tx..,_xh & Q=122 &
] M=358 // Maasser _'\bb
= o catchment
- /// g‘&
. I Mer ‘g— Values are in hm?
Ait Khabach / x Q=72 &
Q=37 ’ i M=126
M=221. x

/Oum Er Rbia

221 catchment

Fig. 4 Groundwater circulation in the Upper Sebou basin

Upper Sebou, has a shortfall of 50 hm? at the Dar El Hamra
station. From a geological point of view, it is located in the
same formations as the Maasser. At the outcrop, the forma-
tions are essentially marl and limestone of the Toarcian and
Middle Jurassic, but which can be largely fractured, whereas
the culminating massifs correspond to the limestones and
dolomites of the Lower and Middle Lias (Fig. 2). The 176
hm® missing from the El Mers and Dar El Hamra stations is
therefore infiltrated into the deep karstic aquifers. This value
is very close to the 165 hm® of the 3 Sebou springs. It is
therefore quite possible to attribute the supply of the springs
to losses on the left bank formations of the Sebou. This is in
line with the hypothesis of El Khalki (1990) or Akdim et al.
(2011) who attribute the supply of the group of springs to the
limestone formations at the outcrop in the massifs located
east of Haut Sebou catchment. Indeed, given this redistri-
bution, it seems doubtful that it is the Causse of the Middle
Atlas, on the right bank, which feeds the springs as proposed
by Nicod (1993) or Nejjari (2002), or it would be necessary to
admit that the volumes lost are drained outside the basin
towards the east, which is not possible given the geological
structure. This hypothesis is never mentioned in the literature
and is ultimately not very probable as the geological structure
as a whole suggests a convergence of underground flows
towards the Mdez basin and the downstream part of the
Upper Sebou basin. On the assumption of the quantities
precipitated and evapotranspiration on the Maaser and Zloul
basins, the 176 hm® corresponds to an infiltration on a sur-
face of approximately 850 km”. These two basins contain a
total of 670 km® of “limestone and dolomite” formations
which correspond to the mountainous massifs that dominate
the Upper Sebou basin to the east. On these massifs the
rainfall values are higher than average, so this surface is in
line with the necessary impluvium.

We suggest that the 11 hm? difference between the loss
on the Zloul/Maaser and the spring flows feed the Sebou
wadi via the bottom of the bed between the Pont de Mdez
station and the dyke complex, as we have highlighted
(Qadem 2015), following other authors, by using punctual
flow measurement campaigns. On the base of all the
assumptions, the remaining difference between the volumes
at the Pont de Mdez and Azzaba stations, 16 hm3, would be
transferred west towards the edges of the Tabular Middle
Atlas in the same configuration as mentioned for 11 hm?
further upstream. Although the distance is significant, sev-
eral tens of kilometres, this water would feed the large
karstic springs at the contact of the Tabular Middle Atlas and
the Sais plain as highlighted by Dauteuil et al. (2016).

5 Conclusion

The hydrological balances made from the flows measured at
5 hydrometric gauge on the hydrographic network of the
Upper Sebou and on 3 springs have made it possible to infer
the underground transfers within the well-developed karstic
network in the Middle Atlas. In this respect, the great interest
of the ET data from remote sensing should be underlined, as
they allow the balance to be completed without unknowns.
Before this type of data, the ET value was unknown, and it
was therefore difficult to distinguish between the part of the
runoff deficit attributable to ET and that attributable to
underground transfers. It appears that almost half of the
useful precipitation falling on the Upper Sebou basin does
not contribute to the flow of the Upper Sebou but is trans-
ferred either to the Oum Er Rbia basin or to the Sais plain.
For the remaining water, a large part also escapes the flow
within the upstream basin of the Upper Sebou to be found
from the karstic emergences in its most downstream
part. The populations of the Middle Atlas and their activities
are therefore far from benefiting from all the water potential
of the area. It would be interesting, in order to clarify mat-
ters, to be able to take into account the flows of the smallest
springs that are found in the Middle Atlas, particularly in the
basalts.
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Updating the Water Budget of the Gran
Sasso Carbonate Fractured/Karstified

Aquifer (Central Italy) for a Sustainable
Management of Groundwater Resources
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Abstract

Karst aquifers are fundamental in the water supply of
European countries, where outcrops of carbonate rocks
are very common, providing abundant groundwater
resources. The Gran Sasso karst aquifer, selected as
representative study area for Italy in the EU-funded
KARMA project, is characterized by both high percent-
age of withdrawals for drinking purposes and significant
interaction between groundwater and underground works.
The recharge evaluation of the aquifer has been carried
out considering the 2001-2020 monitoring period, com-
paring three different methods: the Turc and APLIS
methods, on annual scale, and the Thornthwaite method,
on monthly scale, territorially distributed by
100 x 100 m cells on GIS basis. The total recharge
considers not only rainfall but also the contribution of
snow melting on infiltration. The results show similar
mean recharge values in 2001-2020 for all methods,
corresponding to 19.9, 18.5, and 19.4 m3/s, respectively,
from Turc, Thornthwaite, and APLIS methods. A signif-
icant contribution to recharge from snowmelt has been
confirmed (3.2 m*/s included in the above-mentioned
values). These values can be considered reliable with
respect to real discharge of the regional aquifer. The
obtained results can be used to provide updated informa-
tion to the drinking water companies for a suitable
management of the available resource.
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1 Introduction

Karst aquifers are complex systems of heterogeneous nature
and are fundamental in the water supply of European
countries and those of the Mediterranean area, where out-
crops of carbonate rocks are very common. About a quarter
of the world's population depends, in whole or in part, on the
drinking water of this type of groundwater (Goldscheider
et al. 2008). In detail, the karst rocks are widespread mainly
in the Mediterranean area and constitute 21.6% of the
European land surface (Goldscheider et al. 2008). The
importance of monitoring available water resources and
updating the aquifer recharge is mainly due to the ongoing
impact of climate change on these resources and to the
increase in human abstraction. These two factors can modify
the recharge/discharge ratio of groundwater resources.
Although groundwater has always shown excellent resi-
lience in adapting to climate change, it is important to create
solutions to avoid future water supply issues. This is relevant
for karst aquifers that are particularly susceptible to climate
change impacts (Taylor and Greene 2008). These aquifers
need to be studied in detail to understand their characteristics
and assess their degree of vulnerability, to achieve sustain-
able management of karst groundwater resources in the face
of reduced recharge and increased groundwater use. In this
framework, the KARMA project has the aim to improve the
hydrogeological knowledge and the sustainable management
of karst water resources to obtain valuable information on
recharge and groundwater vulnerability. The Gran Sasso
aquifer has been chosen as the area of study for Italy, and it
has been studied in detail during the last 25 years (Adinolfi
Falcone et al. 2008; Amoruso et al. 2011; Barbieri et al.
2005; Petitta and Tallini 2002; Petitta et al. 2015; Tallini
et al. 2013). The infiltration values of the system range
between 500 mm/y (Scozzafava and Tallini 2001) and about
800 mm/y (Petitta and Tallini 2002). Scozzafava and Tallini
(2001) provided a partially modified application of the
Thornthwaite method, while Boni et al. (1986) proposed a
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“direct” method to assess effective infiltration. The aim of
this work is to carry out a detailed analysis of the distribution
of recharge over the considered area. The 20 year period
from 2001 to 2020 was examined, and three different
methods were applied to assess the recharge. For a detailed
analysis of the budget, in addition to rainfall and temperature
data, the contribution of snowmelt was also considered.

2 Hydrogeological Setting

The Gran Sasso aquifer is a calcareous-karstic ridge about
1034 km? wide. It is one of the most representative karst
aquifers in Central-Southern Italy, for the amount of water
resources, for the interaction between the aquifer and
underground works and in relation to the valorization of the
protected areas. The characteristic of this area is linked both
to the huge availability of groundwater resources, and also to
the impacts of human activities, such as the drilling of the
Gran Sasso motorway tunnel. Moreover, its location within a
National Park shows the need to satisfy human requirements
but at the same time not to compromise the environment and
its ecosystem services (Fig. 1). The Gran Sasso hydrogeo-
logical system is characterized by Meso-Cenozoic carbonate
units (main aquifer). It is bounded by terrigenous units
represented by Miocene flysch (regional aquiclude) along its
northern and eastern sides and by Quaternary continental
deposits (regional aquitard) along its southern side. It
includes a uniform regional-wide groundwater table with a
hydraulic gradient of 5-20% (Tallini et al. 2013). Its con-
siderable importance comes from the high permeability due
to fracturing and karst, and the high effective infiltration that
feeds important springs located at its boundary, character-
ized by a total discharge that ranges between 18 and 25 m*/s
(Amoruso et al. 2011; Petitta and Tallini 2002). The massif’s
core, an endorheic basin having tectonic-karst origin, called
Campo Imperatore basin (mean elevation 1650 m a.s.l.), acts
as preferential recharge area.

The tectonic and structural discontinuities act as perme-
ability limits that cause variations in the water level of the
regional aquifer (Celico et al. 2005). Permeability limits are
located at the northern and eastern boundaries, with E-W
and N-S directions. The preferential directions of ground-
water flow are locally conditioned by the main tectonic
discontinuities and are guided by the altitude of the hydro-
geological limits. In fact, most of groundwater is directed
towards the most depressed sectors, where the permeability
limits are placed at lower altitudes. Groundwater moves
vertically, in the unsaturated zone, which has a thickness of
about 1000 m. Its groundwater velocity and the discharge
inside the karst conduits/main fractures depend on their
width and on the outcrop lithology. Then, below the water
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Fig. 1 Simplified hydrogeological setting of Gran Sasso aquifer.
1 Aquitard (continental detrital units of intramontane basins, Quater-
nary), 2 aquiclude (terrigenous turbidites, Mio-Pliocene), 3 aquifer
(calcareous sequences, Meso-Cenozoic), 4 low permeability bedrock
(dolomite, upper Triassic), 5 main thrust, 6 main extensional fault, 7
thermo-pluviometric rain gauge, 8 thermo-snow gauge, 9 considered
main springs, 10 streambed spring, 11 presumed water table elevation
(m ass.l.), 12 regional groundwater flowpath, and 13 highway tunnel
drainage (modified from Petitta et al. 2015)

table, it flows horizontally in the saturated zone to reach the
main springs located at the aquifer boundaries (Petitta and
Tallini 2002).

3 Recharge Evaluation Methodology

The water budget of the Gran Sasso aquifer has been eval-
uated to improve the knowledge about its recharge rate with
respect to the previously collected data. In the Gran Sasso
aquifer, the existing water budgets, applying indirect
method, represent a relevant basis of knowledge. The
methodology applied by Scozzafava and Tallini (2001) to
determine the effective infiltration of the Gran Sasso aquifer
adopted the modified Thornthwaite method (Thornthwaite
and Mather 1957), according to local hydrogeological
characteristics. In our research, the evaluation of the aquifer
recharge has been obtained based on the temperature and
precipitation gradients among the ridges. Following the
authors methodology (Scozzafava and Tallini 2001) and
based on 20 years of climate data monitoring (2001-2020),
two annual rainfall gradients have been calculated. Specifi-
cally, the gradients correlate altitude and rainfall values of
the 21 different thermo-rain gauges. The gauge of Campo-
tosto (1344 m a.s.l.) for the northern side and the gauge of
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Assergi (992 m a.s.l.) for the southern side were selected as
representative gauges. They have been used as a reference
point for calculating the rainfall value over the entire aquifer
for each year using a gradient of 30/100 m for the southern
side and of 42/100 m for the northern side. An isohyet map
has been created using the ArcGis software system with
100 x 100 m pixel raster (reference system WGS 1984
UTM 33 N) (Fig. 2a).

By the same methodology applied to rainfall, an estima-
tion of the temperature gradient and consequently isotherm
map has been computed, selecting as representative site the
Castel del Monte thermo-pluviometric gauge (1346 m a.s.l.).

A relevant parameter for recharge evaluation in karst
mountainous areas is the snowmelt. To consider the snow
contribution to the aquifer recharge, a monthly gradient has
been calculated. This has been obtained by creating a cor-
relation line between altitude and snow values in the period
1960-1990, referring to Fazzini and Bisci (1999). This
gradient has been applied to the snow data recorded at the
Campo Imperatore gauge (2152 m a.s.l.) to derive the
recharge fraction due to snow melt (Fig. 2b).

From the distributed data and related maps, the hydro-
logical budget for the Gran Sasso aquifer has been assessed
using three different methods: Thornthwaite (Thornthwaite
and Mather 1957), Turc (Turc 1954), and APLIS (Andreo
et al. 2008), for the 2001-2020 period.

The Turc method (Turc 1954) has been used for annual
water budget. The modified Thornthwaite method, described
by Scozzafava and Tallini (2001), has been adopted to cal-
culate the effective infiltration of the Gran Sasso aquifer at
monthly scale. The Thornthwaite’s method has been

modified mainly to distinguish between the contributions of
run-off and the net infiltration, using the curve number (CN),
associating to each curve number a specific ST value.
The ST is the maximum water storage in the soil that we
adopted as field capacity values.

On the other hand, the APLIS method allows to estimate
the mean annual recharge in carbonate aquifers, expressed as
a percentage of precipitation, based on the variables of
altitude, slope, lithology, infiltration landform, and soil type
(Andreo et al. 2008). With appropriately combined and
applied scores, using the GIS software, the rate of recharge
and its spatial distribution have been estimated. The super-
imposition of each map for single variables allows to
determine the known recharge value and the spatial distri-
bution of recharge rate within the Gran Sasso karst aquifer.
The mean value of annual recharge rate has been grouped
into five regular recharge class. Finally, the overlay of the
APLIS layer with isohyet map (Fig. 2a) estimates the aquifer
recharge through direct infiltration.

4 Results and Discussion

The initial recharge values have been indicated as the sole
contribution of rainfall. The run-off value is about 0.3% of
the total rainfall, according to Scozzafava and Tallini (2001).
As for the Turc method, the average recharge value for the
considered twenty years is 16.7 m’/s. Year 2007 and year
2013 represent the driest and the rainiest year, respectively.
In 2007, the recharge is 10 m> /s, while in 2013 the value of
recharge is 26 m*/s. The mean evapotranspiration is equal to
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Fig. 2 Rainfall distribution map (a) long-term average values, period 2001-2020 and (b) snowfall recharge map, period 2010-2020
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444 mm/y, and most of the aquifer is characterized by values
between 400 and 500 mm/y (Fig. 3a). The infiltration
average value is 508 mm/y over a long period, without
considering the infiltration snow component, which is
98 mm/y. The infiltration values are variables from below
200 mm/y in the lower elevation areas to over 1400 mm/y,
as shown in Fig. 3b.

Using the Thornthwaite method, the average recharge of
the long period is about 15.3 m*/s and the average infiltra-
tion is 462 mm/y. The average evapotranspiration is about

491 mm/y, slightly higher than those of the Turc method,
ranging from a minimum of 400 mm/y at the high-altitude
areas to a maximum of over 600 mm/y observed at low
altitudes (Fig. 4a). The infiltration values are generally
higher than 200 mm/y, up to more than 1400 mm/y at the
peak zones (Fig. 4b).

Through the APLIS method, the Gran Sasso aquifer
recharge rate results with a percentage of effective infiltra-
tion of 51.6% with respect to total rainfall. Overlaying the
obtained recharge rate map to the raster rainfall map
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obtained for each year, the aquifer recharge has been infer-
red. The average recharge rate is 19.4 m’/s, and the average
infiltration value is 594 mm/y. 2007 represents the year with
minimum recharge rate of 13.7 m®/s, while 2013 is deter-
mined by the highest recharge rate of 21.3 m’/s (Fig. 5).

Rainfall recharge obtained through the different methods
over the entire monitoring period, has been also evaluated in
terms of distribution over time and space, and it has been
distributed with elevation basing on five different altitude
belts. Specifically, rainfall recharge distribution for the
average (2001-2020), the driest and the rainiest years have
been analysed calculating, for each altitude belts, recharge
values and the corresponding percentage on the total balance
budget (Table 1).

A large variability of percentage of recharge over the
entire area has been assessed. As expected, the minor con-
tribution comes from the lowest altitude belt (< 600 m) with
values less or equal to 3% of total recharge. This altitude belt
is, in fact, characterized by the smaller extension where the

rainfall vertical gradient, as function of increasing altitude
elevation, has negligible impact.

Ascending to 600-1000 m altitude belt (the widest one),
the contribution to the aquifer recharge obviously increases,
showing the wider variation among the different recharge
conditions. Percentage values are comparable for the average
and the rainiest years by both Turc and Thornthwaite, ranging
between 19% and 23.5%. Differently, during the driest year,
recharge decreases to minimum values of 14% and 16%,
respectively, for Thornthwaite and Turc, highlighting the
strong impact of dry periods at limited altitudes. For both the
altitude ranges of 1000-1400 and 1400-1800 m, there are no
significant differences among the three scenarios in terms of
recharge, which vary from a minimum of 27% to a maximum
of 30%. The highest altitude belt (> 1800 m) differently
contributes to aquifer recharge, showing the relatively higher
percentage values in the driest year. This evidence points out
the fundamental role of the high-elevation areas in aquifer
recharge, especially in drought periods.

[ 8: 20-40%
[Jc:40-60%
[ 0:60-30%
B c: s0- 100%

Fig. 5 Recharge rate distribution calculated by the APLIS method for the long monitoring period (left panel, L), for the driest year (central panel,

(), and for the rainiest year (right panel, R)

Table 1 Recharge values calculated with the Turc (TU) and Thornthwaite (TH) methods for each altitude belt for the average, the driest and the

rainiest years

Average 2001-2020 Driest year Rainiest year

Altitude range  Area (km?) TU (m/s) % TH(@m/s) % TU(@m/s) % TH(@m/s) % TU(m/s) % TH(m/s) %
(m a.s.l.)

< 600 55 0.4 2 03 2 01 1 01 1 0.7 3 0.7 3
600-1000 340 3.6 2 29 19 16 16 12 14 6.1 23 51 23
10001400 310 49 29 44 29 3.0 30 23 27 78 30 65 29
1400-1800 227 4.7 28 44 29 33 33 27 32 70 27 62 27
> 1800 102 3.1 19 33 21 20 20 22 26 44 17 41 18
TOTAL 1034 16.7 100 15,3 100 10 100 8.5 100 26.0 100 22.6 100
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Additional insights about recharge distribution can be
assessed by comparing the recharge values in relation to the
area of each altitude belts. In fact, the medium-low (600-
1000 and 1000-1400 m) and medium-high -elevations
(1400-1800 and > 1800 m), which cover, respectively, 650
and 329 km?, contribute almost equally, in terms of per-
centage, to the recharge for the average year. During the
rainiest year, the medium—low altitude belt fed the aquifer
with a slightly higher contribution (+9%) with respect to the
medium-high belt; conversely in the driest year, the higher
elevation mainly contributes to the total balance (+17% in
Thornthwaite). For the Gran Sasso aquifer, the main contri-
bution to the total budget comes from the higher elevation
areas, especially in the driest years as stated above. The
crucial role played by the high-elevation recharge area of the
massif has been also highlighted in previous studies
(Amoruso et al. 2014; Petitta and Tallini 2002), according to
which groundwater follows a radial flowpath from the aquifer
core, characterized by the highest belts, towards the boundary
of the massif where the main springs groups are located.

Results from the APLIS method for the average year
(Fig. 5 L) show that the most representative class is the “Low”
one characterized by an infiltration value ranging from 20 to
40%. This category impacts for the 58% of the whole area,
covering the low-elevation areas (< 1000 m), while the
remaining 42% is characterized by variable infiltration values,
which generally increase according to altitude and reach the
maximum at the peak areas. The driest year (Fig. 5 C) is
mainly represented by the “Very Low” category (< 20% of
recharge rate), which covers the 68% of the recharge area
involving the medium—low altitude belts (< 1400 m). Even in
this case, the “High” and “Very High” categories cover the
highest altitude areas. Differently, in the rainiest year (Fig. 5
R), a prevalence of the “Very High” category (> 80% of
recharge rate) which covers the 32% of the recharge area at the
medium-high altitude belts (> 1400 m) has been inferred;
otherwise, the medium—low altitude belts are characterized by
a strong heterogeneity in recharge rate distribution.

Using the available literature gradient (Fazzini and Bisci
1999), the average recharge value (2010-2020) due to the
snow component and the related distribution map (Fig. 2b)
has been inferred. The snow contribution was calculated as a
cumulative average, considering the snowy months since
November to April. The average recharge value for the
period 2010-2020 is 3.9 m*/s, ranging from 5.4 m*/s (2018)
to 1 m’/s (2020).

5 Conclusion

An analysis of the water balance of Gran Sasso has been
carried out on annual and monthly scale, considering the
period 2001-2020 and identifying the different contributions

of rain and snow melt. The purpose of using three methods is
to find out if they are efficient and if they can offer per-
spectives for the future management of groundwater
resources. The improved knowledge will lead to a with-
drawal optimization coupled with sustainability goals, aim-
ing to an active management able to balance human needs
and environmental issues. The similarity of the results
obtained by the different methods confirms the reliability of
the water budget.

The need to evaluate the annual water balance is con-
firmed by the great variability and oscillation of the annual
recharge values. The importance of monitoring recharge is
quite useful for improving water resource management and
promoting the adaptation of abstractions to the natural
oscillation of groundwater recharge.

Another important factor for the knowledge of the system
and for the optimal management of the resources is the
contribution of the recharge in the different altitude ranges.
In fact, by analysing the long-term average recharge values
referred to the different altitude ranges and comparing them
with the driest and rainiest year, it is possible to have
additional information on the vulnerability of the system. It
has been observed that the altitude range 600-1000 m is
most affected by the variation between the rainiest and the
driest year. The influence on recharge of high-elevation areas
increases during dry periods, while they have little impact in
rainy years, when low-elevation carbonate outcrops can
contribute to the infiltration process as much as high-
elevation areas.
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Abstract

In this work, a preliminary conceptual model of the
hydrogeological functioning of a binary karst aquifer
located in southern Spain is presented, based on the
natural responses of the springs and the dye tracer tests.
Results derived from the long-term analysis of
cross-correlation function (CCF) (global average time of
recharge input) have been validated with those obtained
from a dye tracer test, performed during a specific
recharge event. The overall response times (CCF results)
obtained for the three springs studied were 58 (SP-1), 72
(SP-3), and 81 h (SP-2). This pattern in response times
was contrasted with the first detection times of the
BTC-Tracer Breakthrough Curve—at the same three
springs (30.9, 35.3, and 47 h) and their respective
recovery rates (2.03, 21.9, and 78.4% for S1, S2, and
S3, respectively). The distribution of response times, both
those determined by long-term statistical analysis and the
ones derived from the use of dye tracer test, is directly
related to the karst network development in each of the
drainage routes. Additionally, the rate of tracer recovery
at each of the springs is linked to the hierarchy of flow
paths from the selected injection point toward each
spring, within the overall drainage network scheme. An
accurate knowledge of all factors affecting the hydroge-
ological behavior as well as groundwater flow paths (from
swallow holes to the springs) is crucial for suitable
management of the resource and to mitigate the pollution
risks derived from fast infiltration of surface water.
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1 Introduction

Carbonate massifs commonly constitute complex aquifer
systems located in mountainous areas in which groundwater
flow occurs through the fracture and conduits network
enlarged by dissolution surfaces within the rock matrix; in
many cases conditioned by the geological structure. These
aquifers have a high degree of heterogeneity and spatial
anisotropy in their hydrogeological properties, an aspect that
distinguishes them from other types of aquifers (Bakalowicz
2005; Ford and Williams 2007). Moreover, karst aquifers are
much more vulnerable to contamination than other hydro-
geological systems (Doerfliger and Zwahlen 1998; Hartman
et al. 2021), so any research to better understand their
functioning will result in an improvement in the manage-
ment and protection of the water resources stored in them
(Marin et al. 2021).

To quantify the response times of the system supposes a
suitable approximation to understand the behavior of karst
aquifers. Cross-correlation analysis has been traditionally
used to measure the relationship between the input (rainfall)
and output (spring discharge) signals (Mangin 1984;
Kovaci¢ 2010). The time lag elapsed between precipitation
and its reflection in the hydrodynamic load of the springs can
be considered an indicator of the development of the karst
drainage network. On the other hand, dye tracer tests are a
powerful tool used to obtain quantitative information on
groundwater flow in complex hydrogeological environ-
ments, where groundwater drainage pathways often show
intricate circulation patterns, besides the time-lag values
between tracer injection and detection (Késs 1998).
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Despite the potential and the utility of both types of
approaches, they are not commonly used in conjunction to
investigate the hydrogeological functioning of an aquifer
(Mudarra et al. 2014). This contribution aims to advance the
knowledge of the hydrogeological functioning of a geolog-
ically complex binary karst aquifer (the Ubrique karst sys-
tem, southern Spain), through the joint use of tracer tests and
the long-term analysis of the cross-correlation function of
the hydrodynamic response of the three main springs. This
has permitted to development of a preliminary conceptual
model, which can be very useful for urban supply planning
and the establishment of protection perimeters.

2 Site Description

The Ubrique karst aquifer extends over an area of 27.4 km?>
in the NE part of Cadiz province, southern Spain (Fig. 1). It
is defined by two main mountain ranges, Caillo and Ubrique
(mean altitude of permeable outcrops of 1186 and 863 m a.s.
1., respectively), with a ragged orography dominated by
outcrops of carbonate rocks and an absolute altitude range
from 317 to 1395 m a.s.l. The predominant climate has a
remarkable seasonal pattern in the annual distribution of
precipitation and air temperature. Precipitation occurs
mainly from autumn to spring, associated with wet winds
from the Atlantic Ocean. The mean annual precipitation and
temperature values recorded in this area were, respectively,
1305 mm and 14.8 °C (Sanchez et al. 2017).

The aquifer (Penibetic Unit) consists of around 500 m
thick Jurassic dolostones and limestones, which present low
permeability rocks (Triassic impervious bed) at the bottom
and Early Cretaceous—Tertiary marly limestones and marls at
the top (Martin-Algarra 1987). Surrounding and overlaying
the Penibetic Unit, outcrops of Tertiary flysch—type clays
and sandstones appear (Fig. 1).

From the geological structure perspective of the aquifer,
two sectors can be distinguished. On the one hand, the
southern carbonate outcrop of the Sierra de Ubrique is
characterized by the presence of a flat-hinged anticline fold
and affected by recent tectonic features (block collapse and
gravity-driven faults) on its western edge, where the springs
are located. On the other hand, the Sierra del Caillo area
shows an intricate structure, where low permeability rocks
are imbricated between the aquifer formations, as a result of
reverse faults and accretionary overthrust (Fig. 2).

Groundwater discharge occurs along the southwestern
edge of the carbonate outcrops, through two perennial
springs located within the Ubrique urban area (S1 349 m a.s.
l. and S2 317 m a.s.l.), and an overflow spring sited on the
southern edge of the Sierra de Ubrique (S3, at 422 m a.s.l.).
Recharge is produced by two main mechanisms (binary karst
system): by direct infiltration of rainwater on the bare

carbonate outcrops (autogenic component) and by the con-
centrated infiltration of runoff water from the small catch-
ment area, formed by low permeability outcrops (allogenic
component). When the precipitation is sufficiently intense,
the resultant surface runoff infiltrates through the SH sink-
hole and ends up incorporating into the underground water
flow. Particularly relevant at the test site are the pollution
processes of poorly treated wastewater (from Villaluenga del
Rosario town) and the washing of livestock waste originated
within the SH caption area (Fig. 1), which constitutes a focal
point of groundwater contamination. These processes imply
an undesirable risk for the healthiness of the Ubrique city
water supply, entirely supported by the aquifer.

3 Methods

The installation and calibration of water-level data loggers
(ODYSSEY™ C(Capacitance Water Level Logger) in each of
the springs studied permit obtaining continuous series (with
hourly measurement frequency) of discharge variations, by
applying the corresponding rating equations. From that
information, cross-correlation analyses have been performed
(Fig. 3) using also rainfall data series (hourly records reg-
istered at Grazalema meteorological station (Fig. 1), from
October 2013 to September 2018 (5 hydrological years).

For the dye tracer test, 3 kg of amidorhodamine G (acid
red 50, CAS: 5873-16-5) was injected into the Villaluenga
del Rosario shallow hole (SH in Fig. 1). The injection
coincided with a recharge event during which a total rainfall
amount of 225 mm was recorded in 2 days. Totally 124
water samples with detectable values of tracer were col-
lected. A Perkin-Elmer LS55 spectrofluorometer was used
for the detection and quantitative determination of the dye in
spring water. Breakthrough curves and hydrographs of the
spring have been jointly used to quantify the total mass of
tracer recovered (Fig. 4).

4 Results

The k values obtained for each spring in the CCF analysis
have been considered as the mean response time or time lag
(hours). A high value in the time lag between the input
signal and the hydrodynamic variations observed in the
springs is indicative of a limited development of the conduit
system within the global scheme of the drainage network,
which leads to a certain potential to attenuate and modulate
the hydrodynamic load variations induced by rainfall (Lor-
ette et al. 2018; Fiorillo and Doglioni 2010). Instead, short
time lags illustrate a high capacity of conduits to transfer
rainwater from recharge zones to outlets (high degree of
karstification development).



Combining Quantitative Analysis Tools ...

43

262000 264000

266000

288000

Algeria
Province am
Horocco —in
L L
282000 284000 286000 288000
Fault "%, Aquifer i i
/ 5,_._5 limit Penibetic Unit Postorogenic formations
~>—— Reverse fault Swallow Cretaceous- Marls and - ;
? hole Tertiary marly limestones Dternary ELu;:::Lifs
Nodular
>~ Dverthrust 6 Spring limestones
E?Ed:rhEic Drainage Jurassic Il:ilzlgs“t:ones Flysch Unit o
. /<7 networ - Dolostones Tertiary | s:;dﬁs?:nes
2242 lye fracer Upper Clays, gypsum
2 trajectory & Urban area triassic I and snietones
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injection point during the dye tracer test (Villaluenga swallow hole, SH), the drainage system springs (S1, S2, and S3), and the cross-section A-A

(Fig. 2)

The fastest response times have been detected in Sl
spring (30.9 and 38.5 h., respectively, —k value: 58.0 h-). In
opposite, the largest travel times were always observed in S2
spring (47.0 and 64.3 h. versus 81 h. of k value in CCF
analysis). S3 spring shows intermediate time-lag values,
both for k parameter and for dye detection times (Table 1).
Effective velocity considering the maximum concentration

peak as reference was determined, which showed results
according to the time-lag distribution: 159.8, 149.6, and
111.8 m/h for springs S1, S3, and S2, respectively).

The dye tracer concentration curves in the spring water
(Fig. 4) show, in general terms, distributions typical of
aquifers with well-developed karst drainage, with sharp rises
and falls in their concentration rates, evidencing a relatively
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Fig. 3 Cross-correlation function (CCF) between rainfall and spring
discharge (hourly data) and calculated mean response times for each

spring

rapid movement of the water flow from the injection points
(recharge areas). Springs S2 and S3 show a secondary
increase in tracer concentration after the main peak, resulting
in a distortion of the decreasing concentration phase of the
BTC curve, which contrasts with the morphology of the
curve observed in S1, which has a single concentration peak
and a gradual decrease in tracer concentration (Fig. 4).

In the study area, S3 spring showed the highest recovery
value (68.4%), as well as the highest average flow rate
during the test (4.9 m>/s). Similar average flow rates were
measured in springs S1 and S$2 (1.7 and 2.0 m’s,

respectively), although the mass recovered was noteworthy
lower in S1 (2.03%) than in S2 (21.9%).

5 Discussion
5.1 Representativeness and Methodological
Limitations

The analysis of global mean response times obtained
through statistical approximations (CCF) provides informa-
tion on the underground drainage network development,
although its representativeness is conditioned by the fact that
the input signal used (precipitation recorded at a specific
station) may not be completely illustrative of the current
aquifer recharge processes (Padilla and Pulido-Bosch 1995).
In a binary karst system, the concentrated recharge compo-
nent can be of major relevance and represent the principal
contribution of the hydraulic load peaks identified in the
springs.

On the other hand, artificial tracer tests provide detailed
information concerning the connection and hydraulic char-
acteristics along the flow path located between the injection
point (commonly sinkholes or swallow holes connected to
endorheic catchment areas, where the concentrated infiltra-
tion of runoff water occurs) and the detection points. In this
situation, the representativeness stays restricted to the drai-
nage path between the two points. As the tracer test has been
performed starting from a single injection point, the mass
recovered of dye tracer in each of the springs is proportional
to the flow route hierarchy within the general scheme of the
drainage network and provides information on the network
drainage development. A high recovery rate commonly
denotes a preferential flow path between injection and
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Fig. 4 Dye tracer test results (concentration, recovery, and time parameters) carried on for the common injection point SH (see location in Fig. 1)
from 5 March to 1 April 2018

Table 1 Calculated time lags of the considered springs derived of CCF analysis and parameters inferred through dye tracer test

Spring CCF analysis Dye tracer test
(o i) Global time  Mean discharge  1st. detection Max. concentration Recovery tracer  Average speed Mean
lag (h) rate (1I/s) time lag (h) time lag (h) rate (%) flow (m/h) discharge
(m>/s)*
S1 (349) 58 332 30.9 38.5 2.03 159.8 1.7
S2 (317) 81 133 47.0 64.3 21.9 111.8 2.0
S3 (422) 72 171 35.3 55.2 68.4 149.6 4.9

# Mean discharge during the dye tracer test
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detection points, whereas a low recovery percentage is
related to the existence of a marginal connection between
them (Barbera et al. 2018).

The joint use of these techniques complements the
methodological limitations of both approaches when con-
sidered separately and allows the establishment of a con-
ceptual model of aquifer functioning (Koit et al. 2022).

5.2 Conceptual Scheme of Functioning

In general terms, a conceptual scheme for the hydrogeo-
logical behavior of the Ubrique aquifer can be developed,
including clearly two subsystems (Fig. 5). A first sector is
defined by the preferential drainage pathways addressed
toward S2 (133 1/s) and S3 (171 1/s) springs, which represent
most of the tracer recovery (92.3%) and, therefore, a greater
contribution of the allogeneic component occurring in Vil-
laluenga swallow hole (SH) to the recharge. In both BTC
curves, secondary unsharpened concentration peaks have
been detected with intensity in proportion to the maximum
concentration of the main peak in each curve, and a com-
parable time lag since injection (5-6 days). This phe-
nomenon has been related to the diversion of tracer through
the secondary conduits systems, with a lesser karst devel-
opment, or due to the hydrodynamic interactions that occur
within the aquifer, such as conduits—matrix water exchange
(Brick et al. 2006; Field and Leji 2012).

The second sector basically would be drained through S1
spring (332 L/s), with a very low percentage of tracer
recovery (2.01%), although with the highest values of flow
velocities (Table 1). The small tracer recovery rate obtained

Aquifer P s i
sectors s 3

Ubrigue

(5-2] e
== =
= ===
$ Determined flowpath
b= = ===t L‘ (1st. test)
53 |0 =y Determined flowpath
"""" —— Qbrlq”e o 'L (2nd. test)

-
==
-

Fig. 5 Schematic sketch of the Sierra de Ubrique aquifer

in S1 points to a minor contribution of the allogeneic
recharge originating in the Villaluenga swallow hole (SH);
however, the karstic drainage network shows a remarkable
development, justified by the high flow velocities and short
global response time.

Furthermore, the recharge area related to S1 must be
larger than that of the rest of the springs, considering that the
mean flow discharged by this spring is the largest of the
discharge edge (133 I/s). The near carbonate outcrops of
Sierra del Caillo (Figs. 1 and 5) are a part of the recharge
area involved in the functioning of this aquifer sector. This
flow path was revealed by Marin et al. (2021), using artifi-
cial dye tracers. The higher average elevation of this sector
(1,186 m a.s.l.) concerning the carbonate outcrops of the
Sierra de Ubrique (863 m a.s.l.) could imply a noticeable
hydraulic gradient, causing a higher velocity of water flow
and a sharper peak morphology of the BTC. This condition
has been described by other authors in karst aquifers of
northern Spain (Morales et al. 2010). As a result of a further
dye tracer test, (Marin et al. 2021) validated the connection
between several preferential infiltration points located in the
Sierra del Caillo and the S1 spring, by means of artificial
tracers (Fig. 5).

6 Conclusions

The hydrogeological functioning of karst aquifers is strongly
conditioned by the anisotropy inherent to the development of
the drainage conduit network itself and, on the other hand,
by the geological structure and tectonic processes that affect
the aquifer bedrock. The combined application of long-term
analysis of natural responses with experimental tools, such
as dye tracer tests, provides insights into the functioning of
the Ubrique karst system.

Thus, the analysis of the natural responses of the springs
reveals that the aquifer has a generally high degree of
karstification, with quick draining and low capacity of nat-
ural regulation (conduit flow system).

The obtained results suggest the existence of internal
compartmentalization, which segments the aquifer into two
sectors relatively isolated from each other, as well as the
existence of a dual conduit drainage system with differenti-
ated hydraulic properties.

Extrapolation of this information to the possible evolution
of contaminants, chemical or bacteriological, from aquifers
recharge areas underlines the relevance of knowing these
dynamic relationships, especially when the protection and
attenuation of risks related to water supplies are concerned.

In any case, the accurate definition of the recharge areas
and the characterization of other elements concerning the
hydrogeological functioning of the aquifer must be accom-
panied by more extensive hydrochemical, isotopic, and
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microbiological studies, in order to achieve a well-planned,
for-the-safe, and sustainable utilization of water resources.
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Quantitative and Geochemical
Characterization of the Mokra Karst Aquifer
(SE Serbia) by Time Series Analysis

and Stochastic Modelling

B. Petrovi¢ and V. Marinovi¢

Abstract

This paper deals with karst aquifer characterization by
using time series and stochastic analysis and modelling.
This methodological approach was applied on the example
of Mokra karst spring for the period of 2015-2017, which
included monitoring and analysis of Mokra karst spring
quantity and quality parameters. Quantitative characteri-
zation of the Mokra karst spring has shown high karstifi-
cation degree of the karst aquifer and its very well retention
capacity. Also, simulation model has proved that precip-
itation is the main driving force of the hydraulic behaviour
of the Mokra karst groundwater circulation and discharge.
Qualitative characterization has shown very small fluctu-
ation of chemical parameters in a hydrologic year and
expected karst fingerprinting, while isotopic analysis
shown fast water replacement. This case study proved the
necessity for karst groundwater characterization in order to
manage this natural resource in a sustainable way.

Keywords

Karst aquifer characterization ¢ Time series analysis ®
Stochastic modelling * SE Serbia

1 Introduction

Karst groundwater is a vital resource worldwide, primarily
as a resource of drinking water for the population. Estima-
tions said that almost 2000 million people in the world use
groundwater as a drinking resource, out of which nearly
700 million (9.16% of total world population) use karst
groundwater (Stevanovi¢ 2019). About 21.6% of the
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European land surface is covered by the carbonate rocks,
including 15.1% of “continuous” and 6.5% of “discontinu-
ous carbonate rocks”, with the total area of actual carbonate
rock outcrops of 13.8% of total earth surface (Chen et al.
2017). Karst groundwater is significant natural resource in
Serbia as well (Fig. 1), considering karst groundwater con-
sumption in Serbia is more than 4 m*/s or 20% of total
groundwater supply of Serbian population (Dimki¢ et al.
2011; Stevanovi¢ and Dokmanovi¢ 2015).

