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Presentation

Karst is the result of climatic and geohydrological processes, mainly in carbonate
and evaporite rocks, during geological periods of Earth history. Dissolution of
these rock formations over time has generated karst aquifers and environments of
significant water and mineral resources. In addition, beautiful landscapes have
been created which constitute natural parks, geosites, and caves. Due to their
origin and nature, karstified areas require investigation with special techniques and
methodology. International collaboration and discussions on advances in karst
research are necessary to promote Karst Science.

The International Symposium on Karst Aquifers is one of the worldwide events
held periodically to specifically address karst environments. The symposium
constitutes an ongoing international forum for scientific discussion on the progress
made in research in karst environments. The first and second symposiums were
organized in Nerja (near Malaga, Spain), in 1999 and 2002; the third and fourth
symposiums were held in Malaga city in 2006 and 2010.

The 5th International Symposium on Karst Aquifers (ISKAS) occurred in
Malaga on during October 14-16, 2014. It was organized by the Centre of
Hydrogeology University of Malaga (CEHIUMA) and the Spanish Geological
Survey (IGME), in cooperation with UNESCO and the International Association
of Hydrogeologists (IAH) Karst Commission.

More than 100 contributions were received from 30 countries on five
continents. Presentations made during the symposium and published in this book
are a compendium of 70 of these manuscripts. Papers submitted by April 2014,
were peer-reviewed and subsequently accepted by the Scientific Committee.
Contributions are grouped into five sections:

Methods Utilized to Study Karst Aquifers.
Karst Hydrogeology.

Mining and Engineering in Karst media.
Karst Cavities.

Karst Geomorphology and Landscape.



vi Presentation

A large part of the contributions, 30 %, is related to Methods Utilized to Study
Karst Aquifers. Several issues are addressed: methods for groundwater recharge
assessment, dye tracer and stable isotope applications, analysis of hydrodynamic
data and hydrochemistry, among others.

Most contributions, 40 %, however, are on Karst Hydrogeology. These are
primarily in connection with various topics such as numerical modeling in karst,
floods, karst groundwater flow, protection of karst aquifers or pollution, and
vulnerability in karst.

Five percent of the published papers deal with Mining and Engineering in Karst
Media. These papers are about tunnels, hydrogeological risks, and karst risk
assessment in mining and civil engineering.

Another section concerning Karst Cavities encompasses 15 % of the contribu-
tions. These chapters deal with corrosion and speleogenetic processes, speleothems,
CO, sources, the global carbon cycle in endokarst, and the study of past climate.

Karst Geomorphology and Landscape constitutes the remaining 10 % of the
contributions. These papers are related to karst features, wetlands, hypogene
speleogenesis, geodiversity, and karstic geosites.

The results of project work performed by karst specialists worldwide are
described in the book. Included in it are experiences from pilot sites, method-
ologies, monitoring, and data analyses in various climatic, geological, and
hydrogeological contexts. Material presented may be utilized for activities such as
teaching and technical-professional applications particularly as they apply to the
increasingly multidisciplinary nature of karst studies. Information provided may
also be useful to decisions makers in making critical decisions regarding
development in karst regions. Scientists and engineers and many of the lay public
interested in karst environments will benefit from the contents.

Bartolomé Andreo
Francisco Carrasco
Juan José Duran
Pablo Jiménez

James W. LaMoreaux



Acknowledgments

The editors of the book would like to thank the members of the Organizing and the
Scientific Committees and the authors and reviewers of the manuscripts of the
Fifth International Symposium on Karst Aquifers (ISKAS) for their contributions
and collaboration. Members of the Scientific Committee composed of 41 inter-
national specialists from various karst domains, along with members of the
Organizing Committee are listed accordingly. All the manuscripts were reviewed
and only those that met the required criteria and quality were accepted.

ISKAS held in Malaga, Spain in October, 2014, was organized by the Centre of
Hydrogeology at the University of Malaga and the Spanish Geological Survey
(IGME) in cooperation with UNESCO and the International Association of
Hydrogeologists (IAH) Karst Commission. Support from the organizations that
collaborated in organizing the conference is acknowledged and appreciated. Logos
of these organizations, Nerja Cave Foundation, Junta de Andalucia (Consejeria de
Fomento y Vivienda—PROTEKARST project), Club of Groundwater, and Malaga
Academy of Science, are included.

Results of contributions published are related to selected projects including
DIKTAS, Groundwater Governance, IHP and IGCP 598 of UNESCO; CGL2012-
32590 of Spanish Directorate of Research; P10-RNM-6895, P11-RNM-8087 and
PROTEKARST, as well as, Research Group RNM 308 of the Andalusian Gov-
ernment. The publication is one of several produced under the auspices of the [AH
Karst Commission.

vii



Scientific Committee

Contributions published in this book have been reviewed by members of the
Scientific Committee which includes the following professionals:

Bartolomé Andreo (University of Mélaga, Spain)

Alice Aureli (UNESCO)

Ralf Benischke (Joanneum Research Institute, Graz, Austria)
Cristina C. Bicalho (University of Brasilia, Brazil)

José Benavente Herrera (University of Granada)

Catherine Bertrand (University of Franche-Comté, France)
Ogden Bonacci (University of Split, Croatia)

Lhoussaine Bouchaou (University of Ibn Zohr, Agadir, Morocco)
Francisco Carrasco (University of Mdlaga, Spain)

Zhang Cheng (Karst Dynamics Laboratory, Guilin, China)

Yuan Daoxian (Institute of Karst Geology, Guilin, China)
Nathalie Doerfliger (BRGM, France)

Wolfgang Dreybrodt (University of Bremen, Germany)

Juan Jose Duran (Spanish Geological Survey—IGME, Spain)
Christophe Emblanch (University of Avignon, France)

Dave Evans (FloSolutions, Lima, Peru)

Francesco Fiorillo (University of Sannio, Italy)

Stephen Foster (International Association of Hydrogeologists, UK)
Nico Goldscheider (Karlsruhe Institute of Technology)

Chris Groves (Western Kentucky University, USA)

John Gunn (University of Birmingham, UK)

Pierre Yves Jeannin (SISKA, Switzerland)

Cao Jianhua (Kart Dynamic Laboratory, Guilin, China)

Neven Kresic (AMEC, Washington, USA)

Neno Kukuric (IGRAC, The Netherlands)

James W. LaMoreaux (P.E. LaMoreaux and Associates, Inc., USA)
Barbara Mahler (USGS, USA)

Nicolas Massei (University of Rouen, France)

ix



X Scientific Committee

Jacques Mudry (University of Franche-Comte, France)
Severin Pistre (University of Montpellier 2, France)
Antonio Pulido Bosch (University of Almeria, Spain)
Natasa Ravbar (Karst Research Institute, Postojna, Slovenia)
Moumtaz Razack (University of Poitiers, France)

Philippe Renard (University of Neuchatel, Switzerland)
Tadej Slabe (Karst Institute, Postojna, Slovenia)

Brian Smith (Barton Springs Conservation District, Austin, Texas)
Zoran Stevanovic (University of Belgrade, Serbia)

Ifiaki Vadillo (University of Mdlaga, Spain)

William B. White (Pennsylvania State University, USA)
Steve Worthington (Worthington Groundwater, Canada)
Francois Zwahlen (University of Neuchatel, Switzerland)



Organizing Committee

Other organizations collaborated in the Symposium: Nerja Cave Foundation, Junta
de Andalucia (Consejeria de Fomento y Vivienda—PROTEKARST project), Club

of Groundwater, and Malaga Academy of Science.

The 5th International Symposium on Karst Aquifers (ISKAS5) was organized by
researchers from the Centre of Hydrogeology at the University of Madlaga

(CEHIUMA) and the Spanish Geological Survey (IGME), in the framework of

their “Advanced Hydrogeological Studies” partnership. The Symposium was

sponsored by UNESCO and the IAH Karst Commission.

Bartolomé Andreo (CEHIUMA)

Juan Antonio Barbera Fornell (CEHIUMA)

Luis Carcavilla Urqui (IGME)

Francisco Carrasco (CEHIUMA)

Juan José Duran (IGME)

Pablo Jiménez (CEHIUMA)

Luis Linares Girela (Malaga Academy of Science)
Cristina Lifidn (CEHIUMA and Nerja Cave Foundation)
Ana Isabel Marin Guerrero (CEHIUMA)

Sergio Martos-Rosillo (IGME)

Matias Mudarra (CEHIUMA)

Damian Sanchez Garcia (CEHIUMA)

Ifaki Vadillo (CEHIUMA)

Organized and sponsored by

T™CEHYUMA 6

umiveRsigas GENTRE OF HYDROGEOLOGY
oe  wALaca [OOF THE UNIVERSITY OF MALAGA

United Nations * International
sentific and * i

Cullural Organization * Programme

Xi



xii Organizing Committee

In collaboration with

-
7

FUNDACION
CuevadeNerja

Rl Agpemcia e Cibra Misica de la Junta ce Aretaluca
CONSEJERIA DE FOMENTO ¥ VIVIENDA.

o

_N°598

- club del agua
W subterrinea




Contents

Comparative Study of the Physicochemical Response of Two

Karst Systems During Contrasting Flood Events in the French

Jura Mountains. . . . ... ... 1
C. Cholet, M. Steinmann, J.-B. Charlier and S. Denimal

Spatial and Temporal Hydrodynamic Variations of Flow

in the Karst Vadose Zone (Rustrel, France) in Function of Depth

and Fracturing Density . . . .. ...... .. .. .. ... ... ... .. ....... 11
A. Barbel-Perineau, C. Emblanch and C. Danquigny

Characterization of the Functionality of Karstic Systems Based
on the Study of the SI.—Pco, Relation . ....................... 19
S. Minvielle, N. Peyraube, R. Lastennet and A. Denis

Contribution of Hydrogeological Time Series Statistical Analysis
to the Study of Karst Unsaturated Zone (Rustrel, France) . ........ 27
C. Ollivier, C. Danquigny, N. Mazzilli and A. Barbel-Perineau

Transmissive and Capacitive Behavior of the Unsaturated Zone

in Devonian Limestones, Implications for the Functioning

of the Epikarstic Aquifer: An Introduction . ................... 35
A. Poulain, G. Rochez, 1. Bonniver and V. Hallet

Feasibility and Limits of Electrical Resistivity Tomography

to Monitor Water Infiltration Through Karst Medium During
aRainyEvent. . ... ... ... . ... . ... .. . ... . 45
S.D. Carriere, K. Chalikakis, C. Danquigny, R. Clément

and C. Emblanch

Xiii


http://dx.doi.org/10.1007/978-3-642-17435-3_1
http://dx.doi.org/10.1007/978-3-642-17435-3_1
http://dx.doi.org/10.1007/978-3-642-17435-3_1
http://dx.doi.org/10.1007/978-3-642-17435-3_2
http://dx.doi.org/10.1007/978-3-642-17435-3_2
http://dx.doi.org/10.1007/978-3-642-17435-3_2
http://dx.doi.org/10.1007/978-3-642-17435-3_3
http://dx.doi.org/10.1007/978-3-642-17435-3_3
http://dx.doi.org/10.1007/978-3-642-17435-3_3
http://dx.doi.org/10.1007/978-3-642-17435-3_3
http://dx.doi.org/10.1007/978-3-642-17435-3_4
http://dx.doi.org/10.1007/978-3-642-17435-3_4
http://dx.doi.org/10.1007/978-3-642-17435-3_5
http://dx.doi.org/10.1007/978-3-642-17435-3_5
http://dx.doi.org/10.1007/978-3-642-17435-3_5
http://dx.doi.org/10.1007/978-3-642-17435-3_6
http://dx.doi.org/10.1007/978-3-642-17435-3_6
http://dx.doi.org/10.1007/978-3-642-17435-3_6

Xiv

Role of the Soil-Epikarst-Unsaturated Zone in the
Hydrogeological Functioning of Karst Aquifers. The Case
of the Sierra Gorda de Villanueva del Trabuco Aquifer

(Southern Spain) . . . ......... .. .. ... ... .. ..

M. Mudarra and B. Andreo

Significance of Preferential Infiltration Areas for Groundwater
Recharge Rate Estimated with APLIS in the Mountain Karst

Aquifer System of Sierra de las Nieves (Southern Spain) . . ... ..

C. Guardiola-Albert, S. Martos-Rosillo, J.J. Duran,
E. Pardo-Igizquiza, P.A. Robledo-Ardila and J.A. Luque Espinar

A Method for Automatic Detection and Delineation of Karst

Depressionsand Hills . .. ..............................

E. Pardo-Igizquiza, J.J. Duran, P.A. Robledo-Ardila,
J.A. Luque-Espinar, A. Pedrera, C. Guardiola-Albert
and S. Martos-Rosillo

Comparison of the APLIS and Modified-APLIS Methods
to Estimate the Recharge in Fractured Karst Aquifer,

Amazonas, Peru .. ... ... ... ... .. ... ... ...

K. Espinoza, M. Marina, J.H. Fortuna and F. Altamirano

Synthesis of Groundwater Recharge of Carbonate Aquifers

in the Betic Cordillera (Southern Spain) . ..................

S. Martos-Rosillo, A. Gonzalez-Ramoén, P. Jiménez, J.J. Duran,
B. Andreo and E. Mancera-Molero

Recharge Processes of Karst Massifs: Examples from Southern

Ttaly . ... e

F. Fiorillo and M. Pagnozzi

Use of Tracing Tests to Study the Impact of Boundary

Conditions on the Transfer Function of Karstic Aquifers . . . . . ..

L. Duran, M. Fournier, N. Massei and J.-P. Dupont

A Computer Method for Separating Hard to Separate

Dye Tracers . ... ... ...

P.-A. Schnegg

Standardized Approach for Conducting Tracing Tests in Order

to Validate and Refine Vulnerability Mapping Criteria. . . . . . . ..

M. Sinreich and A. Pochon

Contents

... 57

... 67

... 15

... 83

o009


http://dx.doi.org/10.1007/978-3-642-17435-3_7
http://dx.doi.org/10.1007/978-3-642-17435-3_7
http://dx.doi.org/10.1007/978-3-642-17435-3_7
http://dx.doi.org/10.1007/978-3-642-17435-3_7
http://dx.doi.org/10.1007/978-3-642-17435-3_8
http://dx.doi.org/10.1007/978-3-642-17435-3_8
http://dx.doi.org/10.1007/978-3-642-17435-3_8
http://dx.doi.org/10.1007/978-3-642-17435-3_9
http://dx.doi.org/10.1007/978-3-642-17435-3_9
http://dx.doi.org/10.1007/978-3-642-17435-3_10
http://dx.doi.org/10.1007/978-3-642-17435-3_10
http://dx.doi.org/10.1007/978-3-642-17435-3_10
http://dx.doi.org/10.1007/978-3-642-17435-3_11
http://dx.doi.org/10.1007/978-3-642-17435-3_11
http://dx.doi.org/10.1007/978-3-642-17435-3_12
http://dx.doi.org/10.1007/978-3-642-17435-3_12
http://dx.doi.org/10.1007/978-3-642-17435-3_13
http://dx.doi.org/10.1007/978-3-642-17435-3_13
http://dx.doi.org/10.1007/978-3-642-17435-3_14
http://dx.doi.org/10.1007/978-3-642-17435-3_14
http://dx.doi.org/10.1007/978-3-642-17435-3_15
http://dx.doi.org/10.1007/978-3-642-17435-3_15

Contents XV

Hydrogeological Characterization of Karst Tributaries of the
San Franciscan Depression, River Corrente, West Bahia, Brazil . . . . . 139
C.C. Bicalho, M. Berbert-Born and E. Silva-Filho

Middle Term Evolution of Water Chemistry in a Karst River:
Example from the Loue River (Jura Mountains, Eastern France). ... 147
J. Mudry, F. Degiorgi, E. Lucot and P.-M. Badot

Hydrologic Influences of the Blanco River on the Trinity

and Edwards Aquifers, Central Texas, USA. .. ................. 153
B.A. Smith, B.B. Hunt, A.G. Andrews, J.A. Watson,

M.O. Gary, D.A. Wierman and A.S. Broun

Chemical, Thermal and Isotopic Evidences of Water Mixing
in the Discharge Area of Torrox Karst Spring (Southern Spain). . . . . 163
J.A. Barbera and B. Andreo

Characterization of Carbonate Aquifers (Sierra de Grazalema,
S Spain) by Means of Hydrodynamic and Hydrochemical Tools . . . . . 171
D. Sanchez, B. Andreo, M. Lépez, M.J. Gonzélez and M. Mudarra

In Situ Study of Hydrochemical Response of a

Fractured-Layered Carbonate Regional Aquifer: Comparative

Analyses of Natural Infiltration and Artificial Leakage

of a Large Dam Lake (Vouglans, Jura, France) . .. .. ............ 181
C. Bertrand, Y. Guglielmi, S. Denimal, J. Mudry and G. Deveze

Spatiotemporal Variations of Soil CO, in Chenqi, Puding, SW
China: The Effects of Weather and LUCC. .. .................. 191
R. Yang, M. Zhao, C. Zeng, B. Chen and Z. Liu

Characterization and Dynamics of Two Karst Springs in a
Soil-Covered Karst Area, Lagoa Santa, Southeastern Brazil . . . . . . .. 207
P.F.P. Pessoa and A.S. Auler

The Karst Hydrostructure of the Mount Canin (Julian Alps,

Italy and Slovenia) . ........... .. .. .. .. ... ... . .. . . ... 219
L. Zini, G. Casagrande, C. Calligaris, F. Cucchi, P. Manca,

F. Treu, E. Zavagno and S. Biolchi

Analysis of Groundwater Pathways by High Temporal

Resolution Water Temperature Logging in the Castleton Karst,

Derbyshire, England . . . .. ...... .. .. ... ... ... .. ... ... .. ... 227
J. Gunn


http://dx.doi.org/10.1007/978-3-642-17435-3_16
http://dx.doi.org/10.1007/978-3-642-17435-3_16
http://dx.doi.org/10.1007/978-3-642-17435-3_17
http://dx.doi.org/10.1007/978-3-642-17435-3_17
http://dx.doi.org/10.1007/978-3-642-17435-3_18
http://dx.doi.org/10.1007/978-3-642-17435-3_18
http://dx.doi.org/10.1007/978-3-642-17435-3_19
http://dx.doi.org/10.1007/978-3-642-17435-3_19
http://dx.doi.org/10.1007/978-3-642-17435-3_20
http://dx.doi.org/10.1007/978-3-642-17435-3_20
http://dx.doi.org/10.1007/978-3-642-17435-3_21
http://dx.doi.org/10.1007/978-3-642-17435-3_21
http://dx.doi.org/10.1007/978-3-642-17435-3_21
http://dx.doi.org/10.1007/978-3-642-17435-3_21
http://dx.doi.org/10.1007/978-3-642-17435-3_22
http://dx.doi.org/10.1007/978-3-642-17435-3_22
http://dx.doi.org/10.1007/978-3-642-17435-3_22
http://dx.doi.org/10.1007/978-3-642-17435-3_23
http://dx.doi.org/10.1007/978-3-642-17435-3_23
http://dx.doi.org/10.1007/978-3-642-17435-3_24
http://dx.doi.org/10.1007/978-3-642-17435-3_24
http://dx.doi.org/10.1007/978-3-642-17435-3_25
http://dx.doi.org/10.1007/978-3-642-17435-3_25
http://dx.doi.org/10.1007/978-3-642-17435-3_25

XVi Contents

Oxygen Isotope Composition Snapshot of Spring Waters
in a Karstified Plateau. . . . . .. ..... ... ... ... ... ... ... ... ... 237
P. Malik, I. Slaninka, J. Svasta and J. Michalko

Groundwater Isotopic Characterization in Ordesa and Monte
Perdido National Park (Northern Spain) . ..................... 245
L.J. Lamban, J. Jédar and E. Custodio

Methodological Procedure for Evaluating Storage Reserves

in Carbonate Aquifers Subjected to Groundwater Mining:

The Solana Aquifer (Alicante, SE Spain) . ... .................. 255
A. Ruiz-Constan, C. Marin-Lechado, S. Martos-Rosillo,

C. Ferndndez-Leyva, J.L. Garcia-Lobon, A. Pedrera,

J.A. Lopez-Geta, J.A. Hernandez Bravo

and L. Rodriguez-Hernandez

Structural Characterization of a Karstic Aquifer Based on

Gravity and Magnetics: Los Chotos-Sazadilla-Los Nacimientos

(Jaén, SE Spain) . . . ... ... ... ... 263
A. Ruiz-Constan, J.P. Gonzélez de Aguilar, A. Pedrera,

S. Martos-Rosillo, J. Galindo-Zaldivar and C. Martin-Montafiés

Fractal Modeling and Estimation of Karst Conduit Porosity. . . . . . .. 271
E. Pardo-Igizquiza, J.J. Durdn, P.A. Robledo-Ardila and C. Paredes

Integral Porosity Estimation of the Sierra de Las Nieves Karst

Aquifer (Malaga, Spain) . .. .......... ... ... ... ... ......... 277
E. Pardo-Igizquiza, J.A. Luque-Espinar, J.J. Durén,

A. Pedrera, S. Martos-Rosillo, C. Guardiola-Albert

and P.A. Robledo-Ardila

A Three-Dimensional Karst Aquifer Model: The Sierra de Las
Nieves Case (Malaga, Spain) . .. .......... ... ... ............ 285
E. Pardo-Igizquiza, J.J. Durdn and P.A. Robledo-Ardila

How Karst Areas Amplify or Attenuate River Flood Peaks?

A Response Using a Diffusive Wave Model with Lateral Flows. . . . .. 293
J.-B. Charlier, R. Moussa, V. Bailly-Comte, J.-F. Desprats

and B. Ladouche

Comparison Between Hydrodynamic Simulation and Available

Data in a Karst Coastal Aquifer: The Case of Almyros Spring,

Crete Island, Greece . . . . ........... . ... . . ... 303
A. Archontelis and J. Ganoulis


http://dx.doi.org/10.1007/978-3-642-17435-3_26
http://dx.doi.org/10.1007/978-3-642-17435-3_26
http://dx.doi.org/10.1007/978-3-642-17435-3_27
http://dx.doi.org/10.1007/978-3-642-17435-3_27
http://dx.doi.org/10.1007/978-3-642-17435-3_28
http://dx.doi.org/10.1007/978-3-642-17435-3_28
http://dx.doi.org/10.1007/978-3-642-17435-3_28
http://dx.doi.org/10.1007/978-3-642-17435-3_29
http://dx.doi.org/10.1007/978-3-642-17435-3_29
http://dx.doi.org/10.1007/978-3-642-17435-3_29
http://dx.doi.org/10.1007/978-3-642-17435-3_30
http://dx.doi.org/10.1007/978-3-642-17435-3_31
http://dx.doi.org/10.1007/978-3-642-17435-3_31
http://dx.doi.org/10.1007/978-3-642-17435-3_32
http://dx.doi.org/10.1007/978-3-642-17435-3_32
http://dx.doi.org/10.1007/978-3-642-17435-3_33
http://dx.doi.org/10.1007/978-3-642-17435-3_33
http://dx.doi.org/10.1007/978-3-642-17435-3_34
http://dx.doi.org/10.1007/978-3-642-17435-3_34
http://dx.doi.org/10.1007/978-3-642-17435-3_34

Contents Xvii

Assessing Freshwater Resources in Coastal Karstic Aquifer

Using a Lumped Model: The Port-Miou Brackish Spring

(SE France). . . . . ... .. .. . e 313
B. Arfib and J.-B. Charlier

Groundwater Flow Modeling in a Karst Area, Blau Valley,
Germany. . . . .. ... ... 323
C. Neukum, J. Song, H.J. Kohler, S. Hennings and R. Azzam

Multi-scale Assessment of Hydrodynamic Properties in a Karst
Aquifer (Lez, France) . .. ......... .. .. .. .. .. .. . . ... 331
A. Dausse, H. Jourde and V. Léonardi

KARSTMOD: A Generic Modular Reservoir Model Dedicated

to Spring Discharge Modeling and Hydrodynamic Analysis

in Karst . ... ... .. 339
H. Jourde, N. Mazzilli, N. Lecoq, B. Arfib and D. Bertin

Relating Land Surface Information and Model Parameters
for a Karst System in Southern Spain . . ... ................... 345
A. Hartmann, M. Mudarra, A. Marin, B. Andreo and T. Wagener

Neural Networks Model as Transparent Box: Toward

Extraction of Proxies to Better Assess Karst/River Interactions

(Coulazou Catchment, South of France) . . ... .................. 353
L. Kong-A-Siou, H. Jourde and A. Johannet

Neural Networks for Karst Spring Management. Case of the Lez
Spring (Southern France) . ... ......... . ... . ... . ...... ... 361
L. Kong-A-Siou, V. Borrell-Estupina, A. Johannet and S. Pistre

Nonlinear System Engineering Techniques Applied
to the Fuenmayor Karst Spring, Huesca (Spain). . . . ... .......... 371
J.A. Cuchi, D. Chinarro and J.L. Villarroel

Controlling Factors of Wormhole Growth in Karst Aquifers . ... ... 379
Y. Cabeza, J.J. Hidalgo and J. Carrera

An Example of Karst Catchment Delineation for Prioritizing

the Protection of an Intact Natural Area . .. ... ................ 387
V. Ristic Vakanjac, Z. Stevanovic, M. Aleksandra, B. Vakanjac

and C.I. Marina


http://dx.doi.org/10.1007/978-3-642-17435-3_35
http://dx.doi.org/10.1007/978-3-642-17435-3_35
http://dx.doi.org/10.1007/978-3-642-17435-3_35
http://dx.doi.org/10.1007/978-3-642-17435-3_36
http://dx.doi.org/10.1007/978-3-642-17435-3_36
http://dx.doi.org/10.1007/978-3-642-17435-3_37
http://dx.doi.org/10.1007/978-3-642-17435-3_37
http://dx.doi.org/10.1007/978-3-642-17435-3_38
http://dx.doi.org/10.1007/978-3-642-17435-3_38
http://dx.doi.org/10.1007/978-3-642-17435-3_38
http://dx.doi.org/10.1007/978-3-642-17435-3_39
http://dx.doi.org/10.1007/978-3-642-17435-3_39
http://dx.doi.org/10.1007/978-3-642-17435-3_40
http://dx.doi.org/10.1007/978-3-642-17435-3_40
http://dx.doi.org/10.1007/978-3-642-17435-3_40
http://dx.doi.org/10.1007/978-3-642-17435-3_41
http://dx.doi.org/10.1007/978-3-642-17435-3_41
http://dx.doi.org/10.1007/978-3-642-17435-3_42
http://dx.doi.org/10.1007/978-3-642-17435-3_42
http://dx.doi.org/10.1007/978-3-642-17435-3_43
http://dx.doi.org/10.1007/978-3-642-17435-3_44
http://dx.doi.org/10.1007/978-3-642-17435-3_44

Xviii Contents

Assessment of Groundwater Vulnerability in Croatian Karstic
Aquifer in Jadro and Zrnovnica Springs Catchment Area . ...... .. 397
J. Loborec, S. Kapelj, D. Doganci¢ and A.P. Siroci¢

Extension of DRASTIC Approach for Dynamic Vulnerability

Assessment in Fissured Area: Application to the Angad Aquifer

(MOTOCCO) . . . . e e e e 407
M. Ambharref, R. Bouchnan and A.-S. Bernoussi

Validation of Vulnerability Assessment Using Time Series
Analysis—the Case of the Korentan Spring, SW Slovenia. . ........ 415
G. Kovaci¢ and N. Ravbar

Safeguard Zones and Activities Permitted Cartography:
Application in Carbonate Aquifers of Southern of Spain .......... 425
A. Jiménez-Madrid, F. Carrasco and C. Martinez

Assessment of Groundwater Contamination in Yucatan
Peninsula (Mexico) by Geostatistical Analysis. . . .. .............. 433
R. Alcaraz, E. Graniel, A.F. Castro and I. Vadillo

An Emblematic Case of Pollution of Wells and Karst Springs
Supplying the City of Ragusa (South-Eastern Sicily). . ... ......... 441
R. Ruggieri

Attenuation of Bacteriological Contaminants in Karstic Siphons

and Relative Barrier Purifiers: Case Examples from Carpathian

Karstin Serbia. . ... ... ... .. ... . ... . . ... . 449
L. Vasi¢, Z. Stevanovié, S. Milanovi¢ and B. Petrovié

Impact of a Tunnel on a Karst Aquifer: Application
on the Brunnmiihle Springs (Bernese Jura, Switzerland) . ...... ... 457
A. Malard, P.-Y. Jeannin and D. Rickerl

Hydrogeological Risks of Mining in Mountainous Karstic
Terrain: Lessons Learned in the Peruvian Andes . . . ... .......... 465
D. Evans

Karstic Hydrogeology of the Uchucchacua Underground Mine
(Pert) and Its Interaction with Surface Waters . .. .............. 477
D. Apaza-Idme, A. Pulido-Bosch and F. Sdnchez-Martos


http://dx.doi.org/10.1007/978-3-642-17435-3_45
http://dx.doi.org/10.1007/978-3-642-17435-3_45
http://dx.doi.org/10.1007/978-3-642-17435-3_46
http://dx.doi.org/10.1007/978-3-642-17435-3_46
http://dx.doi.org/10.1007/978-3-642-17435-3_46
http://dx.doi.org/10.1007/978-3-642-17435-3_47
http://dx.doi.org/10.1007/978-3-642-17435-3_47
http://dx.doi.org/10.1007/978-3-642-17435-3_48
http://dx.doi.org/10.1007/978-3-642-17435-3_48
http://dx.doi.org/10.1007/978-3-642-17435-3_49
http://dx.doi.org/10.1007/978-3-642-17435-3_49
http://dx.doi.org/10.1007/978-3-642-17435-3_50
http://dx.doi.org/10.1007/978-3-642-17435-3_50
http://dx.doi.org/10.1007/978-3-642-17435-3_51
http://dx.doi.org/10.1007/978-3-642-17435-3_51
http://dx.doi.org/10.1007/978-3-642-17435-3_51
http://dx.doi.org/10.1007/978-3-642-17435-3_52
http://dx.doi.org/10.1007/978-3-642-17435-3_52
http://dx.doi.org/10.1007/978-3-642-17435-3_53
http://dx.doi.org/10.1007/978-3-642-17435-3_53
http://dx.doi.org/10.1007/978-3-642-17435-3_54
http://dx.doi.org/10.1007/978-3-642-17435-3_54

Contents

Caves and Mining in Brazil: The Dilemma of Cave Preservation

Within a Mining Context. . . ... ... ... ... ... ... ...........

A.S. Auler and L.B. Pil6

Definition of Microclimatic Conditions in a Karst Cavity: Rull

Cave (Alicante, Spain). . . .. ........ ... .. ... . .. ..

C. Pla, J.J. Galiana-Merino, J. Cuevas-Gonzalez, J.M. Andreu,
J.C. Canaveras, S. Cuezva, A. Fernandez-Cortés, E. Garcia-Anton,
S. Sanchez-Moral and D. Benavente

Natural Ventilation of Karstic Caves: New Data on the Nerja

Cave (Malaga, Sof Spain) . . . . ...... ... ... ... ... ... .......

C. Linan and Y. del Rosal

Environmental Study of Cave Waters: A Case Study in Las

Herrerias Cave (Llanes, Spain) . . ..........................

M. Meléndez, M. Jiménez-Sanchez, I. Vadillo, H. Stoll,
M.J. Dominguez-Cuesta, D. Ballesteros, E. Martos,
L. Rodriguez-Rodriguez and J. Garcia-Sansegundo

Climate-Driven Changes on Storage and Sink of Carbon Dioxide

in Subsurface Atmosphere of Karst Terrains . . . ... ............

A. Fernandez-Cortés, S. Cuezva, E. Garcia-Anton,
M. Alvérez-Gallego, D. Benavente, J.M. Calaforra
and S. Sanchez-Moral

A Field Analog of CO,-Closed Conditions in a Karstified

Carbonate Aquifer (Nerja Cave Experimental Site, South Spain) . . . .

J. Benavente, 1. Vadillo, C. Lifian, F. Carrasco and A. Soler

Terrestrial Laser Scanning for 3D Cave Reconstruction:
Support for Geomorphological Analyses and Geoheritage

Enjoymentand Use. ... ....... ... ... ... ... ... ... .. .....

A. Marsico, M. Infante, V. Iurilli and D. Capolongo

A Laser Technique for Capturing Cross Sections in Dry

and Underwater Caves . .. ........... ... . . ... .

A. Schiller and S. Pfeiler

Climate Variability During the Middle-Late Pleistocene Based
on Stalagmite from Organos Cave (Sierra de Camorra,

Southern Spain) . ....... .. .. .. .. ... . . . . ...

C. Jiménez de Cisneros, E. Caballero, B. Andreo and J.J. Duran

Xix

533


http://dx.doi.org/10.1007/978-3-642-17435-3_55
http://dx.doi.org/10.1007/978-3-642-17435-3_55
http://dx.doi.org/10.1007/978-3-642-17435-3_56
http://dx.doi.org/10.1007/978-3-642-17435-3_56
http://dx.doi.org/10.1007/978-3-642-17435-3_57
http://dx.doi.org/10.1007/978-3-642-17435-3_57
http://dx.doi.org/10.1007/978-3-642-17435-3_58
http://dx.doi.org/10.1007/978-3-642-17435-3_58
http://dx.doi.org/10.1007/978-3-642-17435-3_59
http://dx.doi.org/10.1007/978-3-642-17435-3_59
http://dx.doi.org/10.1007/978-3-642-17435-3_60
http://dx.doi.org/10.1007/978-3-642-17435-3_60
http://dx.doi.org/10.1007/978-3-642-17435-3_60
http://dx.doi.org/10.1007/978-3-642-17435-3_61
http://dx.doi.org/10.1007/978-3-642-17435-3_61
http://dx.doi.org/10.1007/978-3-642-17435-3_61
http://dx.doi.org/10.1007/978-3-642-17435-3_62
http://dx.doi.org/10.1007/978-3-642-17435-3_62
http://dx.doi.org/10.1007/978-3-642-17435-3_63
http://dx.doi.org/10.1007/978-3-642-17435-3_63
http://dx.doi.org/10.1007/978-3-642-17435-3_63

XX

Trace Elements in Speleothems as Indicators of Past Climate
and Karst Hydrochemistry: A Case Study from Kaite Cave

Contents

(NSpain) .. ...... ... 569

J.A. Cruz, J. Martin-Chivelet, A. Marin-Roldan, M.J. Turrero,
R.L. Edwards, A.L. Ortega and J.O. Ciceres

Variations in Trace Elements of Drip Waters in Kaite Cave
(N Spain): Significance in Terms of Present and Past Processes
in the Karst System. . . .. ...... ... ... .. ... ..........
M.J. Turrero, A. Garralén, L. Sanchez, A.l. Ortega,

J. Martin-Chivelet, P. Gémez and A. Escribano

Striped Karren on Snake Mountain above Kunming
(Yunnan, China) . . . ........ ... ... ... .. ... ..........
M. Knez, L. Hong and T. Slabe

Influence of the Rivers on Speleogenesis Combining KARSYS
Approach and Cave Levels. Picos de Europa, Spain . . . . . . ..
D. Ballesteros, A. Malard, P.-Y. Jeannin, M. Jiménez-Sanchez,

J. Garcia-Sansegundo, M. Meléndez-Asensio and G. Sendra

Geodiversity of a Tropical Karst Zone in South-East Mexico .
P. Fragoso-Servon, A. Pereira, O. Frausto and F. Bautista

Geoheritage and Geodiversity Evaluation of Endokarst
Landscapes: The Picos de Europa National Park, North Spain
D. Ballesteros, M. Jiménez-Sanchez, M.J. Dominguez-Cuesta,

J. Garcia-Sansegundo and M. Meléndez-Asensio

Hydrogeochemical and Isotopic Characterization of Karstic
Endorheic Estaiia Lakes (Huesca, Spain) . .. .............
C. Pérez Bielsa, L.J. Lamban Jiménez and P. Martinez Santos


http://dx.doi.org/10.1007/978-3-642-17435-3_64
http://dx.doi.org/10.1007/978-3-642-17435-3_64
http://dx.doi.org/10.1007/978-3-642-17435-3_64
http://dx.doi.org/10.1007/978-3-642-17435-3_65
http://dx.doi.org/10.1007/978-3-642-17435-3_65
http://dx.doi.org/10.1007/978-3-642-17435-3_65
http://dx.doi.org/10.1007/978-3-642-17435-3_66
http://dx.doi.org/10.1007/978-3-642-17435-3_66
http://dx.doi.org/10.1007/978-3-642-17435-3_67
http://dx.doi.org/10.1007/978-3-642-17435-3_67
http://dx.doi.org/10.1007/978-3-642-17435-3_68
http://dx.doi.org/10.1007/978-3-642-17435-3_69
http://dx.doi.org/10.1007/978-3-642-17435-3_69
http://dx.doi.org/10.1007/978-3-642-17435-3_70
http://dx.doi.org/10.1007/978-3-642-17435-3_70

Introduction

For the most part, the study of karst landforms and the study of caves began as
separate subjects. The study of karst dates from the establishment of geomor-
phology as a science in the middle years of the nineteenth century. Investigations
of caves began even earlier with the pioneering explorations of Adolf Schmidl in
Austria, Imre Voss in Hungary, Eduard Martel in France and many others. By the
middle of the twentieth century, cave studies had evolved into a branch of science
called Speleology. Although it was understood that both caves and karst landforms
resulted from the dissolution of carbonate (or evaporite) rocks in slightly acidified
groundwater, the science was largely observational. The only investigative tools
were maps, photographs, and the direct observations of the explorers. Theoretical
models were qualitative and deductive as, for example, the theories of cave origin
proposed in the United States by W.M. Davis and J.H. Bretz.

The structure and practice of cave and karst science advanced dramatically in
the second half of the twentieth century. Many advances were accomplished by
“borrowing” both concepts and experimental methods from other sciences. One of
the most important borrowings was the physical chemistry of carbonate rock
dissolution which allowed a quantitative description of cave and karst landform
excavation and of speleothem deposition. The kinetics of carbonate reactions are
more complicated but the developing understanding of the rates of carbonate
reactions by geochemists was carried over into an explanation for the development
of long cave conduits within the rock mass and, more recently, the development of
computer models for speleogenesis. Chemical measurements on karst waters,
particularly time series data (chemographs) have been a valuable characterization
tool.

Early investigations of Karst Geomorphology—mostly dealing with surface
landforms and only loosely coupled to cave studies—identified many types of
karst but only one karst process: the dissolution of the bedrock by meteoric water
acidified by carbonic acid. It is now understood that karst can be formed by
different fluid chemistries in fluids moving along a variety of pathways. Thus karst
features formed by downward-moving fluids (meteoric water) are epigenetic karst,
while karst features (mostly caves) formed by upward-moving fluids are

XXi



XXii Introduction

hypogenetic karst. Karst formed by water moving sideways is interstratal karst
although there could be some quibbling about this term. Surface landforms are
exokarst while caves and related features are endokarst. A further distinction is
made between karst developed in dense, well-compacted Mesozoic and Paleozoic
limestones and karst developed in more permeable, uncompacted, Cenozoic
limestones where diagenetic processes are still underway. These are called
telogenetic karst and eogenetic karst respectively.