Even though karst aquifers are one of the most important
resources of drinking water worldwide, the most common
problem with them is the seasonal fluctuation of quantity and
quality over a hydrological year as well as inherited
heterogeneity. For instance, seasonal oscillations of karst
groundwater levels and reserves and oscillations in karst
groundwater quality (especially during heavy rains) can
endanger the water supply of the population. Therefore,
characterization and prediction of the karst groundwater
regime would be useful in many ways—prediction of
extreme values of karst spring discharge (particularly
important in the recession period) as well as foreknowledge
of deterioration of qualitative parameters (turbidity, bacteria,
etc.) couple of days ahead can save large number of people
from water scarcity (Stevanovi¢ 2015).

Characterization of karst groundwater is based on the
definition of geological and hydrogeological characteristics
and parameters, preceded by aquifer geometrization, in
terms of determining the catchment area and depth of car-
bonate rocks (Stevanovi¢ 2015). After the spatial definition
of karst aquifer, the characterization of the quantitative
component includes statistical and mathematical methods of
evaluating karst spring discharge regimes in terms of ana-
lysing recession curve, baseflow and stochastic functions of
karst groundwater discharge time series (Kresic 2013).
Qualitative characterization of karst groundwater involves
the analysis of groundwater quality parameters obtained by
chemical analysis, isotopic analysis, etc. (Goldscheider and
Drew 2007; Stevanovi¢ 2015; Madonia et al. 2020).
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Fig. 1 a Position of Serbia in Europe; b location of Mokra karst spring in SE Serbia—red area, while karst aquifers of Serbia are in green;
¢ hydrogeology map of the wider area of Mokra karst spring. A-B line corresponds to the geological section of Fig. 2

2 Study Area General Characteristics

Mokra karst aquifer is formed on the north-eastern slopes of
Suva Planina Mt. which is the part of the Carpatho-
Balkanides mountain chain. Suva Planina Mt. is located
approximately 230 km SE from Belgrade (Fig. 1a, b). One
of the first reports on Mokra karst spring is dated back to the
end of XIX century, when the Mokra spring was compared
with Mlava spring, another significant karst spring in Eastern
Serbia (Cviji¢ 1896).

Mesozoic karst outcrops of Eastern Serbia cover an area
of approximately 3350 km? (Stevanovié¢ 1994), while Suva
Planina Mt. catchment area covers about 252 km? of that
surface (Stevanovi¢ 1995). Suva Planina Mt. is asymmetri-
cal, normal anticline and its geological setting is very
complex due to multiple thrusting and faulting that occurred
during the Caledonian Orogeny, the Hercynian orogeny and
finally the Alpine orogeny (Dimitrijevi¢ et al. 1980). Tec-
tonic movements lead to the uplift of the NW part and the
creation of a plunging anticline. The process of erosion in
the ascended part caused destruction of limbs of anticline
that are created of Cretaceous and Jurassic limestone and

dolomite (Fig. 1c), to the core of anticline which is mainly
made up of Paleozoic rocks. Local faults are transversal to
the NW-SE regional dislocations supposedly causing the
enhancement of the karstification process in the limestone
and dolomite (Petrovi¢ 2020a, b).

Karst aquifers have been created in cracked, fissured and
karstified carbonate rocks of the Jurassic and Cretaceous
age. The recharge of aquifers is precipitation based with
effective infiltration estimated as 55% of total 630 mm
precipitation (Stevanovi¢ 1991, 1994). Faulting and plung-
ing caused the creation of groundwater flows within the karst
aquifer which follow a radial direction from the Suva
Planina Mt. anticline axis towards its limbs. However, local
faults provoked the enhancement of the karstification pro-
cess in the limestone and dolomite, and the groundwater
flow has been changed to a direction, that is transversal to
the original NW-SE direction. Additional karstification
provided further and finer division of the groundwater flow
and resulted in quite a few orifices of the aquifers in the
foothill of Suva Planina Mt. (Stevanovi¢ 1991; Petrovi¢ and
Marinovi¢ 2021).

Karst aquifers are mostly discharged via springs as well
as through underground pathways into adjacent aquifers.
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Fig. 2 Simplified hydrogeological cross section of Suva Planina Mt. (adapted from Petrovi¢ 2020a, b). Same vertical and horizontal scales. For

cross section location and lithological legend see Fig. 1

Two large karst springs at the NE foothill of the mountain:
Mokra (Fig. 2) and Divljana, are a result of a developed
process of karstification and a contact of karstified limestone
(with dolomite) with less permeable deposits of Neogene age
(Petrovi¢ 2020a, b).

3 Methods

Human curiosity regarding karstic regions has led to the
development of specializations of scientific study such as
speleology, karst hydrology/hydrogeology, karstology,
speleobiology and cave diving (speleodiving) (Petrovié
2020a, b). Also, human interest in karst groundwater has
been impacted by the usually huge amount of high-quality
water that karst aquifer can accumulate and release. Those
facts cause the necessity for getting familiar with karst
aquifer characteristics in order to manage it in a sustainable
way.

Time series analysis of karst groundwater regime stands
as an adequate methodological approach to the initial char-
acterization of a karst system (Bonacci 1987; Kresic 2013;
Mangin 1994; Jemcov 2008). Time series analysis and
stochastic simulation techniques give a general insight into
the hydraulic functioning of the entire karst hydrogeological
system in different hydrologic periods, although, e.g. pre-
cipitation and groundwater discharge, as input and output
signals, respectively, are observed at one point. Also, this
analysis and techniques must be implemented complemen-
tary with the field research which stands as the first step in
the characterization of the Mokra karst aquifer in order to
define its boundaries, the recharge and discharge zones, as
well as to inspect the results of previously conducted (hydro)
geological research. Also, permanent monitoring of precip-
itation, karst groundwater discharge and chemical compo-
nents are must-have for successfully characterization of a

karst system. In this way, time series of precipitation data
from Nis§ station and Mokra spring discharge and quality
data for the period 2015-2017 were collected and evaluated.

Quantitative characterization of the Mokra karst system
includes several techniques. Firstly, analysis of a recession
curve whose shape can provide insight into the behaviour of
the karst system in different periods. In other words, extreme
maximum values or very steep recession limb may indicate
high development of karst conduits, i.e. high karstification
degree (Bonacci 1993; Fiorillo 2014). Even though there are
several methods for recession curve analysis (Bonacci 1993;
Fiorillo 2011, 2014), Maillet’s equation was applied for the
recession curve analysis of the Mokra karst spring.

Time series analysis were applied to characterize quan-
titative regime of the Mokra karst spring by autocorrelation
and cross-correlation functions. The autocorrelation function
implies univariate analysis describing successive members
of the same time series and determining its dependence and
periodicity (Kresic 1997; Larocque et al. 1998; Jemcov
2008). Slope of the autocorrelogram can point out to the
karstification degree of the system. Cross-correlation is a
function that encompasses the time domain of time series
analysis, but in a bivariate environment. This involves ana-
lyzing the correlation of precipitation (P) (input signal to the
system) and groundwater discharge (Q) (output signal from
the system) or finding how many days karst system requires
to start reacting on a heavy rainy episode (Padilla and
Pulido-Bosch 1995; Jemcov 2008).

Stochastic simulation and prediction model of Mokra
karst spring discharge was developed based on precipitation
and discharge data for the period 2015-2017 (Petrovi¢ and
Marinovi¢ 2021). Stochastic model included a combined
autoregressive-cross-regressive moving average model
(ARCR-MA), which belong to the group of multivariate
time series models implying multiple linear regression. This
model included linearized input signal (precipitation) by
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moving average filter, because the initial model is not able to
absorb the intensity of individual rain episodes, which in the
simulation model is shown as the white noise (Kresic 1997).

Geochemical characterization of Mokra karst spring
groundwater was based on analyses of daily/weekly values
of turbidity, specifical electrical conductivity, pH, tempera-
ture, and numerous water quality analysis, isotopic (‘*0, 2H)
analyses of rainfall and groundwater (Goldscheider and
Drew 2007; Milanovi¢ and Vasi¢ 2015; Vasi¢ 2017) as well
as simulation of turbidity values for the period 2015-2017.

Turbidity of groundwater was measured daily in situ by
Hach Aqua Trend SOM Turbid, while physicochemical
parameters, such as temperature (£ 0.1 °C), pH (£ 0.1 U)
and electrical conductivity (< 0.5%), were measured
weekly, directly in the field, using WTW portable instru-
ments. The sampling campaigns of groundwater from Mokra
karst spring were conducted weekly as well. The concen-
trations of the cations (K*, Na*, Ca**, Mg?") and the anions
(HCO;™, CI, NO;~, SO4>) were analysed in the laboratory
as well nitrites and ammonia, and the total dissolved solids
(TDS). A common bench-scale method to estimate natural
oxidant demand involves the addition of a permanganate
(KMnOy), solution to a sample and monitoring the con-
sumption of permanganate (Xu and Thomson 2008). All
chemical analyses were carried out based on the national
standards of Serbia (Off. Gazette of FRY, No. 42/98 and
44/99; Off. Gazette of RS, No. 28/2019). Determination of
'®0 and *H contents in water samples was performed in
“Institute for Nuclear Research, Hungarian Academy of
Sciences—MTA ATOMKI” (Debrecen, Hungary). Analys-
ing of groundwater and rain (snow) samples to determine
contents of stable isotope were performed on a Thermo
Finnigan Delta plus XP type isotope ratio mass spectrome-
ter. The results were reported in 8%o versus the V-SMOW
standard, with a precision better than 4 1%o for dD and =+
0.1%o for 3'°0 (Clark and Fritz 1997; Mook 2006; Vasi¢
2017, Vasi¢ et al. 2019).

4 Results and Discussion

Quantitative analysis has shown that discharge varies 0.1—
4 m’s (Q, = 0.6 m%/s) (Fig. 3a). Recession analysis of
Mokra karst spring discharge showed the existence of 3
micro-discharge regimes in 2015, which lasted 98 days, 2
micro-discharge regimes in 2016 (lasted 88 days) and 4
micro-discharge regimes in 2017, which lasted 137 days.
The amount of groundwater discharged during recessions
was 1.93 x 10°m’ in 2015, 1.56 x 10° m® in 2016 and
4.28 x 10° m® in 2017. Recession coefficients varies from
o = 0.124829 (in 2017) to o = 0.002292 (in 2016). Time
series analysis of discharge and rainfall data has shown that
memory of the Mokra karst system is 22-48 days while

system’s reaction to heavy rain has a 1-3-days lag period
depending on the wetness of a hydrologic year, according to
autocorrelation and cross-correlation functions respectively
(Fig. 3b, c¢). Stochastic ARCR MA model of the Mokra karst
spring discharge time series has been created for the period
2015-2017 and calibrated with 2018 data (Fig. 3d), which
shown accurate fit of simulated with measured values
(R = 0.946).

Geochemical characterization of the Mokra karst aquifer
has shown that groundwater has an “original karst ground-
water” fingerprint (Figs. 4 and 5). Mokra spring ground-
water temperature varies from 8.7 to 21.1 °C, while the
average temperature is 14.2 °C, specifical electrical con-
ductivity (Ec) is in ~100 pS/cm range, from 446 to
542 pS/cm, while the average value is 472 pS/cm (Fig. 4).
Groundwater turbidity is usually under 1 NTU, but every
year there are periods, at least 3 times per year, when tur-
bidity is higher (Fig. 4), with average value of 0.3 NTU.
Karst groundwater is neutral with pH ranging from 7.1 to
7.5, and mean value is 7.4.

Consumption of permanganate is ranging from 1.0 to
3.6 mg/l. Total dissolved solids are in all samples below
348.0 mg/l, while average value is 292.2 mg/l.

The Ca®* and Mg”* are the dominant cations in ground-
water (Fig. 5). The concentrations of Ca** and Mg”* range
from 91.0 mg/1 to 94.0 mg/l and from 5.9 mg/l to 8.7 mg/l,
respectively, with mean concentration of 92.3 mg/l and
7.8 mg/l. All groundwater samples have rather low con-
centration of Na* and K*, below 1.7 mg/l and 0.6 mg/l,
respectively.

The concentrations of HCO; range from 395.6 to
437.8 mg/l with mean concentration of 413.2 mg/l in this
aquifer. Groundwater samples have rather low concentration
of SO42_, CI" and NOj; below 9.1 mg/l, 5.0 mg/l and
5.4 mg/l, respectively. The Piper diagram and pie chart only
confirmed that groundwater belongs to the category of cal-
cium bicarbonate (Ca-HCO3) groundwater (Fig. 5).

The isotopic composition of stable isotopes (**0 and *H)
of groundwater compared to the local meteoric water line
(LMWL) showed that the isotopes are mostly located above
the LMWL. Analysis of results of stable isotopes (3'*0 and
dD) in groundwater, shows that there is a direct relationship
with precipitation. Based on the arrangement of points in the
immediate vicinity of LMWL, according to this we may
assume that groundwater was accumulated in an open
aquifer with rapid water replacement (Petrovi¢ 2020a, b),
such as those formed in karstified rocks of Suva Planina Mt.

Time series analysis (auto- and cross-correlation) was
also performed with turbidity dataset which has shown its
short memory (3 days), while response of turbidity to
impulse shock caused by heavy rain is 5 days. Also,
ARCR MA stochastic model was created for the turbidity
time series which shown very well fit of measured and
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Fig. 3 a Mokra karst spring hydrogram (Q) and precipitation (R) from Ni§ station; b autocorrelation of Mokra karst spring discharge;
¢ cross-correlation of Mokra karst spring discharge and precipitation from Ni§ station; d ARCR MA stochastic simulation model for Mokra karst

spring, in the rectangle: groundwater simulation in recession period

simulated values (R = 0.956) (Marinovi¢ and Petrovi¢ 2021)
(Fig. 6).

5 Conclusions

Quantitative characterization of the Mokra karst aquifer
helped us to confirm that after diffuse infiltration of rainfall,
groundwater is promptly transferred to the Mokra karst
spring via dominant karst conduits. Recession analysis of

Mokra karst spring discharge proved very well retention
capacity of the aquifer. Stochastic simulation model has
confirmed that recharge of this karst aquifer is dominantly by
precipitation.

The observed narrow Ec and pH range of groundwater
suggest a relatively stable existence of groundwater in
Mokra karst aquifer, which is potentially beneficial for
long-term water resources exploitation, especially if one take
in consideration that spring has already been tapped for
water supply of Ni§. Consumption of permanganate as an
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indicator of possible organic pollution showed very low
values indicating that quality of groundwater is still pristine.
Groundwater is formed in open aquifer with fast water
replacement (180, 2H).

It can be concluded that complex hydrodynamic beha-
viour related to the system hierarchy is thought to be the
origin of turbidity. The fast infiltration through the unsatu-
rated zone causes a flushing effect and a turbulent quick flow
in the highly transmissive conduits with very high velocities.
In this way, karst aquifer characterization and simulation
models within groundwater management may have a func-
tion in the early warning system.
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Characterization of the Isotopic Signature
of Effective Rainfall (5'%0, 5°H) to Constrain
the Groundwater Recharge Zones

in a Mediterranean Karst Aquifer

T. Garin, B. Ladouche, B. Arfib, B. Dewandel, and J. Gongalves

Abstract

Carbonate aquifers are known as a major source for
drinking water in the Mediterranean regions and in other
part of the world. Therefore, qualitative and quantitative
estimation of the groundwater resource are crucial,
especially in area with densely populated areas. Stable
water isotopes of surface and ground waters can be used
to study water mixing, define recharge area, or identify
fast infiltration in karst areas. It relies on (1) the variability
of the input signal over space and time at a catchment
scale, related to the rainfall isotopic signature, and (2) the
flow, storage and mixing within the karst system, related
to the soil-epikarst—unsaturated zone—saturated zone
hydrodynamic behaviour. Mean groundwater isotopic
signature can then be different from the mean total rainfall
signature, depending on the effective rainfall amount. The
isotopic signature of the recharge was calculated using a
water balance model for two sampling sites in
south-eastern France. Soil and epikarst are modelled as
a first compartment where evapotranspiration occurs,
defined by its water capacity. An isotopic mixing balance
model uses the calculated monthly effective rainfall and
the analysed monthly mean isotopic water values of
collected rainfall. This subsurface water capacity has a
strong influence on the isotopic signature of the recharge
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and contributes to deplete the isotopic value of regional
groundwater at the scale of a 2-year period.

Keywords

Stable water isotopes * Natural tracers ¢ Effective
rainfall » Recharge  Carbonate aquifers  Karst

1 Introduction

Stable isotopes of rainwater (8'%0, 3?H), because of their
conservative characteristics, are used to identify groundwa-
ter recharge zones (Clark and Fritz 1997) and thus poten-
tially better constrain hydrogeological catchments. A global
approach, by weighted isotope signatures of precipitation
over relatively long periods, is often satisfactory for identi-
fying groundwater recharge areas (Darling and Bath 1988;
Prada et al. 2016). However, it is also quite common to
observe a difference between rainfall and groundwater iso-
topic ratios (Goldscheider and Drew 2007), related to the
hydrogeological functioning of karst aquifers (karst organi-
zation, reserve volume, preferential flows, ...) (Williams
2008). Soil and epikarst store a part of the precipitation that
will never reach the saturated zone and is available for
evaporation or/and evapotranspiration. Effective rainfall is
the part of the precipitation that will effectively contribute to
surface and groundwater flows. Evapotranspiration has no
impact on the water stable isotopes signal but reduces the
recharge to groundwater by decreasing the effective rainfall.

The goal of this study is to show how water stable iso-
topes of recharging groundwater can be deviated from
rainfall signal, considering evapotranspiration in the soil
water capacity. We used a daily water balance and a monthly
isotopes balance model, to assess the impact of the effective
rainfall amount on the weighted mean isotopic value of the
effective rainfall in a Mediterranean case study. Considering
six usual values of soil water capacity (SWC), we computed
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the deviation between the average water isotopic value of
collected rainfall and computed effective rainfall. A global
approach over a two-year period is first proposed and then
completed with the computation over five hydrological
semesters to address the seasonal variability. The process
will help to examine the impact of recharge on groundwater
isotopic signature measured at karstic springs and boreholes,
and thus to better constrain the hydrogeological catchment
areas.

2 Case Study and Data

The case study is located in south-eastern France, close to
Marseille city, on the Port-Miou spring and Huveaune river
catchment areas (Fig. 1). The 500 km? investigated zone is
characterized mainly by Triassic to Cretaceous carbonate
rocks that have been eroded and Kkarstified during several
stages. This zone is also defined by a large range of eleva-
tion, from the sea level to 1148 m asl, giving an expected
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Fig. 1 Hydrogeological context of the Port-Miou spring and the Huveaune river catchment areas
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significant contrast of rainfall isotopic signature. Monthly
rainwater samples have been collected during two years at
two sampling sites to catch the variability of the stable iso-
topic signature in the study area: (1) Le Castellet Le Cas
station at elevation 103 m, south slope of the Sainte-Baume
massif, 3 km from the seashore; (2) Plan d’Aups Les
Béguines at elevation 682 m asl, north slope of the
Sainte-Baume massif (Fig. 1). These two stations cover the
mean elevation of the Port-Miou spring and Huveaune
catchment areas (about 360 m asl). Daily precipitation are
monitored by automatic rain gauges. Daily potential evap-
otranspiration is computed by the French National Meteo-
rological Service using Penman—Monteith equation.

3 Method

In this study, the time step of precipitation sampling does not
allow to work on the scale of one or several daily events. It is
a rather global approach that is developed here. An infil-
tration and isotopic mixing balance model is proposed to
calculate the isotopic signature of effective rainfall over time.
Figure 2 presents the workflow. The daily effective rainfall,
based on daily rainfall, potential evapotranspiration (PE) and
six values of SWC, is calculated according to Thornthwaite
water balance model (Thornthwaite 1948). The sum of daily

Qagﬂll Daily
rainra AE
% SWC
S sk
= Daily
\m .
~ effective
S rainfall
v
Monthly
effective
rainfall
Re

n

A= n=1

effective rainfall led to monthly effective rainfall. Mean-
while, monthly rainfall is collected according to the proce-
dure proposed by Groning et al. (2012) to avoid evaporation
of the rainwater at the two sampling sites. Water stable
isotopic composition is measured by laser spectrometry
(LAMA Montpellier, France) on the monthly collected
rainfall. Then, an isotopic mixing balance model is used to
calculate the weighted water stable isotopic composition of
effective rainfall over a 2-year period (from April 2019 to
March 2021) and over 5 hydrological semesters (starting on
September to August). These results can then be compared
with the water stable isotopic composition of the cumulated
rainfall and the groundwater samples in springs or boreholes.
The computation method gives a mean value assuming that
the unsaturated and saturated zones are massive waterbodies
that buffer the input water geochemical signal. In this paper,
we will only compare the results with the isotopic compo-
sition of the cumulated rainfall.

4 Results

Figure 3a shows the isotopic signal of precipitation and
effective rainfall on a 2-year period, according to six values
of SWC. The difference between the isotopic signal of
rainfall and effective rainfall for a SWC of 100 mm is

* AE : actual evapotranspiration
Collected « SWC : soil water capacity
monthly * n:number of collecting month
rainfall * Re,: monthly effective rainfall
* 0Xg,: monthly rainwater stable
isotopic composition
* A: weighted water stable isotopic

&X
i composition by total effective

rainfall
* N:lengh of the collecting period

N_ (6XRn X Ren)

Unsaturated /
saturated zone

ﬁ=1(Ren)

Groundwater
—3 outlet

Fig. 2 Conceptual infiltration model and isotopic mixing balance model
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Fig. 3 a Weighted mean of the §'8O isotopic signature of the
rainwater collected at the two collecting stations (Le Castellet Le Cas
and Plan d’Aups Les Béguines) for a period of 2 years (April 2019—
March 2021), and evolution of the weighted mean isotopic signature of
the effective rainfall according to the six values of SWC. Labels give
the total rainfall and the total effective rainfall over the studied period.
b, ¢ 5'%0 isotopic signature of the rainwater collected at the two
collecting stations (respectively, Le Castellet Le Cas and Plan d’Aups
Les Béguines) for 5 hydrological semesters and evolution of the
isotopic signature of the effective rainfall according to the six values of
SWC. The hydrological semesters are defined as: S1—02/11/2018 to
28/02/2019. S2—01/03/2019 to 31/08/2019. S3—01/09/2019 to
28/02/2019. S4—01/03/2020 to 31/08/2020. S5—01/09/2020 to
28/02/2021

obvious with a decrease in 8'®0 from —6.99 to —7.96%. and
from —5.97 to —6.79%o., respectively, for the sampling site of
Plan d’Aups Les Béguines and Le Castellet Le Cas. Con-
sidering a near zero SWC (1 mm) already implies a decrease
of 0.16 and 0.19%. in 8'®0 for the two sampling sites.
Moreover, the increase in SWC from 1 to 40 mm gives a
strong decrease in the weighted isotopic signature of the
effective rainfall and then a stabilization between 40 and
100 mm. This observation is linked to the total effective
rainfall, which follow this trend with a significant decrease in
effective rainfall over the first 40 mm of SWC (from 1119 to
403 mm for Le Castellet Le Cas and from 1895 to 851 mm
for Plan d’Aups Les Béguines).

Figure 3b, c show the isotopic signal of precipitation and
effective rainfall for 5 hydrological semesters: 3 including
autumn and winter (S1-H, S3-H, S5-H) and 2 including
spring and summer (S2-E, S4-E). Tables 1 and 2 show the
measured rainfall and calculated effective rainfall for the two
collecting stations, respectively, and for the different Soil
Water Capacity (SWC). The spring—summer semesters have
a less total cumulated rainfall than autumn—winter semesters
as expected in Mediterranean climate. Results given in tables
below Fig. 3b, ¢ show that effective rainfall during summer
(S2 and S4) is null starting from a SWC 40 mm at the
Castellet station (low elevation, 103 m asl), and very low at
the Plan d’Aups station (high elevation, 682 m asl). Major
effective rainfall occurs during the autumn and winter sea-
sons. Water stable isotopic composition of rainfall are more
depleted during cold autumn—winter semesters than spring—
summer semesters for both stations, e.g. at Plan d’Aups
station 8'%0 of rainfall equal —8.5%o during S3 and —5.5%o
during S4. Results of effective rainfall water stable isotopic
composition calculation for increasing SWC show that the
mean value is depleted compared to the total rainfall (expect
for the winter S5 with a decreasing slope and then an
increasing slope due to one event not detailed in this study).
Effective rainfall amount decreases with increasing SWC,
that means that only the highest rainfall events are con-
tributing to the effective rainfall (minor events are balance by
actual evapotranspiration). Highest events, known as
Mediterranean events (usually higher than 50 mm/day) have
a strong impact on the isotopic composition of the
recharging rainfall to groundwater.

Whatever the seasons and the actual value of SWC in the
case study, the effective rainfall recharging groundwater has
a water stable isotopic composition depleted compared to the
rainfall. The mean 3'%0 depletions, given in Fig. 3a, are in
the same range for both stations: around —0.5%o for SWC of
20 mm, and —0.8%o0 for SWC of 40 mm.

5 Conclusion
The approach developed here highlights:

e The monthly mean stable isotope precipitation data allow
the study of the recharge water signature in a Mediter-
ranean karst system at a pluri-annual scale.

e The use of effective rainfall for the calculation of the
weighted mean signature leads to a depletion of oxygen 18
compared to the rainfall weighted mean isotopic signature.

Moreover, further comparison of water stable isotope
composition with groundwater samples will be used to show
that groundwater recharge from effective rainfall occurs
primarily during major rainfall events, as expected by the
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Table 1 Measured rainfall and calculated effective rainfall for Le Castellet Le Cas collecting station for the 6 values of soil water capacity (SWC)

Plan d'Aups Rainwater  Effective rainfall depending on SWC (mm)

Les Béguines (mm)

Hydrological SWC=1mm SWC=20mm SWC=40mm SWC=60mm SWC=80mm SWC =100 mm
semesters

S1-H (02/11/2018- 193 147 83 81 81 81 81
28/02/2019)

S2-E (01/03/2019— 76 41 9 0 0 0 0
31/08/2019)

S3-H (01/09/2019- 597 508 370 341 318 294 270
28/02/2020)

S4-E (01/03/2020- 189 117 21 0 0 0 0
31/08/2020)

S5-H (01/09/2020- 256 195 99 62 32 8 0
28/02/2021)

Table 2 Measured rainfall and calculated effective rainfall for Plan d’Aups Les Béguines collecting station for the 6 values of soil water capacity

(SWO)

Plan d’Aups Les Rainwater  Effective rainfall depending on SWC (mm)

Béguines (mm)

Hydrological SWC=1mm SWC=20mm SWC=40mm SWC=60mm SWC=80mm SWC =100 mm
semesters

S1-H (02/11/2018- nc nc nc nc nc nc nc
28/02/2019)

S2-E (01/03/2019— 248 154 51 24 4 0 0
31/08/2019)

S3-H (01/09/2019- 976 885 707 641 616 592 568
28/02/2020)

S4-E (01/03/2020— 268 194 84 40 23 11 0
31/08/2020)

S5-H (01/09/2020- 403 307 176 146 128 105 82
28/02/2021)

large discharge variations observed in-situ. Depletion of the References

isotopic composition calculated by the balance model will be
search in the groundwater isotopic composition. Small
rainfall events of a few mm to ten mm may be useful for
critical zone ecosystems (soil-plant—atmosphere) but are
suspected to be not effective in recharging the regional karst
aquifers of the Huveaune—Port-Miou watersheds.
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Application of Statistical Approaches

to Piezometry to Improve

the Understanding of the Karst Aquifer
Hydrodynamic Behaviours at the Cadarache
CEA Centre (France)

Manon Erguy, Sébastien Morilhat, Guillaume Artigue®, Julien Trincal,

Anne Johannet

Abstract

Located in the French Mediterranean region, the French
Alternative Energies and Atomic Energy Commission
(CEA) Cadarache Centre is subject to significant rainfall
events which can lead to groundwater floods with rapid
kinetics and high amplitude. This study aims to improve
the understanding of the aquifer’s heterogeneity and
piezometric responses at the scale of the Cadarache
centre (900 ha) in order to better apprehend the ground-
water floods. The deployed method consists in: (i) taking
an inventory of reliable data; (ii) conducing a preliminary
study of the spatial variability of rainfall at the centre
scale with the method of double-mass curves and the
comparison of the rainfall amounts of the different
stations; and (iii) conducting a comprehensive statistical
study of piezometric data (graphs of sorted piezometric
data for three different flood events, definition of an
original clustering method using an automatic feature
detection). The results are of two kinds: (i) several
clusters were identified; three appeared to be representa-
tive of specific areas; (ii) for each specific area,
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piezometers were linked with different plurikilometric
NW-SE and NE-SW lineaments identified by previous
bibliographic studies. This extensive study on nearly 80
piezometers has thus allowed to define a method of
automatic feature extraction of the sorted groundwater
levels, and to establish a clustering of piezometers
according to their statistical behaviour. Even if the
statistical “black box” method was applied without any
prerequisite on the location of the boreholes, it allowed
establishing a very relevant relation between sorted water
height and geological structure constraining the flows.

Keywords

Karst * Groundwater floods e Statistical analyses
Sorted piezometric data

1 Introduction

The flood hazard linked to surface water has been greatly
studied, given the major economic, social and environmental
issues, associated with these disasters (Price et al. 2000;
Gaume et al. 2004; Spitalar et al. 2014; Esposito 2015).
These studies have been facilitated by the obvious causality
between river flooding and associated damage. In contrast,
groundwater-related floods are more difficult to observe and
their role in surface flooding and the related mechanisms are
more difficult to demonstrate. However, groundwater
flooding can also cause very significant damage (Kreibich
and Thieken 2008; Ascott et al. 2017). The total, or partial,
contribution of groundwater to flooding episodes has been
demonstrated for many cases, particularly in karst regions
due to their rapid groundwater transfers (Lopez-Chicano
et al. 2002; Pinault et al. 2005; Jourde et al. 2007;
Bailly-Comte et al. 2008). Indeed, karst aquifers are com-
plex hydrosystems particularly sensitive to water table rising
(Bonacci 1995; Charlier et al. 2015).
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This study focuses on the Cretaceous karst aquifer of the
Cadarache centre of the French Alternative Energies and
Atomic Energy (CEA) located in the southeast of France.
The site is regularly subject to this type of phenomenon. For
example, following the major rainy events of November
2011 (cumulative rainfall of 225 mm in 72 h), and
November 2019 (cumulative rainfall of 101 mm in 4 days
following an episode of 185 mm in 4 days in October),
groundwater level rises locally of nearly 40 m. Such rising
water tables can submerge sensitive equipment and therefore
constitute an important risk to consider and anticipate for the
Cadarache centre and for many industrial sites or munici-
palities in the Mediterranean region (Weng and Dorfliger
2002).

In order to forecast groundwater floods, the first stage
consists in improving the understanding of the karst aquifer
behaviour. The objective of this study is thus to improve the
comprehension of the aquifer’s piezometric responses, its
heterogeneity, and to identify zones having a particular
hydrodynamic behaviour.

For this purpose, this paper proposes, in the next section,
a presentation of the Cadarache site. Then, the third section
will present the methods used for the data inventory, their
evaluation and their statistical analyses using sorted water
level. Afterward, the fourth section presents the results and
links them with the underlying geological structures. The
conclusion synthetize results and considers future work.

2 Presentation of the Study Site: The
Cadarache CEA Centre

2.1 Geological and Hydrogeological Context

The Cadarache centre of the French Alternative Energies
and Atomic Energy (CEA) is located at Saint Paul Lez
Durance in the south of France (Fig. 1). The centre takes
place on outcropping Cretaceous limestone or covered by
Miocene sediments and/or Pliocene and Quaternary allu-
vium (Guerin 2001). Each formation constitutes an aquifer
having a specific behaviour. The Miocene and Quaternary
aquifers are not very reactive and their level variations are of
low amplitudes (water level rising of few meters in several
weeks, or months) (Fig. 1). Consequently, they are not
subject to flash groundwater floods; they will not be studied
in this paper. The Cretaceous karst aquifer is characterized
by an important reactivity, a hydrodynamic spatial hetero-
geneity and by the absence of highly developed karst con-
duits (Guerin 2001), thus limiting its capacity for rapid
transfer to the outlet. This aquifer exhibits strong fracturing,
and a double-diffusivity type behaviour at the local scale
(Najib 2007). It is then possible to distinguish: (i) a
fracture/conduit continuum, potentially very transmissive,

with high amplitude piezometric variations, and significant
responses to precipitation, and (ii) a matrix continuum, less
reactive. Studies are currently underway on the use of nat-
ural tracers, but results are unclear because their variations
are not significant enough.

2.2 Monitoring Network

The Cadarache centre extends over 1600 ha, and has an
outstanding hydrogeological monitoring network. The site
has eight rain gauges spread over five zones: Z1-Z5,
(Fig. 1). In addition, it includes more than 400 piezometers,
of which around 230 are equipped with pressure sensors
(with 115 piezometers measuring the Cretaceous aquifer)
(Fig. 1). This dense monitoring network has enabled the
acquisition of a large database of rainfall and groundwater
levels over more than 15 years.

3 Material and Methods

3.1 Data Inventory and Evaluation

The first stage of this study is to make an inventory of the
piezometric and pluviometric available data, and then to
study their reliability. The first sensors of piezometric data
were installed in 2001, but the beginning of measurements is
very variable. They do not require a reliability study because
data are readjusted by manual measurements.

About rainfall data, daily manual rainfall measurements
are available since 1960. Data from automatic rain gauges at
10 or 30 min time-steps are available from 2006. The reli-
ability analysis of the rainfall data was carried out using the
following protocol. The periods when the data acquisition
rate was less than 100% were identified, then double-mass
curves analyses were carried out. This method consists of
comparing rainfall accumulations between two rain gauge
stations. The aim is to identify potential malfunctions of the
rain gauges, or trends in the underestimation or overesti-
mation of rainfall. All the different stations combinations
was compared. This allowed to identify the available and
reliable data used for the rest of the study.

3.2 Analysis of the Spatial Variability of Rainfall
at the Centre Scale

The rainfall spatial variability was done using the
double-mass curves, and the comparison of cumulative
rainfall. The rainfall amounts over different periods were
compared to identify possible differences in rainfall at the
centre scale. The cumulative rainfalls of the various
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stations were calculated: (i) for the 30 major rainy events,
(i) on a monthly scale since 2017, (iii) annually since
2006. Almost all of the differences greater than 10% can be
explained by a temporary malfunction of a rain gauge,
identifiable by comparison with the measurement rate for
the period. The study of rainfall at the different stations
was also done, on a finer time-scale and over more events,
in order to identify a possible trend. As the water table is
an integrated data of rainfall at the scale of the hydroge-
ological basin, the limits of which extend beyond the

perimeter of the site, it was considered that these small
rainfall differences would not have significant impact on
the hydrodynamic behaviour of the water table. Based on
this hypothesis, it was decided to construct a “reference
rainfall chronicle” by averaging data from the two stations,
respectively located to the north and to the south of the site
(zones Z1 and Z5 in Fig. 1). The advantage is to have a
reliable and continuous rainfall chronicle since 2006. This
chronicle was used to select the rainfall events studied in
the rest of this paper.
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3.3 Statistical Analysis and Clustering Protocol

The sorted water level curves represents the cumulative
empirical probability (in %) versus the piezometric values
ranked by classes. As it is generally accepted that rain on a
small time-scale behaves like white noise (Mangin 1975),
ruptures observed on sorted water levels are only represen-
tative of the aquifer behaviour (compartmentalisation, frac-
turing, connectivity or permeability), without rainfall
influence. This allows identifying variations in the slope of
the curve as characteristic of changes in behaviour, or par-
ticularities of the studied process (Mangin 1975).

The sorted water level curves were compared with each
other, for the same time-period and for the boreholes with
available data. The comparison was carried out using an
automated protocol for all the sorted water level curves. The
protocol first detects the curves variations, and the associated
piezometric level, using the Ramer—Douglas—Peucker algo-
rithm (Douglas and Peucker 1973). In a second step, the
clustering by number of slope variations is made. This
makes it possible to identify the main groups having roughly
equivalent sorted water levels curves. After this clustering, a
visual inter-comparison of the graphs is made by the oper-
ator, within each group, and also between the different
groups, in order to check the relevance of the clustering.

3.4 Selection of the Studied Rain Episodes

The aim is to make statistical analyses on several rain events,
in order to characterize the behaviour of the Cretaceous
aquifer, according to different types of rainfall episodes and
different states of the aquifer (low/high water level).

Three episodes were chosen: (i) November 2011: this
event is the most important recorded in terms of cumulative
rainfall (212 mm in 72 h) since 1960. It caused the highest
rise of the water table (nearly 40 m in some areas) and
occurred after a period of pronounced drought; (ii)) March
2017: this moderate episode (53 mm in 72 h) generated a
response of the aquifer characteristic of medium/low initial
water level; (iii) November 2019: in terms of rising water
table, this event is comparable to the one observed in
November 2011, it is the second most important of the
centre. However, it differs by the timing of the rainfall, and
the initial state of the aquifer. In 2019, a first rain episode
occurred in October (185 mm in 4 days), providing a
pre-saturation of the aquifer. The episode in November
(101 mm in 4 days) thus occurred when the network of
conductive fractures was already largely saturated.

4 Results and Discussions

4.1 Piezometers Clustering

For the November 2011 episode, 57 piezometric chronicles
were considered and the sorted groundwater levels curves
were grouped into three main clusters: Group 1 with 5
piezometers, Group 2 with 18 piezometers, Group 3 with 7
piezometers; other data were not groupable (Fig. 2). The
groups G1, G2, G3 could be associated with three particular
areas. G1 to the northern part of the site: the northwest of the
Mourre Frais valley. This paleovalley has a Miocene filling
and acts as a hydraulic barrier to the flows of the Cretaceous
aquifer especially during high groundwater level periods
(Guerin 2001). G2 to the central part that is the south of the
Vallée des Piles. G3 to the southern part: a zone where the
water table has a specific behaviour highlighting the com-
partmentalisation of the aquifer. The piezometers with
non-groupable behaviours are spread over the site.

4.2 Link Between Sorted Piezometric Data
and Geological Features

The method previously presented was applied to the other
selected events of 2017 and 2019. These events have more
piezometric measurements (around 80 chronicles available).
Three groups corresponding to the same three main areas
identified for the 2011 episode could also be identified
(Fig. 3). Another group could be identified at the north of the
site, whose piezometers have been installed after 2011.

We seek: (i) to identify how piezometers in the same
group were connected, and (ii) to identify potential prefer-
ential flow paths. The Cretaceous karst aquifer does not have
very developed conduits (Guerin 2001), and different
assumptions can then be made concerning the main flow
axes which would explain that distant piezometers present
the same sorted water level curves. One possibility is that the
fractures (mostly vertical) constitute a preferential axis of
circulation.

Based on the following assumptions: (i) lineaments cor-
respond to transmissive subvertical faults (but in reality,
some may have an impermeable clay filling), (ii) similar
sorted groundwater levels curves indicate a comparable
hydrogeological behaviour; we tried to verify that a link
between fracturing and groups of sorted groundwater level
curves, could be established. In order to test this hypothesis,
we overlaid the map showing the extensions of the three
classified piezometry groups, and the map with the main
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lineaments (identified or supposed faults, visible on the
outcrop or hidden from mapping, field studies and
geological/hydrogeological models), listed in the bibliogra-
phy (GEOTER 2017). It appeared that similar lineaments
were superimposed on groups of the same category. Within
each group, the piezometers can be connected to each other
via the nearest lineament. Finally, the lineaments that can
potentially play the role of flow axis are identified (Fig. 3).