A major advantage to contemporary karst researchers is the availability of
greatly expanded data bases, both regional descriptions of karst and also
descriptions and maps of caves. One example is the International Atlas of Karst
Phenomena presently edited by Karl-Heinz Pfeffer. David Weary and Daniel
Doctor of the United States Geological Survey have recently (2014) released a
draft version of a new digital karst map of the United States. Many countries have
established national cave data bases where cave descriptions and maps are
archived. In the United States cave surveys are usually organized by individual
states, sometimes privately and sometimes in cooperation with governmental
agencies. On a world scale, a most valuable cave data base is the Berliner
Hohlenkundliche Berichte edited by Michael Laumanns and his colleagues.

Examples of the various sources of information that are fed into the rapidly
increasing knowledge of caves and karst are listed schematically in (Fig. 1). Use of
X-ray diffraction and the scanning electron microscope revealed many minerals in
cave deposits—319 species by 2011. Application of standard engineering fluid
mechanics to cave streams and water-filled conduits replaced previous assump-
tions of Darcy’s law behavior in karst aquifers.

SPELEOLOGY CAVE AND KARST
SCIENCE

Chemical
Equilibria

Crystallography

Paleoclimate Hydrology

Speleothem Water
Dating Supply

Extremophiles
(Astrobiology)

Chemical
Kinetics

Land
Fluid Management

Mechanics

Sediment

Dating ; Landsc_ape Contaminant
Cave Exploration Evolution Transport
and Survey
= Time

Fig. 1 Sketch showing some of the external inputs to the development of cave science and the
outputs that cave and karst science have contributed science at large
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A most important advance was the application of isotope geochemistry to
providing an absolute chronology for both speleothems and clastic sediments in
caves. In the mid-twentieth century, estimates for the age of speleothems and the
age of caves were little more than guesses based on estimates of the rates of
speleothem growth, on the volume of water needed to excavate a cave passage,
and on the relation of large cave passages to nearby river terraces. Measurement of
the concentrations of 238U, 234U, and *°Th in speleothems allowed a calculation of
their ages. With greatly improved measurement methods using thermal ionization
mass spectroscopy, ages can be determined on milligram samples, thus allowing
the determination of absolute chronologies for profiles along speleothem growth
axes. Identification of magnetic pole reversals in sequences of clastic cave
sediments provided a few fixed time markers for sediment deposition. The most
recent karst dating breakthrough has been the use of cosmogenic isotopes to
provide absolute dates for the deposition of clastic sediments in caves. By
measuring the concentrations of *°Al and '°Be in the quartz in cave sediments with
an accelerator mass spectrometer, the time of sediment deposition can be
calculated. The sediment age is also a minimum age for the passage in which the
sediment was deposited. Size, sorting, and distribution of clastic sediments in
fossil caves are important clues to the hydrologic evolution of karst drainage
basins.

From the beginning, back in the nineteenth century, the study of caves and karst
had always been an insular sort of science, a rather minor subdivision of the Earth
Sciences with little connection (or importance) to other parts of the subject. That
relationship changed dramatically in the latter part of the twentieth century (Fig. 1).
There was a transition, as indicated by the arrows in Fig. 1, from a situation where
other aspects of the Earth Sciences were contributing to the understanding of caves
and karst to one in which information gained from the study of caves and karst
contributed to other aspects of the Earth Sciences.

One of the most dramatic of these role reversals was in classical Geomorphol-
ogy, the evolution of river valleys. The evolution of river valleys had been studied
by tracing and mapping terraces left on the valley walls as the rate of downcutting
increased in response to climatic or tectonic drivers. The age of the terraces and
their residual gravels was a central question to which only rough answers were
usually available. Caves were correlated with the terrace levels. With cosmogenic
isotope dates for cave sediments, the ages of the caves became more accurately
known than the age of the terraces. Instead of terraces being used to date caves,
caves can be used to accurately date terraces and thus trace the chronology of
valley development.

A relatively new—beginning in the 1990s—and extremely important contri-
bution of cave and karst science is the use of speleothems as paleoclimate archives.
Stalagmites, especially uniform cylindrical stalagmites, sliced longitudinally,
reveal a microstratigraphy containing the growth history of the stalagmite over the
period of its growth. U/Th dating provides a time scale for the profile. Sampling
for analysis of 180/160, 13C/12C, 2H/1H, 86Sr/87Sr, and other trace elements, as
well as color and luminescence banding produce a series of profiles that become a
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rich record of climate and vegetation changes on the land surface at least back to
the mid-Pleistocene. The records are clear; how to interpret them is the subject of
much contemporary research.

Cave biology is an important subject in its own right with a long history. A new
aspect is the role of microbiology which forms a bridge between the geological
and biological sciences. Microbial processes are central to the development of
hypogenetic karst, acting as oxidizing and reducing agents in the sulfur chemistry
that is central to hypogenetic processes. Biofilms appear to be everywhere in caves
and their importance is only now being recognized.

There is no paradigm shift with respect to Karst Hydrology and Hydrogeology.
The movement of water through karstic aquifers has been a central aspect of the
subject since the beginning. What is new is the importance of Karst Hydrology to
the larger scientific community, to political leaders and regulators, and to the
general public. Karst aquifers are major water supplies in many regions of the
world so yield, reliability, and freedom from contamination are major management
issues. The protection of water supplies and the protection of karst lands are major
themes in this Sth International Symposium on Karst. A substantial fraction of the
papers address issues in hydrology and water resources.

Those familiar with karst understood that most of the flow was through systems
of conduits with only small contributions from the generally low permeability
carbonate rock. In the United States, at least, hydrogeologists in the 1950s and
1960s tended to regard karst aquifers as a continuous medium with caves
producing, at most, a blip in the flow field. By the 1970s and 1980s the localized
turbulent flow in conduits was becoming appreciated and great progress was made
in quantitative measurements of spring hydrographs and chemographs, water
balance calculations, isotope chemistry, and other means of aquifer evaluation.
Various approaches to combining this information into computer models were
underway by the 1980s.

Approaches to modeling karst aquifers are based on a range of underlying
concepts. Continuous media models separate the aquifer into cells, each with its
own hydraulic conductivity. These work best in fractured carbonates with poorly
developed conduit systems. Pipe flow models address mainly the conduit system
and provide good descriptions of the conduit flow system. Input—output (global or
kernal function) models ignore the details of the aquifer completely and construct
transfer functions that convert the input hydrograph into the output hydrograph.
Most recent attention has been focused on comprehensive (double permeability)
models that take account of the exchange between the conduit flow and the
storage, recharge, and discharge between the conduits and the matrix. This family
of models is undergoing rapid development as, for example, the U.S. Geological
Survey’s MODFLOW-CFP package.

Issues concerning water supply, contamination, land-use management, and
other aspects of karst are often taken as local problems to be solved by local
authorities. However, all of these issues have many features in common so that
cave and karst science is really a global endeavor. This means that communication,
comparing results, comparing problems, and comparing solutions, are also of
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global importance. As a communication device, international meetings are
absolutely invaluable. International Symposium on Karst, in Malaga, is one of
the worldwide periodic events on karst. It has been held every four years in Malaga
(Spain) since 1992 being an international event for scientific discussion on karst
media. The main objective of the 5th International Symposium on Karst is to
discuss and disseminate the latest trends in research into karst media on the basis
of the results obtained with different methodologies in various karst areas in the
world. Thus, this book includes part of the contributions presented at the 5Sth
International Symposium on Karst peer reviewed and accepted by Scientific
Committee. It contains contributions from over 20 countries including countries
from four continents.

PA, USA William B. White



Comparative Study of the Physicochemical
Response of Two Karst Systems During
Contrasting Flood Events in the French
Jura Mountains

C. Cholet, M. Steinmann, J.-B. Charlier and S. Denimal

Abstract This paper presents preliminary results from two karst systems
belonging to the “Jurassic Karst” observatory in the French Jura Mountains. The
sites are characterized by localized and diffuse recharge. Physicochemical moni-
toring was performed at the karst outlet (springs), as well as in the unsaturated
zone (cave and epikarstic spring). During two contrasting flood events, water level,
temperature, electrical conductivity, dissolved organic carbon, turbidity, and dis-
solved oxygen were recorded at high frequency and compared. These preliminary
results allow to propose a conceptual model for both sites. It was possible to
distinguish specific autogenic and allogenic recharge mechanisms and to charac-
terize the respective contribution of the saturated and unsaturated zones.

1 Introduction

High-frequency monitoring of physicochemical parameters contributes to a better
understanding of the hydrogeological functioning of karst systems (e.g., Pronk
et al. 2006; Fournier et al. 2007; Mudarra et al. 2013; Tissier et al. 2013). In this
study, two karst systems were monitored belonging to the “Jurassic Karst” (JK)
hydrogeological observatory in the French Jura Mountains (https://zaaj.univ-
fcomte.fr/spip.php?article1 3&lang=en). The aim of this observatory is to charac-
terize (i) the hydrological response of the karst in relation to the hydrodynamic
properties of the system and (ii) the hydrogeochemical response in relation to land
use in the infiltration zone.
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Both sites of the study have comparable recharge areas of about 40 km?> and
were monitored with an identical equipment installed in the unsaturated zone (cave
stream or epikarstic spring), and at the main karst spring at the catchment outlet.
Based on two rainfall events, the physicochemical response of each karst system
was analyzed in order to get insights into their hydrogeological behavior.

2 Study Sites

2.1 Presentation

The Fourbanne and Lods study sites (40 km?) are located in the French Jura
Mountains (Fig. 1). The Lods site is characterized by dominant autogenic
recharge, whereas autogenic and allogenic recharge occurs at Fourbanne.

The Fourbanne site is located in the Doubs valley 20 km NE of Besancon
within tabular Dogger limestones crosscut by N to NE-trending normal faults. The
Fourbanne spring, situated close to the Doubs river at 260 m a.s.l., is the unique
outlet of the Fourbanne system. Tracer tests demonstrated that the system is
mainly recharged by stream water losses from the En-Versenne and la Vernoye
sinkholes, located about 9 km NNE of the Fourbanne spring (Charmoille 2005).
The resulting cave stream is accessible 3 km downstream of the sinkholes, through
an artificial pit at Fontenotte (En-Versenne cave).

The Lods site is situated 25 km SE of Besancon within a SW-NE trending
depression at the edge of the Ornans plateau and in direct vicinity of the folded and
thrusted belt of the Faisceau Salinois. The catchment has two outlets at its south-
western end (Grand Bief and Truite d’Or springs), both located in the village of Lods
in the Loue valley, at an altitude of 360 m a.s.l. Hydrological connections between
the catchment outlet and the recharge area are well documented by numerous tracer
tests. The unsaturated zone is not accessible within the recharge area, but the
shallow spring of Dahon, located at the northern limit of the recharge area of
the Lods site, drains a local, about 30 m deep and 2 km? wide area, which can be
considered as representative for the unsaturated zone of the Lods catchment.

2.2 Field Monitoring

Both karst systems were monitored at the main outlet and in the unsaturated zone:
the Fourbanne spring and the cave stream of Fontenotte for the Fourbanne site, and
the Grand Bief spring and the epikarstic Dahon spring for the Lods site, respec-
tively. All sites were monitored since December 2013 with an identical equipment.
Stations at the outlet were equipped with multiparameter loggers to measure water
level (WL), temperature (Temp.), electrical conductivity (EC), turbidity (Turb.),
and dissolved oxygen (DO). Stations in the unsaturated zone were monitored by
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Fig. 1 Geological map of the Fourbanne and Lods sites in the Jura Mountains: a Regional
situation (modified from Becker 2000), b Fourbanne site, ¢ Lods site

CTD data-loggers monitoring WL, Temp. and EC. All stations were equipped with
GGUN field fluorometers (Schnegg 2003) yield a semi-quantitative estimate for
organic carbon (DOC) and Turb (see Charlier et al. (2012) for device calibration).
The time step for data acquisition was 15 min for all devices. Hourly precipitation
data from Meteo France are derived from the Branne station located 10 km E of
the stream cave of the Fourbanne site; and from Epenoy, at less than 1 km from the
epikarstic spring of the Lods site.

2.3 Selection of Flood Events

From time series from December 2013 to January 2014, two flood events with
contrasting amplitudes were selected: (i) a small flood event corresponding to a
single rainfall event on 16 Jan. 2014 (total rainfall of 13 and 15 mm at Fourbanne and
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Lods, respectively) and (ii) a large event on 25 Dec. 2013 with 40 mm of rainfalls
within 9 h, followed on 26 Dec. 2013 by 13 mm of continuous rainfall over 17 h.

For both events, the amount of precipitation was almost identical for both sites.
The selection criteria were a dry pre-event period of at least 1 week in order to
compare events with comparable initial hydrological conditions. In that context, it
is expected that a contrasting amount of rainfall allows to compare the hydro-
logical response of the karst systems according to the recharge intensity. In the
following, these two contrasting events will be referred to as “small event” and
“large event”, respectively.

3 Results

3.1 Physicochemical Response to a Small Rainfall Event

3.1.1 Fourbanne Site

Figure 2 (left) shows the physicochemical response of the Fourbanne site for the
small flood event. Regarding water levels (WL) of the cave stream and the spring,
the response was very similar with a response time of 4.5 and 7.5 h for the cave
stream and the Fourbanne spring, respectively.

The response time of the other parameters characterizing solute (DOC, DO,
EC) and particular transport (Turb.) was much longer, notably at the spring. The
response time at the spring was delayed with respect to the cave stream, in par-
ticular for EC and Turb. Moreover, the large DOC peak at the spring is surprising
because no significant variations occurred in the cave stream, suggesting that
localized infiltration is not the main pathway for DOC transport to the karst outlet
during small flood events.

3.1.2 Lods Site

Figure 2 (right) shows the physicochemical response of the Lods site during the
same small flood event. The dynamic response of the Lods site for the small event
was very similar as for the large event. The WL peak appeared 6 and 11 h after the
rainfall peak at the epikarstic spring and at the Grand Bief spring, respectively.

It is interesting to observe that globally T, EC, DOC and Turb. peaks were
measured before the WL peaks, during increasing discharge. This observation is
true for both the epikarstic and the Grand Bief main spring.

The DOC signal at the main spring presented a first peak in phase with Turb. On
the contrary to the epikarstic spring, it was followed by a second one, which was
highly buffered and associated to a similar Temp. peak (EC was unfortunately not
available). It means that the epikarstic signal may be captured at the Grand Bief
spring at the beginning of the flood, but that additional processes controlled the
global signal at the karst outlet.
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3.2 Physicochemical Response to a Large Rainfall Event

3.2.1 Fourbanne Site

Figure 3 (left) shows the physicochemical response of the Fourbanne site during
the large flood event. The WL, T, and EC signal (dashed lines) of the Fontenotte
cave stream reproduced clearly the two precipitation peaks: WL increased,
whereas EC and T decreased, with most extreme values at about 6.5, 8, and 10 h
after the first precipitation peak, respectively. In contrast, the Fourbanne spring at
the karst outlet presented only a single and buffered WL peak about 34 h after the
main rainfall peak.

Temperature signal started to drop 10 h after the first precipitation peak, reaching
lowest values 6 h later. Unfortunately, no EC signal was available for the karst
outlet. Turb. and DOC signals had contrasted responses with a time lag of 7 h
between the two monitoring stations. The DOC response showed an original signal
with a strong negative peak prior to a slight positive peak, suggesting that DOC was
first diluted by infiltrating rainwater, followed by DOC input from surface soil.

3.2.2 Lods Site

Figure 3 (right) shows the physicochemical responses of Lods site during the large
flood event. Globally, the response for this large event was very similar as for the
small event but with higher peak values. The WL peak of the epikarstic spring and
the main spring occurred 7 and 12 h after the first rainfall peak, respectively.

The EC response at the epikarstic spring showed a fast decrease when WL
increased, followed by a fast return close to equilibrium. The negative EC dilution
peak and the positive DOC peak appeared for the epikarstic spring and the main
spring before the WL peak at 1.5 and 10 h after the first rainfall peak, respectively.
It is interesting to note that the EC signal at the karst outlet showed, on the
contrary to the Fourbanne site, first a small positive peak prior to strong dilution.
This positive peak was well correlated with the increase of WL and Turb. and
appeared just before the DO increase.

4 Discussion and Conclusion

The aim of this paper was a comparison of the physicochemical responses of two
karst systems with allogenic (Fourbanne site) and a dominant autogenic recharge
(Lods site). For both flood events, the sites presented distinct hydrodynamic and
hydrochemical behaviors at the karst outlet. The differential analysis of the
responses between the stations localized in the unsaturated zone and at the outlet,
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allowed us to identify some specific features relative to the type of recharge and
relative to the role of the saturated zone.

The Fourbanne site was much more sensitive to rapid infiltration through a
well-developed conduit network from the surface. Moreover, the variability of EC
and Turb. along with the absolute Turb. values in the Fourbanne site, demonstrated
the significant role of the allogenic recharge and its high contribution to the outlet.
In the hydrodynamic response at the Lods site was slower than the response of EC,
DOC, Temp., DO, and Turb. Surprisingly, the highest DOC concentrations
occurred at the epikarstic spring. These observations suggest for this site a larger
contribution from autogenic recharge.

From our results, a hydrogeological model may be drawn for both sites.
Underground transfers in the Fourbanne site may be mainly of piston-type, with
fast pressure transfer, and slower mass transfer through conduits within a volu-
minous saturated zone (mass transport required more than 1 day to run through the
6 km between the cave stream and the Fourbanne outlet for the small event, but
only about 5-10 h for the large event). At the Lods site, the preservation of an
epikarstic signal at the outlet suggests that the system is horizontally compart-
mented with a significant contribution of epikarstic water to total runoff. The high
DOC and low EC values indicate that solutes coming from the epikarstic com-
partment were mainly derived from organic surface soils. This contrasting
behavior of the Lods and Fourbanne site is supported by the water temperatures,
which increased for both events at Lods, whereas they decreased at Fourbanne. In
conclusion, this preliminary study furnishes a working hypothesis for the hydro-
logical and physicochemical functioning of the two study sites with allogenic
(Fourbanne site) and autogenic (Lods site) recharge mechanisms.
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Spatial and Temporal Hydrodynamic
Variations of Flow in the Karst Vadose
Zone (Rustrel, France) in Function

of Depth and Fracturing Density

A. Barbel-Perineau, C. Emblanch and C. Danquigny

Abstract The hydrodynamical response at 45 flow points in the gallery of the
Low Noise Underground Laboratory—carbonate aquifer (Rustrel, southern
France) was monitored in order to determine the relationship between the
hydrodynamical functioning of each flow component—slow, intermediate and
quick, the depth and the fracturing density. Analysis of the relationship between
the distribution of each flow component in function of depth and fracturing density
in the karst vadose zone revealed the importance of (1) the variation of flow
activation conditions with the depth, (2) the evolution of the flow component
distribution with the depth and the fracturing density, and (3) the variability of the
vadose zone role in supplying baseflow discharge, in function of carbonate
thickness and fracturing state of the study area.

1 Introduction

The study of the flows in the vadose zone of a karst system needs some access to this
part of the aquifer. Such kind of flow has been directly monitored since 2004 in the
Laboratoire Souterrain a Bas Bruit (LSBB) located in Rustrel (South-East of France),
an underground laboratory dug across the vadose zone of the Fontaine-de-Vaucluse
karst aquifer.

This artificial gallery (3,800 m length) intersects arbitrarily fault networks from
30 to 500 m depth in carbonated rocks. Spatial and temporal hydrodynamical
variations of 3 perennial and 42 temporary flows have been monitored throughout
the gallery (Fig. 1), under variable and contrasting climatic conditions from 2004
to 2012 (Barbel-Perineau 2013). Within this period, all of the flow points have
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Fig. 1 Flow points location within the gallery and fracturing density (after Thiebaud (2003)
modified)

been observed and measured at least once only during the 2008—2009 hydrological
cycle. Thus in this study, only the 2008—-2009 hydrological cycle is considered.

In previous studies (Perineau et al. 2010; Barbel-Perineau 2013; Perineau-
Barbel et al. 2013), results highlight (1) an hydrodynamical flow classification in
three components that have been characterized: a slow component, with permanent
flows, regardless of the hydrological conditions (amount of rainfall); an interme-
diate component, with temporary flows, but these flows have some temporal flow
continuity when they are active (few days to several months), and are assumed to
obey a non linear hysteretic function; a quick component, with temporary flows
too, but these flows have no temporal flow continuity (1 day to several days), they
run only during important groundwater recharge and when the discharges of the
permanent flows (slow component) are about or even reach their upper discharge
levels. These three previous flow components are not specific to the study area
because it has been shown (Barbel-Perineau 2013) that they match with the three
flow components deduced from the numerical model of Tritz et al. (2011) in the
vadose zone.

Results also demonstrate flow organization depending on depth and fracturing
density; indeed the number of flow points decreases with depth. Moreover, results
show that flows become permanent in depth and flows are concentrated in well-
fractured and karstified areas, in which flow continuity is ensured (Perineau et al.
2010). It is now necessary to cross these previous results in order to study
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organization of these flow components in function of depth and geological layout
of the vadose zone. Limestone is relatively homogeneous in this geological set, so
the geological layout will be studied through fracturing density in the vadose zone.
Using the LSBB hydrodynamical data set, the objective of this paper is to study
the relationship between the flow organization and the hydrodynamical function-
ing of each flow component with depth and fracturing density: which is the most
important flow component in function of depth and fracturing density?

2 Data and Methods

The LSBB (http://www.Isbb.eu) is an underground gallery dug for a military
purpose and converted into a research laboratory. It is hosted in the vadose zone
limestone (Lower Cretaceous) of the Fontaine-de-Vaucluse Mounts, in Rustrel
(France). The gallery is 3.8 km long. The rock’s cover over the gallery varies from
0to 519 m due to the topography. As the gallery comes across the karst medium, it
intersects also with some flow paths through the vadose zone.

In this underground area, flows are accessible in many natural cavities (spe-
leology) and in galleries of the LSBB which provide a readily access to them.

Between 2004 and 2008, drought period, (Barbel-Perineau 2013; Perineau-
Barbel et al. 2013), only three permanents and two temporary flow points are
observed and measured (Garry et al. 2008) at different depths. The rest of tem-
porary flow points (40) was observed for the first time in winter 2008 during a
heavy rainy period.

All the flow points (permanent and temporary) are located throughout the
gallery (Fig. 1). This study is based on hydrodynamical flow measurements in a
gallery. Its originality consists of: (i) the number of observation points (45) and (ii)
flows that intersect randomly throughout a gallery and not caves, as it is often the
case (e.g. Baldini et al. 2006; Fairchild et al. 2006).

To measure discharge rates of each flow point, the wall of the gallery is drilled
to reach the rock and flows; then water inflows are concentrated in a spillway with
a funnel. Discharge is weekly manually measured at the outlet of the funnel.

Discharge rates are weekly manually measured for many technical reasons: (i)
for temporary flow points, it is difficult to set up and look after of around fifty
pressure captors (dust, scaling and calibration problems), (ii) the three permanent
flow points are equipped with pressure captor but scaling problems complicate the
conversion of the water head in discharge with a calibrating curve.

Geological and geotechnical surveys made during the gallery drilling (CEBTP
1968) provide a characterization of lithology, faults, joints, cracks, karstification,
and seepages. Moreover, the fracturing frequency (Fig. 1) was calculated by
Thiebaud (2003) and the depth of each flow point was also calculated.

To have enough hydrodynamical data in the whole vadose zone, the gallery is
divided into five depth classes of 100 m thick (Table 1). Thus for each depth class,
the gallery length is large enough to be considered as representative (Table 1).
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Table 1 Total linear length

class

A. Barbel-Perineau et al.

Total linear length of gallery %
of gallery (m) per each depth per each depth class (m)
0-100 m 713 22
100-200 m 496 15
200-300 m 492 15
300-400 m 441 13
>400 m 1,138 35
Total 3,280 100

3 Results and Discussions

3.1 Flow Components Distribution in Function of the Depth

Table 2 indicates the flow point’s distribution for each flow component in function
of depth (five depth classes of 100 m thick) in the vadose zone. Values with a star
depict two flow points with peculiar hydrodynamical characteristics:

Regarding the slow component, the flow point between 0 and 100 m depth (D)
is located near the epikarst (30 m depth); however, this flow point shows
identical hydrodynamical and hydrochemical characteristics studied in details
by Carriere (2014).

Regarding the intermediate component, (i) the temporary flow point (C), sit-
uated between 200 and 300 m depth, is located at boundaries of two flow
components, slow and intermediate, because when it is running during wet
periods, it is almost permanent (up to 1 year) (ii) the flow point (W) located in
depth (>400 m) is a temporary flow point, but when this flow point is running,
its hydrodynamical and hydrochemical characteristics are strongly identically
to hydrodynamical characteristics of slow component (Barbel-Perineau 2013).
Thus, this temporary flow point is also located at boundaries of the two flow’s
components, slow and intermediate.

Except the particular case of the D point, the slow component only circulates in
depth. Even if this flow point is characterized as a slow component, its peculiar
hydrodynamical features are linked to its epikarst position, or a lack of
observation linked to a non-representativeness of the LSBB. However, outside
the epikarst, it seems logical to find the slow flow component in depth.
However, the quick component exists throughout the vadose zone, only during
strong recharge periods (with large amount of rainfall and strong intensity) and
only when the two other flow components are active (Barbel-Perineau 2013).
So its hydrodynamical characteristics involve an hydrodynamical flow’s
behavior within the vadose zone less structured than the slow component. Note
that in this study the quick component does not include direct runoffs from
surface karst landing to the saturated zone (no doline, even... in the study area).
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Table 2 Flow components distribution in function of depth (number of flow points in each depth

class)
0-100 m | 100-200 m | 200-300 m | 300400 m |>400 m
Quick component 13 7 5 4 1
Intermediate component | 6 4 1* - 1*
Slow component 1* - - - 2
Total 20 11 6 4

Values with a star are specific values which are explain in the text

e Finally, the intermediate component shows a different distribution in the vadose
zone, this flow component prevails in the firth 200 m depth, and then this
component seems to disappear, or rather to become more hydrodynamically
organized, i.e., to become permanent flows, typical of the slow component.

3.2 Flow Components Distribution in Function of Depth
and Fracturing Density

Tables 3, 4 and 5 summarize, for each flow component, the ratio between the
number of flow point and 100 m of gallery length, in each depth class and frac-
turing class, during the 2008-2009 hydrological cycle (within this period all of the
flow points have been observed and measured at least once).

The fracturing density is also divided into five classes, from slightly fractured
area (5-15 fractures/100 m) to crushed area. The comparison of Tables 3, 4, and 5
indicates that the intermediate component (Table 4) tends to preferentially gather in
well-fractured, karstified areas, from the surface (to 200 m depth), on contrary to the
two other flow’s components. Regarding the peculiar temporary flow point W
(see above), theoretically located in the 15-25 fracturing class, in depth (>400 m),
more precisely this flow point is located in the gallery within a local small-scale
crushed area (in the work of Thiebaud (2003), small-scale crushed areas have been
indexed as single fractures). So to have an accurate table, the corresponding value
(“0.09*”) is written in corresponding cells “crushed areas™ versus “>400 m.”

The quick component (Table 3) circulates in the whole vadose zone, whatever
the depth or fracturing density may be, because important hydraulic connectivity
and strong pressure are both necessary to observe this flow’s component running in
the vadose zone (Barbel-Perineau 2013). Flows corresponding to the quick com-
ponent circulate throughout well-developed drain paths which can get through the
whole vadose zone. Nevertheless, as the slow component flows corresponding to
the quick component tend to concentrate in depth in well-fractured areas, in which
karstification process is well-developed.

Finally, the slow component (Table 5) is characterized almost exclusively by
flow circulations in depth, in preferential flow paths, well fractured (except the
flow point D as explained above).



16

A. Barbel-Perineau et al.

Table 3 Quick component distribution in function of depth and fracturing density

0-100 m [ 100-200 m |{200-300 m |300-400 m |>400 m
5-15 fractures/100 m 0.14 Hk 0.00 0.00 0.09
15-25 fractures/100 m 0.98 0.20 0.41 0.00 0.00
25-35 fractures/100 m 0.56 0.81 0.61 0.45 0.00
35-45 fractures/100 m | (.14 0.40 Hok 0.23 0.00
Crushed areas 0.00 0.00 0.00 0.23 0.00

The two stars mean that the fracturing class is not represented in the depth class and zero
corresponds to the lack of flow in depth classes

Table 4 Intermediate component distribution in function of depth and fracturing density

0-100 m 100200 m | 200-300 m | 300-400 m | >400 m
5-15 fractures/100 m 0.28 w 0.00 0.00 0.00
15-25 fractures/100 m 0.56 0.40 0.00 0.00 Hok
25-35 fractures/100 m 0.00 0.00 0.00 0.00 0.00
35-45 fractures/100 m 0.14 0.60 Hk 0.00 0.00
Crushed areas 0.00 0.00 0.20 0.00 0.09*

The two stars mean that the fracturing class is not represented in the depth class and a zero
corresponds to the lack of flow in depth classes

Table 5 Slow component distribution in function of depth and fracturing density

0-100 m 100200 m | 200-300 m | 300400 m | >400 m
5-15 fractures/100 m 0.14 F 0 0 0.00
15-25 fractures/100 m 0.00 0 0 0 0.00
25-35 fractures/100 m 0.00 0 0 0 0.00
3545 fractures/100 m 0.00 0 ok 0 0.18
Crushed areas 0.00 0 0 0 0.00

The two stars mean that the fracturing class is not represented in the depth class and a zero
corresponds to the lack of flow in depth classes

Each flow component is organized in function of the state of the media, the
quick component is a temporary component because flow through drains involve
low water storage to supply flows of this component. The functioning of the
intermediate component in function of depth and fracturing density tends to show a
water supply, a support to the slow component. Intermediate flows could be
actually considered as next slow flows, but not enough structured to drain a
necessary volume of water storage to supply base flow.

Finally, the role of the vadose zone varies with the rock thickness, (i) the
existence and/or the distribution of the three flow’s components at the bottom of
the vadose zone can be a function of both the karstification state and the vadose
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zone thickness of studied areas, (ii) permanent baseflow (slow component) within
the vadose zone is linked to the thickness of considered vadose zone, which may
be several hundred meters. For a long time, vadose zone is supposed to achieve a
major role of storage and baseflow discharge supply (e.g., Emblanch et al. 2003;
Perrin 2003; White 2006; Mudarra and Andreo 2011). Recently, this hypothesis
has been indirectly demonstrated (e.g. Padilla et al. 1994; Charlier et al. 2012) and
directly (e.g. Perrin 2003; Garry et al. 2008; Pronk et al. 2009; Barbel-Perineau
2013), with measurements within the vadose zone.

This study puts the role of the vadose zone into perspective. Indeed inside
karstic aquifers with an important thickness of vadose zone, the vadose zone has a
major hydrodynamic role, even during prolonged low-flow periods. Conversely
inside karstic aquifers with a little thick vadose zone, its hydrodynamical role is
less important. Thus, in future coming modeling studies of karst aquifers, it would
be wise to adjust assigned coefficients of each karstic sub-system, especially the
vadose zone, in function of several parameters, as thickness, karstification state,
fracturing state, instead of set them arbitrarily (as e.g. Bezes 1976; Fleury et al.
2007).

4 Conclusion

Finally, this study highlights the distribution of flow components within the vadose
zone in relation with the depth and the fracturing density: (1) the slow component is
characterized almost exclusively by flow circulations in depth, in preferential flow
paths, well-fractured areas. (2) The quick component circulates in the whole vadose
zone, whatever the depth and the fracturing density may be, because an important
hydraulic connectivity and strong pressure are both necessary to observe it. Flows
corresponding to the quick component circulate throughout well-developed drain
paths, which can get through the whole vadose zone, (3) tends to preferentially
gather in well-fractured, karstified areas, from the surface (to 200 m depth), the
intermediate component shows a particular distribution in the vadose zone, this
flow component prevails in the firth 200 m depth, and then seems to disappear, or
rather to become more hydrodynamically organized, i.e., to become permanent
flows, typical of the slow component.

Thus, this study allows deducing the importance of (1) the variation of flow
activation conditions with the depth and (2) the evolution of the flow component
distribution with the depth and fracturing density, (3) the variability of the vadose
zone role in supplying baseflow discharge, in function of carbonate thickness and
fracturing state of the study area.
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Characterization of the Functionality
of Karstic Systems Based on the Study
of the SI.—Pco, Relation

S. Minvielle, N. Peyraube, R. Lastennet and A. Denis

Abstract This paper aims at characterizing the functionality of karstic systems. In
order to do so, an extend of a method based on the saturated index with respect to
calcite (SI.) and CO, partial pressure (Pco,) is used. The initial method already
applied by Peyraube et al. (2012) uses the Pco, of water at equilibrium with
atmosphere (Pco,_.4) and the Pco, of water for a Sl equal to zero (Pco,_g,). The
Pco, g variation gives information on flows conditions within the karstic system. It
describes the degree of karstification of the system. Systems with developed satu-
rated zone are characterized by under-saturated waters as well as saturated ones
with variable Pco,_g,. At last, fissured system has Pco,_g,; which vary only slightly.
Moreover, variations of Pco, g, show homogenization capacities of a karst.

1 Introduction

Degree of karstification can be considered from a functional aspect: from flows of
waters. Fissured karst outlets possess waters with few variation of their chemistry.
These systems have high capacities to homogenize types of waters. In opposite,
highly karstified systems springs are characterized by different types of waters
flowing from springs. Then the importance of karst vulnerability can be
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approximated by the study of mass transfers. The aim of this paper is to estimate
degree of karstification using SI.—Pco, method (Peyraube 2012), which has not
been used to characterize it.

Three karstic systems, whose recharge areas are the same size, are considered
(Fig. 1): Notre Dame des Anges, Font Marin and Groseau. These springs are
situated around the catchment area of the karstic system of Fontaine de Vaucluse.
Notre Dame des Anges and Font Marin springs belong to Vauclusian-karstic
systems.

Notre Dame des Anges and Groseau outlets are located in the Barremian and
Bedoulian (lower Cretaceous) limestones, characterized by an Urgonian facies.
Waters of the Font Marin spring emerge from geologic formations including Bar-
remian limestones and its substratum composed of Valanginian marls and lower
Hauterivian clayey limestones. Unlike previous springs, Saint Trinit spring is an
epikarstic outlet of a system, which is composed of Barremian and Bedoulian-aged
limestones.

2 Method

In this paper, calcium-carbonate equilibrium will be consider using the Henry’s
constant (Kg) and temperature dependency constants (K;, K, K.) from Plummer and
Busenberg (1982). The SI.—Pco, method is exhaustively described by Peyraube
et al. (2012).

The carbon dioxide partial pressure with which water is at atmospheric equi-
librium (Pco,_q) is determined based on activity of bicarbonate ion ((HCO3™)),
measured pH (pH,,) and equilibrium constants K, and Kj:

log(Pcoy_eq) =log((HCO3)) — pH,, — log(Ko - Ki) (1)

In addition, the saturation index with respect to calcite (SI.) can be determined.
This parameter characterizes the tendency of water to precipitate (SI. > 0) or
dissolve (SI. < 0) calcite. The SI. is defined by:

SI, = —log (Pcoz_eq) +2- log((HCO_;)) + log((CaZJ’)) + log <KII§—2KC>
0Ky~

(2)

where (X) is the activity of the X element.

Equation (2) denotes a linear relation between SI. and log(Pco, o). This
behavior can be illustrated by a line of slope 1 named gassing-degassing line
(G&D line). When G&D line intercepts the x-axis, the Pco, value represents the
Pco, (Pco, ) for which water is in equilibrium with respect to calcite (SI. = 0).
Pco,_ g, for a sample is defined by:
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Fig. 1 Geologic context of the study (from Couturaud 1993)

K
Pcoysarsampte = 107 (2 x log (HCO;3 ) + log(Ca*") + log <—K0K?Kc)> 3)

Similarly to Pcos_sat sampie> @ PCO2_gq fOr a spring Pco,_gaq spring (thereafter only
called Pco, ) can be calculated. It corresponds to the average of Pco, g, of
individual waters of the outlet. This parameter is intrinsic to the spring and allows
to compare springs each others and characterize them.

3 Results and Discussion

In order to distinguish types of waters, a PCA is realized based on 175 samples (65
from Notre Dame des Anges spring, 56 from Font Marin spring and 54 from Groseau
spring) and six variables (bicarbonate, magnesium, silica and chlorides concentra-
tions, SI. and Pco,_.,). Variations of Saint Trinit waters on the six variables are high.
Analysis of PCA cannot be done if these samples are used to establish PCA since
samples dispersions of Font Marin, Groseau and Notre Dame des Anges springs are
not visible on factorial planes. Consequently, water samples of Saint Trinit spring are
projected on the samples space and do not contribute to the establishment of the PCA.
Results of PCA can be seen though the variable space (Fig. 2) and the sample space
(Fig. 3). The first factorial plane (F1-F2) is the best-described one for variables.
These two principal components explain 73.44 % of the total variance.
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The first axis (F1) is associated to HCO5 ~, Mg** and SiO» in its positive part, C1~
in its negative part (Fig. 2). It represents the residence time of water. In its positive
part, waters tend to have a longer residence time whereas in its negative part,
shallow water participation increases. The second axis (F2) exposes the opposition
between Pco,_.q in the positive part of the axis and Sl in the negative part.

Waters of Notre Dame des Anges spring (Fig. 3) is expanded along three poles:
Pcoy_cq, Mg2+ and SiO,, and CI". During autumn floods, samples shift toward the
Pco,_¢q pole. A majority of low-flow waters moves to the pole {Mg?*; Si0,}. This
trend characterizes waters of saturated zone with high magnesium and silica
contents. Finally, waters with highest negative values on Fl-axis showed an
important contribution of shallow waters. This participation decreases as waters
recede from the Chlorides pole.

Others waters spring do not exhibit several types of waters. Samples of Groseau
spring show no variations along {Mg?*; SiO,} poles. Only few variations of the
Pco,_.4 pole can be noticed. This is related to gassing or degassing of water. This
stability of the chemistry of residence time markers highlights homogenization
capacities of the system. Then the Groseau spring tends to be an outlet of a fissured
aquifer than a karstic aquifer.

The spring of Groseau (Fig. 4) has the weakest model Pco, g, value (0.55 %)
and the weakest variation range of waters Pco, g, (between 0.50 and 0.60 %).
Waters emerging from Notre Dame des Anges spring have the widest range of
variation of Pco, g, (from 0.74 to 2.08 %) with a model Pco, g, of 1.06 %. The
model Pco, ¢, value of Font Marin spring is 0.91 % with an extensive of waters
Pco, o 0f 0.50 % (from 0.59 to 1.09 %). The last spring of this site is Saint Trinit
spring. It is characterized by waters with a range of variation of Pco, g, from 1.16
to 1.98 %. The model Pco,_ g, of this system is 1.50 %.

Groseau system possesses the lowest and the weakest range of Pco,_g,,. PCA
indicates that Groseau spring is an outlet of a fissured aquifer than a karstic
aquifer. Waters of fissured karsts have low range of variation of Pco, g, related to
their homogenization capacities.

Differences in Pco,_g,, are related to soil (nature, type, occupation) and structure
of the karstic system. Groseau and Notre Dame des Anges waters springs emerge
from the saturated zone of their own system. Nevertheless, Pco, g, of Groseau
spring is smaller than this of Notre Dame des Anges spring. Intake area of Groseau
system is located at an altitude of 1,100 m, higher than supply area of Notre Dame
des Anges spring. In the Vaucluse county, high uplands are characterized by a
vegetation depletion and thin soils. Consequently, in altitude, soil CO, is low. As a
result, water has a weak Pco,_ .

However, intake area of Saint Trinit system is higher than those of Notre Dame
des Anges and Font Marin springs. The Pco,_g, of Saint Trinit is the highest. Saint
Trinit is an epikarstic spring which is then located near the production zone of
CO,. In addition, intake area of this system undergoes agricultural pressures which
can increase soil Pco, and then Pco,_g,, of soil waters. More the water moves away
the CO, production zone and remains in the transmission zone, more the Pco, gy
in the water decreases. Therefore, Pco, ¢, in Saint Trinit waters are high.



24 S. Minvielle et al.

1.000
t Groseau = Font Marin
@ Notre Dame des Anges & Saint Trinit
0.800 Groseau model line Font Marin model line
Hotre Dame des Anges model ine Saint Trinit_mode! line
0.600 | ! e
0.400 T MNotre Dame des T o— e
Anges X o
Peog yu=106% L] -
Saint Trinit ¥
g Pcoz = 150%
7]
0.000
-0.200 - 3 !
~ & ¥ Groseau
@ e Pco; s = 0.55%
' Font Mann
-0.400 = s Peog e =0.91%
-0.600
1.40 1.60 1.80 2.00 2.20 2.40 2.60 -leg(Peo; .q) 2.80
3.98 2.51 1.58 1.00 0.63 0.40 0.25 Peo,[%] 0.16

Fig. 4 Representation in a (—log(Pco,_cq); SIc) graph of waters spring of Groseau (N = 54),
Font Marin (N = 56), Notre Dame des Anges (N = 65) and Saint Trinit (N = 29) (1991-1992)

Variability of Saint Trinit Pco, g, is related to CO, production (Cowan et al. 2013)
and agricultural supplies.

SI. are weaker when moisture state of soil/epikarst is high. Consequently,
variations of waters Pco, . (gassing or degassing) and Sl in this epikarstic spring
are due to moisture content in soil/epikarst.

PCA divides waters of Notre Dame des Anges spring in three water types: one
representing low-flow waters, one occurring during autumn floods and the last
deriving from a mix between the two previous poles. SI.—Pco, method distinguishes
waters of autumn floods too. To complete the description of Notre Dame des Anges,
the three groups identified in the PCA are carried over the (—log(Pco,_¢q); SI.) graph
(Fig. 5).

Unlike PCA distinction, sample of the 22/09/1992—with coordinates of (2.09;
0.406) in Fig. 5—has been added to autumn flood waters. Samples of the 11/10/
1991 and the 09/09/1992—with coordinates respectively of (2.04; 0.038) and
(1.77; —0.268) in Fig. 5—have not been used to determine G&D line of low-flow
waters and flood waters due to their remoteness to the others samples. These
values are considered outlier, probably due to an error of pH measurement.

Waters of Notre Dame des Anges spring flowing during autumn floods are
aligned along G&D model line of Saint Trinit; they have similar Pco, g, Then
Notre Dame des Anges outlet is feeding by epikarstic supply flowing quickly
through the system.

Low-flow waters have the lowest Pco, . Like autumn flood waters, low-flow
waters are aligned along a G&D line with a 0.81 % Pco, g, value. The Pco, gy
indicating by the G&D line of autumn flood waters is 1.85 %.
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Fig. 5 Representation in a (—log(Pco,_¢q); Sl.) graph of flood waters, low-flow waters and
intermediate waters of Notre Dame des Anges spring, and waters of Saint Trinit spring
(1991-1992)

Intermediate waters are essentially distributed between these two values. They
are mixes between the two previous poles. Their Pco, s, depend on Pco,_g, of the
two end-members. Some of these intermediate waters (hereafter named group A)
have a Pco, g, near those of low-flow waters. Nevertheless, their SiO, and Mg2+
contents are lower than in low-flow waters (Table 1). Therefore, time residence in
contact with the massif is sufficient to equilibrate waters with air Pco, of the massif
but not enough sufficient to mineralize large amounts of Mg** and SiO,.

In flood periods, epikarstic waters replace low-flow waters. Such differentiation
implies that waters in the system maintain the chemical signature, which presents
during low-flow. Consequently, saturated zone contains stocks of waters which
feed the spring during low-flow periods. This supports the fact that the system of
Notre Dame des Anges is highly karstified. Two end-members are then distin-
guishable, characterized by their Pco,_g,.. Waters from the transmission zone have
a chemical composition which corresponds to a mix between these two poles.

Waters of Font Marin spring are not divided into several groups as in Notre
Dame des Anges spring. Then the system of Font Marin has more capacities to
homogenize waters. Consequently, more the variation range of Pco, , is wide,
more the system is characterized by different types of waters. A wide variation
range of Pco, ¢, described a high karstified system. Such classifications of Notre
Dame des Anges and Font Marin systems agree with those of Lastennet and Mudry
(1997) and Batiot et al. (2003).
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Table 1 Magnesium and silica contents (in mg/L) for group A waters (N = 12) and low-flow
waters (N = 17) (1991-1992)

Magnesium (mg/L) Silica (mg/L)
- Minimum | Maximum | Average |Minimum |Maximum | Average
Group A 3.68 5.60 4.74 5.15 6.25 591
Low-flow waters | 4.92 6.18 5.73 6.31 7.76 6.84

4 Conclusions

Degree of karstification can be qualitatively obtained by the SI.—Pco, method.
Pco,_g,¢ brings information about origins of waters and flowing conditions in the
system. A little range of variations of waters Pco,_g, describes a fissured system or
a highly karstified system. Large range of variations of waters Pco, ¢, charac-
terizes an evolved system in terms of karstification. Karst is highly compart-
mentalized with low homogenization capacities. End-members representing
epikarst and saturated zone are then identifiable. If Pco, g, dispersion does not
exhibit end-members, system is described as having an average karstification.

References

Batiot C, Emblanch C, Blavoux B (2003) Total organic carbon (TOC) and magnesium (Mg2+):
two complementary tracers of residence time in karstic systems. C R Geosci 335:205-214

Couturaud A (1993) Hydrogéologie de la partie occidentale du systeme karstique de Vaucluse,
These doctorale Université d’Avignon

Cowan D, Osborne MC, Banner JL (2013) Temporal variability of cave-air CO, in Central Texas.
J Cave Karst Studies 75:38-50

Lastennet R, Mudry J (1997) Role of karstification and rainfall in the behavior of heterogeneous
karst system. Environ Geol 32(2):114-123

Peyraube N, Lastennet R, Denis A (2012) Geochemical evolution of groundwater in the
unsaturated zone of karstic massif, using the Pco,—SI, relationship. J Hydrol 430:13-24

Plummer LN, Busenberg E (1982) The solubility of calcite, aragonite and waterite in CO,—H,O
solutions between 0 and 90 °C, and evaluation of the aqueous model of the system CaCOz—
CO,—H,0. Geochim Cosmochim Acta 46:1011-1040



Contribution of Hydrogeological Time
Series Statistical Analysis to the Study
of Karst Unsaturated Zone

(Rustrel, France)

C. Ollivier, C. Danquigny, N. Mazzilli and A. Barbel-Perineau

Abstract Characterising the hydrodynamic processes in the unsaturated zone is a
prerequisite to efficiently protect and manage the karst water resource. In this
study, we use rainfall-discharge cross-correlation analysis to improving the
understanding of the hydrodynamic functioning of the karst unsaturated zone. This
analysis is based on sparse discharge measurements from five flow points located
within the artificial LSBB gallery. Our results are consistent with hydrochemical
analyses, and they evidence the influence of inter-annual rainfall variability on the
hydrological functioning of the unsaturated zone. They also show that cross-cor-
relation may prove an efficient tool for sparse data analyses.

1 Introduction

This work focuses on the hydrogeological behaviour of preferential water flow
pathways through karst unsaturated zone. It benefits from an almost unique
experimental facility, the Low-Noise Underground Research Laboratory of Ru-
strel—Pays d’ Apt (LSBB, www.Isbb.eu) which is a 3.7 km artificial gallery dug in
the unsaturated zone of the karst system of “Fontaine-de-Vaucluse” (SE France,
Fig. 1). Through a typical Cretaceous karstified carbonate platform, this gallery
arbitrarily intersects tectonic and karstified features from 0 to 519 m in depth.
Since 2003, the water flow rate of up to 53 water flow points has been monitored
on a weekly basis. Based on this monitoring, a classification of the water flow
points into three groups with (i) diffuse, (ii) intermediate, and (iii) fast flows
behaviours, has been proposed (Barbel-Perineau 2013). The hydrodynamic
behaviour of the monitored flow points is dependent on both depth and fracturing
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density (Barbel-Perineau et al. 2013). The statistical analysis of spring discharge
time series is a classical tool for the hydrogeological investigations of karst aquifers
(e.g. Mangin 1984; Padilla and Pulido-Bosch 1995; Labat et al. 2000; Massei et al.
2006). Most statistical approaches require either a high sampling frequency
(quasi-continuous sampling), or a regular sampling scheme. However, these
requirements are often not fullfilled due to operational constraints and costs, in
particular for hydrochemical time series. In this work, we use cross-correlation to
analyse the hydrodynamic behaviour of flow points located within the LSBB gallery:
(i) in the unsaturated zone, (ii) with a low-frequency, highly heterogeneous sampling
scheme and (iii) considering the influence of antecedent rainfall conditions.

2 Materials and Methods

2.1 Basis of Cross-Correlation Analysis

Cross-correlation analysis considers the correlation of the time series, applying a
lag time to one of them. In this study, we use Pearson product-moment correlation
coefficient R for the analysis of the rainfall-discharge linear relationship (Padilla
and Pulido-Bosch 1995):

Y Qi — O)(P — P)
VI (0 - OPY, (P - PY?

R(1) (1)

where ¢ is the lag time between the two series, Q is the discharge time series, P the
rainfall time series, n the sample length.
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2.2 Discharge and Rainfall Time Series

In this study, we consider the 2003-2013 discharge time series for the five most
sampled water flow points identified in the unsaturated zone along the LSBB
gallery: points A, B, C, D, and GAS. All these points have approximately the same
elevation, but they are located at different depth (considered from the local
topography, Fig. 1): “A” is located at —442 m, “B” at —421 m, “C” at —256 m,
“D” at only —33 m, “GAS” at —191 m. The sampling step is an average 11 days
but with a very irregular scheme. In particular, measurements frequency is
increased during rainy periods. For these points, we consider the relationship with
the daily rainfall measured at the nearest station (Saint-Saturnin-Les-Apt, 8 km
away from the LSBB field site). A preliminary assessment of the effect of the low-
frequency, irregular sampling scheme is performed using the daily discharge time
series at the outlet of the karst system (Fontaine-de-Vaucluse spring).

3 Results and Discussion

3.1 Comparison of Different Sampling Schemes
for the Fontaine-de-Vaucluse Time Series

Figure 2 shows the discharge time series (Fig. 2a, c, e, and g) and the rainfall-
discharge cross-correlation analysis (Fig. 2b, d, f, and h) for the Fontaine-
de-Vaucluse spring (2004-2012), based on 4 different sampling schemes. The
maximum of the correlation coefficient is reached for a lag time of 6 days, which
means that the linear component can be detected at the watershed scale (Fig. 2b).
This component is quickly attenuated by more complex components. Applying the
sampling scheme from the LSBB flow points to the Fontaine-de-Vaucluse time
series leads to a degradation of the cross-correlation; however, both the shape and
the average value of the cross-correlation function are conserved (Fig. 2d).
A linear reconstruction of the discharge time series (Fig. 2e) reduces the dispersion
of the cross-correlation function, but the maximum of the correlation is widened
(Fig. 2f). A nearest neighbour reconstruction of the discharge time series (Fig.2g)
induces a shift in the maximum of the cross-correlation function (Fig. 2h).

It stems from this comparison that: (i) a low frequency, irregular sampling
scheme leads to a degradation of the cross-correlation function, in particular due to a
higher dispersion of the correlation coefficients, but it may preserve the shape of the
cross-correlation function; (ii) time series reconstruction methods may bias the
cross-correlation function; (iii) fast hydrodynamic of karstic flow point may not be
reproduced with suggested reconstruction methods with such sparse data. In the
following, we use no time series reconstruction methods before the cross-correlation
analysis.
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Fig. 2 Daily discharge and rainfall—discharge correlation at the Fontaine—de— Vaucluse, based
on different sampling schemes: a Daily discharge sampling and b the cross—correlation with
rainfall—discharge.; ¢ LSBB flow points sampling scheme of the flow and d associated cross-
correlation.; e Linear reconstruction of the discharge time series and f associated cross-
correlation.; g Nearest neighbour reconstruction of the discharge time series and h associated
cross-correlation. For clarity purpose, discharge time series are focused in the year 2004

3.2 Comparison of Rainfall-Discharge Cross-Correlation
Functions Under Different Hydrological Conditions

The cross-correlation analysis is repeated for two hydrological cycles (2005-2006
and 2011-2012) that have almost equal cumulative rainfall amount but different
wetness antecedent conditions. Figure 3 shows the cumulative rainfall for hydro-
logical years from 2003-2004 to 2012-2013. Both 2005-2006 and 2011-2012
cumulative rainfall is roughly equal to 585 mm. However, the 2003—2005 cumu-
lative rainfall is approximately 1,200 mm whereas the 2009-2011 cumulative
rainfall reaches 1650 mm.

Figure 4 shows the cross-correlation functions for the rainfall-discharge rela-
tionship at the Fontaine de Vaucluse spring and the LSBB flow points, for the
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2005-2006 and 2011-2012 hydrological cycles (considered separately). Significant
autocorrelation at lag 6 months shows up clearly, due to the seasonal pattern of
rainfall. We observe three markedly different responses, with: (i) no significative
cross-correlation (points A and B), (ii) significative cross-correlation, similar for
both hydrological years (points C and D), (iii) significative cross-correlation for
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the 2011-2012 hydrological year only or with a very different cross-correlation
function for the 2005-2006 year (Fontaine de Vaucluse spring and point GAS).

Points A and B are located ~420 m in depth, with a diffuse flow behaviour
according to Barbel-Perineau (2013). However, their reactivity to rainfall events is
lower than that of e.g. point D (Fig. 4e). The point D also presents a diffuse flow
behaviour, but it is located at —33 m in depth. Based on these observations, we
propose that the absence of significative linear rainfall-discharge relationship for
points A and B could be related to a relatively high degree of organisation of the
karst conduit network.

Point C (—256 m) and point D (—33 m) have, respectively, intermediate and
diffuse flow behaviours, according to their classification by Barbel-Perineau
(2013). The cross-correlation analysis shows similar hydrodynamic behaviours,
with a maximum at ~6 days lag time (Fig. 4d, e). Compared to 2011-2012
results, there is a slight increase in the lag time associated with the 2005-2006
cross-correlation maximum (approx. +12 days).

Based on these elements, we propose that the stability of the linear rainfall-
discharge relationship for these points during contrasted hydrological conditions
be related to a relatively high water storage upside these flow points. These results
are in good agreement with the hydrochemical and hydrogeophysical investiga-
tions performed by previous authors: (i) the relation of points C and D with
unsaturated zone water storage have been detected by chemical analyses of time
tracers (Magnesium and TOC) (Garry 2007; Barbel-Perineau 2013), (ii) unsatu-
rated zone water storage understanding is strengthened by hydrogeophysical
investigations performed from the surface, above point D (Carriere 2014).

Point GAS (—191 m) has an intermediate flow behaviour according to Barbel-
Perineau (2013). The linear rainfall-discharge relationship is not significative for
the 2005-2006 time series, and strong for the 2011-2012 time series (the maxi-
mum of the cross-correlation being reached for a lag time lower than 6 days). The
absence of reactivity of this point for the 20052006 year may be due to the lack
of connectivity in the upward rock cover.

The Fontaine de Vaucluse spring shows a significative linear component of the
rainfall-discharge relationship for both 2005—2006 and 2011—2012 time series,
but with a shift in the cross-correlation maximum from 60 days lag time (2005—
2006) to 8 days lag time (2011—2012) and an increase in the absolute value of the
cross-correlation maximum. This result evidences the influence of antecedent
hydrological conditions on the hydrological functioning of the watershed.

4 Conclusion

This contribution addresses both methodological and conceptual issues.

First, sparse data are a recurrent problem in environmental sciences, and they
are generally considered as unfit to statistical analyses. This study shows that data
stemming from low-frequency, highly heterogeneous sampling schemes can be
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further analysed using cross-correlation analysis. These results show that cross-
correlation analysis can be successfully used with sparse data time series. The
proposed approach could be adapted, for example hydrochemical time series
analysis.

Second, characterising the hydrodynamic processes in the unsaturated zone is a
prerequisite to efficiently protect and manage the karst water resources. This study
provides complementary insights into the hydrodynamic functioning of the
unsaturated zone, based on discharge measurements from five flow points located
within the artificial LSBB gallery. Our results are consistent with hydrochemical
analyses. They also evidence the influence of inter-annual rainfall variability on
the hydrological functioning of the unsaturated zone.
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Transmissive and Capacitive Behavior
of the Unsaturated Zone in Devonian
Limestones, Implications

for the Functioning of the Epikarstic
Aquifer: An Introduction

A. Poulain, G. Rochez, 1. Bonniver and V. Hallet

Abstract The hydrogeological behavior of the unsaturated zone in karst lime-
stones is far to be completely understood. However, this part of aquifer systems is
the most important for the vulnerability of drinking water resources. In Wallonia,
the majority of tap water is provided by Devonian and Carboniferous limestones,
which consist of highly karstified and fractured formations. The purpose of this
research was to apply an experimental approach in order to assess the functioning
of the unsaturated part of karst systems. We choose to follow two drip sites within
the Han-sur-Lesse cave system (Rochefort, Belgium), the actual dataset covers the
2008-2013 period and the recording device is still active. We also conduct dye
tracer experiment (uranin) from the surface with a fluorometer into the cave
coupled with a drip collector. In this paper, we present the contextualization of the
study site, the experimental methodology, and the first results.

1 Introduction

The superficial part of karst area is usually referred as the epikarstic area. This
zone presents an increased degree of dissolution, weathering, and fracturation and
therefore exhibits higher porosity and permeability compared with the underlying
bedrock (Mangin 1975; Klimchouk 2004) (Fig. 1). Due to this, it may store a part
of the infiltrated water up to a near-saturation state and, then, constituting a per-
ched epikarstic aquifer within the unsaturated zone. Limestone and karst aquifers
represent an important part of global groundwater reserves. Their vulnerability is
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important, and therefore the protection of this resource is a major issue for the
preservation of the water reserves.

The unsaturated zone (including epikarst) represents a significant transfer path
for the aquifer recharge. Transmissive and storage capacity features of the
unsaturated zone are poorly understood, mainly due to the lack of direct obser-
vational data and the complexity and spatial variability of these processes. One
way to understand the behavior of this area, and particularly the role of the epikarst
aquifer, is to interpret drip signals into the open karst of the unsaturated zone.
Recent studies have already used this methodology in order to assess the various
processes inside the vadose zone. Arbel et al. (2010) and Scheffer et al. (2011)
used drip rate recording and tracer experiment to estimate the infiltration and
recharge processes through the unsaturated zone in Israeli karstified limestones.
Jex et al. (2012) provides a summary of published and unpublished sources of cave
drip rate monitoring data since more than 15 years. The literature references and
the study opportunities based on such data are wide; our first goal was to apply
these kind of methodologies at the scale of Belgium. As the Paleozoic limestones
of Wallonia are the major reserve of drinkable water in Belgium, it is essential to
understand the functioning of such aquifer for the estimation of their vulnerability.
In order to collect enough data to allow comparisons with historical data in various
places, we chose to install drip rate recording devices in the Han-sur-Lesse cave in
2008. A tracer experiment was also carried out during March 2009.

The first part of the current project was the treatment of datasets from the two
drip-sites. The breakthrough curve of the tracer experiment between the surface
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and this cave has been also compiled and synthesized. This paper presents the
geological and karstic context of the study site, our experimental methodologies
and the complete results for the 2008—-2013 period, with a short analysis.

2 Study Site

The Han-sur-Lesse cave system is located within the Calestienne in south Bel-
gium, near the city of Rochefort (Fig. 2a). The Calestienne is a morpho-structural
unit of Belgium which forms a thin band of SW-NE hills between the Fagne-
Famenne plain (mean elevation of 200 m) and the Ardenne highlands
(300-694 m). This unit is formed by a series of folded and fractured Upper
Devonian limestones (Givetian), highly karstified. The south-Belgian Givetian
rocks are mainly composed by biostromal limestones with some argillaceous
limestones or nodular shales intercalations, which may locally acts as impervious
layers within the karst aquifer. The flow of the Lesse River over these lithologies
has favored the formation of an underground meander cutoff through the Boine
massif which is now known as the Han-sur-Lesse cave system.

The Han-sur-Lesse cave system is the biggest in Belgium with a cumulated
length of 13,843 m. The network is composed of an active karst with the under-
ground Lesse river and several access to the local water table and a « fossil » part
with multiple galleries within the unsaturated zone.

The first drip site is installed inside the Pere Noél Cave (Fig. 2b). This cave is
developed along the bedding plane in the upper part of the Givetian series in the
Fromelennes Formation. This is a highly active cave in terms of percolation, which
has produced one of the most concretionary cave in Belgium. The drip monitoring
station is installed under a perennial stalactite flow that ranges from 15 to 70 1/day.
This site was chosen by Genty and Deflandre for drip monitoring between 1991
and 1996 (Genty and Deflandre 1998).

The second drip site is in the Salle d’Armes (Fig. 2b), which is located in the
Mont d’Haurs Formation within the Han-sur-Lesse cave s.s. The stalactite is a
young speleothem with a drip rate ranging from 0 to 50 1/day.

3 Methodology

3.1 Dripping Rate Measurement

The two dripping sites where equipped with a simple self-siphoning device
composed by a graduated cylinder combined with a pressure probe (Fig. 1). The
cylinder volume is about 1 1 (depending of the probe volume and the siphoning
tube size) and is emptied by a glass tube when the water reaches a given level. The
probe is a CTD-Diver (Eijkelkamp—10 m Diver) with a time-step of 5 min which
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records the pressiometric level into the cylinder (atmospheric pressure 4 water
pressure). As the device is filled/emptied by the dripping flow, we record a saw
tooth pattern which allows calculating the dripping rate per day with a simple data
treatment. The variation in atmospheric pressure is considered to be too low to
influence the results of this methodology.

3.2 Infiltration Calculation

The meteorological data were given by the Royal Meteorological Institute of
Belgium (RMI) for the Han-sur-Lesse station which is about 1 km from the Pere
Noél station and 400 m from the Salle d’Armes station. Daily estimations of
temperature (°C), precipitation (mm) and atmospheric pressure are available for
the 2008-2013 period, and we consider them to be reliable due to the very short
distance. The infiltration water amount was estimated with the water excess (WE)
based on the precipitation and the evapotranspiration given by the Thornthwaite
formula (Thornthwaite 1954) as suggested by Genty and Deflandre (1998) for the
same area. Due to the karst context, runoff is supposed to be negligible.

3.3 Tracer Experiment

The tracer experiment was conducted during March 2009 in the Pere Noél cave
area. For this particular purpose, the dripping water of the Pére No€l station was
diverted from the graduated cylinder into a nearby rimstone. This rimstone was



Transmissive and Capacitive Behavior of the Unsaturated Zone ... 39

large enough to install an automatic fluorometer (GGUN-FL30 by Albillia Swit-
zerland) in order to measure the tracer concentration with a 15 min timestep. The
combination of discharge measurement and tracer concentration allows us to
calculate the tracer recovery.

We use the fluorescent tracer uranin (C,oH;oNa,Os) for this experiment. It is
the most used fluorescent tracer due to its very low detection limit (10~ ug/l), low
sorptivity, low cost, and nontoxicity at such concentration (Schudel et al. 2002).
For the injection point, we choose to project the percolation site on the surface
according the local dip of the limestone layers (Fig. 2). We inject 500 g of uranin
with approximately 500 1 water in this precise location (1 m?). The distance
between the surface and the dripping site is 70 m according to the local dip value,
no other cavity is known between these two points.

4 Results and Discussion

4.1 Dripping Rate Chronicles (2008-2013)

Excepted for the beginning of 2008 and the end of 2010, the drip chronicle is
generally complete for the 2008-2013 period and shows remarkable inter-annual
correlations as well as very different signals between the two sites (Fig. 3). This
reflects the variability of the processes and responses of the vadose zone, regarding
the recharge water as well as their recurrence during several hydrological years.

4.1.1 Pere Noél Site (Red Curve)

The stalactite at the Pére Noé¢l station is perennial with drip rate between 15 and 70
1/day. It shows four different stages during the year:

e Phase I: During the periods without infiltration (summer and autumn), a long
and slow decreasing is observed until a minimal value around 15-20 1/day. This
is interpreted as the epikarst drainage and suggests that the epikarst storage
provides most of the discharge of unsaturated percolations during low water
level periods.

e Phase 2: After the decrease phase, a quick and sharp increase of the discharge
is observed, despite the recovery of the infiltration since several days or weeks.
This highlights the storage capacity of the epikarst and the fact that a certain
infiltration threshold is needed prior to feed the stalactite drip. This has been
already observed by many studies in other karst systems (Arbel et al. 2008,
2010; Scheffer et al. 2011).

e Phase 3: The drip discharge is highly variable, and correlated to the recharge
rate. This could indicate that the storage capacity of the epikarst is reached.
This phase lasts for 4-5 months.
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Fig. 3 Drip rate results for 2008-2013 at the two recording stations within the Han-sur-Lesse
caves

e Phase 4: A slow, but significant increasing of the stalactite discharge until a
punctual maximal discharge value, without any infiltration input. This value is
higher than the maximal discharge observed at the beginning of the winter.
Furthermore, this maximum discharge is the same in 2008, 2009, 2010, 2011
and 2012 (67.7 1/day, with an accuracy of 0.97 1/day).

The three first annual phases at the Péere Noél station were already observed by
Genty and Deflandre (1998). The fourth phase was not observed, and cannot be
explained at this point of our study.

Other new features provided by these data are many sharp decreases of the drip
rate (5-101 in few days). These anomalies are highly correlated to major or
prolonged infiltration events. The best example of this phenomenon is observed
between January and July 2009, with seven decreasing events. An explanation
could be a bypass phenomenon when the infiltration rate is too high and overflows
the usual infiltration path, leading to a decrease of the drip rate. This seems to be
the best explanation as no peak flow related to the infiltration peak is observed at
the stalactite, even after a few days.

On the contrary, during periods with little or without infiltration, the drip rate
increases frequently with a linear trend. This is related to the Phase 4 of the
hydrological cycle which takes place during the longest period without infiltration
water.

4.1.2 Salle d’Armes Site (Blue Curve)

The drip rate chronicle at the Salle d’ Armes station is much simpler compared to
the previous one. The discharge is in a range between 0 and 50 1/day and shows a
seasonal variation in three stages: (i) due to the infiltration lack, a long and slow
decease during summer and fall: depending on the year, the stalactite may dry up
during a certain period; (ii) the sharp increase when the epikarst storage is filled by
the recovery of the infiltration in winter; and (iii) a high discharge stage with quick
reactions to the recharge variations.
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4.2 Tracer Experiment

The uranin was injected above the Pére Noé¢l cave the 27th of March at 14:00 and
the first appearance of the tracer into the dripping water was observed the 28th at
approximately 5:30 (Fig. 4). The maximum water transit speed through the lime-
stone massif (70 m thick) is approximately 4.5 m/h. This first result is quite sur-
prising, while there is no evidence (at the surface and in the cave) for a dissolution
enlarged flow path, where quick flow is possible. The maximum tracer concen-
tration (72.2 ppb) is observed 3.5 days after the release, which means a modal
velocity of 0.83 m/h. The total breakthrough lasted for more than 150 days, with a
return to the background noise after 200 days. The tracer mass recovery is 0.013 %.

During this tracer test, the electrical conductivity of the water shows two sig-
nificant decreases, corresponding to two periods of negative drip rate anomalies
(during high infiltration periods). This means that the drip water is influenced by
low-conductive precipitation water. Otherwise, when the discharge is increasing
(corresponding to low or absent infiltration periods), the electrical conductivity is
also increasing. This particular feature of the drip rate and E.C record reflects an
epikarst water drainage caused by lack of infiltration water. We note that even if
precipitation water influences the E.C., the water temperature is very stable and
does not show any meteoric influence.

4.3 Discussion

The Han-sur-Lesse cave provides a relevant study site for unsaturated zone
investigation in Devonian limestones of Belgium.

The drip rate chronicle is very satisfying and shows only few periods of
technical issues leading to a lack of discharge data. The particular behavior of the
Pere Noél stalactite drip has not been explained yet. It is evident that these
unknown features of stalactite drip are very interesting, as they reflect particu-
larities of the epikarst functioning. The comparison with the Salle d’Armes drip
will be an interesting reference, because they show different behaviors for the
same drip rate range and for the same surface infiltration conditions.

The tracer experiment exhibits the duality of the epikarst behavior. On one
hand, it shows a very fast percolation within the unsaturated zone. The BTC
reflects a high permeable pathway, with no significant dilution along the way as
shown by the shape of the curve and the high maximal concentration. On the other
hand, the tracer release lasted for more than 150 days with only 0.013 % recovery.
The long-term storage capacity of the epikarst is evident, regarding the two last
characteristics. Furthermore, no significant clue of the water flush (500 1) was
recorded in the drip chronicle after the injection. This indicates that the tracer
probably spreads widely around the injection point, and this may be an explanation
for a very low tracer recovery, but a high maximum concentration. A quick visual
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Fig. 4 Breakthrough curve at the Pére Noél station during the tracer experiment in March 2009

inspection of the surrounding percolation points was made during the uranin
breakthrough (the tracer was visually detectable in the cave) but no other tracer
seepage was detected.

S Conclusions and Research Prospect

The very simple recording methodology for drip rate allowed us to collect 6 years
of data for two stalactite sites. The device shows is ability to record precise and
reliable data, whereas very little maintenance is required. The different stations are
still operational and will record more data during the next few years. The available
discharge data highlights recurring processes inside the vadose zone, as well as
strong seasonal difference between the two locations. These records offer a
promising base to identify the behavior of the epikarst regarding the karst aquifer
recharge in the belgian Devonian limestones. A better understanding of these
processes will lead to an improved management of drinkable water reserves in
Wallonia.

Tracer results confirm the fast vertical drainage inside the unsaturated zone but
reflect a potentially large dispersion (low tracer recovery) and a long (>150 days)
storage of the tracer.

The following steps of the project are: (i) looking over the existing literature, to
drive our analysis perspectives; (ii) building a conceptual model of the unsaturated
zone in limestones, regarding discharge and tracer experiment data; (iii) integrating
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a numerical model able to predict discharge variation cycles with the infiltration
data, in order to test the conceptual sketch; and (iv) attempting to validate our
models with future data from drip stations, and new tracer experiments.
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Feasibility and Limits of Electrical
Resistivity Tomography to Monitor Water
Infiltration Through Karst Medium
During a Rainy Event

S.D. Carriere, K. Chalikakis, C. Danquigny, R. Clément
and C. Emblanch

Abstract The common hydrogeological concepts assume that water enters in
karst media by preferential pathways. But it is difficult to identify these pathways,
particularly if soil or scree covers the karst features. When and where does water
enter in the hydrosystem? How fast? A unique large-scale Electrical Resistivity
Tomography (ERT) surface-based time-lapse experiment was carried out during a
typical Mediterranean autumn rainy episode (230 mm of rain over 17 days). A
total of 120 ERT time-lapse sections were measured over the same profile during
and after this event (30 days). The main goal was to evaluate efficiency and limits
of the ERT to monitor water infiltration, under natural conditions. Apparent
(directly measured) and inverted resistivity’s variation during the rainy event
highlights some interesting zones. They could be interpreted as preferential
pathways, where water dynamic seems quicker in term of moistening and drain-
age. Nevertheless, these results have to be interpreted reasonably because ERT
does not provide enough precision to determine exact pathways geometry and
functioning. In addition, forward modeling provided relevant data treatment lim-
itations mainly for the deeper parts of the sections.

1 Introduction

Identifying and locating potential preferential pathways such as conduits, faults, or
fractures is peculiarly difficult in karst areas. In addition, characterizing and
locating water movements through these pathways is probably one of the most
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important and challenging task in order to improve enhanced understanding of
karst water dynamics. Hydrogeologists have been developing several methods
mainly related to natural and artificial tracing to access these water pathways.
Geophysical tools could help identifying these potential pathways with a suitable
methodology (Carriere et al. 2013; Chalikakis et al. 2011; Jardani et al. 2006;
Meyerhoff et al. 2012; Valois 2011). However, even if such features were fully
identified, effective water flows pathways would probably remain almost impos-
sible to predict and monitor. In karst areas, the link between structure and
hydrodynamic functioning remains a bottleneck. This could probably explain also
the limited use of physically based gridded flow models for karst hydrodynamic
modeling. Ground Penetrating Radar (GPR) is probably the most efficient geo-
physical technique to image near surface features under adequate surface condi-
tions (Al-fares et al. 2002; Carriere et al. 2013; Chalikakis et al. 2011). However,
GPR does not allow identifying if these features impact water dynamic. Electrical
Resistivity Tomography (ERT) technique due to its robustness and reliability has
been widely used in karst areas to identify karst features (Cardarelli et al. 2006;
Valois et al. 2010; Zhou et al. 2000). In porous semihomogenous media, ERT, due
to its sensitivity to water content, is a commonly used geophysical technique, fast
enough to follow up water infiltration during rainy events (Clément et al. 2009;
Descloitres et al. 2008).

A unique large-scale ERT surface-based experiment was carried out during a
typical Mediterranean autumn rainy episode (17 days) in the LSBB (Low Noise
Underground Research Laboratory, Rustrel, France) within the Fontaine de Vau-
cluse karst hydrosystem (Fig. 1). This experiment takes place on karstified urgo-
nian limestone described by Masse and Fenerci-Masse (2011) (Fig. 1c and d).
There is not developed epikarst and soil cover is thin or absent. A total of 230 mm
of rain was registered and 120 ERT time-lapse sections were measured over the
same profile during and after the event (30 days). The main goal was to evaluate
efficiency and limits of the ERT to monitor water infiltration via previously rec-
ognized karst features (Carriere et al. 2013), under natural conditions.

2 Implantation/Acquisition Strategy and Field Constraints

At the experimental site, the slope, the vegetation, and the gravel cover induced a
very important preparation work to clear the ERT chosen profile before mea-
surements. In addition, the implantation of electrodes, mainly at limestone out-
crops, was an additional difficult task; electrode holes were mechanically dug
within the rock; saltwater and mud were used to ensure a good quality ground
contact. Bad electrode-ground contact could induce artifacts during data acquisi-
tion. These artifacts are comparable to near surface inhomogeneities (Abbas et al.
2004; Ritz et al. 1999) which could deteriorate the final inverted resistivity section
(LaBrecque et al. 1996).
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The chosen ERT profile follows an E-W direction. This direction is perpen-
dicular to the general slope, subperpendicular to one of the main faulting and
lineament directions and the most heterogeneous direction, in term of apparent
resistivity spatial distribution (Carriere et al. 2013).

The acquisition system used for ERT time-lapse measurements is an ABEM
Terrameter SAS 4000 (Dahlin 2001) with 4 channels and 64 electrodes. The profile
has 126 m length and a 2 m interelectrode spacing. Electrodes exact position was
measured with Real Time Kinematic (RTK) acquisition method every 2 m using a
differential GPS (TRIMBLE GPS 5800), with an accuracy around 1 cm for X and
Y and 2 cm for Z. The electrodes stayed in the field during the entire campaign.

For the time-lapse measurements, the gradient array was chosen for its
robustness and rapidity (Dahlin and Zhou 2004). This protocol totals 1,360 mea-
surement points. For each measurement point, the acquisition time was 0.1 s and
the delay time was 0.2 s. Each measurement point cycle spends around 1.8 s. To
ensure data quality, during acquisition if a data point presented a repetition Root
Mean Square (RMS) >1 %, the measurement was repeated until five times. A
50 Hz filter was also applied to reduce anthropogenic noise. During the 30-day
campaign, an ERT time-lapse section was acquired every 3 h during the rainy
event (17 days) and every day until 2 weeks after the rainy event.
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3 Data Treatment and Results

3.1 Classical Processing

During this monitoring campaign, a total of 120 ERT sections were acquired.
When data acquisition quality was not satisfactory (repetition measurement of all
the section RMS >2 %) the section was removed. Finally, a total of 106 ERT
sections were kept to follow data treatment.

Apparent resistivity values have been averaged for each section. This mean
apparent resistivity decreases strongly during the rain event, from 1,750 to
1,050 Q m (Fig. 2a). These variations do not seem related with temperature
variations because air temperature remained stable during the campaign (Carriére
2014). Thus, we can reasonably relate these resistivity variations with water
content variation. Analysis of this mean apparent resistivity indicator allows
selecting eight critical times step presented in Fig. 2b and c, before, during and
after the rainy event.

Several processing strategies and softwares were used for data treatment and
analysis; a commonly used software, Res2Dinv (Loke 2012; Loke and Barker
1996) and a research software package, including DC2DinvRes and BERT
(Boundless Electrical Resistivity Tomography) (Giinther et al. 2006; Giinther and
Riicker 2013; Riicker et al. 2006). These results were presented and discussed in
detail in (Carriere 2014).

The inversion results presented in Fig. 2b were performed using DC2DinvRes.
We used a standard time-lapse inversion following the approach proposed by Loke
in (Loke 1999). First, the initial time step model was computed. Second, we used it
as a reference model for the other time step. Finally, we compared the resulting
calculated models (Fig. 2c) using percentage change in calculated resistivity
(Apcalc), Eq L.

Apyyy = 100 % (p—T— ) (1)

Po

where pg is the calculated resistivity at the first time step, pr is the calculated
resistivity at time step “n”.

During the first four selected time-steps, the electrical resistivity was decreasing
progressively mainly in the near surface (Fig. 2c). Resistivity decreased until 80 %
between the initial time step and the maximum of the rainy event. This strong
variation is probably related to the important moistness of the near surface hori-
zons. This is not observed at the deeper part of the sections. Moreover, resistivity
seems to increase in several deeper zones. But these increases are calculation
artifacts due to the inversion process. They appear commonly in ERT time-lapse
sections under electrical conductive zones (Clément et al. 2009, 2010). In this
case, deeper horizons are not truly investigated because the ERT sensibility
decreases quickly with depth. This low sensitivity is due to the near surface
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conductive horizon which concentrates the majority of the electrical current. This
incapacity of ERT time-lapse to image the deeper part of the profile is demon-
strated in the following part by direct modeling.