According to Fig. 3, it is possible to link the majority of
the piezometers in each group via the fractures. In the
northeast zone, corresponding to the group 1, the N20 sub-
vertical faults seem to play a major role in the groundwater
flows. For the central area, associated to the group 2, the
N120-N150 and N40-N60 faults, more or less karstified
(Guerin 2001), seem to be the preferential flow axes. The

flows in the southern sector (group 3) can also be related to
the observed lineaments (Fig. 3).

It can be noted, as a first approximation, that the iden-
tified preferential flow axes are similar for the three rain
episodes (NW-SE and NE-SW faults bordering the pale-
ovalley). However, by comparing the groups formed and
the supposed axes, there is a difference in the central part
of the site. During the low water period (2017), an addi-
tional group, in dark blue, lacking for the high water period
(2019) was identified. This difference can be explained by
the presence of a connectivity threshold in this area. In low
water, the water table is not high enough to reach the
altitude where the fractures are connected. This highlights
the role of shallow fractures and epikarst on flows in this
sector.
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5 Conclusion

The purpose of this work was to enrich the knowledge of the
hydrodynamic functioning of the aquifer of the Cadarache
site, which is sensitive to the rapid rise of water tables.
A semi-automated clustering method for sorted groundwater
levels was developed and applied to a large amount of data
while incorporating visual control of the observer. The fol-
lowing analyse defined three clusters, which could be linked
to three distinct zones of hydrogeological behaviour at the
site’s scale: the north-west, central and southeast areas. It was
shown that these areas are morphologically conditioned by
structural elements. It is interesting to underline that in the
case of this aquifer, which does not have a highly developed
karst conduit network, the blind statistical and geological

approaches made it possible to identify potential flow paths.
The subvertical faults and fractures (NW-SE and NNE-
SSW) at the centre scale seems to correspond to the prefer-
ential flow axes. Long-term pumping tests coupled with
water level measurements on representative piezometers
should be carried out in order to confirm these interpretations.
Unfortunately, artificial tracers are difficult to implement on
the site (aquifer structure, small gradients). In this prelimi-
nary study, only the faults were taken in account. It will be
complemented by considering other variables (temperature or
electrical conductivity) or other parameters such as the nature
of the different Cretaceous facies or information on the
recharge zones. A study will also be carried out on some
boreholes cores to identify fractures and enrich the interpre-
tations presented in this paper. Finally, this study highlights
the richness of a multidisciplinary approach.
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Abstract

This study aims to characterize the regional hydrody-
namic and hydrochemical variability of multi-layer car-
bonate aquifers of the basin edge by considering its karst
feature. The study area is located at the northern edge of
the Aquitaine Basin, in Southwest France, which is
characterized by two main Upper Cretaceous and Jurassic
reservoirs. A data set of water levels and physico-
chemical analyses in 65 springs/shallow wells and 94
boreholes was collected from French public database.
A statistical approach was conducted in order to
differentiate aquifer compartments in relation with its
hydrogeological context. First results show a contrasted
physico-chemical signature between Jurassic and Upper
Cretaceous aquifers, which is explained by the litholog-
ical properties, the aquifer depth and the residence time.
Nevertheless, some locations present temperature and
hydrochemical anomalies. Likely hypothesis is the karst
influence due to localized recharge from fast river losses,
as well as the Kkarstification degree in unconfined and
confined compartments.
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1 Introduction

The edge zone of sedimentary basins is the site of interac-
tions involving the recharge of multi-layer aquifers, affecting
the quality of the water resource. At the regional scale, the
karst feature of the reservoirs is rarely taken into account in
hydrogeological processes. However, karst aquifers are
characterized by complex recharge, exchanges and mixing
between reservoirs, and interaction with surface water. Pre-
vious studies on northern Aquitaine Basin (AB) were con-
ducted to understand the geological and hydrogeological
functioning of different aquifers (Cabaret et al. 2017; Husson
et al. 2016; Lorette 2019; Platel et al. 2010; Von Stempel
1972). Nevertheless, a major question remains about the
karstic feature of the carbonate aquifers. This study aims to
characterize the regional hydrodynamic and hydrochemical
variability of multi-layer carbonate aquifers located in the
basin edge by considering their karst features. The study site
is the northern AB in Southwest France, characterized by
two main Cretaceous and Jurassic reservoirs. First, we pre-
sent a spatial analysis of the hydrodynamic variability of the
two main reservoirs. Then, we investigate the geothermal
gradient over the study zone. Finally, we explore the spatial
hydrochemical variability of the compartments in link with
geological and hydrogeological characteristics. This study
focuses on the relationships between the secondary aquifers,
Upper Cretaceous and Jurassic, and the role of the edge zone
in the water quality. Thus, our objective with this method is
to identify representative hydrogeological parameters of the
main aquifers, and to identify the processes that best explain
their variability.

2 Study Area

The Aquitaine Basin (AB) is a regional multi-layer aquifer
system located in Southwest France (Fig. 1). In the northern
AB, sedimentary terrains from Triassic to Upper Cretaceous
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overly a Hercynian granite and schist basement. Because of
the variety of sedimentary deposits, the alternation of aqui-
fers and aquitards creates a complex multi-layer aquifer
system composed of six majors reservoirs: Jurassic, Upper
Cretaceous, Eocene, Oligocene, Miocene, and Plio-
Quaternary, which can themselves be subdivided (Platel
et al. 2010).

The Jurassic and Upper Cretaceous (at the east of the
northern AB) outcrops show evidence of two vast marine
transgressions during Mesozoic. These predominantly car-
bonate formations are karstified, both outcrop and under-
cover (Platel 1996). The Upper Cretaceous multi-layer
system is mainly composed of fractured limestone and
contains four aquifers (from the deeper to the shallower):
Cenomanian, Turonian, Coniacian-Santonian, and Campa-
nian. The Cenomanian aquifer (50 m thick) is located only
in the north of the northern AB. The Turonian (30-60 m) is
a fractured and karstified aquifer, which contains predomi-
nantly limestone. The Coniacian-Santonian aquifer geometry
follows the one of Turonian and is the thickest cretaceous
aquifer (30-275 m). It results a complex system with lateral
and vertical variations of facies, which develops a secondary
porosity in granular limestone (fissures and karstic conduits)
and in sandstone layers with interstitial porosity, separated
by chalky and marls formations. In the Jurassic unit, it is
possible to identify five reservoirs, in some places separated
by marly or marl-limestone layers. The Lias aquifer (35—
100 m thick) made up of sandstone and dolomitic limestone.
The limestone and dolomite of the Bajocian aquifer (30—
70 m thick). The limestone of the Bathonian Callovian
Oxfordian aquifer (100-650 m thick), which represent the
principal Jurassic aquifer in the region. The limestone of the
Kimmeridgian aquifer (50-210 m thick). These three aqui-
fers can be considered as a monotonous and homogeneous
series formed of limestone with partial secondary dolomiti-
zation, highly karstified. However, some marly levels might
be present and can delimit local aquitards. Finally, the
dolomitic limestone of the Tithonian aquifer, which is
located above the marly levels, representing a local aquifer.

3 Materials and Methods

Groundwater and hydrological data set were compiled from
several public databases. It comprises (1) hydrochemical
data (major elements) and water levels from “ADES” (n.d.)
and (2) geological and technical information from springs
and wells (La Banque Du Sous-Sol (BSS) | InfoTerre, n.d).

Regarding water levels, 54 boreholes were selected: (i) 29
in Upper Cretaceous aquifers (Turonian and/or
Coniacian-Santonian and/or Cenomanian), (ii) and 25 in
Jurassic aquifers (Bajocian and/or Bathonian Callovian
Oxfordian and/or Kimmeridgian). Therefore, piezometric

maps were established using standard kriging interpolation
method for both aquifers during the dry and wet seasons of
2017.

Regarding hydrochemical data, 73 springs and shallow
wells (maximum 7 m depth), and 86 boreholes (up to
1.2 km in depth, 330 m in average) were selected. To ensure
that each borehole captures only one reservoir, and the
boreholes screened both in the Jurassic and Upper Creta-
ceous aquifers were not selected. Additionally, a minimum
of 5 samples per site over the 2000-2019 period was
required to integrate the analysis. An ionic balance was
carried out to validate the samples, of which a value greater
than 5% was not accepted. Physico-chemical parameters
(temperature, pH, and electrical conductivity at 25 °C),
chemical analyses of major elements, and nitrogen parame-
ters were selected. In this study, the median value of the
hydrochemical data set is considered more representative
than the mean, since it does not take into account the
extreme or aberrant data that can bias the analysis.

To identify patterns in our large data set, multivariate
analyses were conducted using a principal component
analysis (PCA) on primary variable descriptors of all
hydrochemical and physico-chemical data. Linear regression
was also used to assess the correlation between variables.
The geothermal gradient was calculated from 81 sites
(boreholes) with a screen at least at 25 m deep and with flow
logs and/or water strikes information. The screened interval
must be less than 100 m. For the determination of the gra-
dient, a simple linear regression was used. Additionally,
PCA method was used to identify the main hydrochemical
components.

4 Results and Discussion

4.1 Hydrogeological Characteristics

The general pattern of the piezometric map (Fig. 1) in Upper
Cretaceous and Jurassic is similar in both the dry and wet
seasons. In the Upper Cretaceous aquifers, the seasonal
variations are up to 12 m in the unconfined area (outcrops)
to a few centimetres in the confined area. The groundwater
flow direction is globally from northeast to southwest. These
maps highlight recharge zones on the Turonian and
Coniacian-Santonian outcrops but do not show evidence of
groundwater recharge by river losses. Nevertheless, rivers
such as Dordogne, Lizonne, Dronne, and Isle appear to drain
the cretaceous aquifer.

In the Jurassic aquifers, the average seasonal water level
fluctuation is about 3.1 m and can locally reaches 15 m.
Two main flow directions are observed, the first is east—west
in the area of Périgueux, and the second is NE-SW between
Sarlat-la-Canéda and Cahors in the Causses du Quercy area.
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This dividing line seems accentuated by the piezometric
depression in the southeast of Sarlat-la-Canéda, which is
probably due to the large amount of water abstracted by
pumping in this area. Previous Jurassic piezometric surface
(Bichot et al. 1997) from 95 to 96 years shows the same
piezometric depression but 10 m less deeper and with a main
east-west flow direction, which shows the vulnerability of
the Jurassic confined aquifers in Villeneuve-sur-Lot.

From the piezometric point of view, it has been shown
that stable levels and cyclic seasonal variations, mainly due
to aquifer recharge (Platel et al. 2010), characterize the
Upper Cretaceous and Jurassic aquifers. Nevertheless, a
diminution of the Jurassic groundwater table from years 95
to 96 has been shown, especially at the confined areas.

4.2 Geothermal Gradient

Groundwater temperatures from the 81 selected boreholes
vary from 13.5 to 40 °C, of which a global regional
geothermal gradient of 2.060 °C/100 m (+* = 0.59) was
computed (Fig. 2). This model significantly differs from the
theoretical geothermal gradient (3 °C/100 m). This differ-
ence is due to cold-water anomalies at important depths,
which can be explained by mixing processes with colder
superficial waters transported by karstic features. The cal-
culation of the geothermal gradient accounting for the two
main Upper Cretaceous and Jurassic reservoirs does not
improve so much the model in both cases (+* of 0.65 and
0.61, respectively). A slightly more efficient model is
observed for the Upper Cretaceous aquifers. This could be
link to a weaker degree of karstification and an important
geological compartmentation of these aquifers, contrarily to
the Jurassic aquifers that are strongly karstified.

4.3 Hydrochemical Variability

The results of PCA on hydrochemical data are shown in
Fig. 3. The two first axes explain 76% of the total variance,
where two major poles are differentiated.

Regarding variables, Mg”* is well correlated with water
temperature (Tw) and is negatively correlated with Ca®",
HCO;™, and NO; . These two groups of variables outline
the first axis on Factor 1 of water transit time, increasing
from NOj; (surface pollution) towards Mg2+, which are
indicators of fast infiltration and high mineralization (and of
dolomite dissolution), respectively. A third group shows that
Na*, CI", K*, and SO,>  are well correlated and have a
nearly independent pattern compared to tracers determining
Factor 1. Na* and SO42_ enrichment in Jurassic waters can
be explained by vertical leakage from the Lias aquifer
because of its evaporitic component (presence of anhydrite).
However, an evaporitic and dolomitic signature can be also
seen on the confined Upper Cretaceous waters, even if
dolomite and anhydrite are not present in its lithology.
Following the natural course of Na™ and K* is difficult
because of possible addition from anthropogenic activities.

Regarding observations, a first group is formed mainly by
boreholes deeper than 200 m with a few exceptions. This
group represents boreholes with elevated values of temper-
ature, and ions such as Mg?* (7-26 mg/L), Na* (5-
72 mg/L), S0,% (5-64 mg/L), and CI™ (9-24 mg/L), that
might indicate a higher mineralization (LeGal LaSalle et al.
1996). The mineralization is observed in the deep confined
area of Upper Cretaceous and Jurassic aquifers, towards
Villeneuve-sur-Lot, which may suggest an enrichment
because of the residence time and a vertical drainage up to
the upper Cretaceous layers. On the other hand, a second
group is formed by springs, shallow wells and boreholes of
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shallow depth (<200 m). This group is dominated by high
values of calcium (60-140 mg/L) and bicarbonates (220-
420 mg/L), which characterize the water—rock interaction in
an open carbonate system (Edmunds et al. 1987; Hanshaw
and Back 1979). Moreover, higher concentration of nitrates
is found in this group (mean value of 12 mg/L and a max-
imum of 44 mg/L), due to its sensitivity to agricultural
practices. However, some deep boreholes are within this
group indicating a mixing zone, in which the karstic features
may play a major role.

The spatial variability of the main major ions (Ca®* and
Mg?*) is presented in Fig. 4. High concentrations of Ca**
(around 120 mg/L) are seen in both Upper Cretaceous and
Jurassic outcrops, explained by the immediate dissolution of
the calcite in an open carbonate system. Rainwater infil-
trating the soil overlying the carbonate outcrops quickly
becomes saturated with respect to calcite. However, there is
a Ca®* decrease from east to west and southwest, which is
consistent with the progressive confinement of Upper Cre-
taceous and Jurassic formations. A similar phenomenon is
shown at the chalk aquifer (Edmunds et al. 1987), where it is
likely the Mg and Ca exchange takes place during progres-
sive recrystallization of microcrystalline calcite or by
incongruent dissolution of the carbonate.

On the contrary, there is an Mg®* increase from east to
west and southwest, in both Upper cretaceous and Jurassic
aquifers. This pattern is likely explained by the dolomite
facies that are only present in Jurassic layers. Additionally,

little impurities of magnesium and high residence time in the
Cretaceous reservoirs can be the source of the increased
concentrations.

5 Conclusions and Perspectives

The aim of this study was to characterize the hydrogeolog-
ical processes of a karst-influenced multi-layered aquifers of
basin edge. From a regional analysis in the Aquitaine Basin
(AB) of hydrogeological and hydrochemical data, we
showed the role of the edge zone into the recharge of
multi-layered aquifers. The Upper Cretaceous and Jurassic
aquifers are widely heterogeneous. The hydrogeochemistry
varies according the lithology facies, the residence time, the
depth, and very likely because of the karstic feature. Our
results show evidences of mixing zones between the two
main Cretaceous and Jurassic reservoirs. This is probably
due to the karstic and fractured natures of the carbonate
formations that allow a fast infiltration through vertical
drainage of water from the surface towards the deep parts of
the aquifers. Thus, the groundwater that constitutes the
global resource of the AB show a certain vulnerability due to
the karstification of the main geological formations. Physical
and chemical characteristics of the groundwater data show
important variations according to increasing depth, to the
progressive confinement from NE-SW and to the geological
variations of facies.
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Implications of Tryptophan-Like-
Fluorescence Long-Term Monitoring
for Bacterial Detection in a Mountainous

Karst Aquifer

J. Fernandez-Ortega®, J. A. Barbera®, and B. Andreo

Abstract

Fluorescence spectroscopy approaches like tryptophan-
like-fluorescence (TLF) have been presented as a pow-
erful tool to easily detect bacteriological contamination in
groundwater used for drinking water supply in rural areas,
since bacteria are able to synthetize L-Tryptophan. As
commonly happens in karst springs, during flooding
conditions high turbidity levels (and associated bacteria
transport) are observed and thus, the exploitation of
groundwater for human consumption is hindered. Hence,
TLF has been considered as a potential early warning
parameter to prevent polluted groundwater to reach
drinking water capture points at Sierra de Ubrique
carbonate karst aquifer (S Spain). The obtained results
in the studied spring showed low correlation with faecal
indicators (p = 0.26-0.75) and suggests the complexity in
obtaining reliable continuous measurements mainly due
to the multiple potential origins of tryptophan (cheese
whey, bacterial activity in soil or karst conduits...) and the
biochemical reactions in the soil, epikarst and karst
conduits. The suitability test realized in Ubrique test site
relegates TLF to a function as a biological risk indicator
rather than an early warning parameter.
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1 Introduction

A wide variety of pathogen microorganisms are transmitted
through surface and groundwater systems that supply
drinking water to certain populations. The most of them are
predominantly of faecal origin, which pose a threat to human
health specially in developing countries where water treat-
ment is insufficient (Ashbolt, 2004). Around 9.2% of
worldwide population consume karst water (Stevanovié
2019) and, in Europe, up to 25.3% of the population lives on
karst areas (Goldscheider 2020), which present specific
recharge processes that make them highly vulnerable to
contamination because low attenuation of contaminants
occurs between the recharge area and the springs (Gold-
scheider and Drew, 2007). During a precipitation event,
strong and quick discharge and water quality variations can
be observed at the discharge points (Pronk et al. 2007), and
thus, polluted water may reach drinking water distribution
system or hinder the total use of groundwater resources.

Hence, drinking water quality should be frequently con-
trolled to assure and protect the health of the final users.
However, the detection of enteric pathogens in groundwater
is—usually—indirectly made through the analysis of indi-
cator organisms such as thermotolerant (faecal) coliforms
(TTCs) or E. coli. Moreover, the analysis of these indicators
requires 24 h culture in laboratories and specific reagents
(Mikell et al. 1996), which may delay the detection of a
potential contamination episode. Besides these methods,
fluorescence spectroscopy approaches like tryptophan-
like-fluorescence (TLF) (Fig. 1) have been presented as a
powerful tool to easily detect bacteriological contamination
in groundwater used for drinking water supply in rural areas,
given that different bacteria families (such as Escherichia
Coli) are able to synthetize L-Tryptophan, which is an
essential amino acid for biological processes.

Thus, given that the accuracy and reliability of this
method has been little tested in karst aquifers, this work aims
to test the suitability of TLF for contamination detection
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Fig. 1 Absorption (A)—emission spectrum of L-Tryptophan (modified
from Lakowicz, 2006)

after 7 months (October to May) of continuous record of as a
potential early warning parameter at Sierra de Ubrique sys-
tem (S Spain), where episodic high turbidity levels (and
associated bacteria detection) partly hinder the exploitation
of groundwater during flooding conditions in this moun-
tainous karst aquifer that supplies drinking water to 17.000
inhabitants of Ubrique town.

.
-/
‘Water bodies
b
i
Amitude
masl
e

ATLANTIC

Kilometers

2

T e ]

Fig. 2 Hydrogeological setting of the study area

Villaluenga-sha
e\ ,.

g AZ2
¥ T i ,; ”». || Shaft catchment basin
TCornicabra " i
e “ } s 4 ] _l “ v ; DHydrogsological system
o Sierra'de Ubrique e
4 ¥ ¥ . ’

v 3 ,f;_ gt . Geological formations
Algarrobal . ¥ I , o | Quaternary 7 Undifferentiated

4 o A £ Tertiary Clays and sandstones (Flysch)

2 Site Description

The study area composes a 26 km”> mountainous karst
aquifer within the boundaries of Sierra de Grazalema Natural
Park (Céadiz province, S Spain), approximately 80 km
north-east from Cadiz city. This zone is characterized by a
humid Mediterranean climate and rainy period mainly
occurs in autumn and winter (mean annual rainfall is
1350 mm) (Andreo et al. 2014). Abrupt elevations (400—
1500 m a.s.l.) with steep slopes and NE-SW direction define
the orography of Sierra de Ubrique (Marin et al. 2021).
The study area is—geologically—situated within the
Betic Cordillera and characterized by Triassic evaporites
with clays, Jurassic dolostones (lower) and limestones
(upper) -500 m thick-, and Cretaceous-Paleogene marly-
limestones (Martin-Algarra 1987) (Fig. 2). The geological
structure is determined by anticline folds, in which core
Jurassic formations can be found, and synclines matching
with depressions constituted by more recent Cretaceous
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materials. Furthermore, some tertiary flysch clays and
sandstones formations overthrust over the previous rocks.

Sierra de Ubrique test site constitutes a fractured and
karstified aquifer which geometry is mainly determined by
the anticline folds that define, respectively, the Sierra de
Ubrique and the Sierra del Caillo (Martin-Algarra, 1987).
Recharge in this binary karst system is produced by diffuse
infiltration from rainfall through carbonate outcrops (auto-
genic) and concentrate flow from a neighbour catchment
which enters the system through the Villaluenga swallow
hole (allogenic). This 3 km? catchment developed in
Cretaceous-Tertiary materials feeds the Albarrdn intermittent
stream, which can rapidly variate from 0 to 6.000 /s in a few
minutes during a storm event. Natural discharge occurs
through the SW border of the aquifer, the most significant
springs are the Cornicabra (349 m a.s.l.) and Algarrobal
(317 m a.s.l.) perennial outlets, which present discharge
rates of 10-2460 I/s (average 406 1/s) and 10 to 2,625 L/s
(average 157 1/s), respectively. Additionally, Garciago
overflow spring (422 m a.s.l.) whose discharge rate is, on
average, 311 I/s but ranges from 0 to 6059 1/s, appears only
during large flooding events (Martin-Rodriguez et al. 2016;
Sanchez et al. 2016).

Moreover, different karst groundwater pressures related to
rural activities developed in small populations were identi-
fied in the recharge area. In this study case, those are goat
and sheep livestock, small cheese factories and the presence
of a wastewater treatment plant (WWTP) which pours the—
untreated—sewage into the Albarran stream. Hence,
recharge features in this system together with the
well-developed karst network and human activities certainly

increase  groundwater  vulnerability and risk to
contamination.
3 Methods
3.1 Water Sampling and Monitoring Network

Different physical-chemical parameters of groundwater
samples were measured: water temperature and electrical
conductivity (EC) with WTW™ Cond 3110 (£ 0.1 °C
and £ 1 pS/cm resolution, respectively), (Xylem, USA) and
turbidity with HACH turbidity pocket metre 2100Qis (£0.1
NTU) (HACH, USA). Furthermore, samples were taken to
the laboratory for Total Organic Carbon (Shimadzu mod.
TOC-VCSN) and semi-quantitative analysis of total col-
iforms and E. coli (IDEXX ColiSure, USA). Continuous
measurements of several parameters (spring discharge,
temperature, EC, turbidity and TLF) were realized at the two

permanent springs (used for drinking water supply). Water
level was recorded through the use of Odyssey® data log-
gers (Dataflow Systems LTD, New Zealand) (£0.8 mm
resolution). Water temperature (+ 0.1 °C), electrical con-
ductivity (£ 0.1 pS/cm), turbidity (& 0.01 NTU) and TLF
(£ 0.01 ppb) were measured with the thermometer, con-
ductivimeter and fluorometer integrated within the
GGUN-FL30 probe (Albilia Co, Switzerland). The device
which holds specific optic channels for Agx/Agym around
600/550 nm for turbidity and 280/350 nm for TLF with a
sampling interval of 15 min.

4 Results

4.1 Time Series Analysis

Spring response to four effective recharge events has been
registered at the two main discharge points. Maximum dis-
charge values between 1200 and 1800 /s were observed in
Cornicabra spring (Fig. 3A) and turbidity up to 63.7 NTU
during the first flooding event and not higher than 15 NTU at
the following ones. Regarding TLF, this spring shows a
baseline concentration between 3 and 5 equivalent ppb and a
maximum value of 36.5 eq. ppb which was as well regis-
tered along the first event. The successive events display
smoother peaks with maximum concentrations close to
20 eq. ppb which also coincide with greatest turbidity
intensity lapses. On the other hand, Algarrobal spring
showed a maximum discharge around 800 1/s and maximum
turbidity values up to 334.2 NTU in the first event and 200
NTU at the following ones (Fig. 3B). TLF baseline was also
found between 3 and 5 eq. ppb and maximum record of TLF
of 122.1 eq. ppb during the third event. However, common
maximum values of TLF records are displayed around
80 eq. ppb and tend to reproduce the shape of turbidity
record.

Some minor TLF peaks (red triangles, Fig. 3) are
observed in both springs coinciding with little precipitation
events where no turbidity or spring discharge increase is
observed. Furthermore, fast increases of TLF record in
Algarrobal spring are observed mostly coinciding with the
first moments of a recharge event.

4.2 Correlation with Contamination Indicators
Flooding events provoke an increase of spring discharge

and turbidity, and thus, TLF should also show any corre-
lation to these parameters. In Algarrobal spring, it is
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(TOC, E. coli and Turbidity)

observed that maximum TLF values are related to maxi-
mum discharge values (p = 0.47), however, in Cornicabra
spring TLF is reached during diverse hydrodynamic con-
ditions (Fig. 4). This might be explained because of intense
TLF response during low water conditions, nevertheless,
Cornicabra spring shows a higher Pearson correlation
coefficient (p = 0.59).

Turbidity and TLF show slightly better correlation at both
springs (p = 0.45 at Cornicabra and p = 0.71 at Algarrobal)
(Fig. 4), nonetheless, still high TLF are measured when
turbidity is below 5 NTU (Spanish national law maximum
threshold for drinking water supply). Despite that tryptophan
or TLF substances are organic compounds, there is no direct
correlation between it and TOC values (p = —0.11 for Cor-
nicabra and p = 0.20 for Algarrobal) (Fig. 4) and a high
dispersion is observed in both springs. On the other hand, an
apparent correlation has been found between biological
activity indicators (E. Coli) and the equivalent concentration
of TLF at Algarrobal spring (p = 0.75), however, Cornicabra
spring does not show a good correlation between them
(p = 0.26) (Fig. 4).
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5 Discussion

5.1 Method Technical Limitations

Minor technical issues (such as the decay of light intensity or
interferences) arose during the study period. Interferences
and quenching processes are well known in these techniques
as multiple substances may cause the decrease of TLF
intensity (Lakowicz 2006). Among them, substances used as
pharmaceutical products or medicines such as acrylamide,
halogen anaesthetics, hydrogen peroxide, imidazole, nicoti-
namide or succinimide are found. Furthermore, recent
investigations (Markechova et al. 2013; Bridgeman et al.
2015; Ward et al. 2020) described the hardness to detect low
levels of microbial contamination in some cases due to
closeness of the TLF peak with the humic-like fluorescence
(HLF) peak.

As the two springs studied in this research are now
integrated within the village, some quenching substances
may appear from (e.g.) losses from sewage systems and
nearby roads washed by runoff. This situation may explain
some of the TLF peaks with significant concentration
(= 15 eq. ppb) which do not coincide in time with effective
rain episodes. The spring that most evidences these problems
is Algarrobal, as extreme turbidity values might suppose a
potential TLF interference during specific moments of a
flooding event by enhancing or saturating the protein-like
optical of the used device. Iron precipitates were also
observed over the probe in this spring, what can lead to
incorrect fluorescence intensity readings. Nevertheless, the
effect of these substances is still poorly understood and
difficult to estimate in our test site, and thus increasing the
uncertainty of the data.

Previous works (Khamis et al., 2015) described the effect
of turbidity and temperature variations in two different
specific TLF devices and suggested to implement a correc-
tion algorithm in order to obtain reliable continuous mea-
surements. The obtained results together with preceding
studies suggest the complexity in obtaining reliable contin-
uous measurements as this technique shows some limitations
related to the measurement environment and could limit the
use of TLF for reliable contamination.

5.2 Tryptophan Origin

Previous researches (Determann et al. 1998; Cumberland
et al. 2012; Quiers et al. 2014; Sorensen et al. 2015, 2016;
Frank et al. 2018 and Nowicki et al. 2019) showed that
protein-like fluorescence is directly related to the activity of
bacteria. However, it has also been proved that if tryptophan
is available in the environment, E. coli (among other bacteria

families) is able to assimilate it in order to synthetize pro-
teins (Yanofsky 2007), this means they stop synthesizing it
to consume the tryptophan present in the groundwater. In
our test site, the presence of the faecal waters from WWTP
and lixiviates from cheese factories provides a continuous
source of tryptophan that could feed bacterial colonies dur-
ing low water conditions.

Thus, despite the non-conservative behaviour of trypto-
phan, the results of this study suggest that TLF baseline in
the springs might be caused by biological processes (Mar-
tens and Frankenberger 1993) in the soil and within the
system. On the other hand, diluted protein-like substances in
concentrated recharge (washing the remains from the
WWTP and cattle activities areas) might contribute, to a
greater extent, to the increase of TLF in the springs. The
increase of TLF signal in the springs could serve as a tracer
of human activities, and this is reflected in the higher TLF
values in Algarrobal spring, which also has a higher con-
taminant load.

5.3 TLF as Indicator of Water Quality

Sorensen et al. (2015) proposed a precautionary threshold of
0.33 pg/L to infer faecal contamination and 0.43 pg/L on a
new research in 2016. However, these thresholds may be
adapted to each study site and consider its geological fea-
tures and contamination sources, as the TLF baseline in our
karst study site is approximately 5 pg/L.

The behaviour of TLF record is slightly different at each
spring regarding maximum values and correlation with water
parameters. The data acquired in Algarrobal spring shows an
apparent correlation with faecal contamination indicators
such as E. coli; however, it does not always show a good
correlation in Cornicabra spring. Similar results were also
found by Bridgeman et al. (2015) and Carstea et al. (2020)
suggested that further work is required to understand TLF in
groundwater and for assessing drinking water quality.

6 Conclusions

The first application of TLF long-term monitoring in Ubri-
que test site resulted successful in Algarrobal and Cornicabra
springs and showed proportional values according to con-
taminant load according to other pollution indicators (tur-
bidity, E. coli). However, TLF approaches showed some
limitations related to the measurement method (fluorescence
interferences), intrinsic features of the system (turbidity) and
the location of springs (urban area). In that way, monitoring
tasks focused on detecting the arrival of contaminated
groundwater to the capture point should be complemented
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with other easy-to-measure parameters (such as turbidity or
electrical conductivity).

Due to the uncertainty about the weight that the different
tryptophan sources produce in the recorded TLF signal and
the poor correlation between TLF and faecal indicators, the
use of this technique in Ubrique test site springs is more
suitable as a biological risk indicator rather than an early
warning parameter. Nonetheless, TLF approach has proved
to be a promising tool in order to rapidly obtain information
about the water quality.
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What Microbial Signature Means in Terms
of Groundwater Dynamics, Vulnerability
and Residence Time—Comparison

of Shallow and Deep Karst Resources

M. Sinreich and A. Pochon

Abstract

The microbial signature is a fundamental characteristic of
karst groundwater resources, both with respect to the
natural state and potential pollution. Karst springs are
regularly affected by water quality derogation in the
course of recharge events. Deeper resources with longer
groundwater residence times, on the other hand, may be
free of fecal pollution and turbidity problems, what puts
them into the focus for future exploration strategies. Both
aquifer types are however still few understood regarding
their microbiological constitution. Novel flow-cytometry
data (TCC, Live/Dead cells and LNA/HNA cells) were
assessed at shallow and deep resources of a karst system
in the Swiss Jura Mountains. While spring results
followed hydrological variations, the well data evidenced
microbial stability, linked to the increased flow time of
several years, and approaching equilibrium with the
natural biocenosis of the groundwater ecosystem. Spring
and well monitoring considers the end-members of karst
groundwater dynamics and vulnerability. This allowed for
(i) assessing the hydrogeological meaning of the
flow-cytometry parameters, (ii) deducing general conclu-
sions from the signature regarding karst functioning, and
(iii) gaining deeper insight into microbial transport and
fate processes. The findings provide a conceptual frame-
work for the evolution of diverse microbiological param-
eters with residence time, contributing to the protection
and management of karst resources.
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1 Introduction

Although the microbiological constitution represents an
important feature for the characterization of karst aquifers, it
is still poorly understood. Given fecal pollution being of
major concern for the use of karst groundwater, microbio-
logical investigation classically restricts to the analysis of
fecal indicator bacteria. More recent approaches allow for
complementing such standard analyzes.

Flow-cytometry (FCM) is a novel, easy and insightful
tool to characterize microbiological parameters in water.
Applying this innovating approach to groundwater started
about 10 years ago in the framework of the Swiss National
Groundwater Monitoring with an overview of ranges for
different aquifer types (Koetzsch and Sinreich 2014). Fol-
lowing work examined that the Total cell count (TCC) is an
appropriate criterion for investigating and characterizing
karst aquifers with respect to their microbiological state and
vulnerability (Sinreich et al. 2014). Additional FCM
parameters have the potential for making further progress in
this direction by specifying the microbiological status in
terms of a cell fingerprint.

The present study compares spring and well data in the
same hydrogeological setting of a karst system located in the
Swiss Jura Mountains, notably highlighting the importance
of deeper karst resources for water supply (Hessenauer et al.
2001; Jeannin et al. 2021). While emerging tools such as
FCM have a potential to improve the understanding of karst
aquifer hydrogeology and microbiology, a comprehensive
examination of the FCM parameters is still missing to date in
this context. The present study wants to fill this gap.
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2 Investigation Design

2.1 Study Area

The Dou-Torrent-Raissette karst system, located in the fol-
ded Jura Mountains in the Northwestern part of Switzerland,
discharges an estimated 50 km? catchment amounting to
2 m*/s of mean annual flowrate. The main aquifer consists of
late Jurassic karstified limestones, which are outcropping on
both flanks of the St-Imier valley syncline (Fig. 1).

The Torrent and Raissette springs are important perennial
drinking water supplies for the region and exhibit water
quality and quantity fluctuations typical for shallow karst
groundwater resources, strongly correlated with recharge
events. The Dou spring acts as the overflow of the system
falling almost totally dry during very low water stages.

Hydrogeological prospection for additional and less vul-
nerable resources in the Valley of St-Imier recently involved
the successful implementation and commissioning of the
Sauges well, which taps the same Jurassic aquifer at a depth
between 400 and 600 m under a thick cover of low per-
meable tertiary sediments.

The extracted groundwater is sub-thermal (~ 18 °C),
with very stable physico-chemical characteristics, no trace of
bacteriological or chemical pollution and an estimated mean
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residence exceeding 40 years based on tritium analysis
sampled in the first exploratory well in the mid-nineties.

2.2 Sampling and Analyses

The Torrent and Raissette springs as well as the Sauges
pumping well were monitored over a more than 1 year
period from end of 2020 to beginning of 2022. A campaign
of 12 samplings targeted on differing hydrological situations
in order to specifically cover periods of both low and high
water stages, with a focus on the flood and recession period
of summer/autumn 2021 (Fig. 2). Data were set in context
with continuous discharge and physico-chemical measure-
ments, which is a primary information to be checked with
microbiological occurrence and abundance.

Water samples were filled into prepared containers, subse-
quently kept cooled at about 4 °C during transport and storage,
and mostly analyzed within 24 h. Flow-cytometry
(FCM) technique was used to obtain cell count parameters,
conducted according to the method described by Hammes et al.
(2008). Additionally, classical microbiological parameters, i.e.
aerobic mesophilic bacteria (AMB) and fecal indicator bacteria
(FIB: Escherichia coli (E. coli) and Enterococci), were ana-
lyzed by culture methods according standard protocols.
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Fig. 1 Hydrogeological cross section through the St-Imier valley displaying the groundwater conditions at the study area including sampling sites

(adapted from Della Valle et al. 1998)
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Fig. 2 Continuous physico-chemical and discharge data for the shallow groundwater resource (Dou overflow spring) over the study period with

related sampling dates

Microbial signature using FCM comprises Total cell
count (TCC) as well as specific subsets for Live (intact) vs.
Dead (permeabilized) cell count and Low nucleic acid
(LNA) vs. High nucleic acid (HNA) cell count. Ratios of
living cells and LNA cells with respect to TCC are used for
illustrating their relative importance.

3 Results

3.1 Shallow Groundwater

Figure 2 displays the evolution of discharge and electrical
conductivity for the Dou overflow spring as representative
for the whole shallow groundwater system. Typically for
dynamic karst aquifers, sharp peaks linked to rainfall and
snowmelt events followed by recession phases dominate the
hydrograph. The study period was characterized by an
extremely wet summer and a relatively dry autumn.

For the shallow groundwater resource, captured at the
Torrent and Raissette springs, microbiological monitoring
parameters (Figs. 3 and 4) evidenced similar variability as
physico-chemical parameters (i.e. electrical conductivity,
temperature, and turbidity), correlated to discharge varia-
tions. As typically known from dynamic karst system, FIB
levels strongly rose over flood events, temporarily causing
water quality derogation. E. coli variability ranged over
three orders of magnitude (from 1,000 cfu/100 mL to almost

absent). Enterococci showed systematically lower values,
but with similar pattern as E. coli or AMB.

All FCM cell types (TCC, Live, Dead, LNA, HNA)
followed an evolution comparable to FIB, though to differ-
ing degrees. TCC reached more than 1,000,000 but never
declined below 200,000 cells/mL, i.e. within one order of
magnitude. Live cell and LNA cell ratios varied between 70
and 90%, and 50 and 80% of TCC, respectively.

3.2 Deep Groundwater

The dynamics and microbial signature of the deep karst
resource, exploited at the Sauges well, differ significantly
from the shallower groundwater as it remained very stable
over time, independent of the prevalent hydrological con-
ditions (Figs. 3 and 4). No significant reaction has been
observed with respect to surface water conditions, and spring
discharge variations, respectively (Table 1).

No fecal indicators were detected in the well water
throughout the whole year, confirming the excellent quality
of extracted groundwater. TCC remained permanently
around 10,000 cells/mL, which is more than one order of
magnitude below spring levels during baseflow conditions,
without any rainfall-driven or seasonal variation observed.
All cell types had lower counts in the deep aquifer than in
the shallow aquifer. However, their relative importance
toward TCC exceeded spring values for Live cell ratio (>
90%), and LNA cells ratio (75-85%).
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Fig. 3 Fecal indicator parameters for the three sampling sites

4 Discussion

4.1 Microbiological Parameters

Table 1 provides an overview of the typical abundances for
microbiological parameters analyzed. These are consistent
with data from numerous other Swiss karst sites (Sinreich
et al. 2014; Pronk et al. 2020) and similar hydrogeological
settings (Koetzsch and Sinreich 2014; Schonher et al. 2021).
Both FIB and FCM parameters differed significantly
between the shallow and deep karst groundwater resources,
and are discussed in the following.

4.1.1 Fecal Indicator Bacteria (FIB)

Occurrence of FIB, such as E. coli and Enterococci, mainly
results from fecal pollution sources (e.g. sewer or livestock),
transported via fast preferential flow components in the
course of recharge events.

A Raissette spring

xt X% A X% X% A X% 1 L
Wt W e o oot gov Y gec e qe"-"ﬂwa“l

Sauges well

During baseflow conditions, higher proportion of slow
flow components are feeding the springs, and groundwater
linked to the preceding recharge events exhibits long enough
residence times for sufficient FIB die-off. In a similar vein,
water extracted from the well, having even much longer
residence times, is free of fecal bacteria at any time. This
confirms the FIB approach as indicator for mainly fast
microbial/fecal input not exceeding several weeks. It goes
along with AMB, which are not specifically of fecal origin,
but may indicate near surface influence. AMB are nonethe-
less permanently found also in the deep aquifer, but at very
low levels.