3.2 Inversion Process Limitations

There are several possibilities to evaluate the quality of resistivity models obtained
by data inversion. Such as the sensitivity and resolution matrix (Loke 1999), the
Depth Of Investigation (DOI) index (Oldenburg and Li 1999) and the coverage
(Giinther 2004). Some of them were presented and discussed in detail by Carriere
in (2014) for this monitoring campaign.

In this paper, we chose to evaluate ERT time-lapse data inversion process
limitations by direct modeling (theoretical simulation of the observed measure-
ments). This nonautomatic solution is very explicit and relevant for a nonspecialist
user.

A resistivity model with near surface conductive horizon was used like refer-
ence model (Fig. 3a). The resistivity of two blocks in depth (5 x 5 m and
5 x 3 m) is gradually decreased from 20 until 95 % of their initial resistivity
(Fig. 3b) simulating the water presence in depth. For each model, a new apparent
resistivity dataset was calculated by direct modeling. The same way as for the field
measurements, each data set is inverted and variations between this model and
reference model (Fig. 3a) are calculated (Eq. 1) and presented in Fig. 3c.

The results of these tests, presented in Fig. 3 by direct modeling, highlight the
incapacity of the inversion process to image deep resistivity variations during a
rainy event. It is necessary to reach a deep resistivity variation close to 90 %, in
order to obtain a measurable resistivity variation at the surface. In other words,
ERT surveys do not have the sensibility to detect water variation in depth. This
low sensitivity is due to the near surface conductive zone which concentrates the
majority of the electrical injected current. Then, there are not enough current
propagated in depth to characterize the medium.

In this way, we can conclude that with actual technology, surface-based ERT is
not able to detect deep water variation in karst media during a rainy event. If
interpretation of monitoring using inversion process is limited, we will see in the
following part that rough result (apparent resistivity) could provide additional
information.

3.3 Change in Apparent Resistivity

During ERT campaigns apparent measured resistivity (p,) analysis is usually
neglected. However, these rough results could provide, without calculation arti-
facts, complementary information to the inverted resistivity.
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For this monitoring campaign, we analyzed apparent resistivity variations (Ap,)
between two consecutive time steps. These variations are normalized by the time
(A1) between both measurement (p, and p,_;) using the following equation
(Eq. 2).

P 100
Apapp = <— — 1) * E (2)
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Thus, the results are presented (Fig. 4) in hourly percentage change in p, with a
basic representation of vegetation and soil cover of the profile. Previously rec-
ognized karst features (Carriere et al. 2013) are also presented.
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At the beginning of the rainy event (Fig. 4a/section 1), p, decreases moderately
and homogeneously along the section. This resistivity decrease could be related to
a moistening of the near surface horizons. After the first rainy event (Fig. 4a/
section 2), p,, is quickly stabilized.

During the following strong rain episode (Fig. 4a/section 4 to 7), moistening
process appears very heterogeneous and some zones look like preferential path-
ways. However, it is impossible to link observed p,, variations in depth with deep
moistening process. These observed variations can be directly influenced by near
surface variations. Just after the rain (Fig. 4a/section 9 and 10), p, increases in
some zones. That could be related with drainage process. These zones fit with
some zones identified before like preferential pathway. This second observation
reinforced the hypothesis of preferential pathways in some zones but remains
impossible to precise the geometry of these pathways. Other zones where drainage
process is not identifiable could be related to zones where soil is thicker and
remains moist after the rain.

The preferential pathways identified do not seem related to variations of veg-
etation density or soil cover. However, these zones seem related with fractures
previously detected by GPR (Carriere et al. 2013). It is important to point out that
we do not image the pathways but we probably image the effect of pathways above
the soil.

4 Discussion and Conclusion

A unique large-scale ERT experiment was carried out during a typical Mediter-
ranean autumn rainy episode (30 days). A total of 230 mm of rain was registered
and more than 100 ERT time-lapse sections were measured over the same profile
during the event. The main goal was to evaluate efficiency and limits of the ERT to
monitor water infiltration via previously recognized karst features, under natural
conditions. With the first rain, the near surface electrical resistivity decreases
strongly due to progressive moistening of soil by the rain. The sensibility of the
ERT decreases quickly with depth due to this conductive near surface horizon
which concentrates the majority of electrical current. Forward modeling (theo-
retical simulation of the observed measurements) provided relevant information
about data treatment limitations mainly for the deeper parts of the profile.

Consequently, the classic ERT data processing is limited because the inversion
process induces important artifacts. Thus, it is necessary to analyze the lateral and
vertical variation of the electrical resistivity. Combined observation of apparent
and inverted resistivity variations during and after the rainy event highlights some
interesting zones. They could be interpreted as preferential pathways, where water
dynamic seems quicker in term of moistening and drainage. Nevertheless, these
results have to be interpreted reasonably because ERT does not provide enough
precision to determine pathways geometry and functioning.
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Role of the Soil-Epikarst-Unsaturated
Zone in the Hydrogeological Functioning
of Karst Aquifers. The Case of the Sierra
Gorda de Villanueva del Trabuco Aquifer
(Southern Spain)

M. Mudarra and B. Andreo

Abstract Temporal evolutions of discharge, water chemistry (electrical conduc-
tivity, temperature, alkalinity, C1~, SO,>~, Ca®*, Na*, Mg?") and carbonate con-
trolling variables (PCO, and Sl.,iw), together with natural tracers of infiltration
(TOC and NO;5;7), monitored in two karst springs of the Sierra Gorda de
Villanueva del Trabuco aquifer (Southern Spain), reflect the greater relative
importance of the soil-epikarst-unsaturated zone in the hydrogeological func-
tioning of this aquifer. Each recharge event provoked an increase of discharge
rates and water mineralization, the latter being due to an increase of alkalinity, and
Ca2+, Cl™ and SO427 contents, while Mg2+ content decreased. Moreover, these
variations were mostly accompanied by the rise of TOC content, while concen-
tration of NO3; ™~ only rose during the first flood episodes (normally in autumn), and
progressively fell during winter and spring times. Water temperature varied
annually in a similar way to changes in air temperature.

1 Introduction

Hydrogeological responses of karst springs are widely investigated in recent
decades with the aim of obtaining basic information about the behavior of the
aquifers they drain. In this respect, environmental soil tracers contribute to
understand (qualitatively) the hydrogeological functioning of carbonate aquifers
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and some of the hydrogeochemical processes (dynamic of infiltration, transit time,
flow conditions, transport, etc.) taking place within them (Batiot et al. 2003; Perrin
et al. 2003; Hunkeler and Mudry 2007; Mudarra et al. 2014). Moreover, a detailed
and widely monitoring of environmental tracers, jointly with other natural
responses, provide insights into the structure and dynamics of karst aquifers,
especially regarding to the location of storage (soil-epikarst, unsaturated or satu-
rated zones) and the degree of participation of these in the functioning of the
system (Hunkeler and Mudry 2007; Mudarra and Andreo 2011).

In this work, data series of discharge, water temperature, and hydrochemistry
(including environmental tracers) from two karst springs located in southern Spain,
have been coupled and used with the aim of characterizing the hydrogeological
processes (infiltration, residence time, functioning, etc.) that take place within the
Sierra Gorda de Villanueva del Trabuco aquifer (Fig. 1). This permits to define
the role of the saturated and the unsaturated zones (including soil and epikarst) in
the hydrogeological functioning of this aquifer.

2 Study Site

The Sierra Gorda of Villanueva del Trabuco aquifer (6.3 km?) is located
approximately 30 km north of the city of Malaga, Southern Spain (Fig. 1). The
altitudes ranging from 800 to 1,450 m a.s.l. in this steep area. The prevailing
climate is temperate Mediterranean, with a marked seasonal pattern in the annual
distribution of rainfalls (mainly in autumn and winter). The mean annual precip-
itation recorded during the study period (September 2006-March 2009) was
678 mm (Mudarra 2012), with differences in the quantity year by year: 624 mm
(2006/2007), 564 mm (2007/2008) and 847 mm (2008/2009). The mean annual air
temperature for the study period has varied between 11.1 °C, in high areas, and
17.1 °C in aquifer borders (Mudarra 2012).

The Sierra Gorda of Villanueva del Trabuco aquifer consists of 400450 m thick
of fractured and karstified Jurassic dolostones and limestones (Martin-Algarra 1987),
being bounded at the base by Upper Triassic clays and evaporite rocks (mainly
gypsum), while at the top there are Cretaceous-Paleogene marly-limestones and
marls (Fig. 1). The geological structure is characterized by a normal limb, with
moderate dip (30°), of an anticline fold with vergence toward S-SE, from which
overthrust has developed with similar vergence over Cretaceous-Paleogene marls
(Fig. 1b). This overthrust individualizes the aquifer of Sierra Gorda de Villanueva
del Trabuco of another located to the southeast (aquifer of Sierras de Camarolos and
del Jobo). At the north and western borders of aquifer, Flysch-type clays and sand-
stones outcrops. Aquifer recharge takes place through direct infiltration of rainwater,
while discharge is mainly produced through springs located at the northern border of
carbonate outcrops (Fig. 1a): Pita spring (24 L/s annual mean discharge rate) situ-
ated at 825 m a.s.l., and Eulogio spring (55 L/s) located at 835 m a.s.l.
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Fig. 1 Geographic location and geological-hydrogeological sketch (a) and cross-section (b) of
Sierra Gorda of Villanueva del Trabuco aquifer. Altitude in meters above sea level

3 Methodology

From September 2006 to March 2009, records of discharge, electrical conductivity
(EC) and water temperature, together with the most common hydrochemical
parameters (including Total Organic Carbon-TOC-), were monitored in the water
drained by Pita and Eulogio springs. In addition, precipitation was also recorded
daily at a rainfall station located on the carbonate outcrops (1,130 m a.s.1., Fig. 1a).
During the study period, sampling periodicity was adapted to the different hydro-
logical conditions that affected to the aquifer (recharge, recession, depletion): daily
in high flow and every 2 weeks during periods of depletion (average sampling
periodicity was weekly). The total number of samples obtained was 96 at Pita spring
and 87 at Eulogio spring (in 500 ml PVC bottles, stored at 4 °C, analysis within
48 h). In the field, and at the same time as the samples were obtained, water
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temperature and EC were measured in situ using portable equipment WTW, Cond
3151 with a precision of +0.1 °C and +1 pS/cm, respectively. In addition to hand
measurements, Pita spring was monitored with data logger devices (WTW, Cond
3401i), providing an hourly record of water temperature and EC.

The hydrochemical parameters considered were analyzed at the laboratory of
the Centre of Hydrogeology of University of Malaga. Alkalinity (TAC) was
measured by volumetric titration using 0.02 N H,SO, to pH 4.45. Major com-
ponents were performed using high pressure liquid ion chromatography (HPLC,
Metrohm 791-Basic IC model), with an accuracy of £0.01 mg/L (previously fil-
tered in line and precolumn-filter). TOC content was measured by combustion
(after HCI treatment) of the organic matter present in the samples using a Shi-
madzu V-TOC carbon analyser, calculated as total carbon (TC) less inorganic
carbon (IC). The CO, partial pressure (PCO,) and the saturation index with respect
to calcite (SI.ycie) Were calculated using the EQ3NR code (Wolery 1992).

4 Results

Figures 2 and 3 show the temporal evolution of discharge, EC and water temperature
values, together with the hydrochemical parameters analyzed in the water drained by
Pita and Eulogio springs in the present research; this figure also shows the rainfall
recorded in the area for the same time period. Analysis of data obtained in both springs
permits to observe relatively quick variations in flow rates as response to precipitation
events. These variations are more rapid and accused in Eulogio spring (ranges from 1 to
650 L/s) than in Pita spring (from 7 to 219 L/s). In both cases, increases in discharge
rates are accompanied by a sympathetic rise in EC (Figs. 2 and 3), which later falls
during the periods of low water conditions. The magnitudes of these increases were
proportional to the quantity and intensity of precipitation events. Thus, the maximum
variation observed in Pita spring was of 60 pnS/cm (autumn 2008), whereas it was of
90 pS/cm (February 2009) in case of Eulogio spring.

The temporal evolution of water temperature at Pita and Eulogio springs pre-
sented a seasonal variation mainly influenced by monthly air temperature changes
in the area (Figs. 2 and 3): the lowest values (12.6 °C at Pita spring; 12.2 °C at
Eulogio spring) occur with the winter minimums of the air temperature (coinciding
with high water conditions), whereas the maximum values (13.3 °C at Pita and
Eulogio springs) were recorded in summer, during periods of depletion. At Eu-
logio spring, this seasonal evolution is incomplete due to a lack of measures during
the summer months. Additionally, some significant decreases in temperature can
exist at this spring (0.4 °C), as consequence of the different recharge events that
took place in autumn and winter. Nevertheless, rainfalls had little or no influence
on hydrothermal response of Pita spring.

Variations in water mineralization are caused by corresponding changes in
Alkalinity and Ca?* content (Figs. 2 and 3), which increase progressively at the
same time as the flow rate. During or immediately after recharge events, an
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Fig. 2 Temporal evolution of discharge rates, water temperature and the principal chemical
components of the water from Pita spring, with respect to precipitation events

increase in Cl~ and, in lesser extent, in SO42_ contents took place. Variations of
all these chemical parameters are slightly higher in the water of Eulogio spring
than in that of Pita spring. On the other hand, the greatest concentrations of Mg**
were detected in the spring waters during depletion periods, especially at the
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Fig. 3 Temporal evolution of discharge rates, water temperature and the principal chemical
components of the water from Eulogio spring, with respect to precipitation events

beginning of the hydrological year, with falls during or immediately after
recharges. Na* content did not follow the general pattern of EC; on the contrary,
they show a general trend similar to Mg?* content, which could indicate, at least
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partly, the same origin for both in the saturated zone of the aquifer. In fact,
temporal evolutions of Na* and CI~ are not always coincident.

With respect to TOC and NOj;™ contents, both natural tracers of recently
infiltration, they trended to be higher at the beginning of the hydrologic year
(specially at Eulogio spring), when the first recharge events occurred, and fell
during the subsequent periods of recession. Other less accentuated increases in
TOC content could be observed at springs as consequence of most abundant
precipitation events recorded at winter and spring-time. In opposition, the con-
centration of NO5~ fell in both springs during the same periods, except at Eulogio
spring in February 2009, when the values of this parameter again increased
(Fig. 3). During summer of 2007 and, above all, during the summer months of
2008, there was an increase and subsequent decrease in TOC at Pita spring
(Fig. 2), which was not caused by precipitation events, but probably by single-
point livestock concentrations in the surroundings of the spring (Mudarra 2012).

PCO, values calculated in the water of both springs showed similar temporal
evolutions and ranges of variation (Fig. 3): they rose during recharge periods and
suddenly decreased after few days. This can be specially observed in the precip-
itation event of November, 2008 (Figs. 2 and 3), which coincided with an increase
in TOC and NO3;~ content, coming from the edaphic layer. In general, Sl je
behaves an opposite ways to PCO,, with decreases in recharge events and
increases after these. During the most abundant rainfall, water of both springs are
near to equilibrium or slightly subsaturated respect to calcite, whereas in flow
recession and in low water condition they tended to be over-saturated. Changes on
Slearciee and PCO, indicate that, during recharge periods, springs drained very
recent infiltrated water, with high CO, content from the soil and epikarst. These
aggressive waters provoke rapid calcite dissolution (increases in TAC values and
Ca®t contents), which favor conditions near to equilibrium in the outflows.

5 Discussion

According to previous authors (Lastennet and Mudry 1997; Emblanch et al. 1998;
Batiot et al. 2003; Perrin et al. 2003), the hydrochemical variations recorded at the
water drained by Pita and Eulogio springs reflect the greater relative importance of
the soil-epikarst-unsaturated zone in the hydrogeological functioning of the sierra
Gorda de Villanueva del Trabuco aquifer (Mudarra and Andreo 2011). Each increase
of springs flow rates during periods of recharge is followed by arise in EC values and
of the components most influencing it (TAC, Ca2+, Cl™ and SO42_), simultaneously
to a fall in Mg?* content; the latter indicator of residence time of the water within the
aquifer (Batiot et al. 2003), especially in the saturated zone. In addition, these vari-
ations are usually accompanied with increases of diverse magnitude in TOC contents.
This pattern reveals the arrival to the springs of water that was previously stored in the
soil and epikarst, and within the fractures and conduits of the unsaturated zone, where
it was affected by evaporation processes and dissolution of carbonate minerals during
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periods without rainfalls. Later, during high flow conditions, this water was rapidly
pushed and mobilized toward springs by new infiltration water (piston effect in the
unsaturated zone; Mudarra and Andreo 2011). Likewise, it is possible that a fraction
of TAC and Ca** variations in spring waters would also be a consequence of rapid
calcite dissolution in the unsaturated zone of the aquifer by rapid infiltration of water
with high CO, content (Bakalowicz 1979; Dreybrodt 1988). Nevertheless, aggres-
sive infiltration water, with higher PCO, values, would provoke a decrease in SI ¢
values during high flow conditions (Figs. 2 and 3).

The above-mentioned hydrochemical variations, although of slight magnitude
in some cases (Figs. 2 and 3), took place relatively quickly, which suggests that, in
response to rises in flow rate, the water that was previously stored within the
fractures of the unsaturated zone is rapidly mobilized toward the springs. During
the dry year 2006/2007, the first water arriving at springs was the water from the
lower part of the unsaturated zone, which was of greater TAC and had a higher
Ca** content (Fig. 2), followed by the water coming from soil and epikarst (with
higher contents of TOC, Cl™ and, in some recharges, also NO3; ). The lag between
the maximum of TAC and Ca>* content, on the one hand, and those of TOC and
CI™ on the other, could be indicative of the transit time of the water through the
unsaturated zone, from the soil and epikarst to the spring (exceeding 2 days;
Mudarra and Andreo 2011). In opposition, during the most abundant pluviometric
events of 2008 and 2009, no lags between these components were detected (Figs. 2
and 3), which could be interpreted as a result of a homogenization of the infil-
tration water within the unsaturated zone (from soil and epikarst until the lower
part of unsaturated zone), previously to the spring discharge.

PCO, variations were, in some cases, similar to those of TOC contents, overall
at Eulogio spring (Fig. 3). Normally, a simultaneous enrichment of CO, and
organic matter take place in the edaphic layer. However, an increase of PCO,
values at the water of Pita spring was observed during some floods, with no
changes (or small) in TOC contents (Fig. 2). This might be the result, on the one
hand, to the poorly organic matter production in the soil and, on the other hand, to
a limited degassing in the unsaturated zone, where low PCO, values obtained in
soil would be kept.

During low water conditions, the saturated zone also plays a role in the
hydrogeological functioning of the aquifer. The greater residence time of the water
within the aquifer causes small increases in Mg?* content. However, the very
slight increase in the concentration of this cation could be also related to the
groundwater flow through the unsaturated zone (Batiot et al. 2003; Mudarra and
Andreo 2011). This explanation is consistent with the fact that Pita and Eulogio
springs present the lowest mean temperature and EC values of all springs located
in the region (Mudarra 2012), being presumably associated with superficial
groundwater flows within the aquifer. The time lag observed during some flood
events between the maximum of TAC, Ca>* and Cl~ content, and the minimum of
Mg?*, especially at Eulogio spring (Fig. 3), could be also associated to the transit
time of water from the surface to the unsaturated zone (lower than 1 day), minor
than from the surface to the saturated zone (greater to 1 day).
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6 Conclusions

Pita and Eulogio springs respond to the most important precipitation events with
significant increases in groundwater flow (faster and higher in Eulogio spring),
sometimes slightly delayed in time. In this case, the mineralization of the water
increases rather than decreasing because it contains larger quantities of most of its
chemical components (piston effect of the unsaturated zone), except Mg**, which is
indicative of the residence time of the water within the saturated zone of this site.
This hydrogeological behavior indicates that the aquifer drained by these springs
has a moderate degree of functional karstification, even within the unsaturated zone,
which seems to affect its functioning more than does the saturated zone (especially
under recharge situations) and provokes a less attenuated response to rainfall events.
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Significance of Preferential Infiltration
Areas for Groundwater Recharge Rate
Estimated with APLIS in the Mountain
Karst Aquifer System of Sierra de las
Nieves (Southern Spain)

C. Guardiola-Albert, S. Martos-Rosillo, J.J. Duran,
E. Pardo-Igizquiza, P.A. Robledo-Ardila and J.A. Luque Espinar

Abstract Researchers have been troubled with finding a reliable technique for
estimating groundwater recharge in carbonate aquifers. Many studies have rec-
ognized the importance of preferential flow in karst systems. Despite this evidence,
preferential infiltration has no effect on estimating recharge with a classical soil
water budget. The present research aims to determine the significance of the
correct location of preferential infiltration areas in estimating recharge with the
APLIS method. The study was carried out in Sierra de las Nieves aquifer (Southern
Spain). The effect of correctly estimating the preferential infiltration areas is
studied through different levels of complexity in the geomorphological informa-
tion: (i) a classical geomorphologic map with pothole databases available, (ii) a
reviewed geomorphologic map, and (iii) fracture density and epikarst cartography
obtained with field work and remote sensing interpretation. The obtained results
provided a mean difference of more than 10 % of recharge in the whole aquifer,
and up to 20 % when the pixel scale is considered at.
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1 Introduction

Groundwater recharge is the amount of rainwater entering to the aquifer during a
given period of time. However, recharge may also come from surface water
sources or from the groundwater of adjacent aquifers. Recharge may be defined as
a percentage of annual precipitation, and is then known as the rate of recharge or
of effective infiltration. Knowledge of aquifers recharge is important because it
allows identifying the water inputs or resources entering the aquifer, that is, the
amount of water potentially available for sustainable human use. This knowledge
is fundamental for appropriate hydrologic planning and water management.

Recharge is an issue addressed in different manuals of Hydrogeology. However,
the spatial distribution of recharge is a less studied aspect, especially in the karst
aquifers due to their special characteristics in regard to its hydrogeological
behavior and modalities of infiltration. During the last few years, several studies
have considered this important aspect with different approaches and degrees of
success (Andreo et al. 2008; Andreu et al. 2011). In Andreo et al. (2008), the
APLIS method developed by IGME-GHUMA (2003) was presented. APLIS
evaluates the mean recharge and the spatial distribution of the carbonate aquifers,
from investigations in aquifers in the South of Spain, located in different geo-
logical and climatic conditions. This method was modified and improved by Marin
(2009) adding one correction factor that depends on the hydrogeological charac-
teristics of the materials outcropping on the surface. Lately, the method has been
effectively applied in several karst Spanish aquifers and Cuban aquifers. APLIS
provides a way of calculating long-term spatial average recharge. It is not rec-
ommended to quantify short-term recharge because the recharge process can be
influenced by several factors such as the degree of saturation of the soil and
unsaturated zone or rainfall intensity.

The experience in using this method suggests that most of the input variables in
APLIS are easy to calculate from available data bases or previous reports. However,
a preferential infiltration factor is typically estimated based on field works or
interpreting geomorphologic maps to identify zones where infiltration through
exokarstic forms is predominant. Additional sources of information can also be
used: topographic maps, aerial and satellite images, speleological data, spring
hydrographs, tracer tests results, and hydrochemical data. It is not easy to join all this
material and often databases are not exhaustive or complete. Moreover, contra-
dictory interpretation is sometimes possible depending on the karst expert opinion.

As a part of a bigger hydrogeological research project (KARSTINV), it was
necessary to estimate the recharge in the karst Sierra de las Nieves aquifer. An
unexpected finding came out when it was decided to improve the preferential
infiltration map with actual and more complex sources of data. Frequently, this
information is difficult to translate into a preferential infiltration factor without
being subjective. This work aims on investigating the effect of different kinds of
information that hydrogeologists can use to develop preferential infiltration maps
on the APLIS annual recharge percentage.
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2 Study Area

Sierra de las Nieves is an important relief of the Malaga province (southern Spain)
with outcrops of dolostones and limestones of Triassic and Jurasic age, which are
permeable by fracturation and karstification. Karst features are abundant in this
aquifer. The drainage of the aquifer takes place at its southern edge through several
springs. Response to precipitation is very rapid such as occurs in karst aquifers
with conduit flow behavior. The mean annual precipitation is 1,000 mm/year. The
values of average annual temperature of the air and the evapotranspiration cal-
culated with the method of Hargreaves are 15 °C and 980 mm/year, respectively.
The aquifer is recharged by infiltration of rainwater, and, occasionally, by snow.
Using the water balance method a coefficient of recharge of 55 % was found by
IGME-GHUMA (2003).

3 Methodology

3.1 APLIS Method

The APLIS method allows to estimate the mean rate of annual recharge in car-
bonate aquifers, expressed as a percentage of precipitation, on the basis of the
characteristics of these aquifers (Andreo et al. 2008) such as altitude (A), slope (P),
lithology (L), preferential infiltration layers (I), soils (S), and a correction factor
(F;) that depend on the hydrogeologic characteristics of the materials outcropping
on the surface (Marin 2009). Its application requires developing a map of that data,
in a geographic information system. For each of these layers of information, it
applies a score system to create a map of each variable. Scores range from 1 to 10,
following an arithmetic progression with a step width of 1, with the aim to easily
equate to aquifer recharge rates. The value 1 indicates minimal incidence of the
variable in the recharge of the aquifer, whereas the value 10 expresses the max-
imum influence on recharge. Ranks and scores are described in Andreo et al.
(2008) and Marin (20009).
The following expression is used to estimate the recharge rate (Marin 2009):

R=[A+P+3-L+2-1+5)/09|F, (1)

The weight of each variable in the above expression is intended to represent its
importance in determining the recharge rate, in accordance with the results
obtained from the prior analysis of the variables that influence recharge. By
dividing by 0.9, recharge rates are obtained that range from a minimum of 8.88 %
to a maximum of 88.88 % of the rainfall onto the surface of the aquifer.
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The layers of information corresponding to each variable are taken from dif-
ferent sources. The digital elevation model map, scale 1:10,000, was used for the
mapping of altitude and slope. The geological map was grouped in lithological sets
of similar hydrogeological characteristics taking into account the geomorphologic
forms. The discretization used for all the maps in this work is of 5 x 5 m.

3.2 Preferential Infiltration

The APLIS method was already applied in Sierra de las Nieves IGME-GHUMA
2003), obtaining an annual recharge rate of 54 %. In this previous work, prefer-
ential infiltration areas were assessed limiting the sectors with karst forms of
favorable infiltration and slopes of less than 8 %. Geomorphological maps were
also consulted for this task. In this previous study, a 12 % of the total aquifer area
was assigned to have preferential infiltration distributed in two zones (Fig. 1): the
Nava paleopolje and the port of Los Pilones, with low slope and many dolines and
simes.

For the present study, this information has been significantly improved by
satellite images, interpretation of aerial images and exhaustive field work. The
evaluation of this material resulted in different levels of complexity and types of
geomorphologic indicators. These maps had to be transformed into / scores and
three different preferential infiltration maps were constructed depending on the
data used (Fig. 1): Case 1. Geomorphological map and cells that include a polje
(closed depression covering a considerable surface area) as well as the ones
containing at least one significant pothole are included. Finally areas with a slope
less than the 3 % are added. Case 2. An improved geomorphologic map of Sierra
de las Nieves aquifer has been developed from exhaustive terrain work and aerial
photo interpretation. In this case it was decided to create two different ranges of
scores to obtain the / map. Case 2a, with just 1 (scarce exokarstic forms) or 10
(abundant exokarstic forms) values as in Andreo et al. (2008), resulting in the map
shown in Fig. 1. And Case 2b, a new proposed score system to improve the APLIS
method of grading the scores between 1 and 10 with the ranking shown in Table 1.
Case 3. Fracture density and epikarst cartography from field work and remote
sensing interpretation give the preferential infiltration areas.

4 Results and Discussion

Figure 2 shows the calculation results for each of the studied cases. The results
shown are based on the application of APLIS Eq. (1) applying each of the four
different maps shown in Fig. 1, and the rest of the variables remain the same. Each
of the figures displays the annual recharge rate for each of the combined maps. All
the figures show different values reflecting the differences of areas of preferential
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Fig. 1 Preferential infiltration areas used in the different studied cases. a I areas from IGME-
GHUMA (2003). b I areas Case 1. ¢ I areas Case 2a. d I areas Case 2b. e I areas Case 3

Table 1 Proposal of new I scores for preferential infiltration variable in APLIS

Exokarst form 1 score
Doline 10
Polje 10

Doline with crops

Karst flatted

Karren field nuede with high development and fractures

Karren field nuede with high development and microformes

Karren field low covered and fractured

Quarry

Karren field nuede with low development

Karren field low covered

Karren field covered and fractured

Karren field covered

N (W k|l | NN |3 |0 |O
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Case 2b

Mean overall the aquifer = 63.69% . Mean overall the aquifer = 57.69%

Recharge rate (%)

[ Jo-24 [ 313-378 as5-502 [ se6-579 [ |es1-781
235-31.2 [l 37.9-44.4 [ 503-54.5 [ 58 - 5 78.2-856

Fig. 2 Recharge rates values for the four studied cases

infiltration. Case I is the one that results in the smallest values (mean of 52.45 %)
and Case 2a in the highest (mean of 63.69 %). Cases 2b and 3 have very similar
mean values (58.38 and 57.69 %, respectively). On the other hand Case 2b has less
dispersed values (10.71 % of standard deviation) than Case 3 (12.41 % of standard
deviation).

The minimum recharge value (i.e., / = 1 in all the aquifer) is computed for
comparison purposes between the studied cases. This minimum value is subtracted
from the four resulted maps. Mean values of these differences are 0.9 for Case I,
11.3 for Case 2a, 6.0 for Case 2b and 5.8 for Case 3. These numbers, again, show
that Cases 2b and 3 are very similar. Figure 3 reflects the spatial distribution of
differences and the variations among all the methods. Cases I, 2a and 3 tend to
concentrate high preferential infiltration rate in some areas, depending on the
expert interpretation and the data available. Cases I and 3 give very low prefer-
ential infiltration rates in the rest of the aquifer, while Case 2a gives a medium
value. For Case 2b, a new score table for preferential infiltration has given, with a
more graduate recharge rate. New [ scores are reflected in the results and in the
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Fig. 3 Spatial distribution of differences of recharge rate values (%) for the four studied cases
and the map resulted from using I = 1 all over the aquifer

differences with the map of 7/ = 1 in the whole aquifer (Fig. 3). This proposal
results congruent with the ones computed in IGME-GHUMA (2003) and appear to
be more realistic following the recharge process in karst aquifers.

5 Conclusions

The study was able to evaluate differences introduced by the preferential infil-
tration factor in the recharge rate estimation. The results obtained provided a mean
difference of more than 10 % of recharge in the whole aquifer, arriving to dif-
ferences of 20 % when the pixel scale is looked at. The study of karst and epikarst
has allowed developing a realistic estimation of the actual aquifer recharge. The
proposal of using a new score for preferential infiltration gives congruent values
introducing an improvement in the APLIS method.
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A Method for Automatic Detection
and Delineation of Karst Depressions
and Hills

E. Pardo-Iguzquiza, J.J. Duran, P.A. Robledo-Ardila,
J.A. Luque-Espinar, A. Pedrera, C. Guardiola-Albert
and S. Martos-Rosillo

Abstract Karst depressions of decametric scale (dolines, uvalas, poljes, and other
endorheic basins) play an important role in the hydrogeology of karst aquifers.
They are traps of sediment and when their detritic filling has an important
thickness they can retain a large amount of water delaying their percolation
towards the water table or towards the networks of conduits. Many times the
delineation of the depressions may be difficult because the study area may be very
large, or inaccessible or hidden by vegetation. In those circumstances, it is of great
help to have an automatic method of depression detection and delineation. The
proposed procedure uses the digital elevation model, a geographical information
system, an algorithm of pit removal and basic operations of map algebra. The
method provides the depth of each detected depression measured from its rim. This
fact can be used to detect the center of maximum depth as well as for calculating
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morphometric parameters using depth. The final map of depressions can be
characterized by altitude in order to have morphometric parameters related with
elevation. The algorithm has been extended for detection and delineation of karst
hills. The methodology is illustrated with the Sierra de las Nieves karst aquifer in
the province of Malaga, Southern Spain, where the depressions and hills show a
strong structural control.

Keywords Dolines - Pits - Hills -+ Geomorphology - Automatic cartography

1 Introduction

Karst depressions are one of the most typical forms of the karst landscape (also
known as exokarst) at the scale from several meters to several hundreds or
thousands of meters (Figs. 1 and 2). Among these depressions, one has dolines,
uvalas, poljes, and other endorheic depression in karst terrains. Karst depressions
are very important for different reasons. First of all, these depressions are trap of
sediments which study can be used for inferring the evolution of the karst massif as
well as for paleoclimatic studies. Second, these depressions have an important role
in the hydrogeology of the karst, that is, in the balance of water, recharge and
hydrodynamics of water flow. On the other hand, karst hills also give information
of the karst evolution and on the evolution of slopes.

The mapping of both, depressions and hills, is of great importance and always
must be based on field work. However, there are situations were it may be of great
help to have an automatic method of identification and delineation of depressions
and hills that can help to complement field work. Among those special situations
are when the study area is very large, when the area is covered by vegetation or
when the area is not accessible. In this work, there is a brief description of the
methodology used for automatic detection and delineation of karst depressions.
The methodology is extended for the detection and delineation of karst hills and
there is an application to the Sierra de las Nieves karst aquifer in the province of
Mailaga in Southern Spain.

2 Methodology

The methodology for the automatic identification and delineation of depressions
was proposed for the first time in Durén et al. (2012) and applied in detail in Pardo-
Igizquiza et al. (2013). The methodology is general for the identification of any
terrain depression but in the previous two works the method was applied to karst
terrains, that is, for the detection of karst depressions. The methodology is
extended here for the detection of positive reliefs, that is, karst hills in the case of
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Fig. 1 Examples of karst depressions in the Sierra de las Nieves karst aquifer. a High altitude
depression; b Small polje with ponor in the center of the image; ¢ Captured doline in the center of
the image, and d Small circular doline with ponors (potholes) in the border

karst terrains. The method of karst depression identification and delineation is
based on the well-known algorithm of Jenson and Domingue (1988). These
authors developed an advanced method for removing the pits of digital elevation
models (DEM) in order to obtain pit-free DEMs. Thus, by a simple operation of
map algebra, where the difference between the original DEM and the pit-free DEM
is taken, a map of depressions is obtained where there is the following information:
(1) identification of the depression and delineation of its limits and (2) a map of
depth of the depressions from their rims. The method gives very high resolution
maps of depth if a high resolution DEM is used as shown in Fig. 3. The extension
of the methodology to detection and delineation of hills is very simple. It is enough
to change the sign of the DEM (so that positive reliefs become depressions) and to
apply the same methodology as for detection of depressions. The maps obtained
can be used in morphometric analysis and geomorphologic mapping among other
uses.
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Fig. 2 Ponors of different dolines of the Sierra de las Nieves aquifer. a Ponor with collapse.
b Ponor as pothole on the cabonatic rock. ¢ Ponor working after a rainfall event. d Ponor with a
collapse that has cover the swallet

3 Case Study

The study area is the Sierra de las Nieves karst aquifer in the province of Malaga,
Southern Spain. The karst massif consists mainly of a succession of carbonate
rocks: Triassic marbles and dolostones, Jurassic limestones, and a Tertiary car-
bonatic breccia. The Mesozoic sequence is folded by an NE-SW trending over-
turned syncline with a vergency toward the NW (Lifidn 2005). The carbonatic
breccia unconformably lies over the Mesozoic sucession but is also deformed by
the fold. The method described in the previous section has been applied to a DEM
of the Sierra de las Nieves aquifer with a resolution of 5 m and provided by the
Instituto Geografico Nacional. A detail of the binary map of dolines is shown in
Fig. 4 that has been obtained from a map of dolines dephs as the one in Fig. 3.
Using the binary map, it is possible to calculate the density of dolines as the map
shown in Pardo-Igizquiza et al. (2013) and by applying a mask (Fig. 5) it is
possible to detect the three main recharge areas that discharge at the three main
karst springs. It is also of great help in the delineation of the hydrogeological
basins of each karst spring and in defining areas of high probability of conduit
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Fig. 3 High resolution dolines mapped with the proposed methodology. The colors represent the
depth of the doline from the rim. The deepest depth of 32 m corresponds to the ponor and is
reached by the doline on the left hand side that also shows a clear elongation along fractures.
However, the doline of the right-hand side is very rounded (Fig. 1d) and the ponor is on the
border of the doline as pothole in the rock (similar to Fig. 2b). The streams of depressions in the
north part are artifacts along a stream and are eliminated by applying an area threshold

development. With respect to the mapping of karst hislls, Fig. 6 shows a map of
the detail of an area where the hills and the depressions have been represented. The
outline of hills is more related with the evolution of karst hills and shows a more
rounded area or a very linear limit when associated to a fracture or fault.

4 Discussion and Conclusions

The delineation of karst depressions can be done automatically by the procedure
described in this work. The results are of great application in karst hydrogeology
and geomorphology. The map provides information of the depth of depression
from the rim, and this can be used to evaluate many morphometric parameters
using the fact that the altitude is known by their location in the digital elevation
model. In addition, the number of dolines and their area can be evaluated. More
morphometric parameters can be obtained from this information and maps of
density of dolines can be obtained. The map of dolines can be used in geomor-
phology maps and the map of density of dolines can be used as shown in Figs. 4
and 5 for making hydrogeological conjectures in relation to the recharge areas,
hydrogeology basin delineation and high probability areas for the development of
karst conduits. Karst hills can be delineated in the same way by changing the sign
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Fig. 4 Clusters of dolines (green) in the central part of the Sierra de las Nieves karst aquifer. The
white line represents the border of the aquifer
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Fig. 5 Map of density of dolines. After applying a mask, there are clearly shown the three main
areas that recharge the three main springs. The triangles show the areas of highest probability for
active karst conduit drainage
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Fig. 6 Karst hills (shadows of green) and karst depressions (red) for a particular area of the
Sierra de las Nieves karst aquifer. Although the disposition may look like random, there is a clear
structural control when seen at a smaller scale

of the digital elevation model and applying the same methodology of delineation
of depressions. The procedures presented in this work for karst depression is
completely general and can be applied in other context where depressions can be
lakes or craters for example.
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Comparison of the APLIS and
Modified-APLIS Methods to Estimate

the Recharge in Fractured Karst Aquifer,
Amazonas, Peru

K. Espinoza, M. Marina, J.H. Fortuna and F. Altamirano

Abstract Estimates of groundwater recharge were made for a karst aquifer in the
Amazonas Region of northern Peru based on two methods: the APLIS method, and
the modified-APLIS method. The study area is a 9.6 km?” section of the upper La
Florida Catchment, located on the eastern slope of the Andes mountain range at an
elevation of approximately 2500 m. Annual precipitation is over 1,500 mm/year,
with high intensity storms during the rainy season (November—April). The study
area is characterized by high relief, including deep canyons, and is underlain by
limestone-dolomite of the Upper Triassic Pucara Group, which contains karst and
epikarst features. These conditions make it difficult to accurately estimate the
magnitude and distribution of runoff, infiltration and groundwater recharge. The
APLIS and the modified-APLIS methods were applied to estimate the spatial
distribution and the annual rate of groundwater recharge in the study area. These
methods were developed for carbonate aquifers under Mediterranean conditions,
and some modifications were required to apply them to the study area in Peru. The
average annual recharge rate estimated with the APLIS method is 48 % of the total
rainfall, with high recharge areas occurring in canyons where porous dolomite
outcrops. The average recharge with the modified-APLIS method is 24 %. The
difference in the recharge rate by these methods is considerable, while the areas of
greatest recharge are similar mainly due to the application of aquifer and non-
aquifer designations common to both methods. The recharge distributions esti-
mated with these methods were introduced into a numerical groundwater flow
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model for the study area. The calibration process indicates that the modified-
APLIS method provides a more reasonable representation of the recharge rates for
the study area.

Keywords Carbonate aquifer - APLIS method - APLIS modified method -
Recharge and karst

1 Introduction

There are different mechanisms of assessing groundwater recharge under various
geological and climate conditions. Estimating groundwater recharge in karst
environments presents unique problems, due to the inherent characteristics of karst
landforms and the dual nature of recharge. The APLIS method (Andreo et al.
2008) and the modified-APLIS method (Marin 2009) were developed to estimate
the mean annual recharge in carbonate aquifers under Mediterranean conditions.
The APLIS method was subsequently applied to a karst aquifer terrain in Cuba
(Farféan et al. 2010), and produced acceptable results. In this study, was applied
these techniques for recharge estimation in karstic areas in the Amazonas Region
of Peru.

The aim of this study is (a) to estimate the autogenic recharge into the carbonate
aquifer trough the APLIS and modified-APLIS methods in a Peruvian aquifer, and
(b) to evaluate the suitability of these methods to our study site.

2 Hydrogeological Characteristics

The study area is a 9.6 km” section of the upper La Florida Catchment, located in
the Amazonas Region of northern Peru. The site sits on the eastern slope of the
Andes mountain range at an elevation of approximately 2,500 m. The site has high
relief, steep-topography, and high cliff faces exposed in canyons.

The study area is an exploration project, and the site of a planned underground
Pb—Zn mine. Estimates of recharge are necessary to constrain potential ground-
water inflows to a proposed underground mine, and assist with mine water man-
agement planning. Data from the exploration project was used to develop a
conceptual hydrologic and hydrogeologic model for the site, which was supple-
mented by spring surveys, hydrologic mapping, soil infiltration tests, and under-
ground hydrogeologic mapping and flow measurements.

The site is underlain by the Triassic-Jurassic Pucard Group, which includes
three formations from oldest to youngest: the Chambard Fm (bottom), the Ara-
machay Fm (middle), and the Condorsinga Fm (upper). The Chambard formation
directly underlies most of the project site and contains three members simply
classified as Chambara 1 (basal member), Chambara 2, and Chambara 3 (Fig. 1).
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Fig. 1 Schematic hydrogeological conceptual model of Florida catchment

Limestone and dolomite of these formations form a carbonate aquifer system. The
middle member contains an altered, porous dolomite layer hosts the orebody.

The La Florida catchment is characterized by small epikarst features in the
upper 10-50 m, especially in the fault-controlled tributary canyons where frac-
tured bedrock is prevalent. Exploration drilling and tunneling have encountered
caves and karstic features at greater depths of up to 500 m below ground, but these
features are rarely expressed at ground surface.

Despite high annual precipitation of 1,556 mm/year, some surface water
streams lack flow except during intense rainfall events, and shallow infiltration
appears to be rapid in many areas. In other streams, flow originates mid-valley
from karst features. In the higher elevation valleys, thin soil cover with low
vertical permeability is present.

In general, in all locations the limestone layers have very low primary per-
meability where unfractured, and field evidence and observations indicate that
subsurface water migration is predominantly sub-horizontal along bedding planes.
Shallow infiltration from the highlands typical remerges as seeps and springs along
fractures and bedding planes high in canyon walls.

These conditions make it difficult to accurately estimate the magnitude and
distribution of runoff, infiltration, and groundwater recharge.

3 Application of the APLIS Method

The APLIS method (Andreo et al. 2008) and the modified-APLIS method (Marin
2009) were developed to estimate the mean annual recharge in carbonate aquifers
under Mediterranean conditions. They are GIS-based methods that incorporate the
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intrinsic variables that influence recharge: Altitude (A), Pendiente (P) or slope,
Lithology (L), Infiltration (I), and Soil type (S).

The study area rises from an elevation of 1,800 m a.s.l in the southwest to more
than 2,700 m a.s.l in the northeast. Based on elevation, only 4 of the 10 possible
APLIS altitude categories (A) are presented.

Study area values for the slope term (P) are high, reflective of the steep slopes
in the area. Approximately 58 % of the area has slopes at angles greater than
46 %. Only 6 % of the study area has slopes less than 21 %.

The lithology (L) has been categorized based on the existing local geological,
geomorphological and hydrogeological maps, as well as field inspections and
observations. The Aramachay Fm, which consists of shales, limestones, and
turbidites, has been assigned as category 3, “gravel and sand” due to a lack of
evidence of fissuring or karstification. The Chambara 1 Fm has been assigned to
category 4, because the dolomite, limestone and mudstone of this formation show
no evidence of karstic features. The limestones of Chambara 2 Fm have been
assigned to category 7, “limestones and fractured dolomites, somewhat karsti-
fied”, while the porous dolomite layer of Chamabra 2 Fm has been classified as
category 9 because of the higher degree of fracturing and karstification. The
Chambara 3 Fm, which consists of dolomite, limestone, mudstone, shales, and
turbidites has been assigned to category 5, “limestones, cracked dolomites”. This
formation directly underlies over 90 % of the study area.

The infiltration landform (I) term was set by assigning preferential infiltration
forms to areas observed during field works, including the main faults and fault
controlled valleys, dry stretches of streams, and the shallow karst cavities with a
depth below surface of less than 10 m. However, these features make up a very
small percentage of the study area.

Soil maps based on the FAO classification (Farfan et al. 2010) normally used
with the APLIS method were not available for the study area. The Soil (S)
parameter values were assigned based on a site soils map using USDA Soil
Taxonomy classifications (1999), and modified based on field infiltrometer tests
undertaken using the Guelph Permeameter to assess relative soil permeability.

Three types of soils (S) were classified in the study area, Mollisols Udolls Typic
Hapludols, Ultisols Udults Typic Paleudults and Inceptisols Udepts Humic
Dystrupets.

Areas mapped as Mollisols Udolls Typic Hapludols were assigned an S value of
4 based on soil characteristics and infiltration tests. Udults Typic Paleudults soils
were assigned a value of 2, similar to “planasols” in the Farfan et al. classification.
The Inceptisols Udepts Humic Dystrupets were assigned value of 1, as they are
similar to “vertisols”. The quaternary soils located in the areas around streams are
assigned value 8 “calcareous regosols and fluvisols”.

For both the APLIS and APLIS-modified methods, the recharge rates were
calculated using ArcGIS Desktop 10.
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Fig. 2 Groundwater recharge distribution by the APLIS method

The recharge rates for the APLIS method are shown in Fig. 2. The majority of
the study area has estimated infiltration rates in the “moderate” category
(40-50 %). Very high recharge zones are located at the confluence of the main
streams, where there are zones of preferential infiltration. The overall infiltration
rate for the study area using the APLIS method is 48 %.

4 Application of the Modified-APLIS Method

Marin proposed modifications to the APLIS method (Marin 2009). These modi-
fications include additional slope classes, refinement of the infiltration term, and a
new factor, termed the correction coefficient of recharge (Fh), that allows for
designations of exposed bedrock as “aquifer” or “non-aquifer”.
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The intent of the “non-aquifer” classification using the modified-APLIS
method is to allow for classification of non-carbonate rock units in a study area
where the APLIS method is applied (Marin 2009). In our study, field evidence
indicates that limestones of the Chambara 3 Fm, overlying the dolomite aquifer
are relatively impermeable, and therefore we have used the non-aquifer designa-
tion in our application of the modified-APLIS method as described below.

The modified-APLIS method was applied to the study area, and the main
differences were in the infiltration map and in the coefficient of recharge. In the
original APLIS method, classification of the infiltration term is assigned a score of
10 (for preferential infiltration areas) or 1 (for other areas). The modified version
adds an intermediate category (5) for areas with some preferential landforms. The
infiltration landform (I) term was set by assigning 10 for the preferential infil-
tration forms as in the APLIS method, but further evaluation was done to identify
intermediate recharge areas. The conceptual site model and associated data -
including borelogs and rock quality designations from exploration drilling, iden-
tified caves, and fault maps (local, regional) -were used to classify infiltration areas
and features. Areas with flowing stretches of streams, main and secondary faults,
karst cavities that start at a depth more than 10 m below ground surface, and areas
with poor rock quality were scored with 10 in the infiltration map. The areas with
karst cavities which not reached the surface, and areas with medium rock quality
are categorized as moderate development of preferential infiltration forms and
rating with 5.

Dolomites, faults, shallow karst cavities and areas with poor rock quality are
considered as materials with aquifer characteristics, and are assigned correction
coefficient of recharge (Fh) 1. More than half of the study area is underlain by
limestone of the Chambara 3 Fm, which has very low primary permeability. These
areas were generally assigned an Fh score of 0.1. In areas where this formation is
faulted, and in other areas where caves, faults and karst features reach the surface
and may have serve as preferential infiltration corridors, an Fh score of 1 was
assigned as these areas are assumed to have connection to the underlying dolomite
aquifer based on the conceptual site model.

The mean recharge rate estimated with the modified-APLIS method is 24 %
(Fig. 3), with most areas classified as having very low (<20 %) infiltration rates.
The highest recharge rates (high and very high class) are associated with out-
cropping dolomites of the Chambara 2 Fm and other areas with preferential
infiltration, such dry streams and epikarst located along major fault valleys that
make up the tributary canyons.

Table 1 shows the estimated by APLIS method, modified-APLIS method and
the ground water model.
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Fig. 3 Groundwater recharge distribution by the Modified-APLIS method

Table 1 Aquifer recharge rate estimated by APLIS method and modified-APLIS method and the

ground water model

Recharge rate (%) Recharge Percentage of the study area in recharge
class class

APLIS Modified-APLIS
method method

<20 Very low 0 12.4

20-40 Low 7 0.2

40-60 Moderate 15 0.3

50-60 Moderate 15 22

60-80 High 48 40.7

>80 Very high 15 44.1

Mean recharge rate for the study 48.0 24.0

area
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5 Conclusions

The APLIS method and the modified-APLIS method have been applied to estimate
the mean annual recharge (%) and spatial distribution in the Florida catchment,
and resulting in values of 48 and 24 % respectively. The key difference in the
recharge rate estimated by these methods is determined by whether exposed
bedrock is designated as “aquifer” or “non-aquifer”.
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Synthesis of Groundwater Recharge
of Carbonate Aquifers in the Betic
Cordillera (Southern Spain)

S. Martos-Rosillo, A. Gonzalez-Ramoén, P. Jiménez, J.J. Duran,
B. Andreo and E. Mancera-Molero

Abstract This paper presents a synthesis of the results and the evaluation methods
of recharge in 51 carbonate aquifers of the Betic Cordillera. The average infil-
tration coefficient is 38 %, with a standard deviation of 12 %. The method of
evaluation of recharge most applied is soil water balance, which served to take the
first steps in groundwater management in Spain. Other widely used methods are
water balance of the aquifer, chloride mass balance, and empirical methods such as
APLIS. In eastern areas of the Cordillera, where the semiarid conditions are more
overt, distributed models are used to assess recharge and calibrate it with data from
the piezometric level evolution. In general, the annual recharge rates obtained
appear higher when correlated with the annual rainfall. Thus, the data presented in
this work contribute to a correct evaluation of renewable resources associated with
the carbonate aquifers of the region. The high capacity of recharge and good
quality of water for different uses, and especially to supply the population, makes
these aquifers essential in the face of strong demand. Moreover, the data presented
should be of special interest for future comparisons involving recharge assess-
ments and different scenarios of climate change and changes in land use.
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1 Introduction

Groundwater in southern Spain, where semiarid conditions prevail, is essential to
supply the population, to maintain associated ecosystems, and to support the
agricultural and tourism sectors. The area investigated in this work—which
coincides with the outcrops of the Betic Cordillera, extending from the province of
Alicante at the SE of Spain, to the province of Cadiz in the SW—has a length of
some 600 km and a half-width of the order of 130 km. Although the total surface
outcrop of this rock type is not very important, aquifers consisting of limestone,
dolomite, and marble provide significantly higher recharge rates than detrital
aquifers and the low permeability hard rocks of the Betic Cordillera. This fact,
coupled with the good quality of their water and the important capabilities of
storage, has led to a greater awareness of the significance of these aquifers and the
need to protect them. Water resources associated with the carbonate aquifers of the
Betic Cordillera, in addition to covering current demand, prove essential to ensure
demand peaks that recur during the long and frequent drought periods inherent in
the Mediterranean region. In this sense, correct evaluation of the recharge of these
strategic reservoir systems is the key to determining the flow of sustainable yield in
order to achieve adequate groundwater management.

The recharge in carbonate aquifers is more complex to assess than in detritic
aquifers. The high variability of porosity and permeability of carbonate rock bear
an impact on (1) infiltration (diffuse and/or concentrated), (2) flow along the
unsaturated zone (matrix, fractures and the karstic conduit network), and (3)
discharge (diffuse and/or concentrated) (Bakalowicz 2005). For these reasons,
scientific literature on the evaluation of recharge in carbonate materials is scarce,
and very few articles deal specifically with southern Spain. In the Betic Cordillera,
most recharge studies of carbonate aquifers have been carried out in the past two
decades, and the first regional study was in 2003 (IGME-GHUMA 2003). How-
ever, a substantial number of reports and articles have been published in hydro-
geological congresses in Spanish, making them somewhat more difficult to access.
Here we review the most rigorous works involving recharge assessment, com-
paring recharge values obtained by means of several methods, possibly indepen-
dent ones. At the end of the document, Appendix I shows some characteristics of
the aquifers, including annual recharge, annual rainfall, coefficient infiltration, the
method applied to evaluate recharge, and corresponding bibliographic references.

Thus, the aim of this paper is to present a synthesis of the rates of recharge
occurring in carbonate materials of S Spain and of the methods applied for
evaluation. This compilation is of particular interest because the assessment of
groundwater recharge is one of the key challenges in determining the sustainable
yield of aquifers. Furthermore, such data serve for comparative future work
regarding the impact of climate change and changes in land use on groundwater
reserves.
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Fig. 1 Map of aquifers in Betic Cordillera. The aquifer number is listed in Appendix I. A Mean
annual precipitation in the southern Iberian Peninsula

2 Study Sites

The Betic Cordillera is an extensive Alpine mountain range (Fig. 1), formed
during the Miocene. Subdivided into the External and Internal Zones, the former
integrating Mesozoic and Tertiary materials that were deposited on the continental
margin of the Iberian microplate; these materials were folded and detached from
their basement during the lower and middle Miocene. The Internal Zone is an
allochthonous tectonic element of a higher order. It is a fragment of a subplate that
originally occupied a position within the current Mediterranean, and during the
lower Miocene it was disaggregated, ejecting materials to the W until they collided
with the Iberian microplate.

The older sediments appear in the Internal Zone. In the areas where the most
important aquifers are located, they consist of shales at the bottom, overlain by
phyllites and quartzites, and thick sections of dolomite, limestone or dolomitic
marble, sometimes with metapelitic intercalations. The shale could be metamor-
phosed Paleozoic sediments, while the phyllites come from sediments of the lower
Triassic and the carbonates have been dated as middle-upper Triassic (Sanz de
Galdeano 1997). Aquifers tend to be large and many are close to the Mediterra-
nean coast, which permits they can be exploited.

The External Zone of the Betic Cordillera is divided, in turn, into the Prebetic
and Subbetic domains. The substrate in both domains consists of clay and evap-
orite sediments of Triassic origin. The Jurassic comprises mainly carbonates,
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whereas the Cretaceous is of a marly nature in the Subbetic and calcareous in the
Prebetic. The carbonate aquifers therefore prevail in both domains. The Prebetics
have large Cretaceous aquifers in the north-eastern part of the range. The Subbetic
aquifers often show great division and on the other hand extensive spatial distri-
bution, which makes them ideal for urban supply.

From meteorological stand point, rainfall generally decreases from the W to E
in the Betic Cordillera, with exceptions such as the Cazorla and Segura mountains
(Fig. 1). Evapotranspiration increases in the same sense, as does the mean annual
temperatures. Aquifer recharge rates are, therefore, conditioned by the geographic
location. Other factors affecting recharge are the mean height of the outcropping
permeable surfaces, the vegetal cover and the degree of surface karstification,
which also decreases from W to E.

3 Overview of Methods

In the Betic Cordillera, carbonate aquifer recharge has been estimated using dif-
ferent approaches. The soil water balance method (SWB) is the one most com-
monly applied. In most carbonate aquifers, groundwater management is based on
recharge estimates made by SWB, often contrasted with the aquifer water balance
(AWB) after several years monitoring the inputs and outputs of the system.
Although empirical methods such as that of Kessler have been applied in different
aquifers (see Appendix I), the most used is the APLIS method (Andreo et al.
2008). The chloride mass balance (CMB) (Eriksson and Khunakasem 1969) has
also been applied in continental Spain (Alcald and Custodio 2014). On the other
hand, Contreras et al. (2008) used a satellite-based model to estimate potential
recharge in the Sierra de Gador. Numerical modeling techniques can also be
applied to estimate recharge in carbonate aquifers, the lumped models being more
widely used than the three-dimensional models based on numerical code distri-
bution. Accordingly, lumped models with ERAS (Murillo and De la Orden 1996),
based on water table fluctuations to estimate recharge in overexploited aquifers,
are most common in recent years (Aguilera and Murillo 2009; Martos-Rosillo
et al. 2009, 2013; Andreu et al. 2011; Martinez-Santos and Andreu 2010). Others
lumped models utilized are the so-called VISUAL BALAN (Guardiola-Albert
et al. 2012), VENTOS (Bellot et al. 2001) and TRIDEP (Padilla and Pulido-Bosch
2008). Recently, Pardo-Igizquiza et al. (2012) developed a distributed model of
evaluation of recharge in carbonated aquifers which was applied to the Sierra de
las Nieves aquifer. In the Betic Cordillera, MODFLOW has been used on occasion
to evaluate recharge. Martinez-Santos and Andreu (2010) compared recharge
results from ERAS and MODFLOW codes in different aquifers from the south-
eastern Betic Cordillera. In turn, Pulido-Veldzquez et al. (2014) have modeled the
flow and recharge of the Serral-Salinas aquifer (SE Spain) combining VISUAL
BALAN and MODFLOW codes in order to simulate the aquifer response to
different climate change scenarios.
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Table 1 Statistical values of surface outcrop (S), annual precipitation (P), annual recharge
(R) and infiltration coefficient measured (R/P) of the 51 aquifers studied
S (km?) P (mm/year) R (mm/year) R/P (%)
Mean 83 648 262 38.1
SD 156 216 146 11.8
Median 26 586 237 38.3
Percentile 10 4 414 115 25.6
Percentile 90 196 964 469 54
Max 823 1,299 720 67.2
Min 1 242 7 2.9
Legend Standard deviation (SD), Maximum (Max), Minimum (Min)
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Fig. 2 a Annual rainfall versus annual recharge, b Infiltration coefficient (R/P) versus annual
rainfall and c Infiltration coefficient (R/P) versus annual recharge

4 Overview of Results

The bibliographic data collected in this work reflect the small size of the aquifers,
with a median value of 26 km®. Mean annual rainfall and its associated standard
deviation amount to 648 & 216 mm/year. The average annual recharge is 262 mm/
year, with a standard deviation of 146 mm/year. The median value of recharge, and
percentiles 10 and 90, are 237, 469, and 115 mm/year, respectively. The average
coefficient of recharge is 38 %, with a standard deviation close to 12 % (Table 1).

Figure 2a represents annual rainfall against annual recharge deduced from
different methods used. The diagram shows up a high correlation coefficient
(R* = 0.83) between annual rainfall and recharge in carbonate aquifers of the
Betic Cordillera. Regardless of the method used, Fig. 2b reveals important dif-
ferences in R/P with the same annual rainfall (they may be greater than 40 %).
Finally, Fig. 2c shows that most of the points indicate recharge coefficients falling
between 30 and 60 % of annual rainfall; moreover, the relationship between the
infiltration coefficient measured and annual recharge is not linear, so that when
annual recharge is higher the infiltration coefficient tends to stabilize, making a
coefficient over 60 %.
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5 Conclusions

The bibliographic data used in this study correspond to 51 carbonate aquifers of
the Betic Cordillera indicate mean annual recharge and mean coefficient infiltra-
tion of 262 mm/year and 38 %, respectively. Selected aquifers are representative
of a broad range of meteorological and geologic conditions of this region.

A high correlation between annual rainfall and annual recharge in all aquifers
has been obtained. However, even with a same annual rainfall recharge, the
infiltration coefficient can be very different. This reflects the significant differences
in the degree of surface karstification and the degree of development of the vegetal
cover-soil-epikarst system in the Betic Cordillera.
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DGICYT and IGCP 598 of UNESCO, and to the Research’s Groups RNM-126 and 308 of the
Junta de Andalucfa.

Appendix I. Recharge Estimating Using Variety of Methods

Number | Aquifer S Method P R R/P References
(km?) (mm/ | (mm/ | (%)
year) |year)
1 Ventds- 7 ERAS 242 7 3,0 Andreu et al.
Castellar (2001)
ERAS 272 13 5,0 Martinez-Santos
and Andreu
(2010)
2 Periarrubia 41,5 ERAS 372 114 31,0 Murilo and
Roncero (2005)
ERAS 446 163 37,0 Aguilera and
Murillo (2009)
3 Serral- 198 ERAS 372 49 13,0 Corral et al.
Salinas (2004)
ERAS 446 18 4,0 Aguilera and
Murillo (2009)
4 Cabeg¢o 15 ERAS 400 68 17,0 | Murilo and De la
d’Or Orden (1996)
5 Solana 118 ERAS 333 76 23,0 Murilo et al.
(2004)
ERAS 446 208 47,0 Aguilera and
Murillo (2009)
6 Jumilla- 320 ERAS 446 56 13,0 Aguilera and
Villena Murillo (2009)

(continued)
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Number | Aquifer S Method P R R/P References
(km?) (mm/ | (mm/ | (%)
year) |year)
7 Sierra de 823 AWB 740 297 40,0 | Moral (2005)
Cazorla CMB 740 190 26,0 Benavente et al.
(2004)
APLIS 740 244 33,0 Andreo et al.
(2008)
CMB 740 274 37,0 | Alcald and
Custodio (2014)
8 Sierra de 670 SWB 550 150 27,0 | Pulido-Bosch
Gador et al. (2000)
CMB 550 120 22,0 | Alcald et al.
(2011)
SWB 550 164 30,0 Contreras et al.
(2008)
SWB,CMB | 550 105 19,0 | Alcal4 et al.
(2011)
CMB 550 142 26,0 | Alcdla and
Custodio (2014)
9 Sierra de las | 34 AWB 964 318 33,0 |IGME-GHUMA
Cabras (2003)
APLIS 964 347 36,0 Andreo et al.
(2008)
10 Sierra de 89 AWB 1299 | 714 55,0 IGME-GHUMA
Libar (2003)
APLIS 1299 | 652 50,2 | Marin (2009)
11 Sierra de las | 129 AWB 1004 | 552 55,0 | IGME-GHUMA
Nieves (2003)
APLIS 1004 | 564 56,2 | Marin (2009)
12 Sierras 173 AWB 712 320 45,0 | IGME-GHUMA
Blanca and (2003)
Sierra de APLIS 712|309 434 |Marin (2009)
Mijas
13 Sierra de 196 AWB 800 360 45,0 | IGME-GHUMA
Cabra and (2003)
Rute- APLIS 800 310 38,7 Andreo et al.
Horconera (2008)
14 Sierra 334 SWB, 861 474 50,0 | IGME-GHUMA
Gorda de Kessler (2003)
Loja APLIS 861 510  |59,2 |Marin (2009)
15 Sector 33 AWB 450 144 32,0 Goénzalez-Ramén
Sierra de et al. (2013);
Maria IGME-IARA
Sector (1990)

(continued)
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Number | Aquifer S Method P R R/P References
(km?) (mm/ | (mm/ | (%)
year) | year)
Sierra de 70 APLIS 484 185 38,2 Andreo et al.
Maria (2008)
16 Becerrero 26,2 SWB 586 185 31,6 Martos-Rosillo
APLIS 586|246 42,0 |etal (2013)
CMB 58 208 |355
17 Mingo 0,6 SWB 534|240 | 449
APLIS 534 (283 |53,0
ERAS 534 (252|472
18 Hacho 1,6 SWB 543 183 [337
APLIS 543|239 | 44,0
ERAS 543 | 188 | 34,6
19 Aguilas 4.4 SWB 564 (240 |42,6
APLIS 564 237 420
CMB 564 (217  |385
20 Pleites 2,9 SWB 571 | 183 [32,0
APLIS 571 183 (32,0
21 Sierra de la | 10 CMB 995 [386 |38,8
Silla SWB 995 418 (42,0
APLIS 995 398 | 40,0
22 Sierra de 11,8 SWB 443 192 432 Ruiz-Gonzalez
Mollina-La APLIS 443 199 |449 |(2012)
Camorra
23 Sierra de 4.9 SWB 443 (192|432
Humilladero APLIS 443|199 |449
24 Ahillo 8,1 ERAS 544 178 |32,7 |De Mingo (2013)
25 Torres- SWB 413 161 39,0 | In preparation
Jimena APLIS 413|149 [36,0 |(IGME-DPJ)
(Jimena)
26 Bedmar- 17 SWB 415 |156 |37,6 |Mancera (2013)
Jodar APLIS 415|150 |36,0
27 Mancha 22,9 CMB 795 294 37,0 Gonzilez-Ramo6n
Real- SWB 795 |318 |40,0 |(2007)
Pegalajar
28 La Alta 76 APLIS 665 303 |455 |Mudarra (2012)
Cadena SWB 665 339 51,0
CMB 665 390 |587
29 Serrania de | 104 | APLIS 908 |497 |54,7 |Barbera (2014)
Ronda SWB 908 463 51,0
Oriental CMB 908|498 | 548
30 28,7 | APLIS 641 [357 |557

(continued)
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Number | Aquifer S Method P R R/P References
(km?) (mm/ | (mm/ | (%)
year) |year)
Torcal de CEHIUMA
Antequera (2010)
31 Sierra de 7,6 APLIS 590 199 33,8
Archidona
32 Sierra del 40,5 APLIS 591 203 343
valle de
Abdalajis
33 Sierra de 45,2 APLIS 960 425 443
Jarastepar
34 Dolomias de | 18,2 APLIS 810 355 43,8
Ronda
35 Sierra de los |130,4 | APLIS 362 100 27,6
Filabres
36 Sierrade las |117,1 | APLIS 750 242 32,2
Alberquillas
37 Sierra de 7,7 APLIS 787 268 34,0
Gibalto-
Arroyo
Marin
38 Sierra de 20,7 APLIS 442 150 33,9
Escalate
39 Bédar- 20,1 APLIS 354 117 33,1
Alcornia
40 Sierra 5,9 APLIS 780 257 32,9
Valleja
41 Sierra de 24,2 APLIS 670 293 43,7
Lijar
42 Sierra de En | 27,8 APLIS 752 286 38,0
medio-Los
Tajos
43 Alburiol 26,1 APLIS 482 123 25,5
44 Sierra 70,6 APLIS 750 322 429
Almijara
45 Sierra de 40,7 APLIS 588 201 34,1
Cariete Sur
46 Carcabal 1,9 CMB SWB | 530 207 39,1 Gonzalez-Ramén
751 346 46,1 et al. (2011);
ITGE-COPTJA
(1998)
47 Mdgina NE- |6,5 AWB 548 210 38,3 Gollonet et al.
1 SWB 548 181 33,0 |(2002)
48 17 AWB 717 310 432

(continued)
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(continued)

Number | Aquifer S Method P R R/P References
(km?) (mm/ | (mm/ | (%)
year) | year)
Mdgina SW- SWB 717|344 | 48,0
1
49 Mdgina SW- | 134 AWB 548 193 353
2 SWB 548 210 383
50 Sierra del 2 AWB 1071 | 600 56,0 | Moral (2005)
Espino SWB 1071 | 720 67,2
51 Montesinos 7,3 AWB 702 233 33,2 | ITGE-COPTJA
SWB 702|274 39,0 |(1996)
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Recharge Processes of Karst Massifs:
Examples from Southern Italy

F. Fiorillo and M. Pagnozzi

Abstract Recharge of karst aquifers occurs when rainfall (or snowmelt) infiltra-
tion crosses the soil mantle and percolates through the vadose zone. In karst
environments, the infiltration can occur in both concentrated and diffuse forms. In
several areas of the Mediterranean, karst massifs are important sources of drinking
water. In southern Italy, karst massifs are generally characterized by wide en-
dorheic basins with seasonal lakes, which constitute large parts of the spring
catchments. The origin of these endorheic basins is related to tectonism during the
upper Pliocene-Pleistocene epochs and subsequent erosion and Karstification.
These endorheic basins constitute the most important recharge areas of karst
massifs in central-southern Italy, and have been designated as groundwater pro-
tection areas. This study focuses on the karst massifs of the Picentini Mountains,
which is characterized by rugged, steep landscape, and comprised of mainly
dolostone and limestone. These karst massifs feed many basal karst springs with
discharges up to thousands of liters for second, and constitute the main water
resource in the region of Campania. The hydrological processes in these basins are
simulated using a Geographic Information System (GIS)-based model on an
annual scale. The results of the annual scale model have been used to successfully
calibrate a daily time step model of infiltration and run off.

Keywords Karst massif - Recharge - Southern Italy - Spring discharge

1 Introduction

Recharge of aquifers occurs when rainfall (or snowmelt) infiltration crosses the soil
mantle and percolates through the vadose zone. In karst environments, the infiltra-
tion can occur in both concentrated and diffuse forms. The first is connected to
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sinkholes and shafts, which allow rapid drainage of surface runoff and rapid trans-
mission through the vadose zone and to the saturated zone. Diffuse recharge occurs
by slower drainage from the soil mantle and fractured limestone. The percolation
time can take weeks to months to reach the water table depending on the thickness
and hydraulic conductivity of the vadose zone (Fiorillo and Doglioni 2010).

The hydraulic characteristics of the Terminio and Cervialto massifs were
analyzed. Each of these massifs is characterized by large endorheic basins with
high discharge basal springs. Several decades of spring flow and chemistry data
exists thus allowing to accurately estimate the recharge values for the spring
catchments. In particular, the role of the endorheic areas has been distinguished
from the other zones of the spring catchment. The endorheic areas do not allow the
escape of the run off from the spring catchment, whereas in the latter, here namely
“open areas,” the run off processes allow the escape of water from the spring
catchment, especially during intense storms.

The GIS-based hydrological model first estimates the recharge on an annual
scale and is subsequently used to calibrate the daily time step recharge-runoff
model (Fiorillo et al. 2014).

2 Geological and Hydrogeological Framework

The northern sector of the Picentini mountains (Fig. 1) contains the Cervialto and
Terminio massifs which were formed by Quaternary tectonic uplift. These steep,
rugged mountains have several fault-scarps in the carbonaceous rocks with high
slope angles. The endorheic areas of the Terminio and Cervialto massifs occupy 39
and 25 % of the total spring catchment area, respectively. The Cervialto massif has
the highest elevation and highest precipitation of the two.

The ground elevation reaches 1,809 and 1,806 m a.s.l. for the Mt. Cervialto and
Terminio massifs, respectively (Fig. 2). Limestone and limestone—dolomite (Late
Triassic-Miocene) dominates these massifs with thicknesses ranging between 2,500
and 3,000 m. Recent pyroclastic deposits from the Somma-Vesuvius volcanoes
cover the Picentini mountains with thicknesses between a few centimeters on the
steep slopes to several meters within the flatter areas. These deposits play an
important role in the infiltration of water into the karst substratum.

The Terminio and Cervialto karst massifs feed several basal karst springs
(Fig. 1) with discharges up to thousands liters per second, and constitute the
principal water resource in Southern Italy.

The Serino group of springs, located in the valley of the Sabato River along the
north-western boundary of the Picentini massif, includes the Acquaro-Pelosi
springs (377-380 m a.s.l.) and the Urciuoli spring (330 m a.s.l.). These springs are
fed by the Terminio massif (Civita 1969; Fiorillo et al. 2007), with an overall mean
annual discharge of 2.25 m*/s. Roman aqueducts (first century A.D.) were sup-
plied by these springs and the Urciuoli spring was re-tapped between 1885 and
1888 by the Serino aqueduct, which is comprised of a gravity channel followed by
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Fig. 1 Sketch of north-eastern sector of Picentini Mountains; Legend: / Slope breccias and
debris, pyroclastic, alluvial and lacustrine deposits (Quaternary); 2 flysch sequences (Paleogene—
Miocene); 3 calcareous-dolomite series (Jurassic-Miocene); 4 main karst spring; 5 monitoring
well; 6 village 7 mountain peak

a system of pressured conduits that is used to supply water to the Naples area.
Additionally, the Aquaro and Pelosi springs were also re-tapped in 1934 by the
Serino aqueduct.

The Cassano group of springs is located in the Calore river basin along the
northern boundary of the Picentini Mountains, and is formed by the Bagno della
Regina, Peschiera, Pollentina, and Prete springs (473-476 m a.s.l.). Also these
springs are primarily fed by the Terminio massif (Civita 1969), with an overall
mean annual discharge of 2.65 m*/s. In 1965, these springs were tapped to supply
the Puglia region with water, and a gravity tunnel was joined to the Pugliese
aqueduct.

The Caposele group of springs is formed by the Sanita spring (417 m a.s.l.),
which is located at the head of the Sele river basin along the north-eastern
boundary of the Picentini Mountains. This spring, which is primarily fed by the
Cervialto mountain (Celico and Civita 1976), has a mean annual discharge of
3.96 m*/s. The spring was tapped in 1920 by the Pugliese aqueduct, which passes
through the Sele-Ofanto divide via a tunnel and supplies the Puglia region with
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Fig. 2 Elevation distributions for the Terminio and Cervialto catchments; endorheic areas are
outlined by yellow line

water. On the basis of geological and hydrogeological features, the Cervialto and
Terminio massifs can be considered large spring catchments, with areas of 110 and
163 km?, respectively.

These massifs are characterized by large internally drained (endorheic) basins
(Fig. 2) with high recharge coefficients. The origin of these endorheic basins is
related to tectonism during the upper Pliocene-Pleistocene epochs and subsequent
erosion and karstification. The Terminio massif is characterized by several endorheic
basins (Fig. 3) with the largest being the Piana del Dragone (55.1 km?). Several
sinkholes drain this endorheic basin however their combined capacities are not
sufficient to prevent flooding in the area. Drainage was improved by engineering
works at the Bocca del Dragone sinkhole and limit wet season flooding. Tracer tests
have confirmed hydraulic connection between this sinkhole and the Cassano springs
(Celico et al. 1982).

The Cervialto massif is characterized by the several endorheic basins with the
largest being Piano Laceno (20.5 km?). A permanent lake exists in this basin
which is surrounded by several sinkholes which limit the extent of the lake during
the wet season.
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Fig. 3 Effective precipitation distribution for the Terminio and Cervialto massifs. Endorheic
areas are outlined in yellow; and associated with a specific number in Table 1 (modified from
Fiorillo et al. 2014)

3 Groundwater Recharge Model

Recharge can be defined as the downward flow of water reaching the water table,
adding to the groundwater reservoir (De Vries and Simmers 2002). Following this
definition, we estimate the amount of precipitation (rainfall and snow) which is not
lost by evapotranspiration processes, by run off, or accumulated into soil without
percolating downward. The difference between precipitation P, and the actual
evapotranspiration AET, provides an estimation of the amount of precipitation
which is free to infiltrate into soil or to develop run off. This difference can be
evaluated at daily, monthly or annual scales, and is defined as effective precipi-
tation, Peg (Fig. 3):

Py = P — AET (1)

At daily or monthly scale, most of procedures simply evaluate the effective pre-
cipitation as the difference between precipitation P, and potential evapotranspi-
ration, PET:
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Pes = P — PET (2)

assuming P.¢ = 0 when P < PET.
In GIS environment, the spatial distribution of the precipitation allows to
estimate the total amount of the afflux, F, in a specific area, A, by:

n
SP
(F)=——xA 3)
n
where n is the number of cells in the area A. If the actual evapotranspiration AET,
is subtracted from the rainfall (Eq. 1), the effective afflux, F.g, in a specific area A,
is:

> Pesr
I

(Fefr) 4= XA (4)

In endorheic areas, Ag, the recharge amount, R, can be considered equal to
effective afflux.

Table 1 shows results obtained in this study for each massif, where values of
each endorheic area are also reported.

The Cervialto and Terminio massifs constitute a useful hydrogeological con-
dition to evaluate the recharge, because the groundwater of these massifs is almost
completely drained by spring outlet. In fact, these karst systems are bounded by
impervious terrains, and only along the western boundary a limited groundwater
drainage toward alluvial of Sabato river exists (Fig. 1).

The estimation of effective afflux F.y, and the spring output measurements,
provides a gross estimate of the recharge coefficients. The recharge coefficient,
C’r = R/F, and the effective recharge coefficient, Cx = R/F ., are computed at an
annual scale and refer to a long term period of time; if these coefficients are
computed for a specific year, they can vary from a year to another. This occurs
because the spring discharge may have a memory effect of the previous years,
especially after dry years (Fiorillo 2009). Also, the monthly rainfall distribution
may have an important role, so that the same total annual rainfall on a specific
spring catchment could provide different values of spring discharge outlet, as
noted by Bonacci (2001).

The long-term period used to estimate Cg allows to smooth the influence of a
specific year, and provides useful tools to find the amount of rainfall which feeds
the spring outlet.

The coefficient C’g is more easily evaluated, but it depends on the temperature
and rainfall distributions. Literature provides several examples, even if they were
computed without GIS support. For the karst aquifers of central Italy, Boni et al.
(1982) found a rough estimation of C’% around of 0.7; for a Dinaric karst aquifer
Bonacci (2001) a value around 0.56; for a Greek karst aquifer Soulios (1991)
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Fig. 4 Slope angle distribution for Terminio and Cervialto massifs (open areas), modified from
Fiorillo et al. 2014

found a value almost 0.5. Allocca et al. (2014) estimated the annual mean recharge
of aquifers of central southern Italy based on regional approach; for the Terminio
and Cervialto massifs they found values smaller than that of Table 1, due to
difference on evaluating the afflux and definition of the catchment boundaries.

4 Hydrologic Parameters Estimation on Annual Mean
Scale and Daily Mean Scale

The effective recharge coefficient computed for the open areas, (Cg)4,, appears to
have comparable values for the Cervialto (0.66) and Terminio (0.67) massifs; the
possible explanation can be found in the similar slope angle distribution (Fig. 4)
and in a similar karst conditions. The Annual Mean Scale (ASR) model is based on
the estimation of some fundamental hydrological parameters: the afflux and the
evapotranspiration.