4.1.2 Total Cell Count (TCC)

TCC values measured at the springs are in agreement to
what had been defined by Sinreich et al. (2014) as charac-
teristic for dynamic and vulnerable karst systems. Variations
for this overall parameter were related to the prevalent
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Table 1 Aggregated monitoring results (mean values and standard deviation) for eight samplings at each of Torrent spring, Raissette spring, and

Sauges well sampling sites (microbial signature in bold)
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cfu/mL
cells/mL

%

%

Shallow resource

Torrent spring

Mean
499

8.3

3.6

174

47

1,161
1,165,908
79

61

std-d

13

0.1

5.4
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1,316
1,023,106
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Raissette spring

Mean
469

8.1

11.3
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1,534
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79

72

std-d
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926,912
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Sauges well

Mean
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9
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hydrological conditions, with higher levels at flood events
and lowest levels during baseflow. This pattern, comparable
to FIB, suggests that TCC peaks at the springs are dominated
and triggered by similar mechanisms. High loads of bacterial
cells may derive from sinking surface water, soil, or
microbial pollution, mainly during recharge events. Bottom
values reached during baseflow are considered characteristic
for each karst aquifer system.

In contrary, well groundwater is characterized by much
lower and stable TCC, one order of magnitude below the
lowest values at the springs. For both shallow and deep
resources, TCC is a factor 1,000 higher compared to AMB,
and thus a much more sensitive parameter. This makes it
particularly useful for characterizing systems with limited
surface influence, such as karst aquifers of low vulnerability,
or porous aquifers (Koetzsch and Sinreich 2014). Conse-
quently, TCC may be a good proxy for microbiological
variability when AMB are too few (Van Nevel et al. 2017).

4.1.3 Live/Dead Cell Count

Live cells predominated in all groundwater samples (>70%
of TCC), with highest ratios related to the deep groundwater.
The high amount of both living and dead cells at the springs
during floods, in conjunction with a reduced Live cell ratio,
suggests that the input signal is the main source of dead (not
viable) cells. Also the increasing proportion of living cells
with discharge recession suggests that dead cells are rather
of allochthonous origin than the result of bacterial fate
during transport. In this respect, Live cell ratio has opposite
evolution compared to TCC.

During baseflow, living cells are reaching values up to
90% of TCC at the springs. They are thereby approaching
levels of the deep resource, while TCC still remains one
order of magnitude above. This may represent the natural
situation with lowest influence of fresh water in the system,
and with living cells dominating. A stable and high Live cell
ratio seems to be typical for the deep system, protected from
rapid surface influences and changes. Whilst low ratio can be
associated with surface influence and vulnerable systems,
high ratio may occur for either systems of low vulnerability,
or highly vulnerable systems at baseflow.

4.1.4 LNA/HNA Cell Count

LNA cells were the dominant fraction in almost all ground-
water samples (> ca. 50% of TCC). They indicate the presence
of smaller cells, while HNA cells are expected being more
abundant at elevated nutrient availability, such as surface
water. Although absolute counts of LNA and HNA cells were
both fluctuating with spring discharge, there was no evidenced
impact of flood events causing increased importance of HNA
cells in groundwater, as might be assumed. Overall, there was
no clear relationship with time confirmed between LNA cell
ratio and discharge or TCC in the course this study.

Nonetheless, LNA cell ratio was generally higher in the
deep than the shallow resource. Consequently, microbio-
logical processes may influence the fate of bacteria in terms
of LNA and HNA, additionally to transport.

4.2 Conceptual Framework

Knowledge about the catchment and the hydrogeological
conditions, in conjunction with continuous data, allows for
the interpretation of the microbiological results regarding
spatial and temporal variations in the karst system. This is
the basis for a conceptual model of karst microbial signature
in terms of dynamics, vulnerability, and residence time.

4.2.1 Dynamics

Sharp fluctuations of spring discharge and physico-chemical
parameters indicate the high dynamics of the shallow karst
groundwater and the fast arrival of freshly infiltrated rainwater
during recharge events. As for microbial pollution, ground-
water dynamics were identified for governing the input of all
kind of bacteria into the karst system. It rises the overall
abundance of bacteria, i.e. TCC, and drastically changes the
quality and microbial signature of the groundwater. This is
despite the mainly diffuse nature of infiltration in the catchment.

After long-lasting dry periods, slow flow components
increasingly dominate and represent the baseflow signature
of the system. Such conditions are most appropriate to
compare different systems to each other.

At the deeper karst groundwater, no fresh input is to be
considered. Such lack of hydrological dynamics goes along
with stable microbial signature and low abundances. It is
noteworthy that the dynamic shallow groundwater reaches
during baseflow similar high Live cell ratios as the stable
deep resource, though always maintains much higher TCC.

4.2.2 Vulnerability

The overall amount of fast flow components determines the
global vulnerability of a groundwater system or spring.
Microbial signature can provide information about the vul-
nerability of a catchment. Sinreich et al. (2014) proposed a
microbiological classification for different karst settings and
vulnerabilities, postulating higher TCC values for more
vulnerable systems, even for baseflow. The present findings
strongly confirm this hypothesis, including the respective
TCC ranges.

This effect highlights most between the shallow and the
deep resources. Those represent end-members in terms of
vulnerability, and natural protection, respectively. Global
vulnerability of the sampling points is consistent with values
from Sinreich et al. (2014), e.g. around 10’000 cells/mL for
naturally protected aquifers of low vulnerability. Slight dif-
ferences in the mean values for TCC, and LNA cell ratio,
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observed for Torrent and Raisette springs in this study (see
Table 1) are also expected to reflect small contrasts in global
vulnerabilities of both sub-catchments.

Recharge events load the system in a way that there is a
sustainable microbial signature even for baseflow, allowing
for global vulnerability evaluation on the basis of one single
sample, as mentioned in Sinreich et al. (2014). FIB alone are
not able to do so. The absence of FIB and a permanently low
TCC, in contrary, are a reliable indication for a resource
protected towards non-persistent pollution.

4.2.3 Residence Time
Freshly infiltrated meteoric water following recharge events
is associated with the arrival of fast and preferential flow at
springs within hours to days. In the course of discharge
recession, these components are more and more replaced by
slower pathway and storage components. These changes are
highlighted by electrical conductivity (Fig. 1), with negative
peaks indicating marked dilution due to fresh, lowly min-
eralized water. At these events, important release from the
surface causes high fluxes in all kind of bacterial cells cre-
ating a strong input signature.

With ongoing recession, mean residence time of ground-
water increases. Tracing tests performed in the catchment
during low flow conditions showed transit times up to several
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weeks to reach the springs. Mean residence time in the deeper
resource, however, is up to several years given the long
transfer in the phreatic zone until reaching the well.

In the present study, mean residence time showed a clear
relationship with several microbiological parameters, more
dynamic/vulnerable systems having higher baseline abun-
dances and higher variability ranges. Elevated TCC and only
moderate Live cell ratio are then due to lower overall resi-
dence time compared to less vulnerable, i.e. more naturally
protected, aquifers. FIB die-off processes are time-
dependent, too. Figure 5 illustrates the conceptual frame-
work for the microbiological signature of karst groundwater.

4.2.4 Microbial Biocenosis

Following the above interpretation, shallow resources are
governed by the input signature following recharge events
whilst deeper resources can be considered being adapted to
the intrinsic environmental conditions. This latter case is
representing the microbial biocenosis of pristine karst
groundwater. The adaption with time occurs when alloch-
thonous bacteria are either eliminated or had become part of
the natural system. At these times, fecal bacteria are not
surviving any more. The deep system, with low organic
nutrients, and elevated LNA ratio, respectively, is thus
characterized by both low TCC and a high Live cell ratio. In
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the case of the Sauges well, it appears that potentially
high-loaded input does not play a role any more. Signature
has instead adapted to the natural biocenosis after several
years of residence time, in equilibrium to the autochthonous
microbial community.

Also shallow systems may reach such pristine state when
slow flow components clearly dominate. During low flow
conditions, the two springs exhibit high Live cell ratios
comparable to the well, suggesting this parameter being an
indication for a natural biocenosis. Thereby, TCC always
remained at higher level at the springs suggesting specific
signature for a nutrient-rich environment, in conjunction
with lower LNA cell ratio.

5 Conclusions

The present study provides a conclusive interpretation of the
meaning of FCM parameters for karst groundwater, clearly
evidenced at end-members of shallow (vulnerable) and deep
(low vulnerability) groundwater resources and related to
spring variability. Classical microbiology targets fast flow
components with E.coli appearance and dynamics, and being
limited to FIB survival times. In deep resources of low
vulnerability, and high mean groundwater residence time,
respectively FIB and AMB are not useful discriminates any
more, whereas FCM parameters are. They clearly charac-
terize both deep and shallow resources.

Some basic findings of the present study may provide
principles in applying FCM parameters as a tool in karst
research:

e There are typical levels of TCC for shallow (about
100,000 to 1,000,000 cells/mL) and deep karst systems
(about 10,000 cells/mL).

e All bacteria occur at lower abundances in the deep aquifer
than in the shallow one (absolute counts), though does
not account for relative importance (ratios).

e Overall abundances of bacteria are TCC > AMB > E.
coli with a factor of about 1,000 between each.

¢ Differing signatures exist for dynamic systems, with all
FCM cell types rising at floods and approaching lower
levels during baseflow, some of the parameters then being
similar to the deep resource.

e Living cells clearly predominate in all samples, with Live
cell ratio increasing with residence time; dead cells
mainly derive from flood input.

e Rising TCC and falling Live cell ratio are in correlation
with FIB occurrence in dynamic karst systems.

e LNA cells form the majority of TCC. LNA cell ratio is
elevated for low dynamic systems, though less conclusive
regarding variability.

e Pristine karst groundwater consists of a typical microbial
biocenosis with differences in shallow and deep resour-
ces, and Live cell ratio as an indicator.

e Transport processes may rule microbial signature during
high water stages, while microbial fate becomes more
important for longer residence times.

e A dynamics—vulnerability-residence time approach,
building the conceptual framework of the present find-
ings, may explain the constitution and changes of the
microbial signature in karst groundwater.

There are hence typical cell count values for each
resource type and in relation with mean residence time, but
with temporal changes for shallow/dynamic systems.
Therefore, FCM parameters give more insight into the
functioning of karst aquifers, going beyond fecal pollution
issues and potentially complementing FIB as indicators.
Sound understanding of the meaning of the diverse FCM
parameters amplifies the actual knowledge on Kkarst
groundwater microbiology. It provides an overall picture and
a means of characterization, not only for contrasted cases as
in the present study. This may represent an important step
forward in karst hydrogeology.
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Deriving Major lon Concentrations at High
Resolution from Continuous Electrical
Conductivity Measurements in Karst Systems

B. Richieri, D. Bittner, A. Hartmann, P. Benettin, B. M. van Breukelen,

D. Labat, and G. Chiogna

Abstract

Time series of hydrochemical parameters support the
investigation of dominant karst hydrological processes
and conceptual model structures. Nevertheless, high costs
for sample collection and analyses cause hydrochemical
data to be rarely available at a sufficiently high temporal
resolution, e.g. hourly. The electrical conductivity (EC),

however, can be cheaply and continuously measured by
an EC sensor. To overcome this issue, a method is
proposed to derive continuous major ion concentrations
from continuous EC using both low-frequency (i.e.
weekly) and high-frequency (i.e. every 3 h) ionic mea-
surements. Due to the large ion concentrations and
complex speciation characterizing karst springs, the
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concentrations of each element as free ion and as aqueous
complexes are computed separately. The first is computed
based on their contributions to the total EC, whereas the
concentrations as aqueous complexes are obtained from
speciation calculations. The method is tested in two
karstic watersheds with different types of bedrock and
temporal resolution of the available hydrochemical
datasets, i.e. the Kerschbaum dolostone system in Austria
and the Baget limestone system in France. The results
show that complexation needs to be considered for SO42_,
Ca**, Mg** and HCO; ™, whose neglection would lead to
an underestimation of the total concentrations. The
proposed methodology allows us to obtain high-
resolution major ion concentrations without performing
costly laboratory analyses. The investigation of the proper
temporal resolution, required to apply this method to
different geologies, can support future fieldwork and
sampling campaigns.

1 Introduction

Hydrochemical data of karst springs can provide significant
information about the subsurface structures and relevant
karst hydrological processes. Several studies have used
hydrochemical data to investigate the subsurface functioning
of karst systems, e.g. to characterize different kinds of karst
systems or to estimate the ratio between water from the
vadose and the phreatic zones under varying hydrometeo-
rological conditions (Aquilina et al. 2006; Dreiss 1989; Liu
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et al. 2004; Mudarra and Andreo 2011; Ravbar et al. 2011;
Torre San et al. 2020). When used in a multi-objective
model calibration approach, hydrochemical time series can
support the identification of realistic model structures and
the reduction of the parameter uncertainty (Chang et al.
2021; Charlier et al. 2012; Hartmann et al. 2017; Hartmann
et al. 2013a, b; Husic et al. 2019; Perrin et al. 2003; Zhang
et al. 2019). However, high cost and time requirements limit
the applicability of major ion time series, which are rarely
available at a temporal resolution sufficiently high to
investigate the transport processes of a system. On the
contrary, the electrical conductivity (EC) signal, which
represents an integrated signal of major ion concentrations,
can be easily and cheaply measured by means of automatic
instruments and thus shows a huge potential in model
development and evaluation (Chang et al. 2021; Jourde et al.
2018; Meus et al. 2014; Cano-Paoli et al. 2019).

Benettin and van Breukelen (2017) proposed a method to
retrieve, from continuous EC signal and discrete measure-
ments of major ions, the individual ion concentrations at the
same temporal resolution as the EC signal. The method is
based on the decomposition of the EC signal measured at a
river gauge into the individual major free ions that conduct
current in water. However, due to the large ion content in
water from karst systems and more complex water speciation
as compared to surface streams, the method of Benettin and
van Breukelen (2017) may not be directly applicable to karst
systems.

This study presents a modified framework of the
methodology from Benettin and van Breukelen (2017). The
modified approach is tested in two study areas characterized
by different bedrocks and different temporal resolution of
available hydrochemical datasets. In particular, we apply the
modified EC decomposition approach for the Kerschbaum
dolostone karst system in Austria and the Baget limestone
karst system in France.

2 Materials and Methods

In the following, we present the characteristics of both
investigated karst systems, the available datasets as well as the
modified methodology of Benettin and van Breukelen (2017).

2.1 Study Areas

This work considers two study areas, i.e., the Kerschbaum
springshed in Austria and the Baget springshed in France
(Fig. 1a). The two karst systems are characterized by a dif-
ferent degree of karstification and discharge variability,

which result from the different geology of the karst forma-
tions (Fig. 1b, c). Kerschbaum is a pre-alpine, small-scale
(2.5 km?) dolostone karst system with a mean discharge of
34 I/s (Bittner et al. 2021). Despite the developed network of
fractures and conduit, no sinkholes are present in the
catchment and the spring is mainly fed by diffusive infil-
tration processes (Narany et al. 2019). The response of the
spring discharge to precipitation events is characterized by a
piston and flushing effect of the dissolved elements stored in
the saturated zone. The Baget springshed is located in the
Pyrenees and is a small-scale (13 kmz) limestone karst
system characterized by a mean annual discharge of 477 1/s.
Las Hountas is the only perennial spring of the Baget
catchment and displays a complex response characterized by
different mechanisms, i.e. dilution processes during high
discharge periods and a piston and flushing effects with the
first heavy rains after long dry periods (Ulloa-Cedamanos
et al. 2020).

The water quality data available for the two study areas
have different temporal resolutions and durations. The
dataset for the Kerschbaum spring is provided by the
waterworks of Waidhofen a.d. Ybbs. It covers the year from
10/17/2018 to 10/3/2019 and consists of hourly EC (puS/cm)
and weekly concentrations (mg/L) of the major ions Ca*",
Mg**, HCO;™, SO,*, NO5~, CI™, Na* and K*. Conversely,
the dataset for the Las Hountas spring results from an
event-based sampling campaign and covers the eleven days
from 10/4/2021 to 10/14/2021, with EC (uS/cm) and major
ion concentrations (mg/L) measured every fifteen minutes
and 4-5 h, respectively.

2.2 Electrical Conductivity (EC) Decomposition
Method

Due to the large ionic content and complex water speciation
characterizing the discharge of karst springs, the occurrence
of aqueous complexes is not negligible. Thus, the concen-
trations of each element occurring as free ions and as
aqueous complexes are computed separately. The concen-
trations as free ions are computed based on the contribution
of each element to the total measured EC signal, whereas the
concentrations as aqueous complexes are obtained from
speciation calculations. All model equations are imple-
mented using Phreeqc (Version 3.6.4).

The total EC (uS/cm) of water is equal to the sum of the
contributions of each individual ion i (Eq. (1)), which is
calculated from the molar conductivity Afn (S/m/ (mol/m>)),
the molar concentration m (mol/m?) and the electrochemical
activity coefficient yg- dimensionless (—) of the individual
ion as shown in Eq. (2).
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Fig. 1 Geological maps of the study areas showing the location of the springs and recharge areas. a The locations of the study areas in Europe.
b Kerschbaum dolostone karst system in Austria. ¢ Baget limestone karst system in France

EC = ZEC; (1)

ECi = A, % m* gc (2)

The molar conductivity and the diffusion coefficient Dy
(m%/s) at 25 °C are correlated, as shown in Eq. 3), by a
coefficient of proportionality which is a function of the
charge number z (—) of the ion, the Faraday’s constant F
(96,485.33 C/mol), the gas constant R (8.31 J/°K/mol) and
the absolute temperature 7' (°K). The diffusion coefficient at
a specific temperature different from 25 °C needs to be
adjusted considering the viscosity of water 1 (Pa s) at that
temperature (Eq. (4)).

A, = %5 Dy (3)
(Dw)y = (D)o * 555 222 (4)

The electrochemical activity coefficient yg (—) is computed
as shown in Eq. (5) based on the charge number z (—) and
the Debye-Hiickel activity coefficient ypy (—) considering an
ionic strength 7<0.36|z].

log(7ec) = log(yom) * 3% (5)

The chemical properties of each ion i can be expressed by a
single coefficient a; ((1S/cm)/(mg/L)) as in Eq. (6), with M
the ion molar mass (g/mo(l)).
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a; = A ;I'VEC (6)

Given as input the low-resolution ion concentrations,
Egs. (1-6) are implemented on Phreeqc to derive the indi-
vidual electrical conductivity EC; of the free ions Ca’, Mg2+,
HCO; ™, S0,%7,NO; ™, Cl, Na* and K* at low resolution. For
a more detailed explanation of the procedure, one can refer to
the Phreeqc manual (Parkhurst and Appelo 2013).

The total EC can be written as function of the coefficients
a;, concentrations C; (mg/l) and time #; as in Eq. (7), where
the low-resolution contribution of each ion i to the total EC
can be quantified with the weight factor f; (—) (Eq. (8)).

EC(t) = Y ECi(t) = 2 ai(te) * Ciltx) (7)

L

" _ EC,(Z)
.ﬁ(tk) - EC(Z:)

(8)

As proposed by Benettin and van Breukelen (2017), the
low-resolution f; are then linearly interpolated to the same
resolution as the measured EC, and the high-resolution
concentrations C; of the individual free ions are computed
with Eq. (9).

©)

In addition to the procedure described in Benettin and van
Breukelen (2017), to account for complexation processes,
we consider that the total concentration of each element is
equal to the sum of its concentration as free ion and as part
of aqueous complexes. The concentrations of the elements in
aqueous complexes are, first, computed at the temporal
resolution of the ionic measurements by speciation

Ci(ty) = EC(n) «£i(n)

a;(t)

calculation on Phreeqc as difference between the total
molality of an element (mol/kgw) and the molality of the
solution (mol/kgw). Then, they are linearly interpolated to
the resolution of the measured EC and summed to the cor-
responding concentration as free ion.

3 Results and Discussion

3.1 Speciation Calculation
The speciation calculations performed with Phreeqc allow us
to determine the equilibrium composition of each water
sample and thus give information about the distribution in
concentration of the different chemical species of each ele-
ment. Table 1 shows the average percentage of each element
present as free ion and as ion involved in aqueous com-
plexes. The results of the speciation calculations are con-
sistent between the two study areas. For both the
Kerschbaum and Las Hountas springs, SO4>~ has the largest
tendency to form aqueous complexes, with 16.3% and
14.2% of its total concentration involved in the formation of
CaHSO,*, NaSO,~ and HSO,". For both the springs, Ca®",
Mg2+ and HCO; are, in decreasing order, involved in
complexes, i.e. CaOH*, CaHSO,", CaHCO;*, MgHCO;"
and MgOH". Only about 0.2% of Na* forms NaSO, and
NaCOj;, whereas NO; and Cl™ are present only as free
ions. For Las Hountas, 0.1% of K* forms KSO, , whose
concentration is zero for Kerschbaum.

The total EC derives mainly from the presence of free
ions in solution, whereas charged complexes have a minor
role. As shown in Table 1, the contribution of the elements

Table 1 Elements occurring as free ions (%) and aqueous complexes (%) expressed, for each element, as mean percentage of the total ion
concentration, together with their percentage contribution to the total electrical conductivity EC. The percentages result from speciation calculation
on Phreeqc based on the samples collected at the Kerschbaum and Las Hountas springs for the periods 10/2018-10/2019 and 10/4/2021-

10/14/2021, respectively

Kerschbaum spring
10/2018-10/2019

Percentage of the total ion concentration

Elements as free

Elements as aqueous

Las Hountas spring
10/4/2021-10/14/2021

Elements as free Elements as aqueous

ions (%) complexes (%) ions (%) complexes (%)
Ca®™* 95.0 5.0 93.9 6.1
Mg>* 95.4 4.6 94.5 55
HCO;5 96.9 3.1 94.8 5.2
SO, 83.7 16.3 85.8 14.2
NO;~ 100.0 0.0 100.0 0.0
Cl” 100.0 0.0 100.0 0.0
Na* 99.8 0.2 99.78 0.2
K* 100.0 0 99.9 0.1
Percentage contribution to the total EC
Elements as free Elements as aqueous Elements as free Elements as aqueous
ions (%) complexes (%) ions (%) complexes (%)
EC 99.4 0.6 98.8 1.2
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present as free ions is 99.4% and 98.8% of the total EC for
the Kerschbaum and Las Hountas springs, respectively.

For both the study areas, the total EC is mainly correlated
to Ca**, Mg** and HCO;™ and thus to the dissolution of
carbonate rocks, with a total percentage contribution of
92.2% and 90.7% for Kerschbaum and Las Hountas,
respectively. The different geology of the studied systems is
noticeable by looking at the relative contributions of Ca**
and Mg?*. Kerschbaum is dominated by dolomitic forma-
tions and shows a percentage contribution to the total EC of
Ca”* and Mg** of 30.2% and 20.2%, respectively. Baget, as a
limestone system, shows a lower contribution of Mg?*,
which is equal to 6.2%. At the Kerschbaum and Las Hountas
springs, SO,* is responsible for 2% and 6.3% of the total
EC, respectively. The larger contribution of SO4*~ observed
at the Las Hountas spring results from gypsum dissolution
and carbonate dissolution by sulfuric acid (Ulloa-Cedamanos
et al. 2020). The contribution of NOj  is approximately the
same for both the springs, i.e. 1.1%. As typical for dolomite
and limestone systems, Na*, Cl~ and K* barely contribute to
the total EC. In the case of Kerschbaum, Na* and CI” show
an increase in contribution during the winter season, most
likely due to the salt flushed from the streets.

3.2 Computed Electrical Conductivity (EC)

Figure 2 shows the continuous observed EC (solid line)
together with the low-resolution computed EC (dashed line),
which is calculated on Phreeqc from the given ionic
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Fig. 2 Continuous observed EC (uS/cm) (solid line) and the EC
computed on Phreeqc (dashed line) at the same temporal resolution as
the ionic measurements. a Kerschbaum spring for the period 10/2018—
10/2019. b Las Hountas spring for the period 10/4/2021-10/14/202

measurements as the sum of the contribution of each element
present as free ion and as aqueous complexes. For both the
study areas, Phreeqc slightly underestimates the observed
EC, with a mean relative error (—) of 0.02 and 0.035 for
Kerschbaum and Las Hountas, respectively. Due to the low
temporal resolution of hydrochemical data in Kerschbaum,
the computed EC does not capture the dynamic of the system
(Fig. 2a). For example, no water samples were collected in
Kerschbaum in December 2018 and January 2019 and thus,
the computed EC does not represent the observed high peak.
Considering the Las Hountas dataset with a higher temporal
resolution of hydrochemical measurements, the computed
EC time series better matches the dynamics of the system
(Fig. 2b). However, changes in EC at a lower temporal
resolution than the hydrochemical measurements cannot be
matched by linear interpolation, e.g. the drop in EC on
October 7th.

3.3 Computed lon Concentrations at High
Frequency

The calculation of the high-resolution ion concentration time
series is based on the linear interpolation of the weight
factors f; (—) (Egs. (8, 9)), rather than on the direct inter-
polation of the low-resolution ionic measurements. Figure 3
shows the resulting concentration time series at high fre-
quency (black line) together with the point measurements
(red points) for the Kerschbaum (a) and Las Hountas
(b) springs. For Las Hountas, we show the computed
high-resolution time series for the event occurred from
10/4/2021 to 10/9/2021, without showing the results related
to the baseflow conditions (10/10/2021-10/14/2021), during
which no significant changes in ion concentrations are
observed. The results show more high-frequency fluctua-
tions than the direct linear interpolation. The high-resolution
ion concentrations are obtained by multiplying the linearly
interpolated weight factors f; (=) to the continuously
observed total EC. In this way, the computed concentration
time series are, at each time step, calculated based on the
actual total ion content, rather than being function of only
the two closest ionic measurements.

4 Conclusions

From continuous time series of EC and point ionic mea-
surements, the proposed methodology makes it possible to
obtain major ion concentrations at the same temporal reso-
lution as the EC signal. Due to the large ionic content and
complex water speciation of the discharge of karst springs,
complexation processes cannot be neglected. Thus, the
concentration of each element is calculated as the sum of that
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Fig. 3 High-resolution individual ion concentrations C (mg/L) computed with the EC decomposition method (black line) together with the
observed ionic measurements (red points) for a the Kerschbaum spring and b the Las Hountas spring

element present as free ion and as ion involved in aqueous
complexes. The concentration of each element as free ion is
computed based on its contribution to the total observed EC
(Benettin and van Breukelen 2017), whereas its concentra-
tion involved in aqueous complexes with speciation calcu-
lation as the difference between the total molality of an
element and the molality of the solution.

Our results highlight that the EC signal of karst springs
can be used to obtain major ion concentrations at high
temporal resolutions, when both the elements present as free
ions and as ions involved in aqueous complexes are con-
sidered. Indeed, the neglection of complexation processes
would lead to an underestimation of the total concentrations

of SO4*~, Ca®*, Mg®* and HCO5 ™. The uncertainties related
to each computed individual ion need to be estimated to test
whether the presented method can be used for the prediction
of the temporal dynamics of the major ions. Thus, we will
further investigate the correlation between the contribution
of each ion to the total EC and its uncertainty.

The possibility to retrieve high-resolution concentration
time series of major ions, for different geological formations
and resolution of the available datasets, can support future
works on karst systems conceptualization. The investigation
of the proper temporal resolution, required to apply this
method to different karst formations, can additionally guide
fieldworks and sampling campaigns. We will further study
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how the different hydrological behaviors of dolostone and
limestone karst systems influence the application of the
method and the adequate temporal resolution of the input data.
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Hydrogeological Characterization
and Modeling at Two Test Sites
of the Apulian Karst (Southern Italy)

I. S. Liso, C. Cherubini, and M. Parise

Abstract

Differently from the classical hydrogeological methods
applied for porous or fractured aquifers, karst groundwa-
ter needs specific adaptation in the investigating tech-
niques. Monitoring and surveying actions, performed
both at the surface and within the subsoil, have to
consider the optimal way in order to properly characterize
karst environment. In this sense, the caves offer an
unvaluable opportunity for scientists. Taking advantage
from the possibility to explore two cave systems of
Apulia (Southern Italy) and to reach the water table by
means of speleological techniques, geological and hydro-
geological surveys have been performed at the surface
and within the cave systems. All available data have been
used for the first attempt to implement numerical and
computational models, to predict groundwater flow and
solute transport in the Apulian karst. Numerical modeling
is a powerful tool to understand the hydrodynamics of
karst systems. The final aim of this research, still ongoing,
is to integrate and use surface and subsurface geological
data in order to obtain more realistic model outputs.
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1 Introduction

Karst environments around the globe host precious fresh-
water resources for humans, as one quarter of the global
population is completely or partially relies on drinking water
from karst aquifers (Hartmann et al. 2014; Chen et al. 2017a,
b; Stevanovi¢ 2018; Goldscheider et al. 2020). The geo-
logical and hydrogeological characterization certainly rep-
resents a necessary starting point to protect and safeguard
groundwater, to build conceptual models (Castany 1985;
Gunn 2007; Parise et al. 2018), and to implement the
numerical and computational ones. Uncertainties in the
results of the simulations, compared to the heterogeneity of
the natural system, are definitely greater in karst than in
porous aquifers (Kovacs and Sauter 2007). The physical
heterogeneity and anisotropy of karst groundwater, includ-
ing its triple porosity (porous matrix, fractures and conduits)
requires specific adaptation in the investigating techniques,
which need to be different from the classical hydrogeological
methods applied for porous or fractured aquifers.

The collection of geological and hydrogeological field
data and high temporal resolutions monitoring (ideally,
continuous), both at the surface and directly within the
subsoil, can be considered the keys to properly characterize a
karst environment. In this sense, the presence of caves, and
the direct access inside the karst systems, represents an
unvaluable opportunity for scientists, especially when the
cave allows cavers to arrive at water table. Building a karst
conceptual model, using all available data and in line with
them, is an essential step in understanding the hydrody-
namics and hydrology and represents the basis of numerical
model implementation, a powerful tool in predicting the
groundwater behavior in karst. Taking advantage from the
possibility to explore two cave systems in Apulia (Southern
Italy) and to reach the water table by means of speleological
techniques, geological and hydrogeological surveys have
been performed both at the surface and within these cave
systems. The final aim of this research, still ongoing, is to

101

B. Andreo et al. (eds.), EuroKarst 2022, Mdlaga, Advances in Karst Science,

https://doi.org/10.1007/978-3-031-16879-6_15


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-16879-6_15&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-16879-6_15&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-16879-6_15&amp;domain=pdf
mailto:i.serena.liso@gmail.com
https://doi.org/10.1007/978-3-031-16879-6_15

102

1. S. Liso et al.

integrate surface and subsurface data in order to obtain more
realistic model outputs.

2 Site Description

Apulia (S Italy) is an almost entirely karst region surrounded
by the Adriatic and Ionian Seas for most of its extent. The
Apulian karst districts are: Gargano (the promontory to the
north), the Murgia plateau (center Apulia), and the Salento
peninsula to the south (Fig. 1).

The development of karst processes in Gargano and
Murge started before than in Salento, where karst phenom-
ena appeared only during Quaternary. The study will focus
on Murge and Salento zones, where the two only Apulian
caves through which it is possible to directly reach the water
table are located.

From a hydrogeological standpoint, in the Murge the
recharge generally occurs through a series of endorheic
basins and dolines, hosting a large number of swallow holes
(Zumpano et al. 2019; Pisano et al. 2020). The hydraulic
head reaches the highest values in correspondence of the
hydrogeological watershed (Maggiore and Pagliarulo 2004),
and rapidly decreases toward the sea. Along the coast, some
springs may be encountered, most of them being submarine.

In the Salento peninsula, freshwater floats as a lens above
the saltwater, forming a wedge that extends inland from the
shoreline (Cotecchia 1955; 2014; Zorzi and Reina 1955;
Margiotta and Negri 2004), so that the Adriatic and Ionian
seas are hydraulically connected. The hydrogeological
watershed drains groundwater toward the Adriatic and the
Ionian seas and its position is not fixed, but it moves in
function of recharge and abstraction from wells. In Salento,
karst springs are mostly located along the Adriatic coast, the
only exceptions being the Santa Cesarea Terme springs
(D’Angeli et al. 2021) and the Chidro and Boraco on the
Ionian side (Liso and Parise 2020).

Murge is subdivided into High (or NW) Murge, the upper
portion of the plateau, and Low (or SE) Murge, the portion
of the karst plateau closer to the sea. The most important
karst landform in Low Murge is definitely the Canale di
Pirro polje, a tectono-karst valley with flat bottom, 12 km
long (Parise 2006; Pisano et al. 2020). It reaches on its
eastern side the Murgia escarpment, which is the main NW-
SE tectonic line separating inland Murge from the Adriatic
coastline. As typical of poljes in other karst regions of the
world (Gams 1978, 2005; Lopez Chicano et al. 2002; Gracia
et al. 2003; Nicod 2003; Bonacci 2004; Milanovic 2004), it
often presents flooded sectors, becoming a temporary lake
after severe storms (Dogan 2003; Gracia et al. 2003), due to
the hydraulic functioning of the swallow holes at its bottom.
At Canale di Pirro polje, the two main swallow holes are: the
Gravaglione and the Inghiottitoio di Masseria Rotolo Cave,

the deepest cave in the Region (Rotolo Cave in the follow-
ing; Parise and Benedetto 2018; Liso et al. 2020; Parise et al.
2020), objects of this study. It opens at 300 m a.s.1., presents
large underground environments, reaches groundwater at
about 260 m from the surface, and so far, it has been
explored down to a depth of —324 (—60 m below the
groundwater surface, thanks to diving explorations).
Inghiottitoio di Masseria Rotolo cave is totally developed
within Cretaceous limestones.

Moving farther southward, the Salento peninsula is sep-
arated by the Low (SE) Murge through a tectonic structure
located between Brindisi and Taranto, named Soglia Mess-
apica (Messapian Threshold). In this area, dolines and
swallow holes are definitely the most widespread karst fea-
tures (Bruno et al. 2008; Del Prete et al. 2010; Festa et al.
2012; Pepe and Parise 2014; Sanso et al. 2015; Margiotta
et al. 2016, 2021). In the center of the peninsula, the second
cave object of this study (Vora Bosco) opens at 64 m a.s.l.
within an E-W doline. Vora Bosco essentially develops
within Miocene and Plio-Pleistocene calcarenites, with only
the last 10 m in limestone; it reaches the water table about
60 m below the topographic surface.

3 Methods

The two studied caves are very different in terms of (1) de-
velopment, (2) space and geometry of underground voids
and (3) geological environments; this led us to choose
appropriate investigation methods and techniques, adapting
them to the karst setting and, also, to the specific geological,
geomorphological and hydrological features of the sites.
Research actions have been carried out at both the surface
and within the cave systems, in order to fully characterize the
karst environment. At the surface, a karst-geomorphological
map was built by means of aerial photograph interpretation
using digital stereoscopic view (Pisano et al. 2020). Survey-
ing of the rock mass discontinuities was performed following
the classical procedure of structural geology, at the available
outcrops located within the polje. Further, the preferential
directions of the main karst systems in Low Murge were
investigated through analyses of the cave maps. Rainfall time
series were collected through the regional rain-gauge network
website, managed by the Civil Protection Authority (https://
protezionecivile.puglia.it/). In addition, in October 2017, a
new meteorological station was installed about 2 km from the
Rotolo Cave entrance, and is still working. Isotope,
chemical-physical and microbiological parameters of the
aquifer have been assessed for samples from the caves, but
also from a network of private wells within the study areas.
Furthermore, bio-speleological surveys have been carried out
to evaluate the ecological status of groundwater and, more in
general, of the underground environment. Within the cave
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Fig. 1 A: geological sketch of Apulia (modified after Pieri et al. 1997) showing (1) Bradanic Trough sediments and terraced deposits (Pliocene—
Pleistocene); (2) carbonate units of the Apulian Foreland (Mesozoic-Cenozoic). The three main karst areas of the region (Gargano, Murge, and
Salento), as described in Parise (2011), are also shown; B: schematic representation of Apulian underground water bodies (original drawing, data

from Tiziano Project available at www.sit.puglia.it)

systems, other activities have been performed, including the
topographic survey, and a characterization of the stratigraphic
succession of the rock mass by means of thin sections anal-
yses. In addition, we collected data series on the cave air

relative humidity and temperature, and on groundwater level,
temperature and electrical conductivity.

All collected data have been used to implement two
different numerical models, in function of the available data
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and the specific hydrogeological features, at each study site.
In the Low Murge area a discrete fracture (DF) model has
been chosen to simulate the groundwater flow, deriving the
statistics on fracture data from pumping-well tests and
geological field surveys. The model simulates the ground-
water flow velocity, direction and its preferential pathways.
At Vora Bosco, a lumped model has been chosen to simulate
functioning of the karst aquifer. In detail, a simple reservoir
model has been built with the time series of water level data,
derived directly from the cave, and the rainfall data (Leins
et al. 2022).

4 Results

The final model output at the Canale di Pirro polje is shown
in Fig. 2, where the arrows represent the water velocity in
terms of magnitude and direction, and the black straight lines
are the preferential water flowpaths. The latter are toward
NE, from the polje to the Adriatic Sea, with the mean flow
velocity of 34.5 m/d. Away from the domain borders, the
arrow tips are mainly oriented toward the Rotolo Cave and
the Gravaglione swallow hole. This could be related to the
large underground voids hosted immediately below the two
main absorption points within the polje.
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Fig. 3 Vora Bosco model output (after Leins et al. 2022)

The Vora Bosco model did not reproduce entirely some
quick dynamics of the aquifer system, especially its steep
recessions (Fig. 3), probably because of the short time series
of available data. However, it was able to describe the
general trend of the observed water level. The calibrated
model parameters proved to be very sensitive, consistent and
reliable. The very simplified model structure therefore is
well-suited, even for the short time series available at the

cave.

Fig. 2 Inghiottitoio di Masseria Rotolo cave model output and 5 m elevation contour map, realized by University Aldo Moro of Bari and the

CNR-IRSA
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5 Discussion

The two study areas show highly different surface and
underground karst features, in terms of lithologies, speleo-
genesis and hydrology. Although both caves open within
topographically depressed areas, the articulated and complex
development of the underground passages at Rotolo Cave
does not allow direct connection between the surface and the
aquifer, which, on the other hand, characterizes the Vora
Bosco environment, with the consequent complete and
immediate flooding of the cave, after intense or prolonged
rainfall. This condition, together with the limited depth of
the karst system, justifies the fact that the chemical and
microbiological groundwater parameters recorded at Vora
Bosco show a higher pollution, which seem to be absent at
Rotolo Cave, at least based upon the data so far available.

The model indicates that there is only a very small storage
function of the soil in the system, which results in generating
recharge even after very small precipitation events.

The different behavior is further testified by the data trend
recorded by the air micro-climatic sensors: these are about
stable at Rotolo Cave, being not excessively influenced by
the external weather conditions at all monitored sites, while
they show a clear influence from the outside at Vora Bosco.
The same considerations apply to the data recorded by the
multi-parameter groundwater probe. In particular, the Rotolo
water level is in agreement with the seasonal fluctuations of
the Murge aquifer; occasionally, as a consequence of sig-
nificant rainstorms, the water level rises, and this is likely
due, at least partly, to the proximity with the Gravaglione
swallow hole. The groundwater data series, recorded by the
multi-parameter probe installed in Vora Bosco (time:
11 months) do not allow to make considerations on the
seasonal groundwater trend. As regards water temperature,
this is stable at Rotolo Cave, while at Vora Bosco it records
sudden and immediate decreases in the groundwater tem-
perature (and in electrical conductivity as well), as a result of
intense rainfall events.