The Daily Mean Scale (DSR) model has allowed to fix a threshold for the daily
recharge, and considers a single point to estimate the recharge/run off (1D model),
located approximately in the middle of the Cervialto catchment. This could be a
limitation of the model since it does not consider elevation and the related spatial
distribution of recharge and runoff. A high resolution daily time step model for the
entire catchment would need very strong computational power.
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5 Conclusion

A GIS-based model was developed to assess groundwater recharge of two major
karst aquifers located in southern Apennines (Terminio and Cervialto massifs),
using two distinct time scales: an Annual Scale Recharge (ASR) which was used to
calibrate the Daily Scale Recharge (DSR). The ASR model provides a useful
approach for assessing long-term groundwater recharge, especially for large areas
with strong morphological irregularities, and with limited hydrological data. In
particular, the afflux, run off, and recharge are computed using GIS, allowing an
estimation of the recharge and runoff coefficients, distinguished for open and
endorheic areas, while the DSR model has been calibrated by the results of the
ASR model, and allows to split the amount of daily rainfall which cause run off
from that recharging the aquifer. The daily estimation of recharge is a useful tool
for water management, allowing the control of recharge condition of aquifers,
especially during dry years. The application of this method could help to improve
the design of appropriate management models for groundwater and surface
resources of karst aquifers as well as the elaboration of accurate strategies to
mitigate the effects of climate and land-use change.

References

Allocca V, Manna F, De Vita P (2014) Estimating annual groundwater recharge coefficient for
karst aquifers of the southern Apennines (Italy). Hydrol Earth Syst Sci 18:803-817

Bonacci O (2001) Monthly and annual effective infiltration coefficient in Dinaric karst: example
of the Gradole karst spring catchment. Hydrol Sci J 46(2):287-300

Boni C, Bono P, Capelli G (1982) Valutazione quantitativa dell’infiltrazione efficace in un bacino
dell’Italia centrale: confronto con analoghi bacini rappresentativi di diversa litologia.
Geologia Applicata e Idrogeologia, Bari 17:437-452

Celico P, Civita M (1976) Sulla tettonica del massiccio del Cervialto (Campania) e le
implicazioni idrogeologiche ad essa connesse. Boll Soc Nat Naples 85:555-580

Celico P, Magnano F, Monaco L (1982) Prove di colorazione del massiccio carbonatico del
monte Terminio-monte Tuoro. Notiziario Club Alpino Italiano, Napoli 46(1):73-79

Civita M (1969) Idrogeologia del massiccio del Terminio-Tuoro (Campania). Memorie e Note
Istituto di GeolApplUniv di Napoli 11:5-102

De Vries JJ, Simmers I (2002) Groundwater recharge: an overview of processes and challenges.
Hydrogeol J 10:5-17

Fiorillo F, Esposito L, Guadagno FM (2007) Analyses and forecast of the water resource in an
ultra-centenarian spring discharge series from Serino (Southern Italy). J Hydrol 36:125-138

Fiorillo F (2009) Spring hydrographs as indicators of droughts in a karst environment. J Hydrol
373:290-301

Fiorillo F, Doglioni A (2010) The relation between karst spring discharge and rainfall by the
cross-correlation analysis. Hydrogeol J 18:1881-1895

Fiorilllo F, Pagnozzi M, Ventafridda G (2014) A model to simulate recharge processes of karst
massifs. Hydrological Processes (in press)

Soulios G (1991) Contribution a I’¢tude des coubes de recession des souces karstiques: example
du pays hellenique. J Hydrol 124:29-42



Use of Tracing Tests to Study the Impact
of Boundary Conditions on the Transfer
Function of Karstic Aquifers

L. Duran, M. Fournier, N. Massei
and J.-P. Dupont

Abstract The impact of the variations of multiple environmental parameters on the
response of karstic systems was investigated after a campaign of tracing tests
acquired in very different hydrologic conditions. Principal components analysis and
hierarchical clustering were applied on both environmental variables and karstic
system response variables (parameters of the RTD curves). Equations between the
RTD parameters and the most relevant variables were established using a symbolic
regression algorithm. This model giving RTDs parameters in function of boundary
conditions is more accurate than the PCA analysis since it takes into account the
nonlinearity of the relations between variables. It appeared that the variations of the
RTD parameters depend mainly on the piezometric level downstream of the aquifer,
the cumulated rainfall preceding the injection, and on the tide coefficient (sug-
gesting sensitivity to the annual variations of tide, in this case of a karstic system
under marine influence). So the RTDS parameters are controlled by the hydraulic
conditions downstream of the system, including tide. The dispersivity was found to
be very sensitive to the precipitation and tides variations at a daily scale.

1 Introduction

Karstic aquifers represent 25 % of the water resources worldwide (Ford and
Williams 2007), and are vulnerable to pollution, especially in regard of the high
flow velocities in the conduits. Therefore, comprehension of those systems and the
study of their vulnerability is a major stake in the management of the water
resource. Tracing tests are a privileged way to understand the transport mecha-
nisms within a karst system and to characterize its flow dynamics (Bakalowicz
2005). Commonly, one or two tracing tests are carried out. Still, the response of
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the system (characterized by the breakthrough curve (BTC) and the residence time
distribution (RTD)) changes significantly depending on the hydrologic conditions
during the tracing test. For example, the study of the apparent velocity of the tracer
can give some clues about the structure of the system (Dorfliger 2010). In order to
fully characterize the functioning of a karstic system, tracing tests should ideally
be carried out in different hydrologic conditions such as: low, medium, and high
seasons, during rainfall events, and with variations of the water table. The trans-
port variations in low flows and high flows have been investigated (Goppert and
Goldscheider 2008; Larocque et al. 1998), and the impact of other components of
the surface system like vegetation, nature of soils has been studied by simulation
(Doummar et al. 2012). The variations of the BTCs according to the tracer used
have been modeled (Geyer et al. 2007). Nevertheless, the impact of multiple
boundary conditions (including various downstream controls) on the response of a
karstic aquifer has not been fully assessed yet.

This study is based upon a campaign of tracing tests acquired on the same karstic
system, but in different hydrologic conditions. Some statistical analyses have been
carried out on the responses of this karstic system in order to assess the relative
importance of all of the environmental variables and to establish relations between
the parameters the karstic system response and those of the boundary conditions.

2 Methods: PCA, HC, Symbolic Regression

The principal components analysis method (PCA), commonly used to interpret
hydrogeological data (Bakalowicz 1997; Fournier et al. 2007; Helena et al. 2000;
Moore et al. 2009), was used in this study to assess the links between the response
of the aquifer and the boundary conditions of the system. The individuals of the
PCA are the tracing tests conducted on the study site. The selected variables are of
two types. The first type corresponds to environmental variables (or boundary
conditions of the karst aquifer): upstream boundaries with the precipitation,
downstream boundaries, with the piezometric level in the aquifer, the tide coef-
ficient, the level of the river (see description of the site). The second type is
composed by variables related to the tracing test: recovery rate, characteristic
times, dispersivity, and RTD parameters.

Hierarchical clustering was performed on the data: an agglomerative method
with Ward algorithm (maximizing inter-class inertia, in order to obtain compact,
spherical clusters) has been used on Euclidean distance matrix. In order to find the
optimal number of clusters, Partitioning around medoids has been performed on
HC results. The Kruskal Wallis post hoc test and Tukey’s post hoc tests were then
used to determine which groups were significantly different (Saporta 2011).

Once the more relevant variables were identified and the partitioning of the data
studied, the next step was to find some relations between the environmental vari-
ables and the RTD variables. For that purpose, we used a software able to test a high
number of possible relations between several variables: Eureqa (Version 0.98 beta).
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Its functioning is based on a machine learning technique called Symbolic
Regression to unravel the intrinsic relationships in data and explain them as simple
equations. Using Symbolic Regression, Eureqa can create predictions (Schmidt and
Lipson 2009). But even before obtaining the relationships between the variables,
one of the interests is to identify which variables are relevant in the estimation of
one particular parameter, as the algorithm calculates a lot of equations changing the
nature and the number of variables implied.

3 Study Site and Tracing Tests Campaign

The Norville karst system is located in Normandy (France), near the Seine River.
The site has been studied since 1999 and is described in various publications
(Fournier et al. 2008; Massei 2001). It is a part of a national observation network
on karstic systems (SNO karst).

The geology and geomorphology of the site are characteristic of the upper
Normandy: the Seine River cuts deeply into chalk plateaus. An aquifer takes place
in those formations than can be variously karstified. On the top of this Mesozoic
chalk layer, the weathered chalk has formed a clay with flint layers, quite
impervious. Swallow holes are penetrating the clay and chalk layers: the infil-
tration of water into the karstified chalk aquifer can be very quick. More locally, a
N70E fault affects the site with a net slip of 120 m. South to the fault, the for-
mations are the ones described before, while North to the fault, cretaceous layers
of clay alternate with sand formations. Norville study site is a sinkhole-spring
system: upstream, the small Bébec river drains a watershed of 10 km?, before
infiltrating into the ground when reaching the Triquerville fault (Fig. 1). The
Bébec discharge has an important variability, from 5 1/s during low flow up to
400 I/s after storms events. Downstream, the perennial Hannetdt spring, at the
bottom of the chalk cliffs, has been proved to be the resurgence of the Bébec River
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Fig. 1 Norville system (modified from Massei 2001)
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with multiple tracing tests (Massei 2001). Karstic conduits are also likely to be
found within the chalk aquifer between the spring and the Seine River, underneath
alluvial aquifer; hence a hydraulic connection between the karstic aquifer and the
Seine River cannot be excluded (Fournier et al. 2008). The variations of the level
of a piezometer located south of the Seine, in the same chalk layer, are correlated
to the variations at the spring.

The tracing tests are one of many tools available to assess the functioning of a
karst system (Lepiller and Mondain 1986). In this study, 14 tracer tests were
performed between 1999 and 2013, under various boundary conditions, including
the precipitation, the piezometric level, the time within the hydrological cycle, and
the tide conditions (being in the context of a karstic system under coastal influ-
ence). The tracer was injected into a perennial flow, in a sinkhole. Some of those
tracing tests were made at less than 10 h interval in order to assess the role of the
tide causing the BTCs to overlap. For that reason, it was sometimes necessary to
separate these complex overlapping BTCs before interpreting them: we used
PeakFit 4.0 (SPSS Inc.). The BTCs were then analyzed with the TRAC software,
released by the BRGM (Klinka et al. 2012). The characteristic parameters of the
BTCs were calculated, as well as the RTDs, and the dispersivity was estimated
using the simulation tool. Through RTDs, different tracing tests within the same
system or in different systems can be easily compared; the parameters of the RTD
are linked to the dispersive parameters of the studied system. Here, the normalized
RTDs (Fig. 2) present some important variations (area, time of the peak, tailing).

RTD (tracing tests between 1999-2013, fluoresceine)
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Table 1 Main results of the PCA (variables contributing positively and negatively)
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Main results of PCA | Axis I Axis 11 Axis III | Axis IV | Axis V
Inertia (%) 53.7 14.17 10.34 6.7 6.05
Variables + RTD parameters, |- - - mar
BTC times
Variables — pf, qmoy, vimod, |p +24,p —24 |- - -
p7j, %rest

pf piezometric level within the chalk aquifer; mar tide coefficient; P7j cumulated rainfall during
the week before the injection; P — 24, P + 24, rainfalls the day before and after the injection;

Qmoy, mean discharge (1/s)

4 Results and Discussion

4.1 PCA Analysis

The results of the PCA analysis are presented in Table 1 and Fig. 3.

The percent of inertia explained by the different axis as well as the information
given by the different components conducted to keep axis I, II, and V, explaining
73.89 % of the inertia. On axis I, several environmental variables (piezometric
level, rainfall) contribute strongly negatively, when response parameters contrib-
ute positively. The main information on axis II is that the rainfalls of the 24 h
before and after the injection contribute negatively. The tide coefficient (mar)
contributes to axis V for 75 %. The fact that most of the environmental variables
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Fig. 3 Variables of the PCA a and tracing tests b in the factorial space F1-F2-F5. (hf
piezometric level within the chalk aquifer; mar tide coefficient; P7j cumulated rainfall during the
week before the injection; P — 24, rainfall the day before the injection; P + 24, rainfall the day
after the injection; Omoy, mean discharge (I/s); A, ¢ and 1: area, center and width of RTD; vmod
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are opposite to the RTD parameters on axis I suggests that they are strongly
related; the objective is to characterize those links. In the individuals’ space, some
clear distinctions between the tracing tests appear: tracing tests number 3 and 4
contribute negatively to axis I, when tracing tests 1, 2, and 14 contribute negatively
to axis II. In order to understand the structure of the data, some clustering and
partitioning have been conducted.

4.2 Clustering and Interpretation of the Groups

The partitioning with medoids has been tested with a number of groups k from 2 to
10. The best partitioning is the one with the highest average silhouette width; here
we obtained a width of 0.51 for k = 5. The next step is the hierarchical clustering
with k = 5 (Fig. 4, left). The resulting groups contain from two elements to four
elements, and can be drawn in the factorial plane (Fig. 4, right).

In order to test the significance of those groups, the Kruskal-Wallis test was
applied. The null hypothesis was rejected for variables hf, %rest, tapp, tmod, tmoy,
gmoy, alp, a, ¢, and [. This implies that for those variables, at least one group was
significantly different from the other. The simple ANOVA test gave the same
results. The ANOVA with regression on component gave a p-value of 0.0014,
indicating that the partitioning was significant. Then the Tukey post hoc test was
conducted to identify more precisely the groups which are significantly different.
Independently, we attempted to assess the common conditions for the tracing tests
in each group. The first group corresponds to tracing tests 3 and 4, with very high
level in the piezometric level (extreme conditions) and precipitation conditions.
Group 2 (tracing tests 2, 9, and 11) could be characterized by a rather low tide and
a medium piezometric level. Group 3 (tracing tests 5, 1, and 14), would also
concern tracing tests at a medium piezometric level, but with high tide conditions.
Group 4 (tracing tests 6 and 7), corresponds to a low piezometric level. And at last,
group 5 (tracing tests 8, 10, 12 and 13) would gather tracing tests with a high tide
coefficient, or at default a high tide condition.

Cluster Dendrogram
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Fig. 4 Partitioning around medoids and cluster dendogram
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4.3 Role of the Environmental Parameters

The clustering is particularly significant for all the variables characterizing the
response to the karstic systems, like the RTD parameters. The PCA highlights the
importance of the environmental parameters: the piezometric level in the chalk
aquifer (downstream of the spring), as well as the spring discharge, are the major
contributors to the first component of the PCA, and are anti-correlated to the
parameters of the RTD curves. On axis II, the cumulated rainfall during the 24 h
before the injection of tracer and the 24 h after the injection are the main contributors,
and therefore it can be assumed that they play an important role in the response of the
system. At last, the tide coefficient is by far the most important contributor to axis V;
the tide is likely to be an important downstream boundary condition of the system.

4.4 Relations Between Environmental Variables and RTD
Parameters

A lot of different configurations have been tested, by changing the number of vari-
ables included in the algorithm, and the forms of the mathematical equations. Each
parameter of the RTD curve was expressed in function of all the environmental
parameters; and the dispersivity in function of those same parameters. The possi-
bilities of relations between A, the area of the RTD, were investigated. The piezo-
metric level appears in 17 models over the 18 models calculated; it indicates that this
variable is relevant to characterize the area, which is consistent with the results of the
PCA. The second variable that appears in most models is the tide coefficient (in 14
models over 18). Then come the accumulated rainfall on the week before the
injection and the rainfall 24 h before the injection. The level within the Seine River
and the mean discharge are not well represented. The type of model obtaining the best
R? Goodness of Fit and correlation coefficient (R* = 0.96 and C = 0.987) is:

A =a+bxqmoy +d* P7j— cxmar — f x Pant — g x pf
— % PTj % Ppost — i % hs®

The same investigation was conducted for the center of the RTD curve C. The
piezometric level was also the most represented variable (in 19 over 21 models and
19 occurrences). But the second most recurrent variables were the precipitation of
the week before and the day before and the mean discharge. The best fitted model
obtained a R* goodness of fit of 0.992 and a correlation coefficient of 0.996. The
corresponding equation is:

C =a+bxPant +d * PTj> — qmoy — c * hs — f * pf — g * Pant®
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The piezometric level was the principal variable in most of the models for the
width of the RTD. The second one was the tide coefficient, followed by the mean
discharge and precipitation preceding the injection. The equation obtaining the
best R? goodness of fit and correlation coefficient (0.97 and 0.99) is:

| =a+ bxqmoy — d * pf — ¢ * mar + i * mar * qmoy + g * mar x hs
— hxPant — i x hs — j x P7j + k * pf x P7j

As for the dispersivity, the most recurrent variable in all models was the cumulated
rainfalls during the week preceding the injection (in 22 models over 24, with 42
occurrences). The second one was the level of the Seine River. The tide coefficient
and the piezometric level in the chalk aquifer have an intermediary importance,
appearing respectively in 14 and 15 models. The rainfalls at 24 h and the mean
discharge were less significant with few occurrences. With a R* goodness of fit of
0.98 and correlation coefficient of 0.99, the selected equation for alpha is:

oa=a-+bx*PTj+ cx*hs+dx*pf+exmar+ hs* (f * Post — g  pf)
+ h * qmoy

4.5 Discussion

The fact that the majority of models for A, /, and ¢ contain the piezometric level pf
as a key variable is consistent with the results of the PCA. The tide coefficient is
essential to calculate the area and the width of the RTD. The importance of the
precipitation was also highlighted, especially influencing the center of the RTD.
The mean discharge appears as an important contributor to axis I in the PCA,
whereas the algorithm used to estimate the relations between the environmental
parameters and the parameters of the RTD does not enhance this discharge as
essential. As for the dispersivity, the results of the algorithm indicate that the
precipitations during the week preceding the injection contribute strongly to its
variations. Unlike the parameters of the RTD, the dispersivity is sensitive to the
variations of the level of the Seine River that is to say of the tide, but at a daily
scale, not in its annual variations.

The equations obtained are to be taken with caution, since they are calculated
on a relatively small sample (14 tracing tests). These equations have to be tested
on later tracing tests. Moreover, even though the tracing tests have been conducted
in order to cover the maximum diversity of environmental conditions, some are not
well represented. For example, the tracing test n° 14 is the only one with an
important rainfall occurring during the injection. That explains its position in the
factorial plane F1-F2, contributing negatively to axis II, which corresponds to
P + 24 (rainfall in the day following the injection). So this variable could have a
non-negligible effect, but could be underestimated because of the tracing tests
sample.
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Nevertheless, this is a first model of the response of karstic system (RTDs) in
function of environmental parameters. Moreover, it takes into account the non-
linearity of the relations between the variables, by opposition to the PCA which
indicates only the possible linear relations between them. Another important result
is that the shape of the RTDs is controlled by downstream conditions, including
tide.

5 Conclusion

In this study, we investigated the links between various environmental parameters
and some characteristic parameters of the karstic system response. A campaign of
tracing tests was conducted in different hydrologic conditions (high flows, low flows,
tide variations, rainfalls...) on the same karstic system. For each tracing test, the
parameters of the BTC and the RTD curves and the dispersivity were assessed.
A PCA indicated that most relevant variables were the piezometric level downstream
of the karstic system, the cumulated rainfall, and the mean discharge. These were
anti-correlated to the parameters of the normalized RTD curve. The precipitation
around the injection was also relevant, as well as the tide coefficient. We studied the
structuration of the data by using the partitioning around medoids and hierarchical
clustering. These groups were linked to corresponding environmental conditions.

We established a model giving the expression of RTDs parameters in function
of environmental variables. It appears that the downstream control is essential: the
piezometric level and the tide coefficient are the most relevant variables. The
cumulated rainfall and the mean discharge were considered as necessary variables
in the estimation of the RTD parameters. It suggests that the mean discharge alone
cannot provide enough information to estimate the RTD parameters and that
the precipitation preceding the tracing tests is essential in the form of the RTD.
The results also suggest that the dispersivity is very sensitive to the precipitation,
and to the tide. The piezometric level was also an important variable, unlike the
mean discharge. Equations were selected for each variable, but need to be cross-
checked and validated through other tracing tests.

As perspectives, these analyses could be completed with more tracing tests, in
order to confirm the trends brought out (especially investigating the rainfall
parameter, with tracing tests during storms). The results could be compared to
other karstic system. In the case of coastal karstic systems, it would enable to
validate the hypothesis of the influence of annual variation of the tide on the
response of the system, as well as the daily component of the tide on the dis-
persivity. For continental aquifers, it would be interesting to assess the joint role of
the piezometric level and the precipitations in the response.
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A Computer Method for Separating Hard
to Separate Dye Tracers

P.-A. Schnegg

Abstract Tracer tests are an irreplaceable tool for hydrogeologists. They are used
to determine the paths of water flow between two spots in a catchment below the
surface of the earth. Usually, hydrogeologists carry out tracer tests with only one
tracer at a time, but sometimes two or more fluorescent substances are simulta-
neously injected into different spots and collected in a spring. Then, the resulting
cocktail is analyzed by optical methods (fluorescence spectrometer) to separate the
tracers and calculate their concentrations. Molecules with sufficiently different
excitation spectra are easily separated. But two among the most frequently used
tracers, uranine (Na fluoresceine) and eosine, are very close in this respect. Their
separation is well-known to be difficult. Other examples are sodium naphthionate
and amino G acid, two very useful tracers since they are colorless and therefore
unnoticed in surface waters. The eluent of charcoal bags (fluocapteurs) is another
example. Beside the released tracer, there is a very high fluorescence background
of dissolved organic matter (DOM) from which it must be optically separated. The
shape of the excitation spectrum of a fluorescent tracer can be approximated by a
Gaussian curve. This curve is completely described by three parameters: peak
wavelength, height, and width. The spectrum of a cocktail of two tracers is the sum
of two such Gaussian curves. To separate these two curves, we use an algorithm
based on the steepest descent in the parameter space to find the best set of
2 x 3 = 6 parameters of the model that best fits the measured curve. We achieve
good separation even with a concentration ratio smaller than 1:10.
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1 Introduction

Groundwater tracing with dye tracers is of common usage in karst hydrology. This
is a method of choice for identifying preferential flow paths in the underground.
After the tracer solution has been injected into the ground, a fraction as small as one
part per billion collected downstream is still detectable through its fluorescence.
Sometimes in multitracer tests, two or three different dye tracers are simultaneously
injected at neighboring sites. Often, collected water samples result in a mixture of
these tracers. It is necessary to resolve overlapping peaks to establish the concen-
tration of each tracer. This operation is carried out in the laboratory with the
fluorescence spectrometer, or directly in the field with the portable filter fluorometer
(Schnegg 2003). The success of this analysis depends on the choice of tracers. Their
optical properties (wavelength of the excitation and emission bands) must be suf-
ficiently different. Good examples are the following cocktails:

e Uranine—rhodamine (any rhodamine: sulfo B, amino G, WT). Spectral dis-
tance: 60-70 nm
e sodium naphthionate—uranine or rhodamine. Spectral distance: 120-180 nm

Unfortunately, a very good tracer such as eosine is not so easy to separate from
other dye tracers because its spectrum displays intermediate wavelengths (spectral
distance to uranine and rhodamine: 25-48 nm). Colorless tracers are also of great
interest, but the spectral distance between two of them, sodium naphthionate and
amino G acid (7-Amino-1,3-naphtalene disulfonic acid, monopotassium salt
hydrate), is only 39 nm. For this reason, almost all tracer tests avoid these two last
combinations.

Noting that the spectra (excitation, emission, or synchroscan spectra) can be
represented by single Gaussian curves or the sum of two such curves, we devel-
oped a computing method for the separation of two tracers. A Gaussian curve is
completely described by three parameters: its peak amplitude, peak position, and
width. The spectrum of a mixture of two tracers is therefore the sum of two
Gaussian curves (sometimes three if a tracer has two peaks). The separation
problem is solved if the six parameters can be determined. As the involved
mathematical relationships are highly nonlinear, an Algebraic solution is not
available. We use the algorithm of steepest descent to extract the parameters. The
program automatically varies the six parameters in turn and stops when the dif-
ference between the calculated and the measured response has reached the abso-
lute minimum. Although the software of curve fitting for resolving overlapping
peaks is commercially available (PeakFit, Eigenvector, etc.), there is no mention
of such method in the area of tracer tests.
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2 Minimization Routine MINDEF

The routine MINDEF was written at the Institute of Physics of the University of
Neuchatel (Beiner 1970) and used since then in various optimization problems.
The following example (Rosenbrock’s valley) illustrates this routine with only two
parameters x1, x2 to have a good grasp of the principle. The function is

Flrn,x) = 100(x2 — ) +(1 = xp)? (1)

The function has its minimum at point [x; = 1; x, = 1] and its value is zero
(Fig. 1).

Any pair of values can be assigned to x1, x2 as start point. Routine MINDEF
varies the parameters and after some iteration finds its way to the lowest point, the
minimum of the function. As an example, starting at point [x; = —1.2; x, = 1] the
minimization ends after 126 steps at point [1.015; 1.014] with a misfit of
2.96 x 1072 CPU time on a PC is a few seconds. Each parameter can be assigned
a variation weight, so that if its weight is set to zero, the parameter is not allowed
to vary. The minimization algorithm is extremely robust.

3 Application to the Separation of Two Tracers

In this article, the method was applied to the separation of two different tracer
cocktails, each of them difficult to separate into individual tracer concentrations: (1)
uranine with eosine and (2) sodium naphthionate with amino G acid (colorless

Fig. 1 Rosenbrock’s valley
(Eq. 1). The black circle is
the minimum of the function




126 P.-A. Schnegg

dyes). To check the efficiency of the method, we prepared known mixtures of the
tracers. The starting solutions were prepared at a concentration of 10 pg/L (10 ppb).

The different cocktails were analyzed on a Perkin Elmer LS50B luminescence
spectrometer, with excitation and emission slits of 10 nm and a scan speed of
500 nm/mn.

Figure 2 shows synchroscan spectra of uranine and eosine at 10 pg/L con-
centration along with their mixtures (from 9 pg/L uranine/1 pg/L eosine to 1 pg/L
uranine/9 pg/L eosine). Figure 3 shows synchroscan spectra of sodium naphthi-
onate and amino G acid at 10 pg/L concentration, as well as their mixtures (from
7.5 pg/L sodium naphthionate/2.5 pg/L amino G acid to 2.5 pg/L sodium naph-
thionate/7.5 pg/L. amino G acid). The curves of single tracers show perfect
Gaussian shapes (except for amino G acid whose curve is well approximated by
the sum of two Gaussians). Therefore, the separation of uranine and eosine is a
problem of finding 2 x 3 = 6 parameters. We could deduce that the number of
parameters for the separation of sodium naphthionate and amino G acid would be
higher (3 x 3). Fortunately, this is not the case since the secondary Gaussian curve
of amino G acid is proportional to the main one. In addition, the total number of
unknown parameters can be lowered since the center and width data can be
measured with good precision by scanning the one-tracer solutions. Then, in both
examples, the separation routine will handle only two parameters, the peak
amplitudes.
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Fig. 2 Synchroscan spectra of mixtures of uranine and eosine 10 pg/L solutions. The
concentration legend is for uranine. Corresponding eosine concentrations were 10 pg/L. minus
the concentration of uranine
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Fig. 3 Synchroscan spectra of mixtures of Na naphthionate and amino G acid 10 pg/L solutions.
The concentrations legend is for naphthionate. Corresponding amino G acid concentrations were
10 pg/L minus the concentration of naphthionate

Table 1 Results of the separation with MINDEF of uranine and eosine from mixtures prepared
with 10 pg/L solutions

% uranine (true) % uranine (MINDEF) % eosine (MINDEF) % eosine (true)
0 0.69 100.00 100
10 10.45 89.63 90
30 29.05 72.56 70
50 49.02 53.66 50
70 70.49 34.76 30
90 89.55 17.07 10
100 100.00 7.93 0

Table 1 shows the results of the separation by MINDEF of uranine and eosine
from mixtures prepared with 10 pg/L solutions. For uranine, the error is less than
1 % regardless of the concentration ratio, but for eosine it strongly depends on its
concentration. The error is below 10 % for eosine concentrations in excess of
30 %, but it is close to 100 % when eosine concentration is lower than 10 %.

The case of the naphthionate-amino G acid cocktail is illustrated in Fig. 4.
Suppose that all we know is that our water sample contains these two tracers, but at
unknown ratio. We will run the program so that the response of our model best fits
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Fig. 4 Separation of a mixture of 2.5 pg/L naphthionate and 7.5 pg/L amino G acid

the curve measured with the spectrofluorometer. The total number of unknown
parameters is six, since each Gaussian curve is fully determined by three param-
eters (the secondary peak of amino G acid is proportional to the main peak and
therefore no additional parameter is required). But this number of parameters can
be easily reduced to two: peak widths and wavelengths of both tracers can be
determined once and for all by applying MINDEF on synchroscan spectra of one-
tracer solutions. Then, these parameters are kept fixed in the final modeling phase
of the tracer cocktail (variation weight set to zero) and only two unknown
parameters, the peak amplitudes are varied and finally determined. Note that the
common baseline was automatically subtracted by the luminescence spectrometer
before applying MINDEF.

Table 2 shows the results of the separation by MINDEF of Na naphthionate and
amino G acid from mixtures prepared with 10 pg/L solutions. From the values of
the Tables 1 and 2, we see in both cases that the tracer with the highest quantum
yield (peak amplitude) also displays the smallest error in the determination of its
concentration.

The case of charcoal bags (fluocapteurs) is not illustrated in this work. How-
ever, we have also checked that the method is well suited for separating the tracer
response from the background (luminescence of the dissolved organic matter
(DOM)). In this problem, one Gaussian curve represents the response of the tracer
and a second Gaussian curve the response of the DOM. Since DOM fluorescence
appears in the UV to blue region of the spectrum, i.e., at wavelengths shorter than
the tracer emission, only the long wavelength tail of the second curve (DOM) is
normally represented in the spectrum of the eluent. However, to obtain a good fit
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Table 2 Results of the separation by MINDEF of Na naphthionate and amino G acid from
mixtures prepared with 10 pg/L solutions

% naphthionate % naphthionate % amino G acid % amino G acid
(true) (MINDEF) (MINDEF) (true)
100 100.00 7.02 0
75 75.52 28.07 25
50 54.55 50.88 50
25 23.78 84.21 75
0 0.00 100.00 100

of the measured curve, it is necessary to allow the variation of the three parameters
associated with the DOM Gaussian curve, but at the end we are only interested in
the amplitude of the tracer peak.

4 Discussion

We used synchroscan luminescence spectra of the tracers for the separation, but
other spectra such as excitation or emission spectra can be used as well. However,
the best result is always achieved when the peak separation is a maximum.

The assumption behind this separation method is the linearity of the synchro-
scan signals with regard to the concentration of the tracers. For excitation wave-
lengths above 500 nm, linearity is almost the rule. But for shorter wavelengths, a
nonlinear term should be added. This is particularly true if secondary maxima
located between 200 and 300 nm are used in the modeling instead of those of
Fig. 4.

To improve the quality of the separation, some more parameters should be
included in the MINDEF search, to account for the nonlinearity. The full poly-
nomial dependency of the signal versus concentration could be measured and
included in the optimization method.

The MINDETF routine is nice because it does not require the analytic expression
of the derivative of the function to be known. But any other similar routine can be
used for this work, such as MINUIT (James 2004), designed for particle physics in
the 1970s by physicists of the CERN, and many others.
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Standardized Approach for Conducting
Tracing Tests in Order to Validate

and Refine Vulnerability Mapping
Criteria

M. Sinreich and A. Pochon

Abstract An approach for conducting tracer tests in karst systems is proposed in
order to assess differing degrees of groundwater vulnerability. It consists of (i) a
standardized artificial recharge scenario, (ii) the selection of conservative tracers,
and (iii) application to contrasting vulnerability situations within a catchment.
Results from multi-tracer testing at a karst site in Switzerland provided break-
through curves that were significantly different in terms of mass recovery, which is
considered the key parameter for defining a quantitative protection effect. The
presented approach may provide a better basis for both punctual validation of
vulnerability maps and refinement of associated assessment methods.

1 Introduction

Tracing experiments are recognized as an essential tool for validating groundwater
vulnerability mapping in karst terrains (Perrin et al. 2004). However, data inter-
pretation is limited for many experiments as only the connection between highly
vulnerable zones in the catchment area and related springs is proven. The contrast
in vulnerability within well-developed karst systems, as deduced from mapping
methods such as EPIK (Doerfliger et al. 1999), is rarely tested, although it is
crucial for applying protection measures in the catchment (intra-basin comparison)
or for transferring results to other systems (inter-basin comparison). This is
particularly important, for example, in large areas characterized by low natural
protection, as is typical of karst aquifers in Switzerland and many other alpine and
peri-alpine regions.
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2 Conceptual Approach

In general, the minimum transit time derived from tracing tests is not sufficient to
characterize the protective function of overlaying layers, due to the frequent
presence of preferential flow paths, even in the case of significant topsoil and
subsoil layers. Tracer concentration attenuation and reduced mass recovery over
the duration of the main breakthrough may be more representative in this context.
While transit time reflects a distance effect in large catchments or is an indicator of
the existence of preferential flow paths through potentially protective layers, the
main breakthrough recovery is dependent on the storage capacity of the unsatu-
rated zone, including the epikarst. Transient storage in the soil and subsoil is
thought to play the most important role in relation to intrinsic vulnerability in
many karst systems.

Considering the influence of storage (Smart and Friederich 1986) requires the
application of a well-defined and targeted experimental setup. Unlike conventional
localized tracer injections, i.e. at swallow holes or into a trench, irrigation through
water sprinkling that creates a realistic recharge over a defined area of land surface
is an appropriate scenario, which is also much easier to control and interpret than
tracer testing under natural rainfall conditions. Such an approach consists of three
steps: (i) development of a standardized artificial recharge scenario, which can
estimate transient storage and is applicable in a uniform manner, (ii) testing the
conservative behavior of several dye tracers under given conditions in order to be
able to use them concurrently during multi-tracer experiments, and (iii) application
to several karst systems and to diverse settings in order to assess differing degrees
of vulnerability.

3 Field Application

3.1 Experimental Setup and Tracer Selection

The proposed procedure includes initial surface irrigation over an area of about
10 m? until complete water saturation of the uppermost layers (topsoil, subsoil,
epikarst) can be assumed, followed by diffuse tracer application. This area is then
irrigated with a volume of water corresponding to a 100 mm recharge over a
duration of several hours to simulate unfavorable yet realistic scenarios in terms of
maximum daily rainfall (in the order of a 10-year return period) or diffuse con-
tamination events. Tracer retention in the diverse subsystems over the irrigation
duration results in reduced mass recovery and tracer concentration attenuation. In
addition, a reference injection should be performed in a nearby zone, which is
extremely vulnerable (i.e., swallow hole or bare karrenfield) and connected to the
sampled spring. The concurrent use of different tracers permits the definition of a
setting-specific protection effect for each injection location.
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The nonreactive behavior of several tracers, which is a prerequisite to quanti-
tatively determine contrasts in intrinsic vulnerability, has to be tested (Sinreich and
Flynn 2011). Figure 1 shows the results of one of these tests conducted in the
vadose zone of a karst aquifer overlain by a 0.5 m thick soil layer. Simultaneous
tracer pulse injection was performed with a constant irrigation rate, corresponding
to maximum soil infiltration capacity as evidenced by runoff generation during
initial surface irrigation. An automatic sampler was installed at the main water
outlet in a cave 35 m below the surface, which allowed high temporal resolution
monitoring of tracer concentration. Breakthrough and mass recovery were similar
for three of the tracers, i.e. uranine, duasyne, and naphthionate. Their recovery
rates, which varied between 41 and 46 %, are close to the 55 % of injected water
recovered, suggesting that these tracers behave in a conservative manner, whereas
sulforhodamine B (35 %)—due to its sorption tendency—did not fulfill these
requirements under the given conditions despite the relatively thin soil cover.

3.2 Multi-Tracer Test

The described approach was applied on several alpine and peri-alpine karst
systems in Switzerland. An example from the Swiss folded Jura Mountains is
presented (Lionne spring at I’ Abbaye). The catchment of the site extends to some
16 km? and is characterized by karstified Jurassic limestone locally covered by
glacial deposits of moderate to low permeability with a thickness up to several
meters. Karst landforms as well as the conduit network are highly developed.
Groundwater is assumed to be of a vadose flow type in the majority of the
catchment. Phreatic conditions occur in the vicinity of the spring, which discharges
between 20 and 10,000 L/s with an annual mean value of approx. 500 L/s.

A multi-tracer test was performed concurrently using the three dyes considered
conservative as illustrated by Fig. 1. All injection points are situated within a
radius of 50 m at a distance of about 1,600 m to the spring suggesting similar
lateral pathways. However, each injection location had different topsoil/subsoil
characteristics in terms of thickness and permeability, which are assumed to
provide contrasting vulnerability (Fig. 2):

(1) Karrenfield with only scarce and aerated forest soil patches (most vulnerable)

(2) Limestone covered by about 0.3 m of more compacted pasture soil

(3) Limestone covered by about 0.5 m of soil and 1 m of silty moraine (least
vulnerable).

High data quality was necessary to allow a quantitative interpretation of the
results. This was achieved by using up-to-date monitoring technologies installed at
the spring, which included a field fluorometer (real-time data via Web server), two
automatic samplers and continuous discharge measurement. Furthermore, the
fluorescence properties of the selected dyes facilitated their analytical differenti-
ation in the laboratory and provided precise tracer concentrations.
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Fig. 1 Breakthrough and cumulative recovery curves for a short-distance comparative tracer
test. Uranine, duasyne and naphthionate were considered conservative given the similar form of
their breakthrough curves and mass recovery close to irrigation water recovery

10 kg
naphthionate

Fig. 2 Injection points (/, 2, 3) and geological setting for the multi-tracer experiment with logs
highlighting the contrasts of vulnerability tested (leff). The two additional points (a, b) make
reference to tracer injections during a previous study (Perrin et al. 2004). Tracer injection was
performed according to the described standardized scenario displayed for injection point 2 (right)

Tracer recovery at the spring reflects the contrasting vulnerability evaluated in
the field, with the highest value (32 %) for the karrenfield, lower recovery (21 %)
for the karstified limestone featuring greater soil cover, and finally drastically
reduced recovery (3 %) for the tracer injected into the glacial subsoil deposits
(Fig. 3). The dominant transit time for each tracer, however, was almost the same,
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Fig. 3 Breakthrough and mass recovery curves for the three injection locations, i.e. uranine,
duasyne and naphthionate tracers. The hydrological conditions remained stable during the
10 days between injection and tracer arrival (only 15 mm of precipitation, most of which was
deposited as snow) and a pronounced flood event occurred only towards the end of the
breakthrough

with peak velocities between 150 m/day (duasyne and uranine) and 140 m/day
(naphthionate). While first detection of both duasyne and uranine tracers was
clearly unaffected by natural recharge events, a moderate discharge rise could be
observed before naphthionate arrival. Thus, it cannot be excluded that such an
additional volume of water was necessary to push the tracer into the karst network,
and that it had remained stored in the subsoil with the 100 mm during post-
injection irrigation.