The two applied models have been selected in function of
the above explained differences among the study areas. The
Rotolo cave model (layered discrete fracture) allows to
assess a preliminary value of underground water velocity
and the principal groundwater flow direction. On the other
hand, the Vora Bosco model (simple lumped) provides
outputs on the hydrogeological parameters of the karst sys-
tem, as soil and epikarst storage values. So far, both models
are not able to represent precisely the fast hydraulic pro-
cesses occurring in such karst settings. The models could be
improved, including within the simulations some other karst
processes and data, derived from surveys carried out both
within the caves and at the surface. At this goal, it could be

helpful to implement other monitoring actions as ground-
water isotope studies, and/or tracer and infiltrometer tests in
order to identify the main direction of groundwater flow, and
be able to define the boundaries of the hydrogeological
catchment and the water resident times.
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Prediction of Future Interactions Between
Karst and River Regarding to Climate
Change Based on IPCC Scenarios:
Application to a Mediterranean French River

Basin (Ceze)

Y. Pascoletti, H. Chapuis, F. Paran, J. Jolivet, E. Van Den Broeck,

and D. Graillot

Abstract

Groundwater in karst aquifers is a valuable resource in
Mediterranean region which is particularly threatened by
climate change. Climate change induces an increase in
evapotranspiration and a decrease in rainfall available for
groundwater resource. This impacts directly karst aquifer
recharge and thus indirectly karst-river interactions. The
study site is a karstic catchment located in the Mediter-
ranean French river basin and known as the “Gorges of
the Ceze River”. This site has been studied through
interdisciplinary research since 2014 to improve under-
standing on hydrogeological functioning of this catch-
ment. The river at different points and each of its karstic
springs have been equipped with probes and studied by
multiple metrics (geochemistry, biology, radioactivity...).
As a continuation of these researches, this paper presents
an attempt to model the interactions between the whole
karstic catchment of the Gorges and the Céze river and
then to predict their evolution regarding to climate change
scenarios. The model has been developed using Karst-
Mod software, which consists in an adjustable modelling
platform. Firstly, the model has been calibrated on one
hydrological cycle and then validated on the following
cycle. After that, future climate dataset was simulated by
the ALADIN model, according to Intergovernmental
Panel on Climate Change (IPCC) Representative
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Concentration Pathway (RCP) scenario data, including
the study area in the above-named model in order to
predict karst and river interactions and water production
for the period 2030-2100. The results of this work are
presented in terms of volume of water produced for three
simulations corresponding to three RCP scenarios (2.6,
4.5, and 8.5).

Keywords
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Mediterranean * Karst aquifers * Modeling * IPCC

1 Introduction

Groundwater in karst aquifers is a precious resource repre-
senting 25% of domestic water consumed in Mediterranean
region (Margat 1998). Climate change is jeopardizing this
resource by provoking more frequent and intense droughts
(Cramer et al. 2018). Understanding groundwater flows,
recharge, and discharge processes in karst aquifers is crucial
to enable sustainable water management (Bakalowicz 2004).
Groundwater flow modeling is recognized as a major tool for
water management purpose. It can be achieved using lumped
models which consist in a rather simple parameter-based
approach to reproduce the hydrogeological functioning of an
aquifer (Pascoletti 2018). The functioning of karstic springs
has already been successfully simulated using lumped
models (Fleury 2005). Nevertheless, modeling the water
production of a whole and complex karstic catchment is still
limited to few attempts. Furthermore, the hydrogeological
modelling of a karstic catchment has still not been used to
simulate the impacts of climate change. This paper presents
an attempt to model the karstic water discharge along a
whole section of the Céze River and to predict its quanti-
tative evolution according to IPCC’s climate scenarios using
KarstMod.
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2 Material and Methods

2.1 Study Area

The study area (Fig. 1) belongs to a large karstic catchment
located in the South of France. It consists in a calcareous
plateau incised by the Céze River, a tributary of the Rhone
River, which length is 128.3 km and average flow 22 m’/s.
This site is, since 2014, the subject of a multidisciplinary
research (Chapuis 2017) which aims to characterize
exchanges between Céze River and its aquifer (Pascoletti
and Chapuis 2022) and to meet a territorial policy promoting
sustainable water management in Mediterranean context.
Geological studies suggest interactions between river and
Lower Cretaceous, Barremian and Lower Aptian (so called
Urgonian) formations which constitute a highly karstified
calcareous geological unit. This aquifer is mainly recharged
by rainfall in spite of some inflows from river losses.
Rainfall is characterized by a dry period from June to
September with an average of 33 mm/month and a wet
period from October to December with an average of
88 mm/month. The discharge areas correspond to the karstic
springs located along the river and contributing to its flow.

2.2 Data and Software

The model has been developed using KarstMod software
which can reproduce the structure of conceptual lumped
models of karst systems (Mazzilli et al. 2019). The

a Hydrological stations

8 Meteorological station
IWA/ R

Fig. 1 Location map of the study area (modified from Chapuis 2017)
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hydrological data used to calibrate and verify the model
presented below are provided by the French Ministry of
Environment “Banque Hydro”. Two stations, in Tharaux and
in La Roque-sur-Céze were chosen to encompass the studied
catchment (Fig. 1). The average daily flow measured by
these stations during two hydrological cycles (14/10/2013 to
13/10/2015) were thus retrieved. Meteorological data pro-
duced by the French weather service “Météo France” have
been used as inputs to drive the model. The station located in
Montclus has been chosen because of its central geographic
position (Fig. 1). To simulate future karst hydrology, data
produced by the National Centre for Meteorological
Research (CNRM) according to IPCC works’ (2014) were
included in the model. These data proceed from meteoro-
logical simulations realized in 2014 from three RCP sce-
narios (2.6, 4.5 and 8.5). These data were produced at
regional scale (12 km mesh). The coordinates of the chosen
point on the grid (44.27090, 4.38973) corresponds precisely
to our study site.

2.3 Model Calibration and Validation

From the above-described meteorological dataset, only the
precipitation data has been injected into the model. The
evapotranspiration served to determine a fitted sine function
(regression coefficient: 0.84) to be used in the model
(Fig. 2). Using a sine function rather than raw data seems to
offer better results (Chapuis 2017).
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Fig. 2 Fitted sine function for evapotranspiration

The hydrological data were used to calibrate the model
which aims to simulate karst water net production, that is to
say the total inflow from karst left in the river in the end of
the studied section. The method used to evaluate it, for each
day, consists in subtracting downstream flows (measured at
Tharaux) from upstream flows, (measured at La
Roque-sur-Céze). Flows thus obtained comprehend a pro-
portion of superficial water considered as minimal because
Céeze tributaries in the studied catchment are mainly inter-
mittent. These flows also include a few negative values due
to river losses or measurement errors. Those were replaced
by “NOINTERP” in the input file so that KarstMod does not
take them into account. Moreover, the obtained data con-
tained an odd value briskly reaching 163 m’/s on the
September 13, 2015 while the flow of the previous day was
—104 m*/s. Both original flows (at Tharaux and at
La-Roque-sur-Céze) on that day were in fact estimated and
not properly measured. Thus, this odd value has also been
replaced by “NOINTERP”.

The model structure (Fig. 3) includes three compartments
and seven discharges. Qg is a sum of four outflows, two from
the main compartment (E) and two others from two
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Fig. 3 Model structure

subcompartments (M and C). Qgy and Qgc are two different
flows transferred from E to M and C, respectively. Qs
corresponds to lost outflows which not contribute to the final
discharge.

The Nash—Sutcliffe Efficiency coefficient (NSE) has been
set at 0.8 directly in the software, so that KarstMod only
seeks for models above 0.8. The calibration period has been
defined to span the first 365 days and the validation period
the next 365 days. A maximal value of 600 km? for the
recharge area has been defined and the other parameters have
been left unsettled. KarstMod has then been launched and
successfully determined a set of parameters allowing the
model to meet the predefined performance objective.

2.4 Simulation of Future Karst-River
Interactions

The calibrated and validated model has then been used to
simulate net water production of the Gorges of the Céze for
2030-2100 period considering three RCP scenarios. Three
input files containing precipitation and evapotranspiration
data for each scenario were constituted. While precipitation
data (rain added up to snow) can be found directly in the
CNRM dataset, evapotranspiration has to be calculated. It
was done using the other available parameters and with
Abtew (1996) method:

R
ETO=K. . —
Iy
R, solar radiation expressed in MJ-m 2.d”"
A latent heat of vaporization equals to 2.45 MJ -kgf1
K dimensionless coefficient

In comparison with other methods, Abtew equation gives
satisficing results (Xu and Singh 2000; Ndiaye et al. 2017).
Besides, it only uses few meteorological parameters. Solar
radiation (Ry) is also known as global radiation, which is the
sum of direct shortwave radiation from the sun and diffuse
radiation (Oudin 2004). Thus, the so called surface down-
welling shortwave radiation in CNRM dataset can be used.
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The latent heat of vaporization (L) is the energy required to
change water from liquid to vapor in a constant pressure and
constant temperature process. The value of the latent heat
varies as a function of temperature. As A varies only slightly
over normal temperature ranges, a single value of
2.45 MJ kg~! can be used, which corresponds to the latent
heat for an air temperature of about 20 °C. Finally, K has to
be determined in order to calibrate evapotranspiration to the
data presented in Fig. 3. To make the calculation of the
evapotranspiration closer to reality and to be coherent with
CNRM simulations, solar radiation parameter proceeding
from these has been used. Data from RCP 8.5 scenario have
been chosen, because it seems to correspond to the late
climate evolution (Schwalm et al. 2020). The calculated
evapotranspiration fits the sine function when K = 0.65
(regression coefficient: 0.78).

3 Results

The model offers a rather close reproduction of karst net
water production for two hydrological cycles (Fig. 4). It
reaches an NSE value of 0.812 and 0.804 for calibration and
validation periods and estimates a 593 km? recharge area.

Then, this model has been used to simulate karst net
water production for the years to come. To analyze the data
produced by the simulations, a graph comparing the cumu-
lative volumes of water produced by the studied catchment
according to the three different RCP scenarios has been
drawn (Fig. 5).

Discharge (m3/s)

IJanuary 2014

Fig. 4 Observed flow in green versus simulated flow in pink

4 Discussion

4.1 Interpretation

The model reproduces karstic net water production in a
satisficing way. However, the model seems to have diffi-
culties to emulate all peaks discharges, which is a very
common flaw in hydrological modeling. As an example, in
January 2014, when two peaks, both followed by a brisk
recession, occurred, the model only simulates a concentra-
tion curve growing progressively. But in general, whilst
simulated peaks are lower, the recession occurs more slowly.
So, KarstMod smooths the curves and stretches the flows,
probably to fit statistical laws. KarstMod also tends to give a
regular aspect to the curves, whereas some curves’ shapes
proceeding from the original data seems odd, like the one in
November 2014 which consists in a sudden growth and
decrease.

Simulating future karstic hydrology with KarstMod pro-
duces results in terms of flows and volumes. For interpre-
tation purposes, cumulative volumes are more relevant as
they help to cast light on possible trends regarding to climate
change. It seems that the curves presented in Fig. 5 are in
correlation with RCP trends, because the more the scenario
is pessimistic the less the karst produces water. Whilst water
production curves for RCP 2.6 and RCP 4.5 scenarios are
close, the one corresponding to RCP 8.5 scenario appears to
be very distinct. RCP 8.5 is indeed a very pessimistic sce-
nario for climate evolution and considering Fig. 5, it also
seems to be very pessimistic for future karstic groundwater
production and interactions between karst and river in terms

(wuw) 13 ‘|ejurey

IJanuar\,cr 2015
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Fig. 5 Cumulative volumes for each RCP scenarios

of flow. At the end of the simulation period, around 1 billion
m> of water less has been produced by the catchment in the
case of RCP 8.5 scenario compared to RCP 2.6 scenario.
This is, on average, somewhat equivalent to an annual loss
of about 14 million m* of water, which represents around 7%
of the amount of water produced by the studied catchment
during the hydrological cycle used for calibration step
(2013-2014).

4.2 Limits

Such a modeling attempt necessarily implies some limits
which have to be mentioned. Firstly, calibrating the model
helps determine the best way to simulate the hydrological
functioning of the studied catchment for a limited period of
time, then, this functioning is used for the whole period
2030-2100, but really karst hydrological functioning may
evolve because it’s a dynamic process. Another common
pitfall when modeling is the calculation of the recharge area.
To meet the performance objectives, the calibration step may
lead to an overestimated recharge area. Here it has been
estimated at 593 km?, a reasonable value although somewhat
elevated. KarstMod determines this value during calibration
step within a range of value set by the user. But, it is
noticeable that the more the range is low, the less the per-
formance objectives are easily met. Hydrological and mete-
orological data used to develop the model also encourage to
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be cautious because of uncertainty in measurement. Obvi-
ously, there are among hydrological data some surprising
values that may be due to measurement errors.

Furthermore, some of them are not measured but esti-
mated. The proposed methodology to determine karstic water
production also implies limits, especially through the exis-
tence of negative flows, which can proceed from measure-
ment errors or from important losses in the river that can
occur “randomly”. This makes the modeling approach even
more complicated. The presented methodology also implies
that karstic net water production contains a part of surface
water, here considered as minimal but still existing. Con-
cerning the meteorological data, evapotranspiration calcula-
tion is a frequent factor of uncertainty because it depends on a
lot of other meteorological parameters. For the prediction part
of this work, Abtew method has been selected because it
seems trustworthy regarding to other works and can be
applied even if few meteorological parameters are available
for evapotranspiration calculation. But, this method is one
among other existing methods. This work is also based on
IPCC and CNRM climate models. But, it is noticeable that
uncertainty also exists in climate projections, which clearly
appears when comparing different models (Ly et al. 2019).

In sum, trying to predict future contribution of karstic
flows remains an ambitious undertaking exposed to several
uncertainties, even if the methodology presented here is
coherent and even if the model proves to be reliable con-
sidering its performances.
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4.3 Perspectives

The work presented here enables several perspectives to gain
more in-depth knowledge of the subject. It would be inter-
esting to observe how the karstic water production of the
catchment evolves during the years to come to compare this
evolution to the projections made in this paper and to adjust
the model if necessary. It would also be interesting to
improve the knowledge of the functioning of the studied
catchment by extending the calibration period of the model.
This would be an opportunity to understand karstic hydro-
logical processes in a more dynamic way. For that purpose,
it would be useful to evaluate the part of superficial water in
the karstic net water production calculated here and to
subtract it in order to gain a better appreciation of the exact
groundwater outflows.

Furthermore, the methodology that has been followed
throughout the study can easily be applied to another karstic
catchment. As an example, it could easily be used for a study
site like the Ardeche River and its karstic catchment that
shares the same climate regime and the same geological
context, even if its hydrological scale is larger.

Finally, the model constructed for the research presented
here rest upon a triplet of models: RCP/GCM/RCM (re-
spectively: Representative Concentration Pathway, General
Circulation Model, and Regional Circulation Model). But
different types of GCM and RCM models are available. As an
example, simulations obtained from climate models devel-
oped by the Pierre-Simon-Laplace Institute (IPSL) or by the
Swedish Meteorological and Hydrological Institute are also
available. Using these simulations as input data and com-
paring the results with those presented here could be inter-
esting. Moreover, climate models are constantly updated.
New simulations, provided by French laboratories of climate
simulations are available since 2020. The latest IPCC report
is also available and will probably be translated soon in new
climate simulations adapted to French regional scales.

5 Conclusion

The model developed with KarstMod is reproducing karstic
water net production of the studied area, which is the sum of
flows provided by the karst to the Céze River and remaining
in it at the end of the studied section. The structure of the
model is rather simple, because it comprehends only a few
compartments and flow exchanges. But its performance is
satisficing as a NSE value of 0.812 and 0.804 is reached for
calibration and validation periods each spanning one
hydrological cycles. Then the model has been used to sim-
ulate the future karstic water net production by using CNRM
meteorological simulations at regional scale which rest upon
three RCP scenarios from the IPCC. It appears that the

hydrological trends presented in this paper are in correlation
with RCP trends. In fact, the more the scenario is pes-
simistic, climate wise, the less the karst produces water.
Whilst water production evolution for RCP 2.6 and RCP 4.5
scenarios looks similar, the one corresponding to RCP 8.5
scenario is very distinct. RCP 8.5 appears to be very pes-
simistic for future karstic groundwater production and
interactions between karst and river in terms of flow. RCP
8.5 scenario represents around 1 billion m® of water less in
comparison with RCP 2.6 scenario for the whole simulation
period. That being said, one should focus on trends rather
than such an estimation because trying to number the evo-
lution of karstic production of water remains very chal-
lenging and submitted to uncertainties.

Still, the knowledge acquired through this study aroused
the interest of water stakeholder. Thereby, the model
developed is also expected to be a pedagogical tool to help
water management policy, considering that the model
presented here has the advantage of focusing on a regional
scale. Climate projections and observation of hydrological
trends could be a way to anticipate and adapt to change,
which could be decisive in a sensitive area like the
Mediterranean region.

References

Abtew W (1996) Evapotranspiration measurement and modeling for
three wetland systems in S. Florida. Water Resour Bull 32(3):465—
473

Bakalowicz M (2004) Karst groundwater: a challenge for new
resources. Hydrogeol J 13:148-160. https://doi.org/10.1007/
$10040-004-0402-9

Chapuis H (2017) Caractérisation, évaluation, modélisation des
échanges entre aquiféres karstiques et rivicres: application a la
Céze (Gard, France). Autre. Université de Lyon. Frangais. (NNT:
2017LYSEMO026)

Cramer W, Guiot J, Fader M et al (2018) Climate change and
interconnected risks to sustainable development in the Mediter-
ranean. Nature Clim Change 8:972-980. https://doi.org/10.1038/
s41558-018-0299-2

Fleury P (2005) Sources sous-marines et aquifeéres karstiques cotiers
méditerranéens. Fonctionnement et caractérisation. Sciences de
I'environnement. Université Pierre et Marie Curie—Paris VI. Frangais

IPCC (2014) Climate change 2014: synthesis report. Contribution of
working groups I, II and III to the fifth assessment report of the
intergovernmental panel on climate change [Core writing team,
Pachauri RK, Meyer LA (eds)]. IPCC, Geneva, Switzerland, p 151

Ly M, Segnon AC, D‘Haen S, Totin E, Noblet M, Camara I, Pfleidere P
(2019) Comprendre et interpréter les sorties des modeles clima-
tiques pour la conduite des études de vulnérabilité: guide a
I“attention des praticiens. Climate analytics gGmbH, Berlin

Margat J (1998) Les eaux souterraines dans le bassin méditerranéen.
Ressources et utilisations. Documents BRGM 282. BRGM,
Orleans, France

Mazzilli N, Guinot V, Jourde H, Lecoq N, Labat D et al (2019)
KarstMod: a modelling platform for rainfall—discharge analysis
and modelling dedicated to karst systems. Environ Model Softw
122


http://dx.doi.org/10.1007/s10040-004-0402-9
http://dx.doi.org/10.1007/s10040-004-0402-9
http://dx.doi.org/10.1038/s41558-018-0299-2
http://dx.doi.org/10.1038/s41558-018-0299-2

Prediction of Future Interactions Between Karst and River ...

113

Ndiaye PM, Bodian A, Diop L, Djaman K (2017) Evaluation de vingt
méthodes d’estimation de 1’évapotranspiration journaliére de
référence au Burkina Faso. Physio-Géo 11(1):129-146

Oudin L (2004) Recherche d’un modéle d’évapotranspiration poten-
tielle pertinent comme entrée d’un modéle pluie-débit global.
Sciences of the Universe [physics]. ENGREF (AgroParisTech)

Pascoletti Y (2018) Modélisation du fonctionnement hydrologique de
la tourbiére du Col du Luitel (Isére): recherches menées dans le
cadre de I’étude du role hydrologique et hydrogéologique des zones
humides de téte de bassin versant dans le soutien d’étiage (projet
ZABR/AE-RMC). Génie des procédés

Pascoletti Y, Chapuis H (2022) Connaitre et quantifier les échanges
hydrauliques karst/riviére, Recommandations méthodologiques,
Retour d’expérience d’études menées sur les gorges de la Céze (30)

Schwalm CR, Glendon S, Duffy PB (2020) RCP 8.5 tracks cumulative
CO, emissions. Proc Natl Acad Sci USA

Xu CY, Singh VP (2000) Evaluation and generalization of
radiation-based methods for calculating evaporation. Hydrol Pro-
cess 14:339-349



®

Check for
updates

A Smart Analytical and Numerical
Interpretation of Injection Tests

in Unsaturated, Fractured and Karstified
Carbonate Reservoirs
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Abstract

The hydraulic conductivity of karst medium largely varies
through space and with the observation scale. Here, we
investigate the petrophysical properties of carbonates
from centimetric to metric scale. Several boreholes a few
meters apart were cored and exhaustively characterized.
Petrophysical measurements were performed on rock
samples, while packer injection tests investigated some
metric intervals of the unsaturated medium surrounding
the wells. These hydraulic tests are interpreted using both
analytical solutions and numerical models. Results show
that discontinuities unsampled at centimetric scale induce
a dual or even multi-media behavior at metric scale. The
tests allow characterizing the permeability of both media.

Keywords
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1 Introduction

In karst systems more than in other reservoirs, the hydraulic
conductivity largely depends on the observation scale and
can largely vary from one place to another (e.g., Jazayeri
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Noushabadi et al. 2011). Fractures and karst conduits
strongly and very locally augment the medium heterogene-
ity, giving the karst its specificities. In most cases, these
elements are highly permeable and increase the hydraulic
conductivity as both the scale of observation and their rel-
ative volume increase. Their network structure and connec-
tivity can also considerably increase the size or even
question the existence of a representative elementary vol-
ume, i.e., a scale at which equivalent homogeneous prop-
erties as permeability can be defined.

These issues often hamper simulation of flow physics in
these media. Physically based gridded flow models, which
are useful management tools usually applied to other aqui-
fers, are rarely applied to karst aquifers (Hartmann et al.
2014). Indeed, such models raise the delicate question in
karst environment of the homogenization of properties at the
mesh scale and that of taking into account the networks of
fractures and karst conduits and their flow physics.
Addressing such questions require multi-scale characteriza-
tion of the permeability field (e.g., Galvao et al. 2016).

The mesh size of these models, generally between metric
and hectometric, is also the scale at which few measurements
are available. While laboratory measurements are
sub-metric, well tests or springs hydrographs investigate
large areas of several thousand squared meters or even
several squared kilometers. When hydraulic tests neverthe-
less target small volumes, potentially smaller than the rep-
resentative elementary volume, they are tricky to interpret:
the geometry and volume of the area investigated are
uncertain, the assumptions associated with the analytical
solutions used for interpretation may not be met, and in
general, the results depend largely on the location of the
measurement relative to the highly permeable features
(Jazayeri Noushabadi et al. 2011; Maréchal et al. 2014). The
scarcity of data and the lack of multi-scale measurements to
address multi-scale heterogeneity often leads to erroneous
extrapolations of the properties measured at wells.
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This study is part of a wider research project (e.g., Dan-
quigny et al. 2019b) dedicated to the understanding and
modeling of fluid dynamics at various scales of a vast karsti-
fied carbonate aquifer with respect to its multiphase geological
history. Here, we are interested in the characterization of the
permeability of different carbonate rock types (facies, texture,
structural features) from centimetric to metric scale and the
relation with their geological characteristics. Several bore-
holes were cored and exhaustively characterized, which
revealed the complex heterogeneity of the rock at various
scales, the result of an equally complex, multiphase geological
history involving sedimentological, diagenetic and tectonic
processes (Cochard et al. 2020, 2021). Petrophysical mea-
surements were performed on rock samples taken from the
cores, while water injection tests between packers investigated
some metric intervals of the medium surrounding the wells.

In previous work, after establishing a robust facies model
for the geological formation of interest, namely the Urgonian
of southeastern France (Tendil et al. 2018; Lanteaume et al.
2020), we quantified the high intra- and inter-facies vari-
ability of petrophysical properties at small scales and com-
pared some of these measurements with larger-scale
measurements (Danquigny et al., 2019a). In this paper, we
rely on a more detailed description of the tested intervals and
a better interpretation of these hydraulic tests to further
characterize these relationships.

Due to the location and the low matrix permeability of the
targeted facies, considered hydraulic tests have two partic-
ularities: (i) they are ‘“constant-head tests” or “constant
pressure injection tests”, i.e., water is injected at a constant
pressure, while the decline of the injection rate is studied,
(ii) they were performed in the unsaturated zone of the
aquifer, thus the initial saturation of the medium surrounding
the well is poorly known, varies in space and time and is
affected by the experiment. This configuration raises ques-
tions concerning both the interpretation methodology and
the possibility of being able to evaluate the properties of the
medium relative to a variable saturation. Here, in the absence
of an analytical solution adapted to the unsaturated medium,
we have tested and confronted both several analytical solu-
tions assuming the saturated medium and a numerical
approach assuming the unsaturated medium. Results are
faced to the small-scale measurements and to the geological
description of the tested intervals.

2 Material and Methods

2.1 The Experimental Site

In the south of the Fontaine-de-Vaucluse catchment area (SE
France), the LSBB is an underground research laboratory
giving access to the carbonate rock along a 3.8 km long and

almost horizontal tunnel, which reaches a depth of 519 m
below the top of the surrounding mountain (Fig. 1). The
laboratory offers a unique, highly interdisciplinary experi-
mental setting (e.g., Danquigny et al. 2021).

There five boreholes were cored at a 280 m depth, in the
so-called GAS area. Called from P1 to P5, they are spaced
by a few meters only and have an average depth of 21 m.
The cores were precisely described to establish lithostrati-
graphic logs. These logs show two main facies belonging to
the stratigraphic unit Urgonian 2 (U2): porous rudist facies
and fine peloid-foraminiferal facies. Porosity and perme-
ability profiles were established thanks to numerous porosity
and permeability plug measurements. The values indicate
low permeability ranging from 0.01 mD to less than 10 mD
and porosity varying from less than 5% to more than 25%.
Well imagery allowed a comprehensive description and
reporting of the discontinuities affecting the reservoir
(Cochard 2018). Two intervals seem to be intensely affected
by fractures, karst or stylolites. On the well P2 for instance,
these intervals are located at 4-6 m depth, with poorly
opened stylolithes and joints, and at 16-19 m depth, with
evidence of karstification and very opened discontinuities.

2.2 Description of the Tested Intervals

Two main campaigns of hydraulic testing were led on the
GAS boreholes. During the first one, eight intervals of 1 m
thickness were tested in the P2 borehole. Numerical simu-
lations of these tests provided some estimations of perme-
ability (Jeanne et al. 2013). These are considered but not
reinterpreted in this study.

The second campaigns targeted ten intervals of 2.48 m
thickness, three intervals in the P5 borehole numbered from
1 to 3, and seven intervals in the P2 numbered from 5 to 11
(Fig. 2). Several types of tests were performed in a row on
each interval, including slug tests, injection by pressure
steps, and constant-head tests. Cochard (2018) provided a
first estimation of hydraulic conductivity from these tests.

We synthetized these rough estimates in a previous paper,
highlighting the differences between the measurements at
different scales (Danquigny et al., 2019a). Here, constant-
head tests and good quality constant pressure steps from the
second campaign are further interpreted and simulated.

2.3 Hydraulic Tests

2.3.1 Measurements Protocol

Constant-head or constant pressure tests consist in keeping
pressure constant while injecting or pumping water into the
aquifer and recording flowrate. Performed less frequently
than the other methods (e.g., pumping and slug tests), these
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tests are more suitable to low permeability formations
(Mejias et al. 20009).

In the case of this study, injection tests at constant pres-
sure were performed between inflatable packers. This system
allows the isolation of sealed-off targeted sections. A probe,
located between the packers, measures the pressure into the
isolated interval. A pump, located at surface, controls the
injection of water in the chamber and an electromagnetic
flowmeter measures the flowrate at surface. The pump and
the flowmeter are directly linked to an acquisition station,
which allows the regulation of the flowrates (or the pressure)
thanks to a control gauge.

2.3.2 Analytical Interpretations

Similarly to the other hydraulic testing methods, constant
pressure injection tests can be interpreted using type-curve
matching. However, the pressure being constant, classical
analytical models cannot be applied. The first transient rate
analysis for constant pressure injection tests was developed
by Jacob and Lohman (1952). This model has been widely
used and accepted in the literature. However, it makes
serious assumptions and might oversimplify the flow in the
formation. The generalized radial flow (GRF) model and its
extension to dual-porosity media have generalized the

interpretation of hydraulic tests to a n dimension, i.e., non
radial, flow around the well in a fully saturated, homogenous
and isotropic reservoir (Barker 1988). Doe (1991) presented
a generalized solution for constant pressure tests of the GRF
model.

Other analytical solutions exist, more dedicated to par-
ticular cases and less commonly applied. However, we have
not identified any solution adapted to tests in unsaturated
medium. We will apply the solutions of Jacob and Lohman
(1952) and Barker (1988) to the tests and evaluate their
applicability to unsaturated media using numerical model-
ing. The detailed equations for each solution can be found in
the related literature. They have been implemented in dif-
ferent software. For this study, we used the AQTESOLV
software (Duffield 2007).

2.3.3 Numerical Simulations

The relevancy of analytically estimated properties is checked
through a numerical approach. 3D flow models centered on
the well interval tested are built in FEFLOW software
(Diersch 2014). Due to the scale considered, the well radius
cannot be neglected and is represented within the grid, which
is locally refined. Pressure values from the tests data are used
as boundary condition.
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These models aim at reproducing the injection process,
considering the unsaturated nature of the reservoir, to esti-
mate properties numerically and compare with analytical
results. To define the relationship between water saturation,
relative permeability and pressure, the empirical model of
Van Genuchten (1980) is applied. The two fitting parameters
needed (o (m_l) and 7 (unitless)) have been rarely charac-
terized for carbonate rock (Andriani et al. 2021). Here, we
performed a sensitivity analysis around values from the lit-
erature (e.g., Kordilla et al. 2012).

In most of the intervals tested, several tests were per-
formed successively. Thus, injected volume before the
studied test is injected in the model before the simulation, to
define a consistent initially saturated volume around the
well. Before any prior injection, initial saturation in the
reservoir is defined at 0.75, as no measurements are

available. This rather high value can be justified by the depth
of the well (280 m below the surface) and by numerous drips
observed in the tunnel, indicating a high saturation. A sen-
sitivity analysis around this value has been performed.

Porosity is input from plug measurements. Single-
medium permeability and storage capacity are investigated
parameters by trial-and-error process.

3 Results

3.1 A Systematic Dual-Medium Behavior

All tests show dual-medium type behavior on the log-log
plot of the derivative. Thus, Barker’s analytical solution for
dual-porosity reservoirs provides the best data match. For
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the sake of usage and simplicity, the two media character-
ized are named matrix and fractures regardless of their
geological characteristics. We will distinguish them from
plug measurements. For all the tests, the matrix permeability
varies between 2 x 10> mD and 2 mD, the fracture per-
meability, between 2 and 300 mD. Figure 3 compares the
permeability ranges for the set of tests processed per interval
of well P2 to the previous estimates and the small-scale
measurements.

In general, the dual permeability ranges are less spread
out than the single-medium rough values estimated in pre-
vious studies. These latter estimated an average equivalent
permeability of the whole medium. This average perme-
ability appears to be essentially controlled by fracture per-
meability when matrix permeability is low, as shown in
Fig. 3. However, interval 8 (P2), whose matrix permeability
is both relatively high and not very different from the frac-
ture permeability, illustrates different weights in the contri-
bution of each medium. It is, therefore, difficult to relate
geological characteristics to a single-medium permeability
value estimated for a medium with multi-media behavior.

Most of the matrix permeability values are consistent
with the plug measurements, validating in this case the often
questioned representativeness of small-scale measurements.
The interpretation of the tests nevertheless highlights per-
meability values of the order of 1073 mD, lower than the
limit of quantification (10 mD) of the laboratory mea-
surements, reached for intervals 1 (well P5), 5, 6, 7 and 11
(well P2). But at this level of permeability, the impact is
probably very small.

Note the difference between the respective interpretations
of P2 intervals 8 and 10: while the results of interval 8 show
a matrix permeability of the same order of magnitude as the
sample measurements and a fracture permeability of an order
of magnitude higher, the results of interval 10 show a frac-
ture permeability of the same order of magnitude as the
sample measurements and a lower matrix permeability.
Recall that, in the case of a dual-medium interpretation, the
notions of matrix and fractures are, respectively, akin to two
media of different capacity and conductivity, in most cases
but not necessarily a matrix continuum of low permeability
and more conductive fractures, hence the abuse of language.
In the present case, no discontinuities were observed on
interval 10, but multi-centimetric cemented fossils of rudists
are present and purposely avoided during sampling. These
cemented impermeable elements could induce this
dual-medium response with a lower matrix permeability.
The presence of fine discontinuities in interval 8 masks this
behavior. Indeed, the fractured and karstified carbonate
medium investigated is a complex multi-medium with a
multi-scale heterogeneity whose dual media interpretation
only identifies the two main end-members.

3.2 Multi-scale Petrophysical Properties
According to the Geological Features

The intervals 1 (P5), 5, 6, 7 and 11 (P2), which exhibit the
lowest matrix permeability (<6 x 10~ mD), are character-
ized by a strong representation of the FAQ2 facies and a
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predominantly mudstone-wackestone texture. These inter-
vals are also those with the highest fracture permeability, up
to 300 mD for interval 1 (P5), in agreement with the high
density and large aperture of discontinuities observed.

On the other hand, intervals 3 (P5), 8 and 10 (P2) are
characterized by rudist facies (FAO03) and grainstone-
rudstone textures with very few, poorly open discontinu-
ities. They have relatively high matrix permeability, of a few
mD according to sample measurements and between 0.2 and
2 mD according to test interpretation. The fracture perme-
ability is not very contrasting compared to the matrix per-
meability’s, ranging from 2 to 16 mD.

The permeability contrast between the two media appears
to be correlated to the maximum aperture of the disconti-
nuities quantified on well imagery (Fig. 4).

3.3 Insights from Numerical Simulations
Figure 5 shows the comparison between the injection rates
from the simulation results and the data, for interval 6 and
interval 10. Interval 6 is mainly constituted of wackestone
facies FAO2 and marked by several stratigraphic and tectonic
discontinuities, some with centimetric aperture due to karsti-
fication. Conversely, interval 10 is made up of grainstone-
rudstone rudist facies (FA03) without any discontinuities
observed. A rather good match is obtained for both intervals.
For interval 10, the best match is obtained for a perme-
ability of 3 mD, which is of the same order of magnitude as
the fracture permeability values deduced from the analytical
interpretation, between 2 and 6 mD. For interval 6, a per-
meability increasing with time, from 92 to 109 mD, provides
the best match. This evolution with time is a proxy for the
evolution of the equivalent permeability of the increasing
saturated volume investigated by the test. This evolution is
small and the values are of the same order of magnitude as

the permeability of the fracture according to the analytical
interpretation (126 mD). Nevertheless, it highlights the
variability in permeability that may be due to the increase in
saturation of the medium and/or an increase in permeability
away from the well.

All sensitivity tests revealed low sensitivity of the simu-
lations to the Van Genuchten model parameters and initial
saturation. The most important parameter for the calibration
of these tests is the permeability, and the values obtained
analytically by applying solutions adapted to the saturated
medium are consistent with the calibration values of a sim-
ulation in unsaturated medium.

4 Conclusions

The purpose of this study was to investigate the evolution of
permeability from centimetric to metric scale for different
carbonate facies. It confirms the interest of injection tests
between packers to characterize the petrophysical properties
of the rock at a scale closer to that of the numerical models.

While the results show the representativeness of small-
scale measurements for a homogeneous matrix, they also
confirm the inability of these measurements to characterize the
effect on the permeability of larger discontinuities, therefore
not sampled, such as cemented levels or dissolved fractures.

Moreover, the tests show that at the metric scale and for
the different rock types investigated, these discontinuities
induce a behavior at least dual medium that must be taken
into account in large-scale models.

Finally, the numerical simulations showed that these tests
were not very sensitive to the unsaturated character of the
surrounding medium, perhaps due to a relatively high initial
saturation. Thus, the applied analytical solutions give con-
sistent results. On the other hand, it seems difficult to char-
acterize the parameters of the water retention model with this
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kind of tests. This aspect would merit further simulations in
both double and unsaturated media.
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On the Choice of a Performance Metric
for Model Calibration Scheme Using
Discharge-Age Information

K. O. Calli, D. Bittner, and A. Hartmann

Abstract

The robustness of a hydrological model is mainly
dependent on how well the simulations resemble a
quantity of interest, typically discharge, which is mainly
achieved by successful model calibration. Performance
metrics are used to quantify to what degree the system of
interest is represented by a model. However, as there is
not a general procedure and a rule for the selection of a
performance metric, it is ultimately the modeller’s
subjective decision. This study explores the contribution
of discharge young water fractions—derived from stable
water isotopes—to the selection of a hydrologically
appropriate performance metric for the model calibration.
For our analysis, we examined different metric combina-
tions by a multi-variable calibration scheme on the
Pareto-optimal frontier. By searching for a trade-off
between the model performance on discharge and the
model performance on discharge young water age, we not
only satisfy the minimization of model simulation bias
but also bring the process-based discharge-age informa-
tion content into the model parametrization. To test our
hypothesis, we applied our approach to one of the karstic
water sources in Austria. Our finding indicates that the
information content of young water age supports the
proper choice of a performance metric for the model
calibration scheme while reducing the modeller’s subjec-
tivity on performance metric selection, thereby ensuring
physically more plausible parameter sets.
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1 Introduction

Model parameterization is one of the main challenges in
hydrological modelling studies as most of the model
parameters are estimated by model calibration. This stage is
particularly essential for modelling studies in karst aquifers
since a large number of model parameters are often required
to capture the complex hydrological functioning (Bittner
et al. 2018; Chen et al. 2017) and to resemble the hetero-
geneities with prior knowledge (Frank et al. 2021). One key
decision in the model calibration is the selection of a per-
formance metric (hereinafter referred to as metric) (Mizu-
kami et al. 2019) as it renders an indication of how well and
to what degree the model represents the system reality while
providing a degree of belief in model simulations. For that
reason, the robustness of model simulations, including an
identified model parameter set, is predominantly dependent
on which performance metric is formulated for the model
calibration.

The successful model calibration is mainly attributed to
the value of the performance metric that verifies the simu-
lation accuracy with its targeted value. In this regard, the
overall goal of the model calibration is to get a ‘targeted
value’ of the selected metric, while decreasing the discrep-
ancies between simulated and observed states. However, as
there is not a general procedure or a rule as to how to choose
a performance metric for the model calibration, the selection
is ultimately the modeller’s subjective decision (Krause et al.
2005).

Different metrics consider different aspects of the model
simulations due to the differences of their mathematical/
statistical index formulations. To a certain extent, while
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calibration metrics in the time domain mainly capture the
discrete hydrological dynamics (e.g. high flows, peak flow,
baseflow) (Reusser et al. 2009), hydrological signatures (e.g.
flow duration curve, aridity index, autocorrelation) reveal
time-invariant system properties (Dubois et al. 2020). For
this reason, to compensate the inadequacy of a (selected)
metric, the model parameterization is intentionally carried
out by either using different metric combinations
(multi-criteria calibration approach) or by considering mul-
tiple data sources (multi-variable calibration approach).
However, despite the considerable literature delivering a
metric plethora, the discussion on which metric would be the
reasonable choice for the model calibration is still open to
the modelling community (Jackson et al. 2019). Therefore, it
is fair to question as to how to decide which metric would be
a more reasonable choice in the intended modelling
framework.

Water age is commonly served as an auxiliary informa-
tion source for model parameterization as it mainly provides
process-based knowledge that reveals how catchments store
and release water (Berghuijs and Kirchner 2017). Therefore,
this information content can be served as a critical descriptor
to improve the model simulation accuracy (Sanford 2011), to
constrain the flow or transport model parameters (Solomon
et al. 2010), and to identify the different model compart-
ments as a model flux indicator (Zhang et al. 2020).

In this study, the terminology water ‘age’ refers to the
‘apparent age’ obtained by tracer tests, whereas ‘old’/young’
water specifies the water parcel that is older/younger than a
certain threshold defined by stable isotopes (such as
oxygen-18). In this context, since the reliable quantification
of ‘mean transit time’ is often more difficult (Sprenger et al.
2019) and even misleading (Woolfenden and Ginn 2009),
young water age has been a subject of high interest in the
modelling studies as an additional information source (Jing
et al. 2019; Maxwell et al. 2019; Rusjan et al. 2019), espe-
cially in capturing time-variant characteristics of heteroge-
neous hydrological systems (Kirchner 2016a, b; Zhang et al.
2020).

The knowledge of discharge young water age is an
important benchmark to reveal and compare the
system-specific dynamics which are mainly dominated by
preferential flow paths (e.g. fractures, conduits) as in frac-
tured and karst aquifers. For that reason, this knowledge
could be used as a model diagnostic to characterize system
hydrological functioning as well as to improve model reality.
But, beyond that, it could be served as an unbiased calibration
constraint to identify hydrologically reasonable metric either
by falsifying or confirming the mathematical/statistical ade-
quacy of the selected performance metric.

The study explores the contribution of discharge young
water fractions (Fy,,)—derived from stable water isotopes—
to the performance metric selection for the model

parameterization. We hypothesized that Fy,, can be used as a
model assessment criterion that inherently allows us to select
a hydrologically—more—adequate performance metric. To
test our hypothesis, we applied our approach to one of the
karstic drinking water sources in Schneealp, Austria.

2 Case Area

The case area lies in the Northern Calcareous Alps between
Styria and lower Austria (Fig. 1). As one of the
sub-catchments in the Schneealpe karst massive, the area is
characterized by the highly karstified Triassic-age limestone
and dolomite (Rank et al. 2006), and thus approximately
75% of precipitation quickly infiltrates into the karstic sys-
tem mainly via sinkholes (Hilberg 2016). Of the numerous
springs of the karst massive, Wasseralm spring is an
important one as one of the drinking water supplies for
Vienna (Austria).

For our experimental design, we used daily meteorolog-
ical forcing data including precipitation and air temperature
(01/01/1975-31/12/2016), which were obtained in Nasswald
(Wasseralm) (774 m) and Miirzzuschlag (758 m) weather
stations, respectively (Table 1). Daily discharge
(01/01/1995-31/12/2016) was downloaded from https://
ehyd.gv.at/#, while the monthly stable isotope concentra-
tion data for the precipitation (6'*0p) and spring discharge
(6'"0p) was digitized from Maloszewski et al. (2002).
Potential evapotranspiration was estimated by the Harg-
reaves equation, and snow accumulation and snowmelt were
calculated by the degree-day concept.

3 Model Set-Up and Experimental Design

To simulate Wasseralm spring discharge, we used the Var-
Karst model developed by Hartmann et al. (2013). For the
simulation of the 6'®0 concentration in spring discharge
(6"®0) and corresponding discharge young water fractions
(Fyw), we used StorAge Selection function (SAS) approach
(hereinafter referred to as the SAS model) by Benettin and
Bertuzzo (2018). After coupling the SAS model with Var-
Karst, we run the coupled model such that the SAS model
was fed by VarKarst outputs including effective recharge
and discharge. That way, we simultaneously simulated
spring discharge, 5180@ and Fy,,.

The SAS model is a solute transport model that identifies
water age relationships between an input and output water
parcel. The solute concentration is simulated based on the
‘age-ranked storage’ concept defined by the volume of water
in storage that is younger (or equal to) than a certain age. To
simulate the concentration of conservative tracer (for our
case 0'%0), the probability density function (PDF) of rank


https://ehyd.gv.at/
https://ehyd.gv.at/

On the Choice of a Performance Metric for Model Calibration ...

125

Legend

@~ Karst springs
-~ Streams
Elevation (m a.s.l.)

. High : 1902

Low : 697

Stream section

10 km

Nied

/
5:5151&”\:&:!1

Wie

\ ‘ﬁ‘u’i@.‘c nland
=

Wasseralm spring

Schneealp

Fig. 1 Map demonstrating the location of Schneealp karst massive and two karstic springs (Wasseralm and Sieben springs). The catchment area is

delineated based on the stream sections

Table 1 Data availability, data properties, and sources for the experimental site

Variable Unit Time resolution
Spring discharge s Daily
Precipitation [mm] Daily

Air temperature [°C] Daily

Snow depth [cm] Daily

Fresh snow depth [cm] Daily

8'80p and 6'%0, [%o] Monthly

Time period Source

1995-2016 https://ehyd.gv.at/#

1975-2016 https://ehyd.gv.at/#

1975-2016 ZAMG" (Histalp) http://www.zamg.ac.at/histalp
1994-2016 ZAMG

19942016 ZAMG

1975-1990 Maloszewski et al. (2002)

ZAMG: Central Institution for Meteorology and Geodynamics in Austria

storage, wg(St, 1), is considered. Therefore, to obtain dis-
charge 580 concentration, Co(t), each water parcel in
reservoir storage is characterized by the inflow 6'%0 con-
centrations in precipitation input, C;(Sr,1).

Co(t) =

Cj(STt)COQ(ST,l)dST (1)

LY~—1g

Here, wg(St,1) is solved by a suitable functional form for
the SAS model (e.g. power law, beta function, and gamma
function). For our study, we used the beta function with two
shape parameters (o and f5). For each simulation of Cy(r),
we simultaneously obtained F\y,, using the following for-
mula:

Tyw
Fyw = 11—/ de

=0

(2)

where 7 is the travel time and 7y, is the threshold age of
discharge young water. The mismatch between the observed
Fyw (Fyw,) and simulated F,, (Fyy) was then estimated by

N _ 2
misfit(Fyy) =1 — Z(FYWOF—FYWS) (3)

=1 yW,s

Here, misfit (F yw) is normalized to be varied between 0 and
1 in such a way that the values approaching to 1 indicate the
better model performance on Fy,,.
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4 Model Conditioning Scheme

We carried out a multi-variable calibration scheme to search
the trade-off between model performance on spring dis-
charge and model performance on F\,,. To sample model
parameters, we used Latin hypercube sampling
(LHS) scheme based on the uniform parameter distribution
assumption. The feasible parameter range for VarKarst was
obtained by Hartmann et al. (2016) and Maloszewski et al.
(2002) (Table 2), while the shape parameters (« and f) of the
beta function were defined by a set of model calibration and
set to 0.85 [-] and 4.56 [-], respectively.

The coupled model was run by 3 x 10* times from
01/01/1975 to 31/12/2016. Since the data periods for
580 concentration (6'*0p and 5180Q) and spring discharge
do not overlap each other (see Table 1), the coupled model was
conditioned by different periods. The period of 01/01/1975-
31/12/1990 was used to simulate 5180Q concentration and
corresponding Fy.,, whereas the discharge was calibrated for
01/01/1995-31/12/2016. A 2-year warm-up was considered
in each model conditioning. Since our main goal is to reveal
hydrologically more relevant performance metrics, we did not
perform model validation on each data set. Instead, we
assigned the whole data series only for calibration, and thus
15 years for 5'®0 concentration and 22 years for spring dis-
charge were used for the parameterization.

We used 16 performance metrics—12 deterministic met-
rics and 4 hydrological signatures—to evaluate the model
performance on spring discharge. For the exploration of the
hydrologically more relevant metric from the trade-off
between performance metric and F\,,, we applied bivariate
kernel density estimation (KDE2D) method in R-Studio. In
doing that, we examined different metric combinations on the
Pareto-optimal frontier by considering the model perfor-
mance over the multi-variables. Therefore, on this frontier, we
explored the optimal combinations by the model performance
on discharge and discharge young water age. After selecting
hydrologically appropriate metrics, we constrained the initial
model ensemble (3 x 10* realizations) and extracted the
behavioural 100 parameter sets for each performance metric.
The parameter uncertainty was then assessed based on the
percentile approach (25th and 75th percentiles).

5 Results and Discussion
5.1 Exploration of Hydrologically Appropriate
Performance Metric

The model output constrained by the model performance on
Fy., and model performance on discharge is demonstrated by
the surface plots in Fig. 2. Here, each plot indicates
two-dimensional distribution for two different variables at

one location in which Fy,, was used as a model competing
criterion to choose an appropriate performance metric.
Considering this, we explored the Pareto-optimal frontier on
each surface where the model performance on Fy, and
model performance on discharge simultaneously provide
high performance. This Pareto-optimal frontier is, therefore,
characterized by a high-density region with a more con-
densed and narrower ‘point cloud’.

Figure 2 reveals that NSEq, MSEq, and KGE, are more
prone to convey the process-based information content
throughout the model output space, whereas NSEqy and
MSE make the best couple with Fy,, by demonstrating the
central tendency on the frontier. This particular finding can
be associated with the fact that NSE and MSE better capture
the hydrological functioning of the karst aquifer. Further,
they would better resemble the dual characteristics of aquifer
including recharge (concentrated and diffusive) and storage
(matrix and conduit) as compared to metrics such as
PBIASq, VEq, and RSR,. For that reason, it is fair to imply
that when NSE, (or MSE,) is selected as a performance
metric, it could convey more informative model realizations
throughout the model calibration.

As for the hydrological signatures (ACFg,, CCFq, and
FDCQ),l they do not necessarily indicate high-density
regions in which the model performance on Fy,, cannot be
further improved without the value of corresponding per-
formance metric worsening (Fig. 2). Here, the only exception
is SVIq” in that it captures an informative model cluster in the
region of 0.75 < Fy,, <1 (indicated by the high-density
region over the Pareto-frontier). One possible explanation
would be the index formulation of SVI since it mainly reflects
hydrological variability in spring discharge considering the
maximum, minimum, and median flow characteristics.
Conversely, ACFg and CCFg, focus on the certain hydro-
dynamics in the system such as system memory.

5.2 The Physical Realism of Model Parameters
Considering Aquifer Physical Properties

The posterior distributions of the model parameters are pro-
vided in Fig. 3. Overall, the behavioural parameter sets
obtained by KGEq, NSEq, and MSE, are represented with
physically reasonable parameter ranges, mainly considering
the typical characteristics of the karst aquifer. For instance,
o[-] characterizes the conduit-dominated flow characteristics,

! denotes hydrological  signatures:  auto-correlation  function,
cross-correlation function, flow duration curve (formulated for the
median flow), respectively.

Zrefers to spring variability index: the formulation considers the
maximum, minimum, and median flow characteristics of the spring
discharge.
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Table 2 VarKarst model parameters, definitions, and ranges

Parameter Description

Vs Mean soil storage capacity

Vi Mean epikarst storage capacity

oSE Soil/epikarst depth variability constant
Kg Epikarst mean storage coefficient

ot Recharge separation variability constant
K¢ Conduit storage constant

oAwGw Groundwater variability constant

A Recharge contributing area

1.00 1.00
0.75 - 0.75 -
0.50 0.50
0.25 0.25
0.00 0.00
1.00 1.00
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Fig. 2 Pareto-optimal model output space constrained by the model performance on young water fractions (Fy,,) and model performance on spring
discharge (Q) represented by the two-dimensional kernel density estimates. The surface plots demonstrate the two-dimensional distribution (for two
different variables at one location). Here, the dots demonstrate 3 x 10* realizations, while red indicates the high-density region

thereby indicating the karstification degree in the system.
Here, oy is represented by the mean values of NSEq (0.36),
MSEq (0.33), and KGE, (0.34). Further, o, is strongly con-
strained by each metric, thus leading to a substantial reduction
in the parameter uncertainty. Similarly, KGEq confirms the
further parameter confinement in the range for the parameter
Vs [mm] while providing physically more plausible values
with a mean value of 690.57 [mm].

The hydrological functioning of preferential pathways in
epikarst is represented by Ky [d] in the VarKarst model
structure. Therefore, obtained range for Kz by NSE, is more
than acceptable by the values ranging between 5 [d] and
13.23 [d]. Here, NSE ensures a narrower interquartile range
than those obtained by KGEq and MSE, thereby allowing a
reduction in the parameter uncertainty. Moreover, NSEq
allows better confinements for A [km2] and agw [-] as
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Fig. 3 Posterior distributions of the model parameters obtained by hydrologically appropriate performance metrics. Here, parameter uncertainty is
assessed by the distance between 25th and 75th percentiles on the box-and-whisker plots. The circle on each plot demonstrates the mean value of

the parameter

compared to those obtained by KGEg and MSE, (Fig. 3).
Conversely, K¢ [d] is well resembled by KGE(, since the
karstic channel in the system is essentially characterized
by its low storage capacity and short transfer time
(Maloszewski et al. 2002).

6 Conclusions

This study has made the first attempt to objectively decide on
which performance metric would be hydrologically more
appropriate for the model calibration scheme. By searching for
a trade-off between model performance on discharge and
model performance on discharge young water age (Fyy,), we
not only satisfy the minimization of model simulation bias
yet also bring the process-based discharge-age information
content into the model parametrization. The major findings are
as follows:

e The proposed metric selection procedure could improve
the model realism either by reducing the subjectivity in
the metric selection or by ensuring physically more
plausible parameter sets.

e F,, is a potentially unbiased calibration metric to identify
hydrologically more informative model realization(s)

from the model output in that the process-based infor-
mation is conveyed throughout the trade-off between
model performance on discharge and model performance
on Fy,.

Our research provides a new research direction on to what
extent the model reliability could be improved by the
inclusion of F\,, information content into the calibration as a
hydrological system-specific and time-variant process
diagnostic metric.
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Understanding Water Table Fluctuations

in a Karstic Semiarid Mediterranean Aquifer
Through Numerical Modeling: The Case

of Almudaina-Segaria Aquifer
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Abstract

The exploitation of underground water has an important
role in the province of Alicante, Southeast Spain, where it
is mostly used for agriculture and the supply of popula-
tions. The Almudaina-Segaria hydrogeological domain, in
northern Alicante, constitutes the water supply for La Vall
d’Ebo, Planes and Gorga villages. This domain includes
the Almudaina-Segaria system, a 167 km? carbonated
karstic aquifer with 700 m of permeable thickness made of
limestones, dolomites, and marls. In this project the
aquifer’s water flow was modeled using MODFLOW and
ModelMuse for the interval 1980-2019, aiming to under-
stand its dynamics. The water input is provided by the
infiltration of precipitation (approximately 730 mm and
68 hm® of annual precipitation and recharge, respec-
tively), while the output is conducted through direct
pumping (up to 2.31 hm’/yr), natural drainage to the
Vergel and Pego aquifers and, mainly, discharge through
the Finca Rincon del Rosario drainage and the Racons
River (54.44 hm®/yr). The groundwater flow occurs in a
SW-NE direction toward the discharge zone. The aquifer
modeling is a useful tool for an appropriate management
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of water resources in the north of the Alicante province,
given its importance as a main support for the populations
and activities that take place there.
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1 Introduction

Throughout history, groundwater has been a major source of
water for sustaining human life. Because it is buffered from
short-term variability in weather patterns, groundwater has
often been considered a stable and reliable resource (Fienen
and Arshad 2016). Karst aquifers provide potable water
sources around the world, with the total population served
by karst sources estimated to be between 9 and 20% of the
world’s population according to different studies, and about
13% of the total water withdrawal (Ford and Williams 2013;
Stevanovi¢ 2019). Although they are complex and highly
heterogeneous, assessing the flow pathways and dynamics in
karstic systems is an essential issue considering current
concerns such as water management in a scenario of climate
change.

The southeast of Spain is also sensitive to this scenario,
since a rise of the average temperature and a reduction of
total annual rainfall, together with the intensification of
extreme events, rank among the most likely effects of cli-
mate change in the Mediterranean (IPCC 2014). Ground-
water resources are vulnerable to such changes because
decreasing precipitation and increasing evapotranspiration
can lead to a reduction of recharge rates. This could trigger
unwanted effects in those areas where aquifers provide the
main source of water supply (Pulido-Velazquez et al. 2018).

Despite the above scenario, climate change is highly
unpredictable. Hence, there is a need to endow water
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managers with tools that are sufficiently simple to use on a
regular basis, yet accurate enough to underpin decisions
(Aslam et al. 2018). To understand better the functioning of
karst aquifers, a range of models have been used in the
literature, including reservoir models, black box or transfer
function models, machine learning models, and
physically-based distributed models. Each of these approa-
ches have their advantages and drawbacks depending on the
application. When it comes to simulate in detail what is
physically happening in the different compartments of a
karst system, the distributed models can represent the com-
plex flow and transport processes across an entire catchment.
These numerical models can be used to predict different
scenarios (changes in pumping or climate) and hence
impacts on resources, to test previous conceptual models or
to estimate hydraulic parameters (Duran and Gill 2021).

This research aims to describe and parameterize the behavior
of the Almudaina-Segaria aquifer, modeling for this purpose
the water inflows and outflows from the system, its hydraulic
properties, and the variation in its piezometric heads. To
achieve this goal, we built and calibrated a numerical model
using the MODFLOW code, obtaining an accurate simulation
of the underground dynamics for the last 40 years.

2 Study Area Description

The Almudaina-Segaria aquifer (also called Almudaina-
Alfaro-Segaria) is in southeastern Spain, in the extreme
northeast of the Alicante province (Fig. 1a). The simulated

aquifer belongs to the also called Almudaina Segaria
hydrogeological domain, along with 8 other smaller aquifers.

As seen in Fig. 1b, the Almudaina-Segaria aquifer has an
elongated shape of about 35 x 5 km, except in the Segaria
(eastern) sector where it narrows approximately to the half. It
has an elongated morphology in SW-NE direction and
occupies a surface area of 167 km?, of which about 145 km?>
correspond to permeable materials. The coordinates of the
rectangle surrounding the aquifer are 38° 42" 30.31" N, 0°
23" 53.57" W for its south-western vertex, and 38° 51’
27.89" N, 0°0" 11.53" W for its north—eastern vertex. It is in
an area of steep slopes, as a component of the (from west to
east) Almudaina, Alfaro, La Carrasca, Mediodia and Segaria
ranges.

The permeable layer is made of carbonate formations
with an average thickness of about 800 m in the western
sector, and 300 m in the eastern sector. The main aquifer
section is determined by 400 m of materials with
Aptian-Albian marly intercalations, Eocene limestone and
sandstones, conglomerates, and lower Miocene limestones,
present the latter only in reduced sectors. This section, with a
high permeability, overlies a less permeable layer of Lower
Cretaceous bioclastic limestones. The aquifer impermeable
bottom is determined by Barremian marl and marl lime-
stones with an estimated thickness of 400 m (IGME-DPA
2015).

All the Upper Cretaceous permeable sections are in
hydraulic connection, constituting a single aquifer except in
its southern sector where the Upper Aptian marly horizons
isolate permeable sections defining various hanging aquifers
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Fig. 1 a Almudaina-Segaria aquifer location in Alicante, Spain. b Almudaina-Segaria aquifer
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that are disconnected from the main aquifer IGME-DPA
2015). In the central east sector of the aquifer there are
outcrops of Keuper facies, which constitute a hydraulic
barrier that causes a sudden drop in the piezometric level.

The western and northern boundaries are constituted by
Tap facies (marlstone), which, along the reverse fault that
extends to the city of Pego, seal the permeable materials of
the aquifer. It is, therefore, a closed boundary, except at its
easternmost end (east of Pego), through which it establishes
a connection with the detrital materials of the Vergel aquifer.
The eastern limit is closed in the southern sector due to
contact with the marly Miocene. The southern limit is con-
stituted, in the western zone, by the Tap facies as observable
in the Ceta Valley. In the central sector, it is assumed that
there is a disconnection with the Mediodia aquifer caused by
tectonic elevation of the base impermeable layer
(IGME-DPA 2015).

In the Almudaina sector, the level of the piezometric
surface is only known at very specific points and varies
between about 320 m.a.s.l. and the 150 m.a.s.l. in the
western area, which implies depths of more than 530 m, and
values close to 50-70 m.a.s.l. SW of Pego. At the structural
flow threshold that separates the Almudaina and Segaria
sectors there is a significant drop that lowers the levels below
5 m.a.s.l., even reaching negative values in the eastern end
of the Segaria sector.

The recharge of the system is produced via the infiltration
of rainfall, while the discharge takes place by pumping for
urban, agricultural, and industrial uses, as well as by lateral
drainage, and superficial drainage to Finca Rincén del
Rosario and the Racons River (IGME-DPA 2015).

3 Methodological Approach

The aquifer was simulated using the MODFLOW-2005 code
(Harbaugh et al. 2017), with ModelMuse (Winston 2020) as
the Graphic User Interface. The model was built for recon-
structing and actualizing the existing previous simulations.
For this project, first a steady-state simulation was built and,
using this model as initial condition, the transient-state was
developed and calibrated. For the transient simulation almost
40 years of daily data were processed, from 01/01/1980 until
31/10/2019.

3.1 Conceptual Model and Simulation Building
The aquifer was discretized in 300 x 300 m finite cells
resulting an array of 123 columns and 28 rows within a
single permeable layer, being active cells those intersected
and enclosed by the aquifer’s contour. The upper and lower
boundaries were defined by using digital elevation models,

with the terrain’s surface as Model Top, while the aquifer
bottom was built by integrating the existing information
(drillings and previous studies).

As stated, the underlying layer is impermeable and, thus,
there is no vertical flow through the aquifer bottom. The
aquifer’s permeable thickness is in between 800 m in the
western sector, and 300 m in its easternmost portion.

The boundary conditions are defined based on the
hydrogeological setting. The existence of TAP sequences
and marl facies results in no-flow boundaries throughout the
perimeter of the aquifer except for the eastern sector, where
the discharges of the system occur. Groundwater discharge
takes place through outflow towards the Racons River,
Finca Rincon del Rosario artificial drainage, two sectors of
lateral drain and extraction of wells, located as seen in
Fig. 2. The Racons River and Finca Rincén del Rosario
were assigned to the River Package with a bed conductance
of 3540 and 5170 m*/d, respectively. In the sectors named
Pego and Vergel, there is hydraulic connection with the
adjacent detrital aquifer and, thus, there is a flow boundary
assigned to the drain package with conductances of 320 and
74 m*/d, respectively. For each well, the time series of
extractions were loaded into MODFLOW.

The horizontal hydraulic conductivity (K) was initially
assigned by sectors with values between 0.005 and 30 m/d,
while the storage coefficient was between 0.001 and 0.05.

The Almudaina-Segaria aquifer is recharged exclusively
by the infiltration of rainfall through the permeable unsatu-
rated zone, which is the entire surface of the aquifer except
for the Millena portion, to the southwest. To build the input
for the Recharge package, nearly 40 years of daily
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I
760000

Fig. 2 System water outputs grouped by MODFLOW Package used.
DRN: drain package, RIV: river package, WEL: well package
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precipitation data were transformed into recharge consider-
ing evapotranspiration, runoff threshold, land slope, soil type
and its uses, depth of roots, and soil parameters such as
initial moisture, field capacity, and wilting point. Consider-
ing a mean annual rainfall of 730 mm, the effective infil-
tration and thus aquifer recharge is around 55% of
precipitation.

3.2 Model Calibration

The calibration was carried out using the Head-Observation
Package and the piezometric heads time series from 5 wells
which are representative of the different sections of the
aquifer. Each of these calibration wells has daily measure-
ments corresponding to different time periods, with a total of
more than 5000 individual measurements subjected to
comparison with simulated heads. To adjust the simulation,
the parameters modified by trial and error were hydraulic
conductivity and specific storage. The calibration’s accuracy
and thus the fit between the observed (h.,s) and simulated
(hsim) Water heads was quantified by calculating the corre-
lation coefficient, root mean square error (RMSE) and nor-
malized root mean square error (NRMSE), following
Egs. (1) and (2).

Z(hobs - hsim)z

4 Results and Discussion

4.1 Model Calibration

The comparison between the observed and simulated ground-
water heads shows a significant correlation (Fig. 3), which
indicates that the model performs an accurate representation of
the aquifer dynamics. The calibrated hydraulic conductivities
vary between 0.07 and 25.3 m/d, and the storage coefficients
are between 0.006 and 0.01, being the highest values for both
parameters in the easternmost sector. The RMSE is 5.3 m, the
NRMSE is 0.014% and R* = 0.996, showing a high correlation
between observed and simulated values.

4.2 Groundwater Flow and Variations Through
Time

As expected, the groundwater flow occurs in a SW-NE
direction, toward the discharge zone and the Mediterranean
Sea. The results show an important temporal variation in the
piezometric levels in the western portion of the aquifer, with
variations over 50 m throughout the evaluated time series, in
accordance with periods of greater and lower rainfall. In this
sector, the piezometric surface is between 350 and 250 m.a.
s.l., and it descends in the flow direction reaching values
even below the sea level in the far east. In this last sector, the

RMSE = 2 (1) level remains relatively stable through time.
The groundwater budget shows that the total of the water
NRMSE — RMSE 2) inputs to the system is through the infiltration of precipitation,
N (Mmax — Pmin) with an annual average of 68.12 hm?>. The system’s water
outputs are through the Rio Racons and the Finca Rincén del
400 -
&
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Fig. 3 Observed and simulated piezometric heads of calibration wells. The simulated and observed data are distributed close to the 1:1 line with a
correlation coefficient of 0.996. The ranges without points correspond to the areas where there are no wells available, and thus no measuring of

piezometric heads
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Fig. 4 Rainfall, recharge, piezometric heads and storage variation comparison chart. There is an evident recharge response to rainfall, which

determines the variation in heads and storage

Rosario, with a joint annual average of 54.44 hm®, the Pego
and Vergel drains with 11.36 hm?/yr, and extractions through
wells, with an annual average of 2.31 hm?.

As seen in Fig. 4, precipitation and system recharge have
varied through the period considered, with periods of greater
and lesser precipitation being identifiable. Recharge is shown
as a variable always proportional to precipitation. The simu-
lated piezometric levels for a point in the western sector of the
aquifer, near Benimasot, respond to variations in recharge.
The orange line shows the variation in aquifer storage: values
below zero are indicators that the aquifer is losing water
volume, while positive values indicate that the aquifer is being
recharged. The line of variation in storage and recharge have a
similar behavior, showing that the aquifer is in equilibrium
with the recharge through the studied period. It is then
observed, for example, that in years with significantly lower
rainfall (and, thus, recharge) the variation in storage is nega-
tive, and therefore the aquifer is losing water. In some periods,
depending on the conditions in previous years, this is also
accompanied by a decrease in piezometric levels. The
dynamic is reversed in periods of higher rainfall.

5 Conclusions

Based on the hydrogeological information available on this
sector of northern Alicante, we designed a conceptual model
of groundwater flow for the studied aquifer. Thereafter, we
built, calibrated, and validated a numerical model based on
the conceptual model. The results show an acceptable

representation of the real dynamics considering the absence
of data referring to structures, secondary porosities, and the
lack of depth drillings in the area, considering that the ver-
sion of MODFLOW used for the construction of the model
is, in theory, not ideal to represent the complex and
heterogeneous nature of karstic aquifer systems.

The Almudaina-Segaria aquifer is a valuable resource for the
northern sector of the province of Alicante, as it is the only
source of drinking water for different towns and settlements,
and as a source of support for local agriculture. Its natural
dynamics depends mainly on rainfall and responds to wet and
dry periods. For the studied period, the aquifer seems to be in
equilibrium with recharge. The aquifer modeling constitutes the
first stage in the study of the regional hydrology and the
responsible management of different aquifers in the area, con-
sidering the occurrence of future scenarios in which the rele-
vance of the groundwater resources becomes transcendental.
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Understanding Karst Conduit Size
Distribution by Numerical Speleogenesis

Modeling

A. Maqueda, P. Renard, and M. Filipponi

Abstract

Large karstic conduits are rare within a rock formation,
and therefore, the probability of encountering them during
the construction of a tunnel is relatively low. However, the
consequences can be dramatic for tunnel worker safety
and/or the economic aspects of the tunnel realization,
therefore, the risk must be accounted for. One of the
critical aspects when evaluating the karst-related hazards
is to estimate the statistics of the size of the conduits, as
well as the connectivity of the karst network. This
information is fundamental for a reliable risk assessment.
Statistical analysis can be carried out from data collected
by speleologists, but a large portion of the karst conduit
network is not directly accessible, and therefore, the
resulting statistics are incomplete. An alternative to assess
the inaccessible areas of a karst conduit network is the use
of numerical simulations of the speleogenesis processes.
The premise is that the numerical simulation of ground-
water flow on a connected fracture network, including
mineral dissolution, will produce a conduit network that
shares properties of real networks. We simulated the
enlargement of fracture networks and conducted a statis-
tical analysis of the results to obtain possible statistical
distributions of conduit sizes and spatial distribution of the
conduit network. These findings will better constrain
hazards concerning the construction of tunnels. Further-
more, our results confirm numerically a conceptual model
of staged cave development previously introduced.
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1 Introduction

Karst aquifers develop when carbonate rocks are locally
dissolved by groundwater. The global behavior of these
aquifers is dominated by fast groundwater flow within the
karst conduits. When tunnels are constructed in such envi-
ronments, they face the risk of encountering a conduit, and
when these accidents occur, the consequences can be dra-
matic because the tunnel can rapidly be flooded. Usually,
large karst conduits are rare within a rock formation, and
therefore, the probability of encountering them is relatively
low, but the consequences being potentially very severe the
risk must be accounted for. Casagrande et al. (2005), Filip-
poni et al. (2012) and Jeannin et al. (2015) report several
examples of such events and discuss methods to evaluate the
risks. One of the critical aspects when evaluating the
karst-related hazards is to estimate the statistics of the
dimensions of the conduits, as well as the connectivity of the
karst network. The work presented in this paper aims to
generate possible statistical distributions of the conduit size
and spatial distribution of the karst conduit network to better
constrain hazards concerning the construction of tunnels. For
that purpose, we simulated speleogenesis processes and
assessed how the distribution of the conduit size evolves
before and after breakthrough flow in fractures.

2 Speleogenesis Conceptual Model
and Software Development

We developed the FEFLOW 7 plug-in Karstification Simu-
lation Plug-in (KSP) to simulate the enlargement of fractures
by mineral dissolution. FEFLOW is a finite element software
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Fig. 1 Fracture enlargement conceptual model

to simulate groundwater flow and reactive transport in porous
and fractured media. The current development is based on the
research work and past software development at the Univer-
sity of Neuchatel (Maqueda 2017). The modeling approach is
based on the conceptual model presented by Dreybrodt et al.
(2005). The model represents the feedback loop between
mineral dissolution and the flow of reactive water through
fractures. The model computes the growth of fracture opening
due to mineral dissolution and then the flow field is updated.
The basic model assumes water with a known solute con-
centration flows through a planar fracture (Fig. 1).

The conceptual model relies on two assumptions. The first
assumption is the fracture walls are assumed to be pure cal-
cite rock (CaCO3;) therefore soluble by reactive water. The
second assumption is the dissolution reaction occurs at the
rock surface only, and the effect of calcite dissolution is a
retreat of the fracture wall. FEFLOW can simulate both
laminar and turbulent flow in fractures. KSP accounts in
addition for the transition between laminar and turbulent flow
and can estimate the wall retreat for both flow regimes. Water
flow in fractures is described by the Hagen-Poiseuille equa-
tion for laminar flow and Manning—Strickler for turbulent
flow. Mass transport is described by the advective-diffusion
equation applied to only one dissolved species: calcium ion
(Ca®"). The simulation of calcite dissolution is based on the
kinetics chemistry model of Dreybrodt et al. (2005) which
was developed from laboratory experiments of pure calcite
dissolution under laminar and turbulent flow conditions.
Mineral dissolution is the only driver of fracture growth with
KSP. Other processes known to contribute to the growth of
karst conduits in nature are not accounted for: erosion of
walls by suspended solids in water, a local increase of water
acidity (e.g., pyrite weathering), or rock detachment along the
conduit walls due to mechanical stress.

3 KSP Benchmark Test

We first applied KSP to replicate a simulation of the
enlargement of a single fracture published by Dreybrodt
et al. (2005) to test the KSP code. The available data include
the results of a numerical simulation and an analytical
approximation for the transition from laminar to turbulent

flow. There are two fundamental differences between the
original paper and our implementation. In the benchmark,
flow occurs only in fractures and hydrodynamic dispersion
of mass is not accounted for. In our simulation, fractures are
embedded in a porous rock matrix with low hydraulic con-
ductivity (<1 x 107° m/s), where flow and solute transport
still occur at a minimal rate, and we use an advective-
dispersion transport model that considers hydrodynamic
dispersion. Hydrodynamic dispersion accounts for the
heterogeneity in water flow velocity in fractures.

The benchmark model consists of a rectangular fracture
having a width of 1 m and an initial aperture of 0.0002 m
(0.2 mm) and a length of 1000 m. The hydraulic boundary
condition is a constant hydraulic head of 50 m at the inlet
point and O m at the outlet. The solute boundary condition is
water fully unsaturated with calcite at the inlet. The calcite
equilibrium concentration is 2 mmol/l. The linear and
fourth-order reaction kinetics constant values are 4 x 107
and 4 x 107, respectively.

Figure 2 (top) presents the evolution of fracture aperture
in both the KSP simulation (dashed lines) and the benchmark
(solid lines). At simulation times of 13,100 and 17,800 yrs.,
the fracture aperture in both simulations is nearly identical.
The transition to turbulent flow occurs at 18,850 yrs., and the
fracture apertures in the KSP simulation are slightly smaller
than the benchmark (blue lines). The greatest difference in
fracture aperture is observed at a simulation time of 19,032
yrs. The deviations can be explained by differences due to the
presence of porous media in KSP and the different transport
equations. At a simulation time of 19,152 yrs., the difference
in fracture aperture is reduced after flow becomes turbulent.
Figure 2 (bottom) presents the evolution of flow rate for both
KSP simulation and benchmark. Simulated flow rates with
KSP are very similar before and after the transition to laminar
flow (nearly vertical increase in flow rate). Only a small
difference is observed by the end of the simulation.

We conclude from this test that KSP reproduces the main
trends of fracture aperture and flow rate evolution of the
benchmark. In addition, it can model the transition between
laminar and turbulent flow. Finally, we consider that this test
shows that KSP is capable to simulate reasonably well
fracture growth from 10~ m to 10 m. In the next section, we
apply KSP to fracture networks.

4 Speleogenesis Simulation in Synthetic
Fracture Networks

We apply KSP to investigate the evolution of synthetic
fracture networks under conditions that we consider closer to
aquifers in nature. The groundwater flow rate is limited by
precipitation and subsoil recharge in the vadose zone, see the
conceptual model in Fig. 3. The top boundary of the model
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Fig. 3 Conceptual model of a fracture network under phreatic
conditions in a carbonate aquifer

is assumed to be the bottom of a shallow unconfined aquifer.
Water inflow is not constant because rainfall is occasional.
The vadose zone and an aquifer on top of the model domain
act as buffers for intermittent precipitation. The aquifer
provides a nearly constant hydraulic head on top of the
simulated domain. When fracture apertures are small (mm),
the hydraulic gradient is high because small fractures have a
great resistance to flow. When fracture apertures grow to the
size of karst conduits, groundwater recharge is the limiting
factor. Therefore, we assumed a hydraulic boundary condi-
tion of high initial constant head and maximum flow rate.
The model domain for a fracture network has a size of
2000 m horizontally and 500 m vertically. The initial frac-
ture network was generated using an object-based model
implemented in Python code. We defined 4 families of dis-
continuities that correspond to a simplified realistic situation
where a rock massif is in extension. The horizontal family
represents bedding planes or horizontal discontinuities. The
vertical one represents sub-vertical tension cracks, and in

addition, there are two conjugate families of extension frac-
tures. All the fractures are simulated independently. Their
position is generated following a Poisson random point
process with a density that is different for every fracture
family. The distribution of the length of the fractures follows
a truncated power-law distribution, with an exponent that has
been kept constant. The orientations follow a von Mises
distribution for each fracture family. All the parameters of
those statistical distributions are provided in Table 1. In total,
6257 fractures were generated, and the total accumulated
fracture network length is 57,627.83 m.

In numerous geological environments, it has been shown
that fracture apertures are variable in space. Their apertures
are spatially correlated at multiple scales (Tatone and Gras-
selli 2012). To generate a simple but plausible initial distri-
bution of fracture aperture, we modeled it using a random
multi-Gaussian field. The method is described in detail in
Chiles and Delfiner (2009). The generation of the apertures is
conducted in two steps. First, we simulated a correlated
random multi-Gaussian field Z(x, y) which has a Gaussian
marginal distribution. The field is generated using the
Sequential Gaussian Simulation (SGS) algorithm within the
Ar2GEMS software. The parameters used for the simulation
are: (i) a Gaussian variogram model with a range equal to
150 m in the horizontal direction and 50 m in the vertical
direction, and (ii) a mean equal to O and a variance equal to 1.
The resulting distribution of apertures for the 2000 m by
500 m model domain has a log-normal distribution with
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Table 1 Input parameters to generate initial fracture network

Discontinuity family

Sub-horizontal fractures

Sub-vertical fractures

Conjugate fractures 1

Conjugate fractures 1

Min orientation [°] 88 -2 20 =40
Max orientation [°] 92 2 40 20
Min length [m] 50 50 20 20
Max length [m] 500 300 300 300
Density 2.5 x 107 2.5 % 107 1.4 x 107 1.4 x 107
Pt B S AGEL. f B B D e B 5.10*
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Fig. 4 Hydraulic boundary conditions and initial fracture apertures

aperture values from 5.0 x 10~ mto 5.0 x 10~ m. Figure 4
presents the fracture network with the initial fracture aperture
values. Fractures are discretized into smaller elements which
have a unique aperture value. The hydraulic boundary con-
ditions are 46 recharge nodes on the top model boundary and
a single outlet node in the right boundary near the bottom.
The hydraulic boundary condition is a constant hydraulic
head of 33 m limited to a maximum flow rate of 1 I/s.
Figure 5 presents the evolution of flow rate before stabi-
lization for scenario A, where we observe 4 sudden increases
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Fig. 5 Breakthrough times (1, 2, 3, 4) observed in flow rate evolution

in flow rates. Every increase in the outflow is related to a
breakthrough of enlarged fractures connecting the inlet nodes
with the outlet (see Fig. 6). The subnetwork of initial frac-
tures that suddenly connects inlets and the outlet are identi-
fied and are highlighted with a dashed rectangle. Fracture
growth in these regions caused sudden increases in the out-
flow rate. Increase 1 is the consequence of 1st breakthrough
presented in Fig. 6 (top). Increase 2 in the outflow rate is
caused by the second breakthrough (Fig. 6 second from top),
and so on until the last increase in outflow rate caused by the
4th and final breakthrough as presented in Fig. 6 (bottom). At
the outflow stabilization time, the sum of the length of frac-
tures that transitioned to turbulent flow is 7730 m out of a
total fracture length of 57,627 m (13%).