A similar degree of karstification is assumed for all injection locations, such
that differences in attenuation must be essentially related to the topsoil and subsoil.
The presented experiment thus addresses the protective effect of the overlaying
layers, which in many assessment methods is considered a crucial criterion
influencing the vulnerability of highly karstified systems (Doerfliger et al. 1999;
Daly et al. 2002; Zwahlen 2004). The two injection locations covered solely by
pedologic soil (topsoil) exhibited only slight differences in mass recovery,
although the highest quantity of tracer was recovered from the location with lowest
soil cover. In contrast, the moraine cover retained 90 % of the tracer with respect
to the karrenfield injection.



136 M. Sinreich and A. Pochon

Using tracer mass recovery as the key parameter to quantitatively determine the
vulnerability is confirmed by comparison with the result of a previous tracer
experiment featuring injections in close proximity to the present locations (Perrin
et al. 2004). Two pulse injections each corresponding to a net recharge of about
1000 mm were performed on a karrenfeld (Fig. 2, point a) during high and low
water stages. The experiment revealed dramatically contrasting transit times
varying between 1.5 and 11 days, whereas tracer mass recoveries did not differ
significantly (40 and 50 %). This is consistent with the results of the present study
suggesting that transit time—which is very dependent on hydrological condi-
tions—is not reliable for vulnerability validation in developed karst systems.
Another dye injected into more than 2 m of glacial deposit was not detected at the
spring (Fig. 2, point b).

4 Conclusions and Outlook

The presented approach sets out to provide a better quantitative basis for both
punctual validation of vulnerability maps and a refinement of associated assess-
ment methods. It highlights the fact that quantitative field evaluation of karst
groundwater vulnerability is only reliable if related tracing tests are conducted in a
standardized and well-controlled manner. This includes the use of conservative
tracers, a defined injection and irrigation scenario through water sprinkling, high
data quality in relation to tracer concentrations and hydrological conditions, as
well as a high level of understanding of the functioning of the karst setting under
consideration.

Existing methods generally use point count and rating systems to describe
vulnerability, even though mapping criteria are not related to quantitative infor-
mation on the extent of contaminant attenuation. Standardized tracing tests,
however, allow the attribution of a protection effect—i.e., a degree of mass
attenuation—to the situation encountered in the field. Breakthrough curves
obtained from tracer injections at the studied catchment differed significantly, both
in terms of maximum relative concentration and mass recovery, permitting
quantification of the natural protective effect. In this context, mass recovery was
found to be the key parameter for evaluating contrasts in vulnerability, which is
virtually independent of hydrological conditions.

Mass recovery accurately determined from tracer testing can also be linked to
the influence of the individual vulnerability mapping criteria (e.g., soil thickness or
epikarst development). Multi-tracing experiments, where each injection setting
differs only by a single criterion or class, thereby represent the most efficient
means of deducing their protective effect from tracer breakthrough curves. This is
the case for example for two injections into adjacent locations with different
classes of soil thickness, though with all other criteria remaining equal. Based on
the interpretation of numerous tracer experiments, the next step will consist of
defining a protection unit for a quantitative classification of each mapped criterion.
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The protection provided between a certain location at the land surface in the
catchment and the related spring can then be determined from the cumulative
effect of each subsystem (topsoil, subsoil, and epikarst), i.e., the total number of
protection units describing the groundwater vulnerability in a quantitative manner.
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Hydrogeological Characterization

of Karst Tributaries of the San Franciscan
Depression, River Corrente, West Bahia,
Brazil

C.C. Bicalho, M. Berbert-Born and E. Silva-Filho

Abstract Brazilian economy has experienced substantial growth in the last dec-
ade. Balancing economic development and the associated increase of water con-
sumption with environmental sustainability is a challenge for both society and
government. Karst aquifers are important freshwater resources for the growing
population in some regions of Brazil. The west region of the state of Bahia is
known for its abundant water resources. Corrente River (basin surface:
42,732 kmz), provides ca. 30 % of the total water flow of the Sao Francisco River
(basin surface 631,133 km?). During recent years, Bahia’s state has undergone a
marked process of economic growth driven by agricultural modernization.
Important transformations of soil occupation can be observed, and water resource
exploitation is often disorganised and predatory. The karst aquifers on the San
Franciscan depression are located downstream of an intensively exploited region,
the Urucuia sandstone aquifer. Karst aquifers are characterised by high vulnera-
bility to contamination and low capacity of self-purification. This study aims to: (i)
perform a preliminary characterization of the hydrogeological behaviour of the
karst system in relation with the whole basin context by characterising water
hydrochemistry, and (ii) to verify the existence of anthropogenic pollution in order
to delineate the aquifer vulnerability. The first results showed a great heterogeneity
of aquifer waters, denoted by water chemistry. This heterogeneity was not only
related to a large basin surface and different recharge conditions, but also to
aquifer compartmentalisation in depth. Results denoted the possible existence of
redox processes associated to organic deposits in depth.

Keywords Karst - Hydrogeology - Hydrochemistry - Natural tracers

C.C. Bicalho (X)) - E. Silva-Filho
Departamento de Geoquimica, Instituto de Quimica, UFF, Niter6i, RJ 24020-150, Brazil
e-mail: ccbicalho@gmail.com

M. Berbert-Born
CPRM - Servigo Geologico Do Brazil, Avenida SGAN-Quadra 603 - Conjunto J,
Parte a - 1° Andar, Brasilia, DF 70830-030, Brazil

© Springer-Verlag Berlin Heidelberg 2015 139
B. Andreo et al. (eds.), Hydrogeological and Environmental Investigations

in Karst Systems, Environmental Earth Sciences 1,

DOI 10.1007/978-3-642-17435-3_16



140 C.C. Bicalho et al.

1 Introduction

Considering the significant growth in the Brazilian economy during the previous
decade, the development of efficient water resources management is a crucial
challenge for both society and government. Karst aquifers store important fresh-
water resources for the growing population in some regions of Brazil. The state of
Bahia in Brazil has undergone noticeable economic growth driven by agricultural
modernisation. Significant transformation of land and soil occupation can be
observed and water resource exploitation is often disorganised and predatory.
Recently, a massive landslide occurred on the Urucuia plateau carrying down an
extensive mass of soil towards karst creeks located downstream, causing a serious
ecological accident (Moraes 2013).

The west region of the state of Bahia is known for its abundant water resources
(Gaspar 2006). The karst aquifers on the San Franciscan depression are located
downstream of an intensively exploited region, the Urucuia sandstone aquifer
(Fig. 1). Corrente River (basin surface: 42,732 kmz), provides ca. 30 % of the total
water flow of the Sao Francisco River (basin surface 6,31,133 kmz). Like most of
the karst aquifers, the San Frascican unities are characterised by high contami-
nation vulnerability enhanced by low residence times and low self-depuration
capability. The present study region is particularly more vulnerable due to its
location directly downstream to very erodible unit, the Urucuia plateau (CPRM/
UFBA 2007).

The present study aims to: (i) perform a preliminary characterisation of the
water hydrochemistry in order to understand the behaviour of water circulation and
water chemical evolution along the basin and its main compartments (e.g. the
karstic sub-basins); (ii) improve the knowledge of the karst aquifer behaviour, in a
local and a whole basin scale and (iii) verify the existence of anthropogenic
pollution in order to delineate the aquifers’ vulnerability.

2 Materials and Methods

The Sédo Francisco River (6,31,133 kmz) flows from south to north, i.e. from Serra
da Canastra (Minas Gerais) towards an Atlantic estuary (Fig. 1).

Corrente river has a catchment area of 42,732 kmz, an average flow-rate of
36 m’/s. The average annual rainfall in the basin during the last 74 years is 995,
41 mm. First recharge events of the hydrological cycle occur in September/
October. The period from May to September is nearly dry: it rains 4 % of the total
annual precipitation. The rainy season take place from October to April, it rains
96 % of the annual precipitation (HIGESA 1995).

The geology on the Corrente basin area is characterised by the presence of two
distinct geological provinces: the Pelitic-carbonate sequence of Late Proterozoic,
which constitute the Bambui Limestones Group and the Sandstone plateau of the



Hydrogeological Characterization of Karst Tributaries ... 141
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Fig. 1 Geology and sampling points location at Corrente river basin

Urucuia Formation, which is the predominant formation in Corrente River basin
(50 %). The study area of main interest is the Sanfranciscan Depression, which is a
long stretch of the west bank of Sdo Francisco River, which extends longitudinally
in Bahia among the sandstone plateau of Urucuia until the river channel (CPRM/
UFBA 2007; HIGESA 1995).

The Urucuia sandstones comprises a very large Phanerozoic intracratonic basin
extended in N-S (Sanfranciscan Basin), which is one of the most important
granular aquifer in Brazil. It is known as a free aquifer with local confinement due
to silicified horizons. The lower strata, lying above the pelitic-carbonatic basement
(Bambui Group) is a clayey unit (Geriba Formation) recognised as the substratum
of the aquifer.

Sampling campaigns were undertaken on August-2011, November 2011 and
March 2012. Eighteen water points were sampled during this period, including:
seven springs, seven streams, three wells and one lake were sampled along the
basin, from upstream to downstream (Fig. 1). The sampling points were chosen
along the Corrente River network from the Urucuia sandstone massif until the
proximities of Corrente river base level. Urucuia Plateau has a very large surface,
but is geologically very uniform, consequently, few sampled points could repre-
sent the water chemistry. On a longitudinal profile from the Urucuia Plateau until
the outlet, three different karsts were monitored (Karst 1, 2 and 3) (Fig. 1).

Temperature, pH, and Electrical conductivity were measured in situ before
sampling. Total alkalinity was measured within a day, by acid titration. The
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samples were filtered in cellulose acetate, acidified with HNO5. Major elements
(Br, Cl, NO3, SO4, Ca, Mg, Na and K) were analysed by ionic chromatography and
Trace elements (Li, B, Al, V, Cr,Mn, Co, Ni, Cu, Zn, As, Rb, Sr, Mo, Cd, Ba, Pb
and U) were analysed using ICP-MS (Thermo Scientific). Multivariate statistical
analysis of collected data was used to characterise hydrochemically the different
water types along the basin.

3 Results and Discussion

Great discrepancies are observed for the hydrochemistry data presented along the
study area, e.g. the wide variation of Electric Conductivity, which values vary
from O up to 1400 pS/cm. This reflects the known lithological heterogeneity of the
study area and gives insights to the significance that hydrochemical evolution
plays on waters fingerprinting along its path.

Discriminating Factorial Analysis (DFA) was used to identify the main vari-
ables responsible for the general hydrochemistry of the studied dataset. The Dis-
criminant Factorial Analysis for the entire basin samples showed clearly three
basic groups (Fig. 2): the Urucuia Group, Lake and Karst group (Karst 1, Karst 2
and Karst 3).

The Urucuia group, formed by the samples collected up in the plateau (Santo
Antonio River—Urucuia) and the spring located on the plateau basis (Vaca Morta
Spring). This group is basically characterised by an extremely low mineralisation.
The group of samples collected on the Lake (Lagoa da Pedra), which is charac-
terised by an evaporation signature on stable isotopes. The group of the karst
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Fig. 2 Discriminant factorial analysis—entire basin
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samples, which is formed by three sub-groups: Karsts 1 Karst 2 and Karst 3. Those
groups were characterised separately.

The group of the karst samples is characterised by high heterogeneity on
samples properties, which is expected on such complex and karstified limestone
terrain. The DFA applied for the karst samples (Fig. 3), considered the discrimi-
nating variables as three distinct groups of karst.

Karst 1 is composed by the samples located on the upstream part of the basin,
right downstream to the Urucuia Plateau. This sub-system is characterised by a
rapid and more surficial groundwater circulation. This water has a more marked
anthropogenic fingerprint, with higher concentrations in K and NO3. The samples
of Karst 1 group are: Cérrego Ponto 213, Riacho Santana, Corrego Santo Antonio,
Nascente da Represa, Nascente gruta do Salobro, Poco Santo Antonio and
Ressurgéncia da Bananeira.

Karst 2 is composed by a group of samples that is located in the lower part of
the basin, which level seems to be underneath the Corrente river base level. It is
characterised by high mineralised waters (EC > 2000 ps/cm) that are also enri-
ched on concentrations for elements like Cl, Sr, SO4 and Na. This group probably
corresponds to high residence-time groundwaters, its water mineralisation is
probably influenced by other minerals than calcite (e.g.: gipsita and pirita). More
complex geochemical reactions should also be existent for these water chemical
evolution (e.g: redox reactions), which need to be more studied in-depth. The
samples of Karst 2 group are: Nascente Olho d’Agua do Cumbra, Poco Barreiro
Fundo, Riacho Salobro and Rio Ponte Velha.

Karst 3 is composed by an intermediary karst system, which is located on the
right-bank of the Corrente River. It is an autochthone karst system, apparently less
subjected to anthropogenic influence than Karst 1, and with a more simple
chemistry, i.e. waters facies are magnesium- calcium-carbonic. The samples of
Karst 3 group are: Nascente Fazenda Invencdo, Nascente Ponta d’agua, Corrego
ponto 221 and Pogo Fazenda Invengdo.
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4 Conclusion: Conceptual Model

The groundwaters’ chemical characterisation allowed decrypting the general
aquifer structuring and groundwater circulation, which is represented through a
conceptual model (Figs. 4 and 5). The model presents water circulation from
upstream to downstream on the longitudinal profile W-E (Fig. 4).

The karst system 1 is located directly downstream to the sandstones; it is the
first uncovered limestone from upstream to downstream (in grey on Fig. 4). This
sub-system is recharged by the sandstones located directly upstream. This karst is
a shallow-free-fissured aquifer. Recharged water acquires carbonated facies in a
relatively short flow-path. In this region flat accumulation surfaces were observed
(“Patamares do Chapaddo” geomorphological unit) denoting higher availability
of water resources; consequently most of the settlements are located in this area.

The karst system 2 is also relatively shallow and fissured, but in a context of a
very irregular landscape (notched relief with large canyons). There are some
residual sandstone covers. This region has few inhabitants and suffers from a lack
of surface water.

The karst system 3 is composed by high mineralised waters, and has a likely
deep circulation flow-path, which is located in a low hydraulic gradient context. Its
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Fig. 4 Conceptual model of groundwater circulation along the longitudinal profile indicated by
the line WE on the plan



Hydrogeological Characterization of Karst Tributaries ... 145

K1 K2
u....K1 (proximal) (distal / mantled)
< >«

Vaca Morta Spring Represa Spring

Santo Antonio Well
Salobro Stream

Cumbra Stream
Bananeira

Invencéo Stream

Rio do Meio

Barreiro Fundo Well
Santana Stream

1000

,,

Fig. 5 Conceptual model in detail of the more downstream portion of the profile (karst 3)

water properties denote the presence of organic matter and/or sulphides and
chlorides. This system seems to be hydrogeologically controlled by limestones
situated underneath the Urucuia Plateau. Karst 3 groundwaters are chemically
fingerprinted by high residence-time waters issued from limestones located
underneath the sandstones. This karst sub-system is the most complex case of the
studied area.

This preliminary study allowed a global understanding of the system behaviour,
including recharge and groundwater circulation. The first results showed a great
heterogeneity of aquifer waters denoted by water chemistry. This heterogeneity
was not only related to a large basin surface and different recharge conditions, but
also to aquifer compartmentalisation.

The relationship between the granular Urucuia aquifer and the granular-fissured
Bambui aquifer beneath Urucuia Plateau is not still clearly elucidated. There are
unconformities pointing the existence of structural lineaments and different
compartments that will be the object of supplementary investigation in order to
better understand this system and elucidate groundwater origins.
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Middle Term Evolution of Water
Chemistry in a Karst River: Example
from the Loue River (Jura Mountains,
Eastern France)

J. Mudry, F. Degiorgi, E. Lucot and P.-M. Badot

Abstract Plotting multiyear chemographs in a karst river may display evolutional
trends in water quality. In recent decades, different factors could explain for
instance phosphate decrease and nitrate increase. In the Jura karst area, different
springs and rivers not only exhibit variation of anthropogenic molecule concen-
trations, but also evolution of major element concentrations, that results in a
change in electrical conductivity. Over a 30-year period, average electrical con-
ductivity of the Loue River, which is totally supplied by karst springs, has
increased from 260 to 470 uS/cm. Such an 81 % variation is only explainable by
increases in major components, i.e. calcium and hydrogenocarbonate ions, which
are the almost exclusive by-products of karstification processes in the Jurassic
limestones of the Jura Mountains. Indeed, no direct anthropogenic cause may be
invoked for such an evolution. An increase of dissolution throughout the system is
necessarily correlated to an increase in the carbon dioxide transfer, resulting from
an increase in dissolution and/or production rate.

1 Introduction

Generally, hydrochemical datasets of springs and rivers in karst context are used to
display either pollutions or global changes. The Loue River, situated in the Jura
Mountains (Eastern France) is a well-known river for sport fishery (trout and
grayling). Recently, it has been subjected to several severe fish mortality episodes,
despite the fact that water meets the chemical quality standards.

These problems led to examine finely the historical records of ionic concen-
trations and concentrations of various pollutants. These physical and chemical data
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have been collected at the drinking water production plant of the city of Besancon,
located at Chenecey-Buillon, in the middle valley of the Loue. No significant
pollution episodes, but only gentle incremental variations were displayed. This fact
does not argue for a massive pollution, but conversely for a progressive worsening
of multi-factor environmental quality.

One of the major historical changes in physical-chemical parameters is an
increase in electrical conductivity (Teleos 2002). Fitting a 40 year conductivity
dataset with time displays a rough linear relationship (Fig. 1).

2 Global Reasons

Several trends in karst water balance and in subsequent chemical change can be
ascribed to global climate change, such as North Atlantic Oscillation (NAO,
Knight et al. 2006). But throughout the interested period, no significant trend can
be highlighted in the discharge of the river (Villeneuve et al. 2012).

On the other hand, in the period 1970-2006, atmospheric carbon dioxide
concentration increased by 17 % from 325 to 380 ppm. This difference cannot
explain the synchronous change in electrical conductivity by 81 %, from 260 to
470 pS/cm. Nevertheless, combined with the correlated global climate change, it
could be involved in soil modification trends (Jackson et al. 2009).
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Fig. 1 Evolution of electrical conductivity (Loue River, Chenecey-Buillon). Cond = 0.0156
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3 Pollution Reasons

As a whole, the main indicators of human activities in a watershed show contrasted
evolutions in 40 years (Fig. 2).

Nitrate concentration, despite a wide range of variation due to leaching epi-
sodes, displays an increasing trend. On average, nitrates increase by 66 %. This
increase could be linked to a (moderate) increase of the cattle density in the
recharge area, and to a (significant) increase of milk productivity per capita
(Lambert 2007; Lambert et al. 2010) through the period of interest (Fig. 3).

Indeed, milk production was 5,387 kg per year in 1979 and 7,303 kg in 2000.
This increase by 36 % of milk productivity is arithmetically correlated to a 36 %
increase of nitrogen in excreta. But passing from 4 to 8 mg/L of nitrogen cannot
explain 81 % of conductivity increase: doubling this nitrate concentration is
increasing electrical conductivity up to 5 uS/cm only (versus 210 uS/cm observed
in the river).

Phosphorus, originating in sewage treatment plants and in manure spreading,
displays a trend towards reduction, mainly peaks, because of the improvement of
urban sewage collection and treatment. The cases of ammonium and chlorophyll
are similar: descending trend for maxima.

No analysed pollutant can be invoked to explain the high conductivity increase
of the last 40 years.
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Fig. 3 Estimation of the dairy cow’s nitrogen excretion versus milk production (Lambert 2007)

4 Land Use Reasons

What has actually changed in the recharge area during the last 40 years?
Population and correlatively traffic have increased. Sewage collection and
treatment are now more efficient. Wood treatment in sawmills and also within the
forest use more insecticides and fungicides, but these toxic pollutants cannot
explain any calcic-carbonic mineralisation change. But the land use management
is quite different today. Grasslands have no more a natural growth; they are deeply
ploughed, with a significant consequence: increased reaction surface between soil
aggregates, solution and atmosphere. This practice promotes mineralisation of
organic carbon, therefore CO, production, enabling solid carbonate dissolution.

5 Conclusions

A dramatic increase of electrical conductivity in a karst context with moderate
population and economic activity growths cannot be assigned to a sole direct
pollution effect. It requires a spatial phenomenon involving massive additional
CO, production. The present hypothesis is that the soil itself undergoes a loss of
organic carbon owed to a change in agricultural practices, involving deep
ploughing. This process could also be magnified by global climate change and/or
increased atmospheric Carbon dioxide. A balance in soil carbon will support these
hypotheses.
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Hydrologic Influences of the Blanco River
on the Trinity and Edwards Aquifers,
Central Texas, USA

B.A. Smith, B.B. Hunt, A.G. Andrews, J.A. Watson, M.O. Gary,
D.A. Wierman and A.S. Broun

Abstract The Blanco River of central Texas provides an important hydrologic
link between surface and groundwater as it traverses two major karst aquifer
systems—the Trinity and Edwards Aquifers. The Blanco River is characterized by
alternating gaining and losing stretches due to the presence of springs that dis-
charge water into the river and swallets that drain water from the river. The region
consists primarily of Lower Cretaceous limestone, dolomite, and marls. One of the
more significant springs along the Blanco River is Pleasant Valley Spring. During
below-average flow conditions, Pleasant Valley Spring becomes the headwaters of
the Blanco River even though the headwaters, under wet conditions, are about
50 km upstream. Water that enters the Edwards Aquifer from the Blanco River can
eventually discharge at both San Marcos Springs to the south and Barton Springs
to the north. During periods of extreme drought, when other recharging streams are
dry, the Blanco River can provide enough water to the Edwards Aquifer that will
help maintain flow at Barton Springs where endangered species of salamanders
need sufficient flow of high-quality groundwater. In the western part of the study
area, increasing rates of pumping from the Trinity Aquifer, combined with impact
from drought, are reducing heads in the aquifer and are subsequently reducing
springflows (such as from Pleasant Valley Spring) that sustain the Blanco River.
Decreasing flow in the Blanco River can lead to less recharge to the Edwards
Aquifer and less discharge from San Marcos and Barton Springs. A better
understanding of these aquifer systems and how they are influenced by the Blanco
River is important for management of groundwater in an area undergoing sig-
nificant population growth.
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1 Introduction

This study was conducted to better understand the relationship between the Blanco
River and the underlying Trinity and Edwards Aquifers. The Blanco River extends
across about 110 km of Hill Country terrain in central Texas. Only under very wet
conditions does the river have continuous flow of water across its entire length.
Under extreme drought conditions the Blanco River flows over only about half of
its length. Karst features related to faults and fractures, stratigraphy, and lithology
determine whether water is entering or leaving the river. This study interprets
recently-collected flow and potentiometric data and results of dye trace studies to
describe the interaction of the Blanco River with the underlying aquifers. The
Trinity Aquifers and the Edwards Aquifer provide water to millions of people in
central Texas. There are no others sources of water over much of this area.

2 Geography and Hydrogeology

The study area (Fig. 1) consists of the Edwards Plateau to the west and the Bal-
cones Fault Zone (BFZ) to the east. The boundary between the Edwards Plateau
and the BFZ is approximately the line on Fig. 1 between the Edwards Aquifer and
the Trinity Aquifer. The climate of the study area is classified as subtropical
humid, with mild winters and hot summers, although during some periods it may
be more accurately considered semi-arid, especially in the western portions in the
Hill Country. Average annual rainfall for this area is about 770 mm (Hunt et al.
2012). The entire area is prone to drought, which may be severe and persist for
months to many years. Virtually every decade has had one or more significant
drought periods that has lasted for a substantial part of a year or more. The most
extreme drought in recorded history in this area was the decadal drought from
1947 to 1956 (BSEACD 2014). During the hottest and driest periods most of the
rain will evaporate with very little left to run off the surface of infiltrate the
subsurface. Some storm events of up to 200 mm of rain have occurred in the area
with no appreciable flow developing in the creeks (Smith et al. 2011).

The geologic units that make up the Edwards Aquifer are mostly limestone and
dolomite. The Trinity Aquifers are composed of (from stratigraphically highest to
lowest) the Upper Glen Rose Limestone, Lower Glen Rose Limestone, Hensell
Sand, Cow Creek Limestone, and the Hammett Shale (Fig. 2). The Upper and
Lower Glen Rose Limestones consist mostly of limestone, dolomite, shale, and
marl. Some units of the Upper and Lower Glen Rose Limestones contain evaporites.

Studies of structures along the BFZ (Collins and Hovorka 1997) indicate that much
of this area consists of southeast dipping, en echelon, normal faults with throws of as
much as 260 m. Some of these faults are continuous over many kilometers, while
others extend only a few kilometers or less. Fault blocks between the points where
fault displacement decreases to zero are called relay ramps. The relay ramps transfer
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displacement from one fault to an adjacent fault. Faulting and fracturing along the
BFZ play a significant role in the development of the Edwards and Trinity Aquifers.

Since the Edwards and Trinity Aquifers consist largely of limestone and
dolomite, karst features, such as caves, sinkholes, and solutionally enlarged
fractures, direct water into the subsurface. In the upland areas, runoff from rain
events might flow into these recharge features for only a few hours. The majority
of water recharging the Edwards Aquifer in the study area comes from flow in the
creeks and rivers. Slade (2014) estimates that 75 % of the water entering the
Edwards Aquifer in the area between Kyle and Barton Springs (Fig. 1) comes from
infiltration of water in the stream beds, with the remaining 25 % infiltrating in the
uplands between the streams.

3 Blanco River Flow

Under average-to-dry conditions, the Blanco River (Fig. 2) consists of long
stretches of a dry streambed and intermittent stagnant pools with no flow. Other
stretches of the river maintain flow under all but the most extreme drought
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conditions (Wierman et al. 2010). What controls flow, or the lack of flow, in the
river, in addition to periods of rainfall or drought, are karst features that allow
water to enter the subsurface or to discharge to the river. West of the City of
Blanco (Figs. 1 and 2), rain falls on the semi-arid landscape of the Texas Hill
Country. Some of that water penetrates the thin soil and passes through the vadose
zone where it recharges the Upper Trinity Aquifer. Some of the water falling on
the surface might run off to a normally-dry creek bed, and then flow into the
Blanco River. Near the City of Blanco some of the water that recharges the
shallow aquifer in the upgradient areas discharges into the Blanco River through a
series of small springs. About 20 km downstream of the City of Blanco, the
Blanco River becomes a losing stream as water flows into the subsurface through
numerous small recharge features. At Saunders Swallet in Hays County (Fig. 2),
the river is dry most of the time, other than periods of high rainfall. Less than 1 km
downstream of Saunders Swallet, groundwater discharges from several springs
(Park Springs) and the Blanco River becomes a flowing river again. Another 2 km
downstream is Pleasant Valley Spring (Fig. 3) from which discharge has been
measured at up to 0.8 m>/s. Along this stretch of the river, groundwater discharges
at multiple locations though gravels on the stream bed. Pleasant Valley Spring
occurs where a northeast-trending fault and associated fractures cross the Blanco
River. During drought conditions, Pleasant Valley Spring is the headwaters of the
Blanco. Even under average conditions, Pleasant Valley Spring provides the
majority of water flowing in the river. From this point, the Blanco River continues
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Fig. 3 View of Pleasant Valley Spring on the Blanco River. Groundwater discharges from the
aquifer through a gravel bar that cuts diagonally across the river bed. Inset photograph is an
upstream view of the Blanco River where groundwater discharges from a gravel bar beneath the
large, red tree to the left

as a flowing stream for another 40 km where recharge features, such as Johnson
Swallet (Fig. 2), in the Edwards recharge zone divert enough water to cause the
river to go dry again under moderate drought conditions. When enough water is
flowing in the river, some of that water will continue to flow past the recharge zone
of the Edwards Aquifer. From that point on, the geologic units underlying the river
have low permeability and the Blanco River continues to where it joins the San
Marcos River.

4 Recharge to the Trinity Aquifers

Described earlier is the pathway of water where it either flows in the river or where
it is interchanged between the river and the shallow aquifer. However, there are
other pathways for the water to flow further away from the river. One of these
pathways is where the water enters the Middle Trinity Aquifer and moves deeper
into the subsurface (Fig. 2). The geologic units in the study area are encountered at
greater depths to the east owing to normal faulting with downthrown blocks to the
east of the faults. One area for recharge to the Middle Trinity Aquifer is near
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Saunders Swallet (Fig. 2) where the Hensel Sand and Cow Creek Limestone are
exposed at the surface. Another area is about 8 km upstream of the Narrows. Some
of the water entering the Cow Creek Limestone might discharge into the Blanco
River again at Pleasant Valley Spring where it migrates upward about 10-20 m
along faults and fractures. In this area, the Hensel consists mostly of dolomite with
low permeability and acts as an aquitard. The Hammett Shale acts as a aquitard
below the Cow Creek. Any water in the Cow Creek that does not exit the aquifer at
this point will follow a deep pathway as faulting takes the Cow Creek to depths of
400 m within the study area and considerably deeper as the water migrates deeper
into the subsurface to the east. This pathway is not directly across the faults, but
lateral flow is thought to occur along relay ramps where the amount of throw along
a fault decreases to zero (Collins and Hovorka 1997). At these depths, evaporite
minerals are common in the Upper and Lower Glen Rose formations. These
evaporite minerals were initially present in the same sediments to the west, but
they have largely been removed by infiltration of meteoric water. Therefore, these
units have very low permeability, and faults that cut across these units have low
permeability (Smith and Hunt 2010). A multiport monitor well was installed near
Onion Creek (Fig. 4) that penetrated the Cow Creek Limestone in the deepest
sampling port in the well at a depth of 410 m (Wong et al. 2013). Water samples
collected from the Cow Creek are of moderately low total dissolved solids (TDS)
values (about 900 mg/L)(Wong et al. 2013). Considering the potentiometric and
TDS contours shown in Fig. 1, it is likely that the source of the water encountered
in the Onion Creek monitor well comes from the Blanco River or from that general
area. Where this Cow Creek groundwater ultimately surfaces is unknown. Some of
that water might flow north toward the Colorado River, finding pathways along
permeable faults to discharge into the river. Or, the water might continue moving
deeper into the basin where other faults could allow it to reach the surface and
discharge into rivers on the Texas coastal plain.

5 Recharge to the Edwards Aquifer

Water in the Blanco River that reaches the recharge zone of the Edwards Aquifer
will either enter karst features along that stretch to recharge the Edwards, or will
flow downstream to join the San Marcos River. Flow data indicate that up to
0.6 m*/s of Blanco River water may enter the Edwards Aquifer along this stretch
(USGS 2014, unpublished data). From here, the water can either flow south to
discharge at San Marcos Springs, or it may flow north to discharge at Barton
Springs, or it may flow in both directions. A dye trace study conducted in 2009
showed that dye injected into Johnson Swallet on the Blanco River (Fig. 2) arrived
at both springs (Johnson et al. 2012).

The main factor that determines the direction of flow of groundwater beneath
the Blanco River is the amount of water recharging the Edwards from Onion
Creek, which is about 4 km north of the Blanco River (Fig. 1). About 5.7 m®/s can
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Fig. 4 Generalized hydrogeologic cross section B to B’ from San Marcos Springs to Barton

Springs

recharge the Edwards Aquifer from Onion Creek (Smith et al. 2011). The Blanco
River, with fewer large recharge features and a shorter stretch over the recharge
zone can only provide about 0.6 m*/s of recharge. The large amount of recharge
from Onion Creek allows a significant groundwater mound to develop beneath
Onion Creek during wet conditions (Fig. 4). Groundwater flowing south from the
Onion Creek mound dominates the smaller mound beneath the Blanco River
allowing water from Onion Creek to flow south and eventually discharge at San
Marcos Springs (Figs. 1 and 4) (Smith et al. 2012; Johnson et al. 2012). Under dry
conditions, flow ceases in Onion Creek, while the Blanco River continues to flow.
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The Onion Creek mound slowly dissipates, eventually allowing water from the
Blanco River to flow north to Barton Springs. Figure 4 shows a cross section with
the Onion Creek groundwater mound under wet conditions and another potenti-
ometric surface during drought conditions with hydraulic heads as much as 50 m
lower.

6 Conclusions

Water flows from the headwaters of the Blanco River to the outlets at San Marcos
and Barton Springs or into the deep subsurface along various convoluted path-
ways. Some of the water flows in the river for much of its journey and some flows
mostly in the subsurface. But, some of that water is following pathways that can
take it from the river to the subsurface and back to the river again multiple times.
A complex combination of geology, structures, lithologies, and karst features
determines the actual pathways. A better understanding of the relationships
between the Blanco River and the Trinity and Edwards Aquifers is needed to allow
for better management of the water resources of central Texas. Considering the
implications of water supply for the people and endangered species that live in San
Marcos and Barton Springs, further studies need to be made to provide for opti-
mum management of the river and the aquifers.

References

BSEACD (2014) Regional habitat conservation plan for groundwater use and management of the
Barton Springs segment of the Edwards Aquifer. Barton Springs/Edwards Aquifer conser-
vation district, prepared for U.S. fish and wildlife service, Austin, TX, Feb 2014, p 191, plus
appendices

Collins EW, Hovorka SD (1997) Structure map of the San Antonio segment of the Edwards
Aquifer and Balcones fault zone, south-central Texas: structural framework of a major
limestone aquifer: Kinney, Uvalde, Medina, Bexar, Comal and Hays Counties. The University
of Texas at Austin, Bureau of economic geology, miscellaneous Map No. 38, scale 1:250,000,
p 14

Hunt BB, Smith BA, Slade R, Gary RH, Holland WF (2012) Temporal trends in precipitation and
hydrologic responses affecting the Barton Springs segment of the Edwards Aquifer, central
Texas. In: 62nd annual convention on gulf coast association of geological societies
transactions, Austin, TX, 21-24 Oct 2012

Johnson S, Schindel G, Veni G, Hauwert N, Hunt B, Smith B, Gary M (2012) Tracing
groundwater flowpaths in the vicinity of San Marcos Springs, Texas. Edwards Aquifer
Authority, Report No. 12-03, p 139, San Antonio, TX

Slade R (2014) Documentation of a recharge-discharge water budget and main streambed
recharge volumes, and fundamental evaluation of groundwater tracer studies for the Barton
Springs segment of the Edwards Aquifer. Tex Water J Tex Water Resour Inst 5(1):12-23



Hydrologic Influences of the Blanco River on the Trinity and Edwards ... 161

Smith BA, Hunt BB (2010) Hydraulic interaction between the Edwards and Trinity Aquifers. In:
Wierman D, Broun A, Hunt B (eds) Hydrogeologic atlas of the Hill Country Trinity Aquifer,
Barton Springs/Edwards Aquifer, USA, 17 plates, July 2010

Smith BA, Hunt BB, Johnson SB (2012) Revisiting the hydrologic divide between the San
Antonio and Barton Springs segments of the Edwards Aquifer: insights from recent studies.
In: 62nd annual convention on gulf coast association of geological societies journal vol 1.
Austin, TX, pp 55-68, 21-24 Oct 2012

Smith BA, Hunt BB, Beery J (2011) Final report for the onion creek recharge project, northern
Hays County, Texas. Barton Springs/Edwards aquifer conservation district, Austin, TX,
prepared for the Texas Commission on Environmental Quality, Aug 2011, p 47, plus
appendices

USGS (2014) Unpublished data, U.S. Geological Survey. www.waterdata.usgs.gov/nwis/uv?
08171000

Wierman, DA, Hunt BB, Broun AS, Smith BA (2010) Recharge and groundwater flow. In:
Wierman D, Broun A, and Hunt B (eds) Hydrogeologic atlas of the Hill Country Trinity
Aquifer, Barton Springs/Edwards Aquifer, USA, 17 plates, July 2010

Wong C, Kromann J, Hunt B, Smith B, Banner J (2013) Investigating groundwater flow between
Edwards and Trinity Aquifers in central Texas. Ground Water Journal, National Ground
Water Association


http://www.waterdata.usgs.gov/nwis/uv?08171000
http://www.waterdata.usgs.gov/nwis/uv?08171000

Chemical, Thermal and Isotopic
Evidences of Water Mixing

in the Discharge Area of Torrox Karst
Spring (Southern Spain)

J.A. Barbera and B. Andreo

Abstract Time analysis of the chemical, thermal and isotopic characteristics of
spring waters was conducted to infer the different flow types feeding the Torrox
spring (Teba-Pefiarrubia carbonate aquifer, southern Spain). The results suggest
that the relatively high mineralized and thermal groundwater drained by the outlet
is conditioned by the mixing among recently infiltrated waters through the car-
bonate outcrops, runoff infiltration in La Venta river and (not yet proved) deep
groundwater coming from neighbouring aquifers. This example comprises a
hydrogeological characterization of the groundwater discharge in karst aquifers
from the analysis of the spring natural responses, which is crucial to understand its
functioning and, consequently, to plan a suitable management and protection of
karst waters.

1 Introduction

The sources of waters flowing within carbonate (karst) aquifers are often difficult to
determine, in particular if the contrast of the hydrogeological parameters (among
them hydrochemical and isotopic tracers) is scarce. In some cases, as occurs in
binary karst aquifers, the allogenic recharge may be significant, providing addi-
tional chemical and isotopic heterogeneity that facilitates the identification of the
water origin. The former variability can result even higher if background levels of
rock-dissolution-derived parameters are unusually elevated and/or anthropogenic
activities exist.
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geological formations: J Jurassic, C Cretaceous, C-T Cretaceous-Terciary, Mio-Miocene and
QO Quaternary

This work highlights the applicability of the commonly used hydrogeological
methods (water temperature, hydrochemistry and water stable isotopes) to char-
acterize the flow components participating in a single discharge area of a small
karst aquifer from southern Spain.

Test site comprises carbonate outcrops (Teba and Pefarrubia massifs) covering
a surface of 7.2 km?, which are located to the N of the Malaga province (Fig. 1), in
southern Spain. These permeable rocks are made up by Jurassic limestones with a
thickness of several hundreds of meters, being the aquifer basement a Triassic
formation of clayey materials with evaporites. The geological structure is defined
by an anticline form and divided in two carbonate massifs: the western sector
(Teba mountain) is NE-SW oriented and the eastern one (Pefiarrubia mountain)
has ESE-WNW direction.

The main hydrological feature in the study site is La Venta river, that intersects
the aquifer sector of the Pefiarrubia mountain (from the N to the S), where a
fluviokarstic canyon 100 m deep has been developed (Tajo del Molino area; Fig. 1).
This river gathers the runoff generated on its watershed plus the effluent of waste
waters from little settlements and farms. The discharge of the Teba-Pefiarrubia
aquifer occurs by the Torrox spring and by pumping in the boreholes drilled in the
eastern sector of the aquifer (Pefiarrubia mountain).

A regular field measurement campaigns (discharge, electrical conductivity EC,
water temperature and pH) and water sampling were performed between August
2007 and May 2010 in the Torrox spring (Fig. 1): daily during the recharge periods
and fortnightly in the dry season. Major ions, Alkalinity, TOC and 5'%0 were



Chemical, Thermal and Isotopic Evidences of Water Mixing ... 165

analyzed in the Centre of Hydrogeology of the University of Malaga using a high
liquid pressure chromatograph (potentiometric method in the case of Alkalinity),
carbon analyzer and a cavity ring down spectrometer (CRDS), respectively.