The breakthrough of enlarged fractures influences the
fracture aperture distribution as shown on the histograms of
fracture aperture (see Fig. 7). Attime T = O yrs., the fracture
aperture has a log-normal distribution with a mode or peak 0
(histogram on the top left). At T = 1,560 yrs., the lst
breakthrough causes an aperture mode (peak 1) of ~ 0.1 m.
At T =1,855 yrs.,, the 2nd breakthrough causes a 2nd
aperture mode (peak 2) of ~ 0.1 m. By then, the fractures
of the 1st breakthrough have a new mode of ~ 0.3 m (peak
1). At T = 3,618 yrs., the third breakthrough causes another
aperture mode (peak 3) of ~ 0.1 m. At this time, peaks 1
and 2 of mode have merged into a single peak of ~ 1 m. At
T = 5,667 yrs., the 4th and final breakthrough occur and yet
another mode (peak 4) of ~ 0.2 m emerges. By then, peaks
1, 2 and 3 have almost converged to an aperture between 1
and 3 m and can be regarded as karst conduits. At 7 = 5,667
yrs., inflow rate stabilizes (see Fig. 5), and the simulation is
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left to run until 7= 7,115 yrs. At this evolution stage, the
fractures of the 4th breakthrough (peak 4) almost converge
with previous peaks 1, 2 and 3, and a 5th mode emerges with
an aperture ~ 0.2 m emerges. Since the inflow rate has
stabilized, the flow in these fractures does not transition from
laminar to turbulent flow and it is not expected that fractures
of peak 5 grow into karst conduits.

5 Discussion and Conclusions

One striking feature of our results is that we observe and
describe quantitatively that the karstification process does not
occur homogeneously in a basin, but instead, it proceeds in a
series of multiple breakthroughs corresponding to the different
stages of karstification (Fig. 8) as it was proposed earlier by

Filipponi (2009). The original model included 3 phases in cave
development: (i) inception, (ii) gestation and (iii) development.
The inception phase is the start of dissolution in fractures under
phreatic conditions. The outlet or spring is assumed to be the
consequence of a valley incision in a soluble rock massif. The
outlet organizes flow in the aquifer and at time 1 a cave ges-
tation zone emerges. This is comparable to the initial condi-
tions of our simulation. At time 2, breakthrough occurs, and the
new karst conduit network acts as a spring for the upstream
section of the model, which is comparable to the 1st break-
through in our simulation. The karst conduits (cave develop-
ment phase) offer less resistance to flow, thus the water table
drops (hydraulic head in our simulation), and the gestation
and inception zones move upstream. At time 3, the cave
development keeps advancing upstream, which is comparable
to the 2nd, 3rd and 4th breakthroughs in our simulation.
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Fig. 8 Conceptual model for the special development of karst conduit network

1
0.9
0.8

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

Cumulative frequency

Fractures

0.0001 0.001 0.01

Looser tubes Winner tubes

0.1 1 10

Fracture aperture [m]

Fig. 9 Cumulative fracture aperture at simulation time 7 = 7115 yrs.

The growth process is heterogeneous, only 13% of the
initial fracture length transitioned from laminar to turbulent
flow. Fracture paths with greater resistance to flow stay at
the initial size, and this is observed qualitatively in Fig. 6
and quantitatively in the histograms of Fig. 7. Figure 9
presents the cumulative frequency of fracture aperture at the
end of the simulation. The distribution is trimodal with a first
local maximum at undeveloped or slightly enlarged fractures
smaller than 1 mm. A second mode at a size between 10 and
40 cm represents karst conduits that developed until the
inflow rate stabilized. A third mode represents the karst
conduits that continue growing while capturing most of the

inflow after flow rate stabilization. By observing the evolu-
tion of the geometry of the fracture network and the aperture
distribution, we classify them as fractures, looser tubes and
winner tubes.

Finally, an important result is the statistical distribution of
conduit sizes. In this framework, we show that it tends to
develop into a multimodal log-normal distribution even if
the setup is very simple. The magnitude of the larger con-
duits, or winner tubes and their statistical distribution seems
to be reasonable as compared to field observations in caves
as presented in histograms of conduit size in Frantz et al.
(2021) and Maqueda (2017).
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Unroofed Cave—An Underground Form
on the Karst Surface

M. Knez and T. Slabe

Abstract

According to origin, karst caves are, of course, an
underground phenomenon, but in the development of the
karst, they frequently appear as surface phenomena that
we call “unroofed caves”. Due to the denudation,
dissolution and disintegration of carbonate rock and the
subsequent lowering of the karst surface, which can be
many dozen metres in a million years, underground karst
caves are uncovered and with further dissolution can
gradually disappear completely. Here we show the
frequency, significance and characteristic forms of
unroofed caves and place them correctly in the develop-
ment scheme of the karst cycle. Many years of research of
the Classical Karst in Slovenia have shown that unroofed
caves are a relatively frequent surface karst form,
certainly more frequent that we imagined before express-
way construction works in Slovenia’s karst regions
uncovered the karst surface. The first attempts to typify
their characteristic forms and to explain their formation
were born. Our results show the development from old
caves to unroofed caves due to the lowering and
dissection of the karst surface. Old caves are preserved
by sediments, primarily alluvium and flowstone. We
present forms of unroofed caves and determine their
significance in studying the cavernosity of karst aquifers.
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Caves are one of the most typical karst forms. Water flows
through carbonate rock and through dissolution and
mechanical erosion carves caves during various stages in the
development of karst aquifers. Denudation also lowers the
karst surface up to many dozen metres in a million years
(Gams 1965) and uncovers caves that we call “unroofed
caves” (Figs. 1 and 2d, e). Many years of research of the
Classical Karst in Slovenia (Kranjc 1997) have shown that
unroofed caves are a relatively frequent surface karst form,
more frequent that we imagined before recent expressway
construction works in Slovenia’s karst regions uncovered the
karst surface (Knez and Slabe 2001, 2002, 2004a, b, 2005,
2006, 2007; Knez et al. 1994, 2004, 2008; Kogovsek 1995;
Kogovsek and Petri¢ 2004; Kogovsek et al. 1997; Mihevc
1999, 2001; Slabe 1996, 1997, 1998: Sebela and Mihevc
1995). These are karst phenomena with an entirely different
origin than those that develop as surface phenomena due to
various other factors, but their proportion among forms
found on the karst surface is considerable and significant
(Knez and Slabe 1999, 2004a, 2005, 2007; Mihevc et al.
1998). Knowledge of their origin and various forms is
therefore an essential condition for understanding the for-
mation and development of the three-dimensional karst
landscape that occupies about twenty per cent of the world’s
surface (Ford and Williams 2007).

Only caves that were completely filled with fine-grained
sediments by flooding waters were preserved in their original
form after the lowering of the water table and the denudation
of the karst surface. The ratio between the speed of the
washing away of sediment from the exposed caves and of
the lowering of the surrounding surface as well as the form
of the caves and of the lowering surface that cuts them
determine the distinctiveness and form of unroofed caves as
a surface phenomenon.
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Fig. 1 During the motorway construction, a softer sediment was discovered among limestones at the level of the future roadway. To preserve
static stability, the sediment was removed, which revealed the bottom part of a cave passage—an unroofed cave

2 Hq "y v e

Fig. 2 Development of an unroofed cave from its beginning to disappearance. The denudation, dissolution and disintegration of carbonate rock
caused the subsequent lowering of the karst surface. Chronological sequence of development: cave passage with an active water flow a which was
later partially b and in the end entirely filled ¢ with cave sediments. The karst surface was lowering at all three stages (a, b, ¢). At stage d, the
lowered karst surface reached the upper part of the cave passage and the majority of cave sediments was removed. Today, the last remnants of cave
sediments can be seen on the surface. Legend: 1 current karst surface; 2 former karst surface; 3 circumference of passage; 4 water; 5 flowstone; 6
sand and pebbles; 7 flooded zone. Drawn by Tamara Korosec
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If the sediment from unroofed caves is washed away
slowly, they appear to be just part of the karst surface with
unique soil and vegetation or we can possibly find just cave
sediment and flowstone lying on the surface. With the more
rapid washing away of sediment, unroofed caves acquire
more distinctive forms. When the surface cuts the vertical
part of a cave network, forms similar to dolines
develop. Dolines, large funnel- and bowl-shaped hollows
that along with karst poljes, collapse dolines and karren are
among the most common karst phenomena, develop with the
vertical percolation of rainwater through the karst surface.
The diameter of unroofed caves similar to dolines can reach
many metres. They are like half-dolines when a steep slope
due to denudation cuts a gently sloping or horizontal pas-
sage. Unroofed caves similar to dolines can also develop in
the middle of old passages that have opened in several
places. They frequently reveal the direction and size of more
extensive caves. Oblong depressions develop from old pas-
sages without roofs that run parallel to the surface (Figs. 1
and 2d, e). They can be several hundred metres long and
uniform, interrupted by preserved roofs or cut by dolines.

Under the fine-grained sediments in unroofed caves, there
are frequently very well preserved cave walls with rock relief
forms, the traces of the last dominant factors of their for-
mation and various types of flowstone. Paleomagnetic
studies of the fine-grained sediment and datation of flow-
stone reveal that the sediments found in the unroofed caves
that occur in the Classical Karst are several million years old
(Bosék et al. 2007; Zupan Hajna et al. 2008). The cave
sediments from profiles near Kozina are older than the
Brunhes/Matuyama border (0.78 million years). From the
distribution of individual magnetozones, it is possible to
confirm that the sediment is older than the end of the
Olduvai Chron (1.77 million years) since the magne-
tostratigraphic profile ends with a magnetozone of reverse
polarity and contains two zones of normal polarity. The
fossilization of the cave system and consequently the
preservation of certain cave passages entirely filled with
cave sediments was connected with the rapid tectonic uplift
of the area when around 5.3 million years ago the Strait of
Gibraltar opened and the Mediterranean Basin filled again.
Further fossilization was the result of changes in the regional
water level and hydrological conditions that occurred with
the gradual development of the surface and neotectonics of
this part of the Classical Karst as well as changes in the sea
level in the Mediterranean Basin.

With the uncovering of larger cave networks, various
forms of unroofed caves formed one beside the other. The

forms of unroofed caves are often also interwoven with other
distinct forms of the formation of the karst surface, dolines
and karren. One such network, which was uncovered during
the construction of the expressway on the Classical Karst,
was visible on the surface as a network of more or less
distinct oblong depressions and shallow dolines. In addition
to sections without roofs, the cave network also included a
smaller hollow passage known before the construction work
and passages with roofs. Most of the cave was filled with
fine-grained sediment and flowstone (Fig. 3). Sharp-edged
gravel, which in some places covered the surface or filled the
caves, is the result of the disintegration of the rock surface
during the cold Pleistocene period. We found it frequently
above old sediments or filling spaces below overhangs at the
beginning of passages. The bottoms of larger dolines formed
on the edge of passages of the old cave network were cov-
ered with several-metre-thick layers of brown and red soil.
On their walls were rock forms that distinctly showed the
percolating of water downward and at their bottoms were the
mouths of narrow shafts (Knez and Slabe 1999).

A special form of unroofed caves originated from glacial
activity, one of the most important factors in the dissection
of mountain karst. With mechanical erosion, which lowered
the surface and carved valleys, the glaciers uncovered and
opened parts of cave networks from the side (Klimchouk
et al. 20006).

The karst surface can lower more rapidly than the level of
underground water and only in places due to the removed
roof does the water become a surface feature, either as a
water course or as standing water. One such example occurs
in the remarkable Rakov Skocjan area near Postojna
(Slovenia) where cave passages, natural bridges and forms
similar to river valleys (Fig. 2a) that are actually unroofed
passages alternate (Habi¢ and Gospodari¢ 1989). In the
event of a rapid local removal of the roof of an underground
space, a collapse doline can form (Fig. 4). If the collapse
includes a cave space, we can classify such a collapse doline
as an unroofed cave.

We have learned that unroofed caves are relatively fre-
quent karst surface forms, certainly more frequent than we
imagined. During the fruitful karstological monitoring of a
70 km-long and on average 25-m-wide expressway right of
way, 350 caves were discovered, of which 90 were unroofed
caves filled with various sediments. They are ever more
clearly readable phenomena of the karst surface. Our good
knowledge enables us to recognize them through a thorough
study of the surface and accurate topographical maps with-
out uncovering the surface.
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Fig. 3 When making the road cut, the contractors cut through a cave passage just below the surface, which was entirely filled with cave sediments

Unroofed caves are part of the polygenetic formation of
the karst surface and epikarst and vadose zones, the upper
part of karst aquifers created by water percolating from the
surface. They originated in the period of the development of
this part of the aquifers in the flooded zone or at the water
table before the lowering of the level of underground waters,
as the sediment in them confirms. Until the underground
water level dropped, water streams flowed through the caves
in the Classical Karst, the region of Slovenia that gave its
name to this unique landscape formed from carbonate rock
and where karstology began to develop (Kranjc 1997). The
aquifer was still highly enclosed and covered by flysch. In
one of the last periods of the development of the caves,
before which they were already dry and flowstone had been

deposited in them, flooding waters filled them with
fine-grained sediment. The sediment filled the fissures and
was preserved during the long period of the aquifer’s
development when the surface lowered by several dozen
metres. The sediment found on the karst surface was gen-
erally explained as traces of a former surface stream when
the level of underground water was close to the surface, but
now we know that it is largely cave sediment.

From the beginning of their formation to their disap-
pearance (Fig. 2a—e), we can trace in the caves the devel-
opment of the karst aquifer in different geological conditions
and changing geomorphological, hydrological and climate
conditions through an important part of the long-term karst
cycle.
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Fig. 4 Due to the denudation of the karst surface, the ceiling of an empty cave passage thinned and collapsed, creating consecutive collapse
dolines; the Skocjan Caves (Slovenia), UNESCO heritage site. Photo Skocjan Caves Park
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Geophysical Researches to Detect Karst
Caves in the Main Polje of Apulia

G. Romano, M. De Girolamo, and M. Parise

Abstract

Canale di Pirro, the main polje in Apulia, extends for
12 km in the Low Murge karst area. It hosts the deepest
cave in the region, reaching the depth of —324 m.
Geophysical analyses have been performed in correspon-
dence of two sites of interest. The first is located about
0.5 km upstream of the cave and is the main swallow hole
in the polje. During rainstorms, most of the water
accumulated in this sector is drained at this site, with time
of absorption ranging from a few hours to some days, in
function of the saturation condition of the sediments. The
survey was addressed to verify the existence of caves, and
the possibility to open a passage in the cover deposits. By
adopting a multi-array and multi-scale strategy, based on
the acquisition and joint inversion of geoelectrical data
collected by using different arrays and with electrode
spacing ranging from 5 to 20 m, a high-resolution model
of the electrical subsurface structure was obtained. With an
investigation depth up to ~ 150 m below the ground and
high surficial resolution, the model shows features com-
patible with the presence of large caves, providing useful
information on their possible extension and the thickness
of the cover deposits. The second site is a small sinkhole
(3 m depth, 7 m diameter) within a vineyard in the eastern
sector of the polje. The survey was addressed to detect
likely ways of water infiltration at the site and possible
presence of underground voids.
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1 Introduction

Canale di Pirro is the main polje in the Apulian karst of SE
Italy, extending for more than 12 km in W-E direction in the
Murge area (central sector of the region; Parise 2006, 2011;
Pisano et al. 2020). Besides being a remarkable example of
surface karst landscape, it hosts the deepest cave in the
region (Inghiottitoio della Masseria Rotolo), one of the two
where cavers directly reach the water table at depth of
—264 m below the ground surface (Parise and Benedetto
2018; Liso et al. 2020). Speleodiving explorations added
further 60 m, so that the total depth of the system is —324 m.

Geologically, the bedrock in the area consists of Creta-
ceous limestones belonging to the formations of Bari
Limestone and Altamura Limestone, with an overall
sub-horizontal bedding. Pleistocene—Holocene residual
deposits fill the flat bottom of the polje, reaching maximum
exposed thickness of some 4-5 m at its borders. Low per-
meability of these deposits is at the origin of the periodic
flooding registered in the polje after major rainstorms, as
usual in the Apulian karst (Parise 2003; Mossa 2007,
Cotecchia and Scuro 2010; Martinotti et al. 2017).

Following the recent explorations at Inghiottitoio della
Masseria Rotolo (Parise and Benedetto 2018) and looking at
other possible caves below the polje, it was decided to
perform geophysical surveys in selected sites within the
Canale di Pirro polje, where evidence of sinkhole and
swallow holes were present. Actually, sinkholes of different
origin (Gutierrez et al. 2014; Parise et al. 2018) represent the
main surface landforms recognizable in wide sectors of
Apulia (Zumpano et al. 2019), and they have been object of
interdisciplinary studies, including geophysical research, at
many sites of the region (Del Prete et al. 2010; Festa et al.
2012; Margiotta et al. 2012).
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In detail, the two selected sites (Fig. 1) are represented by
a small swallow hole in the eastern sector of the polje, at the
mouth of one of the tributary valleys, and by the Gra-
vaglione. This latter is the main swallow holes in the polje,
and is located in its central sector: it is an elongated
depression which collects most of the surface runoff from the
western sector of the catchment.

2 Data Collection and Analysis

The Gravaglione is located about 0.5 km upstream of the
cave before mentioned, and is the main swallow hole in the
polje. It is an elongated opening in the ground, where 4 m of
terra rossa deposits are exposed. During rainstorms, most of
the water accumulated in this sector of the polje is drained at
this site, with a time of absorption ranging from a few hours
to some days, also in function of the pre-storm saturation
condition of the sediments. The survey was addressed to
verify the existence of caves large enough to be explored by
man, and therefore the possibility to open a passage in the
cover deposits. The geophysical survey was aimed to obtain
hints to confirm the presence of a cavity, and to provide
information on its possible extension (both laterally than in
depth).

The size, position, and depth of a subsurface cavity may
be recognized through the implementation of several geo-
physical methods such as Georadar, refraction seismic, and
geoelectric (Mochales et al. 2008; Cardarelli et al. 2010;
Kaufmann et al. 2011; Kaufmann 2014; Das and Mohanty
2016; Leucci et al. 2016). Among these, in the operative
framework here presented, we chose to apply the geoelec-
trical method in consideration of its investigation depth,
capability of investigating large areas in a reduced time, and
easy application. First, a multi-scale approach was adopted

to assess the presence of the cave and it’s in depth extension;
secondly, investigations were carried to define its lateral
continuity.

Several studies (Martinez-Lopez et al. 2013) highlighted
the difficulties related to the clear detection of a cavity by
using the geoelectrical method. Quality of cavity detection
and characterization depends on the inter-electrodic spacing,
as well as on the geoelectrical array. As regards the former
factor, the cavity detection is optimal when the distance
between electrodes is comparable to the diameter of the
cavity. If this condition is not fulfilled, the geoelectrical
investigation may only show vague traces of the cavity. As
for the latter factor, Dipole-Dipole and Wenner—Schlum-
berger arrays seem to lead to the best results even if the final
choice of the array (arrays) to use should be decided based
upon the type of local geology.

To overcome these problems, the multi-scale approach
consisted in the acquisition of three geoelectrical profiles
(ERT) with inter-electrode spacing of 5 m (ERT1), 10 m
(ERT2), and 20 m (ERT3), centered on the study area, ori-
ented W-E and overlapping each other’s (Fig. 2). Data were
acquired by using Dipole-Dipole, Dipole-Dipole reverse,
Wenner—Schlumberger, and Wenner configurations. In this
contribution, the results of the joint inversion of the Dipole—
Dipole and Dipole-Dipole data will be presented only.

All ERT images show a resistivity distribution which is
generally compatible with the geological environment of the
area. ERT1, having the highest surficial resolution, shows
the presence of a shallow conductive layer (p < 30 Q*m) at
the topsoil, extending along the whole profile, down to a
maximum depth of few meters from the ground surface.
Below this layer, the subsurface is characterized in all ERTs
by lateral and in depth resistivity variability. This feature
could be indicative of a bedrock composed of Calcare di
Altamura Fm. in a not uniform condition in terms of

Fig. 1 Two sites object of this study: to the left, Gravaglione; to the right, the sinkhole at the eastern sector of the polje
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Fig. 2 Subsurface resistivity models obtained by inverting the Dipole-Dipole geoelectrical data along profiles ERT1, ERT2, and ERT3. The

inversion program used was RES2Dinv (Loke 2004). Panel a ERT 1,

R.M.S = 6.53%; panel b ERT 2, RM.S = 3.87%; panel ¢ ERT 3, RM.

S. = 8.25%. Location of the geoelectrical profiles with respect to the depressed area of Gravaglione is shown in the upper-right corner inset (where
ERT profiles do not overlap for graphical purposes). The vertical dashed black lines in the sections indicate the position at which the profiles cross

the Gravaglione. On top of ERT3 and ERT2, dotted lines indicate the

fracturing condition and water presence. Out of this, scheme
is the resistivity anomalies in the central part of each section
and that visible in the large-scale tomography between 650
and 670 m along the profile.

The resistivity models are highly coherent when they
relate to the same subsoil portion. A resistivity anomaly
(>4 kQ*m) is visible in the central part of all ERTs. How-
ever, the large scale, low resolution, ERT3 identifies a single
resistivity anomaly well located between 250 and 280 m a.s.
1, the higher resolution surveys (ERT1 and ERT2) reveal the
presence of two different resistivity cores side by side with
the eastern one slightly deeper and immerging eastward.
These resistive anomalies could be associated to what seems
to be a cave complex. As from the higher resolution resis-
tivity image, there might be two distinct at least partially
air-filled caves, but it is not possible to assess if they are
connected or not. The presence of a further cave in depth is
excluded by the large-scale ERT3 which does not show
other relevant resistivity anomalies.

As regards the resistivity nucleus east of ERT3, this does
not coincide with any morphological indication which might
lead us to suppose the presence of another cave. Differently

area investigated by ERT2 and ERT1, and by ERT1, respectively

from the central resistivity anomalies which is clear recog-
nizable also in the Wenner—Schlumberger and Wenner
dataset, its presence is highlighted only in the Dipole—Dipole
and in the Dipole-Dipole reverse sections. It cannot be
hence excluded that it might be related to an artifact of the
geoelectrical data inversion process. Further, investigations
(high-resolution ERT) will be performed in the next future to
assess its nature.

Once confirmed the cavity presence, the next step was to
define its lateral extension. To this aim, other two geoelec-
trical profiles, with 5 m inter-electrode spacing, were
acquired (see inset of Fig. 3):

e ERT4, a NI120° oriented profile which crosses the
depressed area north of the previously acquired ERTs, not
intercepting this last;

ERTS5, a N30° oriented profile bordering the eastern side
of the depressed area and crossing both the multi-scale
ERTs and the N120° oriented one.

Finally, by plotting in three dimensions all tomographic
results related to the high-resolution ERTs (5 m
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inter-eletrodic spacing), it is possible to appreciate the
coherence of the geophysical results and to have a first idea,
even though not exhaustive, of the extension of the cavity
(Fig. 4): in the figure, it was intentionally used a linear
resistivity scale to highlight the cavity presence and to
demonstrate how its presence is affecting the geophysical
results.

Both the profiles show a general resistivity distribution
like the one previously shown and described (Fig. 3). Where
the ERT4 crosses the depressed area, an in depth resistivity
anomaly can be observed. Its resistivity (<4 k Q) let us
suppose that the anomaly could be related to the presence of
a smaller sector of the cavity (not well resolved by the ERT
survey) or to a side-effect of the cavity presence. In this last
case, it may be possible that ERT4 does not pass directly
over the cavity, but is located in its near proximity.

ERTS shows the presence of a large anomaly whose
position, extension, and resistivity values are compatible
with the ones previously interpreted as indicative of a cave
presence.

A more classical approach, based on the acquisition of
two orthogonal geoelectrical profiles, was adopted at the
other site, corresponding to a sinkhole in the eastern sector

ERTS
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2510 3755 5000

20 1265

VONR NS
3

Fig. 4 3D plots of the geophysical results. The cavity is well
highlighted by resistivity values well above the background. The
Gravaglione depressed area, not indicated in the figure, is located
between ERT1 and ERT4
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Fig. 5 Sinkhole at the eastern sector of Canale di Pirro polje: subsurface resistivity models obtained by inverting the Dipole-Dipole geoelectrical
data along profiles ERT6 and ERT7 (respectively showing R.M.S = 6.3%, and 4.8%). Location of the profiles with respect to the sinkhole (pink

circle) is shown in the inset

of the Canale di Pirro polje. The geoelectrical profiles (ERT6
and ERT7), are centered on the area with evidence of ground
sinking (see inset in Fig. 5). Considered the limited dimen-
sions of the sinkhole (approximate diameter <10 m, see also
Fig. 1), the inter-electrodic spacing was set to 5 m. Both
profiles are 235 m long and reach a maximum investigation
depth of ~50 m below the ground surface. Geoelectrical
data were acquired by using Dipole—Dipole, Dipole-Dipole
reverse, Wenner-Schlumberger, and Wenner configurations.
Results of the joint inversion of the Dipole-Dipole and
Dipole-Dipole data are here presented, considering that
inversion of the other dataset produced similar outcomes. In
analyzing Fig. 5, it has to be noted that the adopted color
scale is different from that used in Figs. 2 and 3.

Generally, ERT images do not show the presence of
resistivity anomalies possibly related to cavity presence.
A possible geological interpretation of the resistivity distri-
butions is based, as for the Gravaglione site, on the presence
of a more conductive surficial topsoil layer overlaying a
more resistive material, associated to the Altamura Lime-
stone. This latter seems to be shallower in the SW sector of
the investigated area and is characterized by (1) a not uni-
form resistivity distribution along the profile and (2) an
increasing resistivity in depth. The presence of areas with
varying resistivity could be associated to a different
fracturing and saturation level of the Altamura Limestone
formation, with the lower resistivity values associated
to the higher degree of fracturing/saturation (Reynolds
1997; Schén 2015).

3 Conclusions

In this contribution, we have illustrated the first outcomes of
geophysical analyses performed at the Canale di Pirro polje of
central Apulia, in correspondence of two sites of particular
interest. At Gravaglione, the main swallow hole in the polje, the
survey was addressed to verify the existence of caves large
enough to be explored by man, and therefore, the possibility to
open a passage in the cover deposits. By adopting a multi-array
and multi-scale strategy, based on the acquisition and joint
inversion of geoelectrical data collected by using different
arrays and with electrode spacing ranging from 5 to 20 m, a
high-resolution model of the electrical subsurface structure was
obtained. With an investigation depth up to ~ 150 m below the
ground and a high surficial resolution, the model shows features
which are compatible with the presence of large caves and
provides useful information on their possible extension and on
the thickness of the cover deposits.

The second examined site is a small sinkhole within a
vineyard, with depth of about 3 m, circular shape and diameter
of some 7 m. The survey was addressed to detect likely ways
of water infiltration at the site, and the possible presence of
underground voids and conduits in the limestone bedrock. In
this case, no clear evidence of such features was identified, and
the most likely explanation for the sinkhole at the ground
surface is that the water running down from the nearby ridges
at the northern boundary of the polje infiltrates within the
complex network of fractures in the carbonate rock mass.
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Study of Rull Cave Dynamics to Understand
the Complex Relationships Between Soil,
Cave and External Atmosphere

C. Pla, S. Gil-Oncina, M. C. Ruiz, J. C. Canaveras, S. Cuezva,
A. Fernandez-Cortés, S. Sanchez-Moral, and D. Benavente

Abstract

Rull Cave is a karstic cavity located in Vall d’Ebo
(Alicante, Southeast of Spain) developed in massive
Miocene conglomerates and Cretaceous limestones which
consists of a single room with a rounded shape. It is a
tourist cave with an average of 15,091 visitors per year.
The environmental conditions in the cave’s interior and
exterior, as well as the physical properties above the cave,
were measured from 2012 to 2021 to understand the
gaseous dynamics and their relationships in this
three-component system (soil-cave-atmosphere). Besides
the presence of visitors, Rull Cave maintains stable values
of mean temperature (16.1 °C) and relative humidity
(97.6%). The cave presents two different gaseous stages
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in an annual cycle. In the study period, maximum average
values of CO, and **’Rn were reached in the hottest
months (3966 ppm of CO, and 4185 Bg/m>, respec-
tively), while coldest months are related to the lowest
gaseous concentrations (478 ppm of CO, and 368 Bq/m’,
respectively). Discrete sampling of 3'*C of CO, in cave,
outdoor atmosphere and soil allows to characterize the
spatial distribution and temporal variations of the gaseous
concentration in background atmosphere, cave and soil
air as well as the relationship between them. Results show
that the dynamics of ***Rn and CO, in the cave air follow
different patterns defined by the complex relationships
between external and internal factors. Findings permit
lately to preserve the quality of the cave indoors and to
understand the possible risk derived from the presence of
indoors hazardous substances.

Keywords

Karst » Underground atmosphere * Gaseous exchange
Microclimate

1 Introduction

Underground caves constitute one of the most characteristic
components of a karst system. They develop within the
existent porous network, in the voids and cracks. The study
of caves can be approached from different perspectives due
to their interest related to tourism, natural heritage, the
exchange of matter and energy between the outside and the
inside, the microclimatic and particular environmental con-
ditions and the geochemical processes, among others
(Bourges et al. 2014; Cuezva et al. 2011; Garcia-Anton et al.
2017).

The main factors responsible for cave formation are the
dissolution processes that affect the karst system, which
depend on the water infiltration and the geochemical
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reactions (Gombert 2002; Piccini and Mecchia 2009). Thus,
the result of these processes will infer the formation of a
shallow atmosphere that will have particular conditions
concerning the geological, environmental and biotic features
of the system.

In the vadose zone, subsurface caves commonly present
high thermostability conditions as well as high gaseous
concentrations (CO,, 2*’Rn; among others) (Cuezva et al.
2011; Fernandez-Cortes et al. 2011) in comparison to the
external atmosphere. Previous research demonstrated that
CO, concentration comes from the overlying soil over the
cave (Faimon et al. 2011), since soil emits the largest
amount of CO; in the terrestrial ecosystem (Ryan and Law
2005). The transport of this greenhouse gas is performed by
both gaseous diffusion and advection, related to the condi-
tions on the soil-cave system and also by CO, dissolution in
dripping waters (Frisia et al. 2011).

222Rn concentration in caves depends mainly on the
exhalation of host rocks and soil and derives from radium
decay. Depending on the relationships between different
environmental and geological conditions, the exhalation rate
and the transport mechanisms through the porous network,
222Rn concentration will vary in the different shallow envi-
ronments (Alvarez-Gallego et al. 2015; Lario et al. 2005).

Thus, the dynamics and the prevailing relationships of a
system influenced by the outdoor atmosphere, soil and host
rock will be directly responsible for the cave conditions, i.e.,
environmental conditions and gaseous concentrations
(Garcia-Anton et al. 2017; Pla et al. 2016a).

Traditionally, karstic caves have been employed by
human beings as they were shelter places due to their war-
mer interior conditions. In addition, they were also related to
the water existence. Nowadays, these shallow environments
provide a source of scientific information about, for instance,
biological, geological, environmental and climatic features.
They are vulnerable sites because their inherent environ-
mental equilibrium is affected by the activities developed in
the interior and the external-related atmosphere (Bourges
et al. 2014).

Principal activities that can strongly affect the natural
equilibrium are basically related to the human presence (Pla
et al. 2016b). This presence can alter microclimatic condi-
tions such as relative humidity, temperature, CO, concen-
tration, microorganisms’ development and particle dynamics
that will be impacted in direct modification of the natural
dynamics.

The presence of people inside these environments is quite
common since caves are related to natural heritage. In this
line, there are many examples of caves which conform the
natural heritage of the places where they are located. Thus,
they contain cultural treasures that attract the attention of
tourists (Woo et al. 2019).

Because of that, the study of caves is significant and
important, mainly when they are related to the presence of
people. From one perspective, it is fundamental to know the
conditions to protect these natural environments considering
the effects that human presence can have on them. From the
other, cave studies are considered a key factor to ensure the
quality of the cave air, determining the absence of hazardous
substances in the caves since CO, and **’Rn affect human
health and, in the presence of people, they must stay within
certain maximum levels (Alvarez-Gallego et al. 2015; Pla
et al. 2020).

In this study, we will focus on **’Rn and CO, dynamics
in Rull Cave, studying their evolution through a decade with
the aim of understanding the relationships between external
and internal factors to preserve the quality of the cave
interior and evaluate possible risks derived from the pres-
ence of potentially hazardous substances within the cave.

2 Materials and Methods

2.1 Field Site

Rull Cave (38°48'40"N, 0°10'38"W) is located in Vall d’Ebo
(Alicante), Southeast Spain. The cave is developed in both
massive Miocene conglomerates and Cretaceous limestones
(Pla et al. 2016a, 2017). It is a large room with a rounded
shape and has an area of approximately 1535 m” and a
volume of 9915 m>. The maximum height inside the cave is
around 20 m in the central chamber although it varies with
location. The host rock within which Rull Cave is developed
has a calculated variable thickness of 9.3-22.3 m. The
entrance to the cave is located in its highest part. Thus, the
cave is developed downwards from the outside. Multiple C3
plants, Mediterranean vegetation and microorganisms grow
in the silty-silty loam soil over the host rock of the cave
which constitutes the main source of the CO, concentration
in the cave (Pla et al. 2016b, 2017).

The site has a Csa climate type (Koppen-Geiger Classi-
fication slightly modified, AEMET-IM 2011), which con-
sists of warm annual temperatures with a dry and hot
summer.

For the study period (November 2012-January 2022)
average atmospheric temperature, relative humidity and
pressure in Rull Cave site are 16.0 °C, 73% and 964.3 mbar.
Average annual precipitation (2013-2021) is 431 mm.

Interior conditions in the cave (November 2012—January
2022) are defined by average temperature, relative humidity
and pressure of 16.1 °C, 97.6% and 964.3 mbar, respec-
tively. Average CO, and **Rn concentrations for this period
are 2016 ppm and 1762 Bg/m>. Rull Cave is a touristic cave
which annually receives, on average, 15,091 people.
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Soil average conditions for the period between February
2015 and January 2022 (soil temperature and volumetric
water content) were 16.3 °C and 0.23 m*/m?, respectively.

2.2 Monitoring System

Environmental measurements in Rull Cave were performed
with different weather stations and environmental probes
which changed within the study period (Pla et al. 2016b,
2017). The present monitoring system inside the cave con-
sists of one datalogger HOBO H22-001 (Onset Computer,
USA) connected to the electrical supply but with security
battery to ensure autonomy in case of power failure. Probes
connected to the datalogger provide temperature and relative
humidity (HMP45AC, Vaisala, Finland; accuracies of
£+ 0.2 °C and + 2.0%, respectively), CO, concentration
(GMP252, Vaisala, Finland; accuracy of & 40 ppm) and
barometric pressure (S-BPB-CMS50 Sensor, Onset Com-
puter, USA; accuracy of £ 3.0 mbar). In addition, a Radim
5 WP radon monitor (SSM&SISIE, Prague; accuracy
of & 12 Bg/m®) measures *’Rn concentration.

Outside conditions were measured with a H21 Hobo
Weather  Station (Onset Computer, USA) with
S-THB-MO002 temperature and relative humidity sensor
(Onset Computer, USA; accuracies of £ 0.21 °C and =+
2.5%, respectively), S-BPB-CMS50 barometric pressure
sensor (Onset Computer, USA; accuracy of + 3.0 mbar)
and S-RGF-M002 Davis rain gauge sensor (Onset Com-
puter, USA; accuracy of + 4%). Soil conditions (tempera-
ture and volumetric water content) were measured with a
HOBO Ul12 logger (Onset, USA; accuracy of £ 0.5 °C)
and an ECHO EC-5 probe (Decagon Devices, USA; accu-
racy of = 1-2%). Only from September 2019, additional
long-term measurements of **’Rn were performed in soil
using Kodalpha films (LR115). From January 2014, addi-
tional measurements of air sampling in the outside atmo-
sphere, soil and cave were also discretely performed to
characterize the spatial distributions and temporal variations
of CO, concentrations and its 8"*C signal by pumping the
air and saving it in 1 1 Ritter sampling bags. These samples
were analyzed using a Picarro G2101-i analyser (California,
USA; accuracy of & 0.3%0 for 613C02 after 5 min of
analysis) that employs cavity ring-down spectroscopy
(CRDS-WS) (Crosson 2008).

3 Results and Discussion

Rull Cave follows a stationary behavior with periodic annual
cycles. In the cave, higher concentrations (CO, and 222Rn)
are always existent in the hottest months of the year while in
the coldest months cave gaseous concentration drops to

minimum (Fig. 1). Temperature is a key factor in the cave
dynamics since relationships between outside and interior
temperature are responsible for changes in cave concentra-
tions. For the study period, maximum outdoor temperatures
reach 36.8 °C in summer falling down to —1.2 °C in win-
ter. In contrast, interior temperature variations are
within + 0.5 °C from the average (16.1 °C) (Fig. la).
Maximum temperatures in the cave are always reached in the
coldest months due to the thermal conductivity of the host
rock (Pla et al. 2016b).

Relationships between cave and outdoor temperatures are
responsible for the increasing (recharge) or decreasing
(discharge) of gaseous concentration in the cave due to
density differences between cold and hot air masses. In an
annual cycle, when outdoor temperatures are higher than
cave temperatures, the colder and denser air in the cave
indoors remains stagnant and causes the gaseous concen-
tration to increase, reaching maximum values during sum-
mer (Fig. 1b). In contrast, the thermal inversion between
atmospheric and cave temperatures, which occurs between
October and November, produces advective ventilation
through host rock fractures and brings the denser outside air
into the cave, displacing the cave air containing maximum
gaseous concentrations. This pattern is cyclic, and it is one
of the mechanisms governing the cave dynamics (Pla et al.
2016b, 2017, 2020). In addition, soil conditions greatly
influence cave dynamics. Figure 1c shows that soil condi-
tions (soil temperature and volumetric water content) are
related to outdoor conditions. Maximum values of soil
temperature are reached nearly simultaneously to outdoor
temperature. The amount of water present in soil is also
directly related to the rainfall occurrence and the soil tem-
perature. Thus, considering the relatively stationary rainfall
behavior in the study area (more common in spring and
autumn) higher values of volumetric water content are
generally found in these periods. Soil conditions control
plant respiration and the decomposition of the organic matter
by soil microorganisms (Amundson et al. 1998) which are
the producers of the biotic CO, on soil.

Lab experiments performed on Rull soil samples con-
cluded that soil CO, production correlates to soil tempera-
ture and water content (Pla et al. 2016a). High CO,
concentrations occur with high temperatures and moderate
soil water content (lower than 0.5 m*/m®) which matches
with the relation between CO, production (Fig. 1d) and soil
conditions (Fig. 1c).

Generally, higher production rates of soil CO, are found
in spring (April) and autumn (October). The high soil CO,
concentrations determined by the discrete sampling in Rull
Cave soil (Fig. 1d), match with the lighter values (decreas-
ing values) of its 8'°C isotopic signal.

As established by Keeling (1958), the Keeling plot for the
analysis of the 8'>CO, isotopic signal confirms that the



162

C. Pla et al.
¥ g 3 2 e & = =2 g 5
5] & & & <) = b4 & & &
> > > = - > > > > >
2 2 = 2 2 = Z 2 2 2
Qutdoor T ——
OG CaveT
@
3
€
Q 4
&
5
'_
5000 - - 5000
4000 | L 4000
E E
£ 3000 L 3000 &
= e
o' 2000 - L 2000 53:: 600
o S 1400 §
1000 . 1000 200 o
2
0 0
30 0.6
o N ~ 150
o 20 J - 0.4 :’g -
g | E_,E’ L100 E
a Rainfall ! . | =
aé: 10 - 17" S U SER 1] * ' o2 § g
kC SR, [+ [ ‘ -
NI N i | )
0 i Ji F m“ LA L. N |1 W J LI. I |l LIL THN Loo 0
5000 - o T
1 0'*C cave L N
000 | @ - 22 § - 4000
£ ] C o[ &
33000-_ o o F26 o :3000%
o' 2000 - N _ 50il CO c* L 2000 2
o | y \ | c
1000 - 1000 §
Soil ***Rn R
0 . . ' v -0
s 2 T 2 e ot e & 8§ 8
& N & & 2 = Q & & ~
> > > > = > > > >
3 2 & - $ s 2 s 3 $

Fig. 1 Environmental conditions in the cave, the outdoor atmosphere and soil for the study period, a Outdoor and indoor temperatures (°C),
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313C (Ritter

sampling bags) and **’Rn (Kodalpha films, LR115) in soil are discretely performed in the study period

carbon isotope chemistry of a soil is the result of plant root
respiration and the decomposition of the organic matter by
soil microorganisms. When C3 plants are predominant,
3'°C0O, is —27%o (Amundson et al. 1998). The Keeling plot
for Rull site, using outdoor, soil and cave air samples,

demonstrates that the cave interior concentration proceeds
from mixing the CO, of the outdoor atmosphere and the soil
CO,, and points to a dominant component of the soil CO, as
highlighted by the y-intercept value (Fig. 2) (Garcia-Anton
et al. 2017; Pla et al. 2016a).
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Thus, decreases in the cave air 8'°CO, (lighter values)
indicate the predominance of soil CO, production while
higher values of 8'°CO, confirm the predominance of
atmospheric air in the cave atmosphere (Fig. 1d). The pro-
duced soil CO, migrates by diffusion to the underground
cave through the cracks, voids and pores, reaching the cave
and contributing to increase CO, concentration (Pla et al.
2016a, 2017). Diffusion is regulated by soil concentrations
and physical conditions. Both mechanisms, advection and
diffusion, are responsible for gaseous concentration although
one will be more important in absence of the other, with a
dependence on the annual cycle.

CO, concentrations in Rull Cave also derive from
degasification of dripping waters (Pla et al. 2020) although it
is not predominant, and from the human presence since Rull
Cave is a touristic place. Short term CO, disturbances inside
the cave are noticeable during massive visits which mainly
occur in the Easter period. However, baseline levels are
rapidly recovered once the visits end. Thus, previous studies
performed in the cave confirmed that visitors may not alter
drastically the conditions of the interior cave atmosphere
(Pla et al. 2016Db).

The gaseous recharge and discharge stages of CO, are
also followed by **?Rn (Fig. 1b). Maximum concentrations
of both gases are reached simultaneously, confirming the
annual dependency of gas concentrations on the temperature
gradient and its influence in the predominance of gaseous
diffusion or advection. However, production and exhalation
of ?*’Rn depend, not only on the soil, but primarily on the
host rock and sediments of the cave. Although **’Rn mea-
surements in Rull Cave soil have been performed for a short
period compared to CO, soil measurements (Fig. 1d), they
present a temporal variation related to soil conditions. If
diffusion of CO, from soil to cave through the porous

network of soil and rocks affects CO, cave concentration,
diffusion may also affect the **’Rn produced in soil and
rocks through the vertical profile over the rock in Rull Cave.
However, additional study of this process is necessary to
establish the different roles of soil and the host rock in the
production of **?Rn which finally will concentrate in cave
atmosphere.

Maximum average concentrations of CO, and ***Rn in
Rull Cave are 3966 ppm and 4185 Bg/m’, respectively. The
EH40/2005 establishes for CO, a long-term exposure limit
(8 h) of 5000 ppm at workplace. For ***Rn, ICRP (2017)
recommends, for the specific situations of indoor work
involving exposures in tourist caves, a dose coefficient of
6 mSv per mJ h/m® which is equivalent, approximately, to
20 mSv per WLM (ICRP 2017). Attending to this, and
considering monthly average values of *?Rn concentration,
one guide would not have to remain inside the Rull Cave
more than 240 h in one year (20 h/month, on average).
However, the exposure time could be adjusted more accu-
rateley considering fewer hours in the periods with higher
#22Rn concentrations.

As demonstrated, microclimatic monitoring of Rull Cave
compliments the official standards about air quality and
assists in the determination of potentially hazardous
concentrations.

4 Conclusions

Rull Cave dynamics depend on the complex relationships
between the soil, cave and external atmosphere. This study
demonstrates that environmental parameters in this multi-
component system are responsible for the gaseous concen-
trations (CO, and ?*’Rn) in the cave air. Rull Cave follows
an annual pattern with one recharge period and one dis-
charge period. These periods occur as a consequence of the
thermal relationships between interior and outdoor atmo-
spheres that cause advective ventilation through the host
rock fractures. Thus, in the warmest months colder and
denser air in the cave indoors remains stagnant and causes
the gaseous concentration (CO, and 222Rn) to increase,
reaching maximum values. In the coldest season the
advective ventilation brings the denser outside air to the cave
interior, displacing the cave air containing maximum gas-
eous concentrations. Simultaneously, gaseous diffusion
(dependent on soil and host rock pore network conditions) is
also responsible of increasing gas concentration in Rull
Cave. CO, produced in the soil migrates by diffusion to the
underground cave through cracks, voids, and pores. Simi-
larly, the gaseous diffusion also affects *’Rn concentration
in the cave, since 222Rn exhaled from soil and rocks
migrates, by differences in concentration, through the verti-
cal profile over the cave host rock.
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Results of this study confirm that the continuous moni-
toring of Rull Cave, soil, and the external atmosphere pro-
vides substantial information about the environmental
situation of the cave atmosphere that ensures a proper con-
servation of the cavity. In addition, this information is sig-
nificant and important considering that Rull Cave is a
touristic cave in which official standards about air quality
may be respected.
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Hydrological and Environmental Dynamics
in Las Giiixas Show Cave: Tourist
Exploitation and Flood Risk Management

R. Giménez, M. Bartolomé, L. Ezquerro, G. Benito, M. Luetscher,

and A. Moreno

Abstract

Show caves are great natural attractions and constitute
important economic engines for particular rural areas.
However, cave management requires knowledge of the
cave dynamics to ensure adequate exploitation and
conservation (e.g. number of visitors, amount of CO,,
other impacts). Show caves located close to the hydro-
logical base level can be affected by a sudden rise of the
water level in response to rainfall events, exposing
touristic facilities, visitors and staff to flood risk. Here
we present a monitoring campaign in Las Giiixas show
cave, a small tourist cave located in the Central Pyrenees,
to guide in developing an adequate flood risk manage-
ment plan (FRMP). Cave monitoring includes tempera-
ture, relative humidity, CO, concentration and water level
measurements to characterize the different cave sections,
as well as to assess the possible influence of the visitors
on the cave dynamics. The tourist section is very well
ventilated due to intense air flow associated with a
chimney effect, and therefore CO, remains low and
temperature shows high thermal oscillations throughout
the year. During the maximum number of visits per day,
the CO, generated by the tourists increases, however, is
quickly reduced by the ventilation. Water level monitor-
ing shows clear rises depending on the amount of rainfall
and snowmelt in the catchment area. However, the water
level does not always respond to given rainfall amounts in
the same way, indicating that the water retained in the
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karst system plays an important role. Water can flood the
tourist section forcing to cancel the following visits which
generates economic losses. In addition, the higher water
flow increases the natural inputs of CO, in the cave
atmosphere due to degassing. Las Giiixas cave monitor-
ing shows that anthropogenic CO, emissions remain
substantially lower than CO, concentrations during the
flood events.

Keywords

Cave monitoring * Environmental conditions * Flood risk
management * Karst hydrology ¢ Natural heritage
preservation * Show cave * Water level

1 Introduction

Caves are places with an important natural and cultural
heritage assets. Caves enabled for tourism are accessible to
large numbers of the public, and provide an opportunity
spread knowledge and awareness of the underground envi-
ronment. At the same time, touristic caves attract a large
number of people, promoting the economic development in
the places where they are located. Nonetheless, the
exploitation of a cave for tourism involves a series of human
impacts leading to alterations in its environmental balance.
Thus, a detailed knowledge of the natural variability in the
cave air (e.g. temperature, relative humidity (RH), and CO,
concentrations) is necessary to evaluate the anthropogenic
effects and establish the natural recovery time for the cave
(Rivas et al., 2004). One of the most studied atmospheric
cave parameter in show caves is CO,. Under natural con-
ditions, CO, concentrations in the cave atmosphere comes
from several sources, such as soil respiration, exchange of
air masses with the outside, dissolution of limestone or even
CO, of deep origin (hypogenetic) (Lambert and Aharon
2011). CO, concentration is an essential parameter of
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underground atmospheres for cave heritage preservation,
being widely studied together with temperature and relative
humidity of air (e.g. Bourges et al. 2020). Besides, in show
caves, an increase in CO, in relation to the number of vis-
itors is typically observed (e.g. Lang et al. 2015). Thus,
periodic CO, control is necessary in order to evaluate the
effects of the touristic visits to the caves as well as to protect
the visitors from high CO, levels. On the other hand, in
caves with water flow, an accurate knowledge of the
hydrological base level is desirable to understand the
hydrological dynamics and determinate the response of the
water levels to rainfalls. This fact becomes essential in the
case of a show cave, where flood events caused by sudden
rise of base level can produce economic losses and even
expose human lives to risk. Here we present the preliminary
results of cave monitoring (temperature, RH, CO,, and water
level) since July 2017 in Las Giiixas, a small tourist cave
located in the Central Pyrenees. The main goals of this study
are (i) to establish the environmental parameters and
understand the current hydrological dynamics of the cave,
(ii) to characterize the different cave sections, and (iii) to
assess the possible influence of the visitors on cave
dynamics. The results of this research will inform improved
cave management including issues related to its conservation
and risks during the rainfall season.

2 Location and Site Description

Las Giiixas cave is located in Villanua (Huesca Province), at
the base of the Collarada massif (2886 m a.s.l) in the Central
Pyrenees (Fig. 1A). This mountain area is characterized by a
transitional Mediterranean—OQOceanic climate, with a mean
annual air temperature (MAAT) of 10 °C, while total pre-
cipitation is around 1100 mm. The cave is developed in
Eocene-aged carbonate rocks (the Villana megabreccia)
and it has created one of the main discharge springs of the
endokarstic Collarada system. Las Giiixas cave has been
continuously occupied at least since the Bronze Age, and
still maintains easy access from Villantia through a historic
passageway. The cave was first opened for tourism from
1929 to 1936, when it was closed to the public and used as a
refuge and military prison. Tourism activity was resumed in
1996 and continues currently. Tourist visits have doubled
during the last 7 years and about 28,000 people currently
tour the cave each year, with touristic activity of the cave an
important economic asset for the locality of Villanta.

The cave extends for 1100 m of passages and galleries
with a vertical extent of 67 m, being a relative shallow cave
in which the bedrock thickness varies between 2 and 27 m.
Three levels of galleries form the cave; (1) the lower level
comprises the phreatic level, only accessible with diving
techniques, and drains to the Aragon River; (2) the middle

level is only hydrologically active during floods and corre-
sponds to the area enabled for tourism. This level has two
entrances, the main cave entrance (979 m as.l.) and a
sinkhole; (3) the upper level comprises the highest galleries
and has two more entrances (1016 and 1026 m a.s.l). These
four entrances facilitate the bidirectional circulation of air in
the cave through the middle and upper galleries. The middle
level is connected with the permanently flooded lower level
by a ramp and a siphon and works as a trop-plein a conduit
that acts as an overflow tube during high water availability
(Fig. 1C). When the water levels increase after rainfall or
during snowmelt, the water ascends ~ 16 m from the siphon
to the middle level and floods the touristic area forcing
cancelation of tours, ending in the western drain located in
the lowest elevations of the middle level. The upper level is
currently disconnected to the hydrological activity derived
from floods. The cave is well decorated and speleothems
tyoes include flags, stalagmites, flowstones and stalactites, as
well as clastic deposits, as the result of breakdown processes
and floods.

3 Methods

Cave monitoring includes temperature, RH, CO, and water
level measurements. Location of sensors and control points
are shown in Fig. 1B. Temperature and RH were recorded
with four temperature sensors (Hobo U23-001) at a 1 h
interval. CO, was measured continuosly using a CO, sensor
(HD37VBTV.1 - GHM Group) located in the Cathedral
room. In addition, monthly CO, measures were carried out
with a CO, hand-meter AZ-001 in 9 sites along the cave
from November 2018 to March 2020 and outside of the
cave. Two water level sensors (Hobo U20L-02) record
changes in the water height at the siphon and atmospheric
pressure. The water level monitoring was completed by three
buoys located on the access ramp to the siphon that alert via
SMS about the flow stage. Punctually, flow rate measure-
ments were taken during flood events using salt gauging
methods. Furthermore, local atmospheric variables (tem-
perature, precipitation, wind and RH) were obtained from
nearby meteorological station.

4 Results and Discussion

4.1 Temperature and RH Variations

The temperature shows similar trends in most parts of the
cave (sensors 7-1, T-2, and 7-3), defining a thermal behavior
(thermal zone A) for the middle gallery and part of the upper
galleries (Fig. 1B). These areas had a mean temperature
during the monitoring period of ~9.1 °C and high thermal
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Fig. 1 A: Situation of the Collarada Massif in the Pyrenees (left) and the Las Giiixas cave in Villanta village (right). B: Sketch of the Las Giiixas
cave with the location of the measurement points and the thermal zones. C: Topographic cross-section of the Las Giiixas cave, the water and the
flooding levels are indicated with dashed lines. Topography modified from Bengoetxea et al. (1994).

oscillations up to 13.8 °C (Table 1) due to the air currents
between entrances (chimney effect) that induce a strong
ventilation. The innermost part (sensor 7-4) exhibits a dif-
ferent behavior and shows relative thermal stability (thermal
zone B), with a mean temperature of 10.7 °C and small
temperature oscillations (0.6 °C), being slightly warmer than
the thermal zone A.

Along the zone A, there is a trend toward higher tem-
peratures as height increases (Table 1). During winter, sea-
sonal cryospeleothems formed from ice are found close to
the main entrance, in the sinkhole and in the cathedral area,
where the strong ventilation occurs, indicating occasional
drops of temperature below O °C. The temperature oscilla-
tions in thermal zone A track closely to the outside
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Table 1 Summary of the mean,
maximum and minimum values

of temperatures and RH recorded ~ S€nsor position Mean

in the Las Giiixas cave during the 7.1 8.2

monitoring survey — 89
T-3 10. 2
T-4 10.7

variations, with small delay of 2-3 h. Conversely, in thermal
zone B temperature variations are smaller exhibiting a delay
of 7 days. Similarly, this behavior (delay and attenuation)
has been observed in other caves (Smerdon et al., 2004).

Regarding RH, significant differences between the
defined thermal zones are observed. In the lower part of the
thermal zone A (the touristic zone; sensors 7-1 and 7-2)
there are important RH drops during autumn and winter.
These oscillations are probably related to the entry of cold
and dry air. On the contrary, in the upper gallery (sensor
T-3), RH drops are intensified in summer likely in relation to
the great temperature increases in this area. Finally, in the
innermost part (sensor 7-4), the RH remains constant close
to 100%.

Thus, our temperature and RH observations suggest that
temperature changes in the thermal zone A are mainly
controlled by advection as consequence of ventilation pro-
cesses. On the contrary, the thermal stability in the thermal
zone B indicates a limited advection effect due to a low air
circulation associated to a lack of direct connection with the
outside. Thus, temperature in this zone may be controlled by
heat conduction through the rock.

4.2 CO, Natural Dynamics and Influence
of Touristic Visits

Monthly CO, records from different stations along the cave
(Fig. 1B) define two sectors similar to those described in the
thermal zones. In zone A (stations 2—7), CO, remains low
during the whole year. In contrast, CO, concentration is
higher in the upper galleries (station 8 to 10), increasing
toward the innermost part of zone B (up to 7600 ppm). CO,
data recorded continuously in the Cathedral Room (zone A)
has shown a low concentration of ~420 ppm, but visits
results in significant increases in CO, concentrations adding
more than 100 ppm. However, the observed CO, peaks are
generally reduced during the next hour after the visit,
recovering their background level. This suggests a quick
elimination of the anthropic CO, in relation to the effective
ventilation in this area (Fig. 2). On the other hand, natural
CO, peaks (~900 ppm) represent sudden increases in the
CO, concentration produced by the degassing of water
during flood events, being up to 5 times higher than those

Temperature (°C)

Relative humidity (%)

Maximum Minimum Mean Maximum Minimum
12.8 3.7 - 100 -

15.3 1.5 99.8 100 83

16.9 4.3 99.2 100 75.7

11.3 9.4 100 100 100

anthropically produced. Similarly to the anthropogenic
increases, those CO, values are easily eliminated by venti-
lation after the flood event (Fig. 2B).

The visits are organized in groups of 20-35 people with a
guide that tour the cave for one hour, reaching 30,000 vis-
itors per year in 2019. The usual regimen of visits to the cave
is two visits per day, normally spaced throughout the day
(12 am and 6 pm) with an extension to four visits on the
weekends, depending on demand. However, during high
touristic seasons (e.g. Christmas, Easter and Summer holi-
days), the number increases up to 6-8 visits per day during
several consecutive days, resulting in high air CO, concen-
trations that need more time to recover back to normal. In
March 2020, the cave was closed due to lockdown derived
from the COVID-19 pandemic during three months and the
tourist activity was resumed with reduced groups due to
government restrictions in June 2020. The low number of
visitors since the lockdown coincides with a progressive
decrease of CO, concentration in background values
(Fig. 2a). This break in the number of visits as well as the
reduction of CO, values at the outside atmosphere during
2020 due to national lockdowns at global scale (Le Quéré
et al. 2020), may explain the observed CO, reduction in the
cave.

4.3 Water Level Monitoring: Response
to Precipitation

The data recorded by the water level sensor provide clear
evidence of a good response of water level to the rainfall
events. The time of response to rainfall is highly variable and
it depends on the amount of rainfall and snowmelt, which
are controlled by temperature and rainfall amount. The
maximum flow rate measured in the cave was 900 L s and
occurred 8 h after a ~60 mm rainfall event. However, after
similar rainfall amounts, the water level does not always
respond in the same way, suggesting the water retained in
the lower level plays an important role. The highest water
level annually, which involves the flooding of the touristic
gallery, takes place mainly during the spring, when the
melting of the snow is combined with the usual rainfall
increase. However, some spring-flood events can also occur
without any relation to rain events, indicating that daily
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Fig. 2 A: Hourly variation of the CO, at the Cathedral room and its correlation with number of visitors inside the cave, B: Detail of CO,
variations during several days on December 2019, coinciding the lower increments in concentration with visits and the highest CO, peak with a

significant flood event

snowmelt is important enough to raise the groundwater level
that peaks in the cave at night. During the summer and
autumn, a low level is maintained with little water retained
in the system and only scattered events with a high amount
of precipitation may generate a rise in the water level to
flood the cave (Fig. 3).

The occurrence of extreme precipitation events can pro-
duce damage to the cave facilities leading to large economic
losses and even human risks, if a sudden level increase takes
place during a visit. As an example, a huge and drastic flood
destroyed the cave facilities in the autumn of 2012. During
this event, the main entrance to the cave worked as a
trop-plein within 3-days of intense rainfalls (>230 mm).
After repairing the damage caused in the cave, a flood
warning system based on buoys at different heights were
installed in the ramp that connect to the siphon and directly
connected to the guides’ center. Currently, once the lower
warning turns on, visits are immediately canceled before the
cave floods, to avoid human risks. The cave remains closed
to the public while the alarm system remains active, even
when the water level descends back down to the siphon area,
as long as rainfall is forecast. This situation may last for
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Fig. 3 Water level changes in the cave compared to rainfall events in
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several weeks and generates important economic losses due
to the absence of incomes. Conversely it exemplifies a
responsible management of the cave with a priority on
safety, increasing the confidence and security of the visitors.

5 Conclusions

Show caves have become important geotouristic targets
worldwide but its management requires an adequate monitor-
ing of physical and environmental parameters to ensure sus-
tainable and safe conditions. Our key findings based on analysis
from Las Giiixas cave monitoring are summarized below:

Cave morphology and entrances regulate the ventilation
regime through the air advection, which controls the vari-
ability of temperature and RH. These air parameters allow us
to define two areas: zone A, characterized by high variability
of temperature and RH due to strong ventilation; and zone B,
with the low air exchange and more constant temperatures
and humidity.

The spatial variability has also correlated with CO,
concentrations, distinguishing similar zones. Changes in the
CO, are control by water degassing during floods and
anthropogenic inputs from visitors. Anthropogenic CO,
emissions are substantially lower than those induced by
floods and both are rapidly removed due to the strong ven-
tilation regime.

The response of water levels in the karst system is
complex and it is influenced by the water storage in the
Collarada karst system. During the spring, high water levels
are related to snowmelt and the increase in rainfall amounts
throughout the season. On the other hand, during summer,
the water level remains low and the cave is flooded only
after heavy rainfall events.

Considering the touristic use of some caves located in the
epiphreatic zone, as at Las Giiixas cave, precise hydrological

studies (e.g. hydraulic models) are necessary to establish and
understanding of the dynamics of flooding. Thus, hydro-
logical modeling of the cave will help to anticipate flood
hazards and risk management actions during the rainfall
season improving the security of the visitors and, addition-
ally, avoiding economic losses as much as possible.
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Understanding Morphosedimentary
Changes and Extreme Past Floods: The Case
of Ojo De Valjunquera Cave (lberian Range,

Spain)

G. Pérez-Villar, M. Bartolomé, G. Benito, A. Medialdea, M. Luetscher,
R. L. Edwards, and A. Moreno

Abstract

During a flood inside a cave, sands and silts are
transported through the cave system and deposited as
(i) a coating of this detritus on speleothem surfaces and
(i1) a flood bed accumulated on the cave passages which
are protected from the main water stream. After the
floodwater level drops, speleothem deposition is restarted
and detrital coatings get trapped inside the carbonate
laminae, while detrital flood bed sequences may contain
clay laminae and water drops features at their contacts.
When this process is unique and continuous (in the case
of speleothems) record of paleofloods in a particular
region is obtained. Typically, speleothems and detrital
sequences close to usual groundwater table, record
ordinary floods. On the contrary, sequences deposited in
areas above the usual epiphreatic zone are expected to
register extraordinary floods. Here, we present the
geomorphosedimentary and chronological (U/Th, OSL)
information derived from the Ojo de Val Junquera Cave
(Iberian Range, Spain). The cave comprises two
sub-horizontal levels connected by shafts and ramps.
The lower level corresponds with an ephemeral spring
and includes six siphons. Stalagmites from the upper level
show single sand layers and brownish bands in relation to
past low/high-frequency flood episodes, respectively.
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U/Th ages show that speleothems grew during Marine
Isotope Stages (MIS) 9, 8, 7, 6, 3, 2 and 1. In the lower
level, at the epiphreatic zone, a poorly consolidated
detrital infill is formed by sands and gravels, indicating
that the cave outlet was once blocked by these sediments,
with an age (OSL) of 377 £ 39 ka (MIS 10-11). The
study of detrital sediment facies and their chronology
allow discerning between extreme and regular floods to
provide high resolution records of extreme floods under
climate variability up to a millennial scale in the Western
Mediterranean.

Keywords
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Morphosedimentary records

1 Introduction

Fluvial and lake sediments are the most common geologic
records to study past extreme flood events (e.g., Benito et al.
2015; Corella et al. 2016). However, the study of detrital
layers trapped in speleothems is growing as a proxy to
reconstruct palaeofloods in a particular area (Gazquez et al.
2014; Gonzalez-Lemos et al. 2015a, b; Denniston et al.,
2015; Denniston and Luetscher 2017; Bartolomé et al.
2021a). Indeed, speleothems may represent the most ade-
quate geological archive to improve flood hazard assessment
due to the high-resolution dating of the interlayering car-
bonates and their continuity, despite which their use as proxy
for flooding is still largely unexploited. Accurate flood
chronologies are obtained from well-dated U disintegration
series (**U-2*U-*°Th) covering a wide temporal range
(500 ka). A limitation to this approach is the complex
response of karst systems to rainfall, which mostly depends
upon rainfall thresholds and therefore, do neither show a
linear nor gradual reaction (Jeannin 2001).
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During a cave flood, sands and silts are transported
through the cave system and deposited on (i) the cave walls
and speleothems (stalagmites, stalactites and flowstones) and
(ii) as detrital flood beds on sedimentary stacks typically on
blind galleries and conducts protected from the main water
stream. Once the flood is over, speleothem deposition is
restarted, and detrital coatings are trapped inside the spe-
leothems. Detrital flood beds are preserved on gallery bot-
toms or forming inset attached to the cave wall, typically
forming sedimentary stacks with contacts marked by clay
layering, slablike deposits and water drop features. Hence,
speleothems located close to the water table usually record
minor or ordinary floods while those located higher, preserve
a record of extreme flood events. However, discerning the
flood magnitude is not straightforward since karst hydrology
depends upon multiple factors such as land use, changes in
the sediment supply and other preconditioning circum-
stances (Denniston and Luetscher 2017). For example,
temporary changes in the cave geometry associated to the
deposition of flood deposits or, on the contrary, related to the
scouring of the cave passages during the flood event; both
cases may complicate the classification of past floods in
ordinary or extraordinary (e.g. Béttig and Wildberger 2007;
Gonzalez-Lemos et al. 2015a, b; Denniston and Luetscher
2017; Bartolomé et al. 2021a). Therefore, speleothems
located in elevated areas with respect to the river may in
some cases record ordinary floods after a sediment mass
flow.

Here, we present a preliminary analysis of morphosedi-
mentary, and chronological data collected in the Ojo de
Valjunquera cave, located in the Iberian range (NE Spain).
The general objectives are (i) to study the flood beds infilling
the cave passages and (ii) associated these infill sequences
with detrital layers coating the cave speleothems.

2 Study Site

The Ojo de Valjunquera (OdV) cave (41° 45' 20.64" N; 1°
37" 57.84" W, ~700 m a.s.l) is located between the Ebro
Basin and the highlands of the Iberian Range (Fig. la),
closed to the Moncayo Natural Park. Moncayo peak
(2316 m a.s.l) acts as an orographic barrier that favors storm
formation. The annual rainfall is ~600 mm mostly con-
centrated in spring and autumn. Folded Triassic materials
(Buntsanstein) dominate the Moncayo highland, while
well-karstified carbonate rocks are in the lowland separated
by the Talamantes Fault. Tertiary polymictic sands and
conglomerates are located downstream to the OdV cave. The
cave develops within Jurassic limestone and dolostone. The
Talamantes fault (Fig. la) area plays an important hydro-
geological role, where many streams infiltrate in the contact

between the Buntsanstein and the lower Jurassic (LIAS
aquifer) (San Romén et al. 1989). Only the elevated areas
from Moncayo peak glaciated during the Quaternary. On the
contrary, the lowlands never have been affected directly by
the glaciers.

The OdV cave (total length of ~ 1033 m) comprises two
sub-horizontal levels with phreatic and vadose sections
(Gisbert and Pastor, 2006). Odv probably had two entrances
(Fig. 1a) located at similar elevation. Currently, the entrance
located downstream of OdV main entrance is completely
blocked by sediments. At 0.5 km from OdV, the water from
seasonal springs infiltrates few meters away, and a ground-
water borehole provides drinking water supply to Ambel
village (Fig. 1b). On the other hand, a borehole (227 m
deep, 2006 year) located ~ 3 km downstream from the
cave indicates a water level 143 m below the surface (629 m
a.s.], Fig. 1b) (Bartolomé et al., 2021a). The lower cave level
corresponds to an ephemeral spring (Fig. 1b), only active
during heavy rainfalls. This lower level includes six siphons,
shafts and ramps connected to the upper level, which is +

11 m above the cave entrance. This level is reached by
water during some extreme events, such it has been evi-
denced in the paleoflood record from modern stalagmites
(Bartolomé et al. (2021a)). Both levels after 650 m converge
to form a single cave passage. The cave contains speleothem
formations, as well as detrital sequences resulting from flu-
vial activity in the cave. In general, the galleries size varies
from 4 to 6 m in diameter, although narrow conduits are
0.5 min diameter. Hydrologically, the cave entrance acts as a
trop-plein, and the spring is active following rainfalls above
60 mm typically remaining active for more than a month.
Bartolomé et al. (2021a) analyzed the cave dynamics during
heavy rainfalls that occurred from March to May of 2018
and 2020. In one of the rainfall events (>60 mm), the water
level rose up by ~ 4 m between the Plaza sector and the
siphon 3 (Fig. 1). Moreover, several old signatures with date
(etchings), made over the wall sediments located in the
lower positions in the de cave, present signs of reworking.
On the contrary, those located in higher positions indicate
these areas have not been affected by floods since many
years (Bartolomé et al. 2021a).

3 Material and Methods

A general exploration of the cave was carried out focused on
characterizing the cave geomorphology. Some deposits,
including carbonated and detrital sediments, were studied
from stratigraphical, sedimentological and chronological
point of view. Several broken stalagmites from the upper
gallery were recovered for U-Th dating (Fig. 2). Around
thirty milligrams of carbonate powder were sampled using a
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a Location of Ojo de Valjunquera cave the main rivers, aerial view of Valjunquera stream (©Google Earth) and cave topography modified

from Gisbert and Pastor (2006). Talamantes fault is the pink line, b Zoom of studied stretches in OdV cave, approximate location of the main cave
deposits and selected samples, and schematic cross-section. Stretch 1 and 2 represent the first ~ 650 m of the cave.

microdrill in a continuous air flow chamber at the Pyrenean
Institute of Ecology (IPE-CSIC, Jaca). The carbonate pow-
der was processed in the Isotope Geochemistry Laboratory at
University of Minnesota (USA), following the protocol
described in Edwards et al., (1987). A key detrital deposit
(Fig. 2a) located close to the main cave entrance was dated
by OSL. For OSL, an opaque PVC tube was introduced
using a hammer in a sandy section in D1 sequence (Fig. 2a).

Up to 200 mg of detrital material around the sample were
collected to measure the humidity and the environmental
dose. The OSL was measured on small multi-grain aliquots
of quartz grains (sizes 180-250 pm) extracted from each
sample. Dose recovery tests were carried out to assess the
optimal heating conditions and the suitability of the SAR
protocol (Murray and Wintle, 2003). Environmental dose
rate has been calculated using DRAC (Durcan et al., 2015)
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Bedrock

OSL sample

Fig. 2 a DI detrital sequence at the entrance gallery. b Detail of unit 2 in D1 formed by pebbles and angular clast. ¢ Remnants of D1 deposit
closed to siphon 1 in the lower gallery. d Sand-carbonate nodules stuck to the bedrock. e Sand-carbonate nodules accumulation at the beginning of

larga gallery

from the concentration of radionuclides present in the matrix
around the sample.

4 Results

Cave deposits comprise carbonate and detrital sequences
(Fig. 1b). Occasionally small bat guano accumulations, as
well as charcoal remains introduced thorough the karst
system from recent forest fires, are found constituting
organic deposits. Clastic deposits are dominant in the cave.
Boulder accumulations (Fig. 1b) generated by gravitational
processes are present in the first meters in the upper gallery.
Sandy deposits coat the boulder chaos and appear also in the
blind sectors in the upper gallery as a result of water level
rise during flooding. A centimetric to millimetric sandy layer
covers speleothems, walls, and ceiling all along the cave,
denoting that at some point water filled up the cave com-
pletely. In some cases, modern looking stalagmites cover
detrital sediments at different locations along the cave.
A total of five main detrital sequences were recognized (D1,
D2, D3, D4 and D5, Fig. 1b). In the lower gallery, close to
the current cave entrance, the D1 (~ 150 cm of thickness,
Fig. 2a) deposit covers the walls and reaches the cave ceil-
ing. Two clearly different units were identified in D1. Unit 1
is formed by ~ 100 cm of sands and silts. Regarding grain
size, this unit is formed by 48.2% of sand, 47.2% of silt
(coarse + fine silt) and 4.7% of clay. The Unit 2

comprises ~50 cm of polimictic, centimetric well-rounded
gravels, and angular clast derived from cave walls (Fig. 2b).
D1 deposit appears forming small sediment patches until
siphon 1, indicating the lateral extension of D1 was ~ 30 m
in the past (Fig. 2c). The OSL age derived from Unit 1 was
377 £ 39 ka (MIS 11-10). The upper gallery deposits D2
(~40), D3 (~120), D4 (~170) and D5 (~40 cm) are
distributed from the access point of the upper gallery to the
siphon 4 at different heights from the cave entrance. In
general, these sequences are formed by rhythmic sand and
silt layers (cm to mm in thickness) (D3) and slack water
deposits formed by coarse silts and sands (D2, D4 and DS).
Sequences D3 and D4 rich carbonate-sand nodules levels
were found. Remains of similar nodules are located at the
beginning of the Larga gallery (Fig. 2d, e), around 2-3 m
higher than the top of D5 deposit. Finally, at the cave
entrance, a small detrital sequence (30-40 cm) shows that
the cave entrance was smaller in the past. People accessed
the cave crawling on the floor sediments (Alberto Gomollon
personal communication), while nowadays it is not
necessary.

Carbonate speleothems occur mainly in the upper gallery
and are well-developed in some areas. U/Th ages indicate
speleothem growth during MIS 9, 8, 7, 6, 3, 2 and 1.
A major speleothem growth took place during MIS 8-7. In
general, the stalagmites in the upper gallery consist of clean
carbonate and individual detrital layers, and brownish areas
related to flood events at different time periods (Fig. 3).
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Fig. 3 Different stalagmites from MIS 7, MIS 6 and MIS 3 and modern with single flood events and brownish areas. Red arrows indicate a single
flood event, while red square bracket corresponds to brownish areas formed by multiple flood events

For example, the stalagmite Oj-D (139 + 2 ka, MIS 6)
contains multiple detrital layers from floods, while other
stalagmites which grew during the MIS 7 (216 £ 1 ka),
MIS 3 (53.0 &= 0.4-47 £ 1 ka) and the Holocene combine
individual detrital layers and brownish areas formed by
multiple-floods. The modern speleothems (Oj-14a and
Oj-14b, Fig. 3) grew over a detrital layer that covers the
Larga gallery. Both of them show anti-stalagmites’ formed
by the impact of drips over anon-consolidated sandy mate-
rial. The ages indicate that those speleothems started grow-
ing at 1708 £ 70 CE (0Oj-14A4) and 1753 £ 66 CE (Oj-14bD)
(Bartolomé et al., 2021a).

5 Discussion

The input of sediment or erosion associated to flood events
can introduce temporary changes in the cave geometry
(Denniston and Luetscher, 2017). These changes (in the
volume and location of many deposits) may affect the
hydraulic head rise, making elevated and/or further areas
from the cave stream water to be easily affected by an
ordinary flood event. Below, we discuss how the mor-
phosedimentary observations could affect the hydraulic head
rise in the past, and therefore, to the flood record in the
stalagmites.

The first morphosedimentary evidence that probably
affected the rise of hydraulic head, this area have not been
glaciated, is related to D1 sequence. This deposit suggests
that cave entrance could be blocked during MIS-11-MIS-10.
In such a situation, it is likely that the upper gallery would be
flooded much more easily than. Although the duration of
blockage is difficult to establish, these unconsolidated sedi-
ments are easily detached if they were exposed several times

! Speleothem that forms due to the impact of the drips over a poorly
consolidated sediment. The drip generates a hole, which is filled with
carbonate. This type of speleothem usually appears in the base of some
stalagmites pointing a growth towards the substrate.

to water flow. Possible evidence of speleothem growth
during that period, must be taken into account. Regarding
the sediment supply, this could be related to soil degradation
at the transition from warm-wet to cold-dry conditions
(MIS-11-MIS-10). A similar mechanism has been proposed
for sediment supply in caves in non-glaciated areas (Arrio-
labengoa et al., 2015).

The second evidence of temporal changes in cave
geometry is related to the presence of sand-carbonate nod-
ules in a position 2—-3 m higher than the D5 deposit at the
beginning of Larga gallery. These nodules indicate that
sediments reached, at least, that height in the past. The sand
was scoured probably during a large flood event, leaving the
nodules in the area. Unfortunately, we do not have yet a
chronological framework for D5 sequence. Perhaps the
nodules could be related to a major lateral extension of D5 in
the past. Another small change in cave geometry is related to
a small deposit located at the cave entrance that evidence the
small enlargement of cave entrance in recent years related to
the cavers.

There is no evidence of successive blockages of the
entrance, such as D1, although they cannot be totally dis-
carded. Thus, although the presence of flood layers in
pre-Holocene stalagmites opens an opportunity to analyze
the frequency of floods in different time windows, the flood
record from these early periods should be taken with caution
in terms of characterizing extreme floods. It follows from
this study that a morphosedimentary and chronological
framework of the different clastic deposits whenever possi-
ble is mandatory to interpret the flood magnitude recorded in
the stalagmites. Preliminary ages suggest significant stalag-
mite development during MIS 8 and MIS 7. This is in
agreement with the development of tufa in the nearby Val
and Afiamaza rivers (Arenas et al., 2014; Sancho et al.,
2019), as well as, in other rivers of the Iberian Range
(Sancho et al., 2015) and the formation of stalagmites the
Recuenco cave (Pérez-Mejias et al., 2017). Flood layers
indicate that recurrent floods affected the cave during that
period. Furthermore, the stalagmite displaying many flood
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layers that grew during the end of MIS 6 supports this
statement. During this period, speleothem growths and tufa
deposits formed in N-NE of Iberia (Stoll et al., 2013; Sancho
et al., 2015; Bartolomé et al., 2021b) suggesting a climate
amelioration during MIS 6b. This evidence, together with
the results from OdV cave, makes this cold period quite
different in the climate conditions from other cold periods
associated to glacial stages (ej. MIS 4) in which speleothem
growth was limited by cold/dry conditions. On the other
hand, and given the morphosedimentary observations, recent
speleothems are the most interesting samples because (i) the
flood layers could correlate with instrumental/ historical
flood records, and (ii) the evidence of sedimentary changes
is better preserved than the older ones, and the cave geom-
etry. Besides has remained relatively constant.

6 Conclusions

We summarize our preliminary findings related to mor-
phosedimentary changes and floods in the OdV cave below:

e The cave outlet could be blocked by sediments during
MIS 11-10. Thus, water could rise more easily than in the
present situation. Therefore, speleothems with a record of
flooding during that period may reflect ordinary floods
even though they are located above today’s high-water
level.

e Preliminary ages indicate that speleothem growths in the
upper gallery occurred during MIS 9, 8, 7, 6, 3, 2 and 1.
All speleothems have individual detrital layers or
brownish bands related to past floods. The presence of
these records opens an opportunity to study past floods in
pre-Holocene times. However, changes in cave geometry
due to sedimentary changes that affected the height of
hydraulic head in the past are not discarded.

The morphosedimentary and chronological study (distri-
bution, volume, age) of detrital sequences in caves improves
our understanding on how and when changes in cave
geometry occurred, to better comprehend the type of flood-
ing recorded in speleothems. This morphosedimentary and
chronological exercise helps to define changes which
occurred in terms of cave section or blockage, which is a
necessary step before performing a hydraulic modeling of
the cave for present and past conditions.
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