2 Results and Discussion

A preliminary analysis of the Torrox spring hydrograph (Fig. 2) shows a flood
event per year as response to the rainfall infiltration, as well as smooth flow
variations with a significant delay between the rainfall and the maximum peak
discharge (e.g. December 2009—March 2010). This hydrodynamic behaviour
seems to be coherent with a low degree of the karstification in the aquifer sector
that drains, although it could also be influenced by the pumping and/or by the
infiltration of surface waters. The latter has been demonstrated from point flow
measurements done in the V1-V2 sections (Fig. 1) of the nearby La Venta river
(Barbera 2014).

The mean temperature of the groundwater during the studied period is 22.2 °C
(Barberd, 2014), 4.8 °C higher than the average air temperature (17.4 °C) recorded
at the meteorological station of Embalse del Guadalteba (Fig. 1). Therefore, the
Torrox spring has a thermal behaviour that suggests the drainage of deep flows
(probably from neighbouring aquifers) in which groundwater reaches the thermal
equilibrium with the host rock.

Thermograph of the Torrox spring (Fig. 2) displays temperature values almost
invariant (22.3-22.5 °C) in low flow conditions, excepting in the flood event of
May 2008, which diminish during the recharge periods. The decreases of the
groundwater temperature occur progressively and may last during several months
(e.g. December to March—April 2009 and 2010), until the minimum annual tem-
perature value is recorded. However, this thermal pattern can be preceded by a
single increasing (of several tenths of °C), as it was observed during November
2008 and December of 2009 (Fig. 2). Thus, the time response and the amplitude of
the groundwater temperature changes depend on the distribution, intensity and
quantity of the recharge episodes. Once depletion in the spring flow is established,
groundwater drained tends to recover the pre-event temperature values
(~22.3 °C).

The study of the chemographs (Fig. 2) reveals a positive trend of the EC values
during the study period. Spring waters are less mineralized in low flow conditions
and present higher EC values during the recharge periods. Therefore, the time
response and the magnitude of EC variations, which practically consist in
increases followed by progressive decreases, also depend on the recharge condi-
tions in the aquifer.

The increasing of EC values observed in the waters drained by the Torrox
spring (Fig. 2) suggests the mixing, in different proportions, of the groundwater
flowing through the aquifer (800-900 pS/cm; see hourly EC record in late
December 2009 in Fig. 2) with the surface waters of La Venta river (more
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Fig. 2 Time series of discharge, EC and temperature data and major ions and TOC contents
measured in the Torrox spring waters

mineralized: 2,000-3,000 uS/cm), which infiltrates along with the fluviokarstic
canyon of the Tajo del Molino area (Fig. 2).

Groundwater mineralization is conditioned by the variations of Alkalinity
values and the contents of Ca**, Mg*?, Na* and C1~ (Fig. 2). These hydrochemical
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components show a general trend toward higher values during the sampling period,
as occur with the EC data (Fig. 2). The concentrations of all parameters increase,
each hydrological year, as consequence of the aquifer recharge and diminish as the
spring flow depletion is established. This hydrochemical behaviour was more
evident during 2008/2009 water year. The latter observations suggest a common
origin of almost all chemical components, associated to La Venta river waters, due
to the high concentrations of the major ions (particularly those related with the
rock dissolution) and the higher hydrochemical variability (Barberd 2014). How-
ever, this interpretation may also be coherent with the groundwater transference
from other hydrogeological systems implying longer and deeper flows (probably of
evaporite origin), highly mineralized and enriched in SOz 2, Ca*™*, Mg*?, Na* and
CI"” and with higher Alkalinity values. NO;~ contents show a similar time evo-
lution with respect to that of EC, Alkalinity, Ca*?, Mg**, Na* and Cl~ (Fig. 2),
with minimum values in the dry season and maximum ones during the recharge
period. The maximum peaks of NO;~ concentrations are progressively higher
during the research period (23.9 mg/l in 2007/2008; 27.1 mg/l in 2008/2009 and
28.4 mg/l in 2009/2010). These peaks coincide with the flood peaks in the spring
discharge and maximum runoff in the river, which suggest that the NO;™
enrichment in the groundwater drained by the Torrox spring are due to the surface
waters (plus leachates from farm activities) infiltration in La Venta river.

The spring waters display low contents of TOC (0.2-0.3 mg/l), scarce vari-
ability and a decreasing trending of this parameter during the sampling period
(Fig. 2). However, several rapid and single TOC peaks (of about 0.6 mg/l) are
observed which seem to be associated to the most intense recharge episodes.

The lower contents of the organic matter dissolved in the groundwater, in
comparison with the surface waters of La Venta river (1-5 mg/l), can be explained
by different and complex biogeochemical processes affecting TOC and NO;3;™
concentrations (Sanchez-Monedero et al. 2001; Toran and White 2005). On one
hand, the hydrochemical responses, generally buffered respect to the input signal
rainfall could promote the mineralization of TOC (which is transformed in
HCOj;7), along with the groundwater flow path within the aquifer (Batiot et al.
2003a, b). On the other hand, dilution, favoured by the mixing with groundwater
poor in NO3 ™, and denitrification processes, probably due to the anoxic conditions
in depth zones of the aquifer (Panno et al. 2001; Vesper et al. 2001), should exist.

Torrox spring waters are in equilibrium or oversaturated with respect to calcite
(Fig. 2). Sl values became progressively higher during the sampling period.
Conversely to the former parameter, the partial pressure of CO, (1ogPCO,) evolves
with a decreasing trending. This evolution is congruent with the progressive
mixing between groundwater and surface waters from La Venta river, which are
equilibrated with the atmosphere (logPCO, of —3.5). Nevertheless, single peaks of
the CO, contents, with a certain magnitude, and coinciding with the first flood
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Fig. 3 Variations in the isotopic composition (3'%0) of meteoric waters (collected in the

Pefiarrubia mountain) and the groundwater drained by the Torrox spring

events on each water year are observed in the spring waters, probably as conse-
quence of the rapid rainfall infiltration through the carbonate exposures.

Figure 3 shows the time evolution of the 8'®0 data measured in the ground-
water samples of Torrox spring. In this figure two periods with different average
3'%0 values are distinguished: from July 2007 to February 2009, with a mean 8'*0
value close to —6.4 % and from February 2009 to May 2010, in which the average
value of this parameter is higher, around —6.1 %. The less negative isotopic
composition of the spring waters in the second period seems to reflect the mixing
of evaporated surface waters, enriched in 8180, and the groundwater of the aquifer,
isotopically depleted. Thus, surface waters contribute in a major proportion to the
spring flow during the rainiest periods (2008/2009 and 2009/2010 water years),
when the river flow is higher, being the effects of the allogenic recharge in the
isotopic composition (but also in the hydrochemical and thermal natural responses)
of the groundwater more evident during these periods. The higher participation of
the surface water component in the spring flow during recharge periods has been
demonstrated from point flow measurements done in the La Venta river (Barbera
2014).

However, the Torrox spring responds to the main recharge episodes with single
increases of 8'%0 values, which reproduce, in a certain extent, the isotopic vari-
ations measured in meteoric waters (e.g. October 2007 and December 2008—March
2009; Fig. 3). The isotopic responses recorded, as consequence of the recharge,
show a low variability (AS'SO < 0.4 %), which is in accordance with a scarce
hierarchization of the drainage system, probably developed in an aquifer sector
with a low development of inner karstification.
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3 Conclusions

The periodic monitoring of the chemical, thermal and isotopic characteristics of
groundwater drained by a karst spring have permitted to characterize the different
flow types which participate in the discharge of a small carbonate aquifer (Teba
and Pefiarrubia mountains, southern Spain). Groundwater drained by the Torrox
spring is a mixing of three water types with different origin. The diffuse recharge
trough the carbonate outcrops is represented by lower mineralized waters, poor in
the majority of the hydrochemical parameters and isotopically depleted. The all-
ogenic component consists in cooler waters with high EC and Alkalinity values
and enriched in SOz 2, Ca*?, Mg*?, Na*, CI~, NO; . The third mixing component
that hypothetically contributes to the spring discharge comprises thermal and
highly mineralized waters of deep origin. Despite of the qualitative characteriza-
tion of the different water types participating in the Torrox spring flow, further
research are needed to precise the end-members components (e.g. using dye tracers
and specific natural tracers as 8'°C, 8**S, ®’St/*°Sr and geothermometers) and to
quantify the mixing proportions (by mass and heat balance).
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Characterization of Carbonate Aquifers
(Sierra de Grazalema, S Spain) by Means
of Hydrodynamic and Hydrochemical
Tools

D. Sanchez, B. Andreo, M. Lopez, M.J. Gonzalez and M. Mudarra

Abstract Hydrodynamic and hydrochemical monitoring of springs has been lar-
gely used to study carbonate aquifers and to determine their hydrogeological
functioning. In this work, temporal evolutions regarding flow discharge, major
components, and natural soil tracers (Total Organic Carbon and NOs™) of four
springs draining karst aquifers located in Sierra de Grazalema Natural Park
(Southern Spain) have been analyzed. Results show the existence of aquifers with
a high degree of karstification in which recharge water rapidly infiltrates and
causes sharp water dilutions and steep flow increases. These aquifers coexist with
others characterized by a lower development of karstification processes, but higher
natural attenuation capacities.
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1 Introduction

Karstic aquifers present a high degree of heterogeneity in their drainage due to the
internal hierarchization of karstic elements (conduits, fractures, and fissures),
enlarged via dissolution processes within carbonate rocks. Temporal evolutions
concerning the hydrochemical, hydrothermal, and hydrodynamic characteristics of
the spring water, especially during recharge periods, have been largely used to
characterize the hydrogeological functioning of karstic aquifers (Shuster and
White 1971; Mudry 1987; Genthon et al. 2005). The analysis of these evolutions
provides information on the volumes of water transferred from the recharge area to
the discharge one, as well as the contribution of the different zones of the aquifer
(saturated and unsaturated zones, epikarst, and soil) to the spring water (Emblanch
et al. 1998; Batiot et al. 2003; Mudarra and Andreo 2011).

Sierra de Grazalema Natural Park is located in the province of Cadiz (Southern
Spain, Fig. 1). It covers a total area of 260 km? from which 150 km? are carbonate
permeable rocks. Sierra de Grazalema represents one of the wettest areas in Spain
with mean annual values of precipitation as high as 1,800 mm. However, some
towns located in this region have problems to supply drinking water to population
during drought periods.

In this work, we analyze the hydrodynamic and hydrochemical temporal series
of four springs draining karstic aquifers of Sierra de Grazalema. The monitoring
was developed from November 2012 to March 2014 and included in situ mea-
surements of electrical conductivity (EC), temperature, and pH as well as the
collection of water samples. The frequency of monitoring was every 1-3 weeks
depending on the precipitation pattern. Analytical results of water samples from
December 2013 and forward were not available at the moment of writing this
manuscript, and consequently temporal evolutions for major components are
limited to that date.

The aquifers are constituted by Jurassic limestones and dolostones around
500 m thick. The outcrops that constitute the study area are hydrogeologically
separated by Flysch materials (Boyar Corridor, Fig. 1). The structure is made up of
folds lying NE-SW that generate anticlines where limestones and dolostones
outcrop and synclines formed by Cretaceous marls.

Four springs have been selected to carry out this study: Cornicabra, Nueve
Cafios, Benamahoma, and Esparragosilla (Fig. 1). Cornicabra and Nueve Caiios
drain Jurassic limestones from Sierra de Ubrique and Sierra Alta; Esparragosilla
drains dolostones of Sierra de la Silla and Benamahoma is located at the western
edge of Sierra del Pinar dolomitic aquifer.

The hydrological year 2012/2013 was wet with an annual rainfall value higher
than the average (up to 50 %) in all weather stations. The autumn of hydrological
year 2013/2014 was dry and the first significant precipitations took place at the end
of December, January and February.
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Fig. 1 Geographical location, simplified geology and cross section of the study area

2 Results and Discussion

2.1 Cornicabra

Figure 2 shows the hydrodynamic and hydrochemical evolution of Cornicabra
spring. The flow discharge presents a large variability with values ranging from
less than 50 I/s in summer to 2,460 l/s after the main precipitation events. This



174

TOC (mg/L)

o
[ ]
|

Na' (mg/L)

D. Sanchez et al.

-4
-3
-2
-1
-0

NO, (mgiL)

=
o
1

w
o
1

L 6,0
L 45
L 3.0
L 15

CI' (mgiL)

+— NO;J
- i TOC
1 f'1 I T 1 1
: eiCr
+— Na’
1 I I T I 1
+ Mg
& Caz.

3,0
2.5
2.0
~1.5
1.0
0,5
0,0

Mg®** (mg/L)

— 16

T L]
° 3
2-
$0,* (mglL)

L4

- —«—EC

EC continuous record

T («C)

« Discharge
Rainfall, -

1
5
Rainfall (mm)

Aug =+
Sep
QOct =
MNov -
Dec -f

—Jan =2

Feb o]
3
= Mar - e

Fig. 2 Hydrodynamic and hydrochemical time series recorded at Cornicabra spring

flow pattern is characteristic of karstic systems, with sudden and rapid changes in

response to rainfall events and a low natural attenuation capacity.

The hydrochemical evolution shows rapid dilutions following rainfall events.
The magnitudes of these dilutions are proportional to that of the recharge and they
tend to recover their initial state once the precipitation is finished. The effects of
rainfall on the water mineralization are noticeable only 1 day after. The highest
EC and temperature values were recorded in low water conditions.
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In general terms, each precipitation episode was associated with an increase in
groundwater flow and TOC, and a decrease of Alkalinity (TAC), SO42_, Ca’,
Mg?*, Na* and CI~ contents. This suggests a direct mixing of rapidly infiltrating
water with that stored at the saturated zone of the aquifer, which is characterized
by greater residence time and higher concentrations of major components.

The aquifer sector drained by Cornicabra spring shows a well developed
functional karstification. Rain water infiltrates into the aquifer and circulates
rapidly by conduits and fractures, causing increases in flow discharge and
decreases in EC and major components concentrations.

2.2 Nueve Caiios

The temporal evolution of flow discharge at Nueve Caiios spring (Fig. 3) also
shows high variability, with values ranging from less than 15 I/s in low water
conditions to 1,610 I/s after high recharge periods. Both the increase and decrease
of flow respond quite rapidly to the rainfall regime, reflecting a low attenuation
capacity of the sector drained by this spring.

The hydrochemical evolution shows a gradual dilution effect of water caused by
recharges occurred from November 2012 to April 2013, which is followed by an
increased trend that leads to initial values. Although some rainfall events caused
sudden EC falls, the general trend is gradual. The minimum EC values are
recorded some weeks after the peak of discharge.

The continuous record of EC started in October 2013 shows stable values
during low water conditions (309-311 pS/cm). The first significant recharge event
of the hydrological year, registered at the end of December 2013, caused a slight
increase of mineralization (317 puS/cm). The absence of analytical data for this
period does not permit a proper interpretation of this event; however, the stability
of temperature values suggests that water may come from the saturated zone of the
aquifer. Rainfall recorded since middle January 2014 onward do not have an effect
on EC until the first week of February, when the mineralization fell to 299 pS/cm.
During this dilution process water temperature stayed the same, which might be
explained by the drainage of infiltration water that has reached the aquifer tem-
perature (Lindn et al. 2009).

Each dilution episode was associated with a decrease in TAC, Ca** and Mg2+
contents and an increase in Cl~, Na* and TOC. This reflects the dilution of the
water from the saturated zone of the aquifer by the mixing with water from the
epikarst and the soil (CI~, Na* and TOC).

Nueve Canos drains an aquifer sector with a relatively developed degree of
karstification and a rather low natural attenuation capacity. Flow discharge shows
a large variability and EC evolution is characterized by a relatively small range of
variation (28 puS/cm during the studied period) and delayed responses to the main
recharge events.
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Fig. 3 Hydrodynamic and hydrochemical time series recorded at Nueve Cafios spring

2.3 Benamahoma

Figure 4 illustrates the hydrodynamic and hydrochemical temporal evolution of
Benamahoma spring. The hydrograph is characterized by steep rising and reces-
sion limbs, and a high variability as it is shown by the large range of values for the
control period: from 150 I/s in low water conditions to more than 9,000 /s after
intense recharge (February 2014).

As results of natural recharge on Benamahoma spring, rapid water dilutions
occur which tend to recover the initial state of mineralization once the precipi-
tation is finished. Dilutions are associated with fast and intense falls of EC values
such as the recorded after the first significant rainfall of the hydrological year
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Fig. 4 Hydrodynamic and hydrochemical time series recorded at Benamahoma spring

2013/2014 (25/12/2013), which caused a decrease of 100 puS/cm. Subsequent
precipitation events generated new dilution effects (February, March 2014) which
were followed by rapid upward trends to initial EC values. The range of variation
of EC for the monitoring period was 171 pS/cm (261432 pS/cm).

Water temperature was colder during dilution episodes and reached the maxi-
mum values at the end of the low water period. Water dilutions were associated
with decreased concentrations of TAC and all major components (Ca**, Mg**,
SO42_, Cl~, Na") and peaks of flow discharge and TOC.
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The Mg2+ content, which is indicative of the residence time of the water (Batiot
et al. 2003; Mudarra and Andreo 2011), together with the SO42_, an indicator of
the aquifer’s evaporitic substratum, present increasing trends during low water
conditions. These evolutions characterize the contribution of the saturated zone to
the karstic spring during low water conditions.

Benamahoma spring drains a large sector of the Sierra del Pinar aquifer with a
well developed karstification through which rapid infiltrated water reaches the
discharge points, causing water dilutions and flow discharge increases. The effect
of recharge on the spring mineralization and flow usually lasts only for a few days.
This is caused by rapid circulation of water from the recharge areas to the dis-
charge points. However, the drainage of relatively high flows (>150 1/s) even after
nearly 9 months without significant rainfalls, suggests the coexistence of smaller
fractures/fissures.

2.4 Esparragosilla

The maximum flow recorded during the monitoring period was 447 1/s and the
minimum 23.5 I/s (Fig. 5). The hydrograph shows a relatively gradual increase of
flow as response to rainfall until March 2013, when the maximum flow discharge
occurred. No intermediate peaks are identified during the flood period, even after
intense precipitation events, and the discharge peak is followed by a gentle
recession limb. This hydrodynamic evolution is characteristic of aquifers with a
low degree of karstification whose output signal (flow discharge) tends to smooth
the input signal (rainfall).

Esparragosilla has the hottest and most mineralized water among the monitored
springs, with mean EC and temperature values of 2,250 pS/cm and 17.5 °C,
respectively. This is due to the contribution of Triassic evaporitic rocks (halite and
gypsum), which constitute the substratum of the aquifer.

The effect of recharge on Esparragosilla spring is a progressive increase of
water mineralization. The highest EC values were registered when flow discharge
was the maximum, whereas in low water conditions the EC decreased. Water
mineralization is mainly controlled by SO,>~, Ca®" and Mg** contents, which are
representative of the saturated zone of the aquifer (Mg®*) and the evaporitic
substratum (SO427 and Ca2+). Alkalinity concentration remained stable during the
whole monitoring period except for one sample (April 2013).

Esparragosilla has the greatest TOC contents among the springs analyzed, with
maximum values of up to 0.9 mg/l. This may be caused by the biological activity
that exists in the discharge point, which is not found in the other springs, or by
livestock developed in nearby areas.
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Fig. 5 Hydrodynamic and hydrochemical time series recorded at Esparragosilla spring

The aquifer drained by Esparragosilla spring shows a certain natural attenuation
capacity, which is characteristic of diffuse flow systems. The effect of recharge
into the aquifer is the mobilization of water stored in the saturated zone, which is
characterized by greater residence time and presents higher mineralization.

3 Conclusions

The comparative analysis of the hydrodynamic and hydrochemical temporal evolu-
tions of four discharge points of the Sierra de Grazalema carbonate aquifer has
permitted the identification of different hydrogeological responses to natural recharge.
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Cornicabra and Benamahoma springs showed the most karstic functioning
based on rapid and sudden water dilutions and steep flow discharge increases after
each important precipitation event. Dilutions are caused by decreasing concen-
trations of all major components. This pattern and the increase of TOC concen-
trations are indicative of the rapid infiltration of recharge water into the aquifer.

On the contrary, Esparragosilla spring drains a diffuse flow system. Its hydro-
graph displays progressive flood and recession curves, and the depletion part of the
curve tends to be almost horizontal. This is indicative of a higher natural atten-
uation capacity. The effect of recharge is not the dilution of water, but an increase
of mineralization mainly due to a piston effect from the saturated zone (increase of
Mg>*) which is in contact with the Triassic substratum (SO4>~ and Ca®*).

Finally, Nueve Cafios spring drains an aquifer sector with a moderate degree of
karstification. Flow discharge variations are large and relatively rapid. However,
the hydrochemical response to rainfall shows smoother variations. The first sig-
nificant recharge of the hydrological year causes the mobilization of more min-
eralized water, probably coming from the saturated zone of the aquifer;
nevertheless, subsequent rainfall events produce the dilution of the spring water.

The hydrogeological characterization of aquifers functioning is necessary to
manage groundwater resources, especially in areas with water supply difficulties
during drought periods such as the sector where Sierra de Grazalema aquifers are
located.
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In Situ Study of Hydrochemical Response
of a Fractured-Layered Carbonate
Regional Aquifer: Comparative Analyses
of Natural Infiltration and Artificial
Leakage of a Large Dam Lake
(Vouglans, Jura, France)

C. Bertrand, Y. Guglielmi, S. Denimal, J. Mudry and G. Deveze

Abstract Leakage detection and prediction of fractured rocks is an important
question in hydropower engineering. Some of large water reservoirs are built in
karstic carbonate areas. In order to understand underground circulations in the
limestone/dolomite foundation of Vouglans dam (Jura, France), analysis of
groundwater chemistry, according to geological conditions, is used. Statistical
analyses (PCA and DFA) are used (i) to characterise more precisely the low
contrast in chemical composition resulting from the interaction between surface
water, groundwater and carbonate environment, and (ii) to reclassify individuals in
homogeneous groups with respect to the variables studied. Three hydrodynamic
behaviours were determined in the sector. The area of influence of the rapid transit
of the lake water varies with the seasons, and particularly in response to changes of
the water level of the lake. The hydrostatic pressure of the water column has an
influence on the opening and closing of cracks at the bottom of the dam.
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1 Introduction

Leakage detection and prediction of fractured rocks is a relevant question in
hydropower engineering, CO, sequestration in geological reservoirs/cap rock
systems, tunnels and storage caverns, and in general fluid manipulations in the
subsurface. Most of the dams have been experiencing these problems with respect
to degrees of security and related sustainability in their lives. It can be useful to
survey dam seepage by environmental isotopes and groundwater chemical anal-
yses, according to geological condition. Some abundant information is provided by
change of chemical and environmental isotope compositions after surface water
seeping into stratums (Késs 1998; Mudry et al. 2008; Plata and Araguas 2002). In
many cases, leakage passage existing in dam foundations can be detected by
analysing hydrochemistry and isotope of groundwater in boreholes or springs
(Kendall and McDonnel 1998). Large water reservoirs are sometimes built in
karstified carbonate areas (De Waele 2008). The understanding and evaluation of
environmental impacts of such human activities in karst are important to find a
balance between development and preservation of these complex hydrogeological
systems (Milanovic 2002, 2004). Moreover, in this managed system, water flows
are constrained by varying hydraulic and mechanical limit conditions. In this latter
case, these variations are conditioned by the water level in the reservoir, and
induce increases of the stress applied on the dam’s abutment (water weight) and
pressure increase of the fluid, through the discontinuity network. These cumulative
variations lead to significant changes in hydraulic properties of fractures, which
convey water fluxes through the massif. Artificial tracer methods using purpose-
fully drilled wells have been widely applied to detect the bypass routes of reservoir
water in dam foundations built in carbonate terrain (Silar 1988). We propose to use
natural tracing to constrain the hydrodynamic behaviour in the dam at two dif-
ferent hydrological contrasted seasons.

2 Study Site

2.1 Presentation

The Vouglans dam (Jura, France) is situated on the Ain course, in the outer area of
the Jura. It is positioned on a large tabular structure oriented north—south. Runoff
on the massif supporting the dam is guided by open discontinuities in the rock.
These discontinuities are in the form of karstic long sub-horizontal lines, parallels
to the stratification plans. They are interconnected by aligned vertical wells, fol-
lowing fault planes. The foundations of the dam have been concerned by two types
of treatment: injections to form a grout curtain, and a drainage system consisting of
tunnels and open drill holes. Drains allow to reduce water pressure in rocky
foundation and piezometers allow the control of this water pressure, especially to
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Fig. 1 Location and geological map of the Vouglans dam (Jura, France)

avoid uplift of the flood reception of slab spillways. The Vouglans massif is
drained by a series of stepped sources (source de la Vierge, 430 m a.s.1.; source de
la route, 385 m a.s.l.; source de la Porcherie, 330 m a.s.l.). The dam is an arch dam
(Fig. 1) with a development peak of 427 m and a height of 103 m above the bed of
the Ain. An “upstream” fissure is also observed, corresponding to a decollement
zone between concrete and foundation upstream of the dam. Its average thickness
is 25 m at the base and 6 m at the crest. In the dam, stepped galleries allow the
control of the dam’s deformation. These galleries continue in rock support, where
drains allow the control of lake leakage. The reservoir is located in the present
valley of Ain river. The lake shows 1,600 ha area, and contains 605 mm° of water
volume. Its maximum depth is 100 m. The lake shows an amplitude variation of
water level of about 34 m.

2.2 Measurements

In the massif and in the lake, physical and chemical parameters (pH, temperature,
electrical conductivity, major cations and anions) have been measured in low
water (June 2002) and high water (March 2004) periods, corresponding to two
different levels of the lake water: 427 and 420.5 m a.s.l..

A total of 34 drains distributed in the entire dam have been sampled: on the
right bank, six samples (numbers 1-6) have been taken in three galleries (348, 370
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and 392 m a.s.l.). On the left side of the dam, two drains have been sampled
(numbers 7 and 8) in two galleries (respectively, 365 and 338 m a.s.l.). At the base
of the dam: 26 samples (numbers 9-34) have been collected in the perimeter
gallery (303 m a.s.l.). Two points representative of the lake water are called 35 and
36. A sampling on three springs has also been performed at the ‘source de la
Porcherie’ (n° 38; 330 m a.s.l.), the ‘source de la Route’ (n°® 39; 385 m a.s.l.), and
‘source de la Vierge’ (n° 40; 430 m a.s.l.).

The pH, electrical conductivity and temperature were measured in the field with
a WTW (LF30) apparatus. pH and electrical conductivity probes were calibrated
on a regular basis with standard buffer solutions. Two depth profiles of temperature
(°C), electrical conductivity (LS/cm), and pH were obtained, using a specific probe
(““Seabird’” SBE19 probe CDT probe, accuracy: T £ 0.1 °C, electrical conduc-
tivity £0.5 %, pH £ 0.01).

Water samples were collected in polyethylene bottles and were filtered at
0.45 um. Analyses of Na*, Ca**, K*, Mg®" were performed by atomic absorption
spectrometry (AA 100 Perkin—Elmer) with detection limits of 0.01; 0.5; 0.1 and
0.1 mg/L, respectively. Anion analyses of SO,°~, NO;~, C1~ were performed by
high pressure ion chromatography (Dionex DX 100) with detection limits of 0.1;
0.05 and 0.1 mg/L, respectively. The HCO5;™~ concentrations were measured by
acidic titration with a N/50 H,SO,4, maximum 48 h after sampling(), with 1 %
accuracy. For the Vouglans hydrochemical conditions (pH between 6 and 8.5),
total and carbonate alkalinity can be considered as equalling HCO;3;™ ion con-
centration. The calculated charge balance error for the reported analyses was
performed with the PHREEQC code (Parkhurst and Appelo 1999). Analyses which
display a charge balance lower than 10 % were only taken into account. Chemical
analyses were performed at the Chrono-Environnement laboratory at the Univer-
sity of Franche-Comté in France.

3 Results

3.1 Different Water Source

Statistical analyses are used to characterise more precisely the low contrast in
chemical composition, resulting from the interaction between surface water,
groundwater and infiltration in a carbonated medium (PCA). The discriminant
factor analysis is used in order to reclassify individuals in homogeneous groups in
term of the variables studied (DFA).

3.1.1 Hydrochemical Groups

A principal component analysis (PCA) with the XLstat software has been per-
formed, using all samples collected in the site, that is to say 11 physical and
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Fig. 2 Principal component analysis of the samples taken into the abutments and the drains of
the dam and the lake. a Diagram variables. b Diagram of individuals (°1: June 2002 campaign, 1:
March 2004 campaign)

chemical variables and 75 observations for the 2002 and 2004 data analysis.
Averages values were used for both chemical profiles of the lake.

Figure 2 presents the PCA variables and observations. Regarding variables
(Fig. 2a), bicarbonates are well correlated with electrical conductivity and are
negatively correlated with potassium and sulphate. These variables outline a first
axis on Factor 1 of surface water infiltration: potassium represents a shallow water
origin, potassium being stored mainly in plants and partially leached during the
decomposition of organic matter (Chaudhuri et al. 2007). Another origin is the
human activity as manure application on calcareous soils (Griffioen 2001; Charlier
et al. 2012). Bicarbonates are in turn essentially acquired during the interaction
between the soil and the epikarst. On axis 2 Magnesium is anti-correlated to chlo-
rides, nitrates and sodium. All of them are independent tracers defined by axis 1.
Magnesium is a residence time tracer of carbonate reservoirs. He opposes anthro-
pogenic markers that characterise superficial waters. Epikarst springs display high
bicarbonates values and high electrical conductivity, while lake waters are char-
acterised by high values of chloride, sodium and nitrates.

Regarding PCA observations, Fig. 2b shows the distribution of sampling points
around these four poles. Points representative of the saturated zone are located in
the galleries, on the right and left sides of the dam, as well as some central drains
of the perimeter gallery. The springs ‘source de la Vierge’ and ‘source de la Route’
are draining epikarst waters. Surface waters are grouped around the lake waters
and are found in some of the drains of the perimeter gallery. Infiltration of surface
water can be found in the drains of the right side and in the perimeter gallery.
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Table 1 Assignment of sup-  pgi. Group

plementary elements with

respect to hydrological sea- 3 31

son (low water to high water 6 2-4

periods) 12 453
13 453
15 4 -1
19 4 -1
21 1 -4
22 1 -3
25 354
26 4 -1
29 1-2

Group 1 infiltration water; group 2 saturated zone water, group 3
shallow water, group 4 epikarstic water

3.1.2 Seasonal Effect

DFA enables displaying, analyzing and above all predicting, using a set of
standardised variable set, belonging to a group of individuals to predefined groups.
It intends to compare, within a statistical population separated in a priori separated
groups, intergroup variance to intragroup variance. In the framework of our study,
75 samples have been dispatched into principal and supplementary individuals. In
order to have equally weighted belonging groups, only four principal individuals
have been defined in each pole (Mudry 1991). The 59 other samples have been
declared as supplementary, with the aim of classifying them into the different poles
(Group 1 infiltration water; group 2: saturated zone water, group 3: surface water,
group 4: epikarstic water), according to the hydrological season (Table 1) The
supplementary individuals which have been assigned are mainly situated in the
perimeter gallery (points 12-29). In a general way, points declared in the ‘epi-
karstic water’ group have be reassigned either in the ‘infiltration water’ or ‘shal-
low water’ groups for the winter samples, which indicates inflows from different
origins and transfer time, with respect to seasons. For any other point, there is no
assignment.

The variable diagram (Fig. 3a) displays an opposition along axis 2 between a
groundwater pole (Mg) and a surface water one (Na, Cl and NO;). Along axis 1,
infiltration pole is opposed to epikarst one. Individuals are classified according to
these poles (Fig. 3b), with a very noticeable dispersion around the pole for the
points ‘supp./epikarst’, ‘supp./infiltration superficial water’ and part of points
‘supp./saturated zone water’, which expresses influence of the other poles. DFA
evidences mixtures between various poles. Epikarst pole is the lowest classified
one, because bicarbonates are present in each pole.
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Fig. 3 Discriminant analysis (DFA) of the samples taken into the abutments and the drains of the
dam and the lake. a Diagram of variables. b Diagram of individuals (°1: June 2002 campaign, 1:
March 2004 campaign). N = 4*4, 59 supplementary elements

3.2 Hydrodynamic Behaviours

The correlation between concentrations of chloride versus magnesium is used to
distinguish three groups of drains according to their flow type (Fig. 4):

e drains that are directly influenced by the lake (chloride concentrations above
3.8 mg/L, and magnesium concentrations below 5 mg/L). These drains are
characterised by circulation of water from the lake, with short residence time;

e drains that are influenced by water of the saturated zone (chloride concentra-
tions below 2 mg/L, and magnesium concentrations above 17 mg/L), which are
typical of groundwater circulation with a long residence time;

e drains that have chloride and magnesium concentrations in between the pre-
vious values, which correspond to water mixtures between lake and ground-

water along the drains.

4 Effect of Lake Level Variation

Both in winter and in summer, we differentiate three cases in this area:

e drains directly influenced by rapid transit of the lake;

e drains directly influenced by a slow water transit from deep reservoir, bearing
the signature of water-rock carbonate interactions with a long residence time;

e drains influenced by mixing between lake and deep reservoir waters.
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Fig. 4 Correlation between chloride and magnesium contents (mg/L) of samples taken into the
abutments and the drains of the dam and the lake

In summer (Fig. 5a), only five drains are influenced by rapid transit of the lake
waters. In this season, the area of influence of the rapid transit of the lake waters
affects mainly drains upstream of the dam, and the closest one. The mixing zone
between lake water and groundwater is close to the foot of the arch dam. Only
drains beneath the stilling basin are not influenced by the lake. In winter (Fig. 5b),
the area of influence of the rapid transit of the lake extends to drains a little more
distant than the previous one, but still very close to the foot of the arch. Then the
waters of the lake are mixed in the deep aquifer, and only drains beneath the
stilling basin are not influenced by the lake (similar to winter results).

So the difference between winter and summer hydrodynamic behaviour comes
from the downstream propagation of the influence zone of lake waters. When the
reservoir is full and the dam is cold (high water period), arch moves downstream
and the ‘crack open’, spreading the lake water in the basin.
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Fig. 5 Identification of drains sensitive to the zone of influence of lake waters. a Low water
period (June 2002); b High water period (March 2004), ¢ cross section of the dam and
localization of a part of drain network

5 Conclusion

This hydrochemical investigation enables defining water typologies in a lowly
contrasted environment, due to the common carbonated context, and providing a
conceptual model of water fluxes within the dam.

Tracers highlighted by CPA and DFA enable to classify water types previously
described in three groups: (i) recent waters, with a short residence time (dam
reservoir water), (ii) ‘old’ waters, with a large residence time (deep groundwater)
and (iii) intermediate waters, originating from mixtures between both components.
Water infiltrations in the Vouglans dam’s abutments originate predominantly from
the lake upstream of the dam. On both banks, the shallowest perched groundwa-
ters, especially the saturated layers situated between 395 and 410 m a.s.l. right
bank are partly recharged by surface infiltrations, and partly from the lake leak-
ages. Deeper groundwaters, and groundwater of the bottom of the valley are
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recharged only by the lake or by underground inflows from the perched ground-
waters. Hydraulic circulations through the foundations are well characterised. The
significant seasonal effect observed at the wall footer or the designation of drains
‘intercepting the upstream fissure in any season’ or ‘only cold arch /full reservoir’
is made possible by hydrochemical measurements.
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Spatiotemporal Variations of Soil CO,
in Chenqi, Puding, SW China: The Effects
of Weather and LUCC

R. Yang, M. Zhao, C. Zeng, B. Chen and Z. Liu

Abstract Long-term monitoring of soil CO, dynamic was applied under different
weather conditions and land uses to investigate the influences of weather and
LUCC on soil CO, variations as well as its potential carbon sink. Observation
results demonstrate that seasonal variations of soil CO, are mainly controlled by
temperature-water combined effect, rising to the peak in wet-hot season and
declining to the valley during dry—cold time. In spatial scale, soil CO, concen-
tration is largely regulated by LUCC and follows the descending order of forest,
shrubbery, dry land, and paddy land except for rice growing season, but with an
ascending sequence for coefficient of variations (C.V.s), among which the highest
C.V. and the abrupt changes of CO, in paddy land are mainly due to the alternate
cultivation, flooding irrigation, and draining mechanism. Furthermore, by means
of modeling calculations, wet—hot weather conditions and land uses as forests are
provided with higher dissolved inorganic carbon (DIC) equilibrium concentration
than the other sites, reflecting stronger karst process as well as larger potential
carbon sink.
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1 Introduction

Accompany with the increased concentration of greenhouse gasses in the atmo-
sphere, including carbon dioxide, methane, nitrous oxide, etc., the energy equili-
bration will be seriously affected, and thus the global climate (Manabe and
Stouffer 1979; Jenkinson et al. 1991; Melillo et al. 2002). Since the industrial
revolution, the emissions of greenhouse gasses, particularly CO,, which is
responsible for 60-80 % of total greenhouse effect (Lashof and Ahuja 1990;
Rodhe 1990), is highly raised due to fossil fuels combustion, land use/cover
change (LUCC), and the development of agriculture, forestry, animal husbandry,
etc., leading to a series of problems on global climate change, especially contin-
uous global warming (Vitousek 1994; Lasco et al. 2002; Upadhyay et al. 2005;
Cihlar 2007). To cope with this problem and cut CO, emissions, in December
1997, Kyoto Protocol was formulated by the United Nations Framework Con-
vention on Climate Change (UNFCCC), requiring joint implementation, emissions
trading, and clean development mechanism (Steffen et al. 1998). Due to the
growing concern on global warming as well as the accompanying political and
economic pressure on CO, emission reduction, studies on global carbon cycle have
attracted an increasing attention (Steffen 1999).

For terrestrial carbon cycle, LUCC is considered as the main artificial factor
apart from fossil fuel combustion (Lambin et al. 2001; Levy et al. 2004). Previ-
ously, researches about LUCC-related carbon cycle mainly focus on biomass
change and soil carbon sequestration (Del Galdo et al. 2003; Albani et al. 2006;
Chen et al. 2006; Batlle-Bayer et al. 2010). While improving soil management
practices is recognized as an important measure for implementing clean devel-
opment mechanism (Pingoud et al. 1999; Lal 2004), soil respiration is widely
studied in almost all ecosystems to evaluate the effects of soil management
practices on global warming and carbon cycle (Liu et al. 2013). However, due to
the regional diversity, in karst area, LUCC also affects underground carbon
migration and conversion, causing the variations of CO, in the soil and the con-
sequent differences of carbonate erosion, thus regulates the intensity of karst
process and the capacity of karst process-related carbon sink. In terrestrial envi-
ronments, soil is one of the main paths where CO, can be added into water. While
some of CO, originating from soil inevitably escapes into atmosphere as soil
respiration, part of it will dissolve in soil water and potentially recharge the
underlying aquifer through a downward flux in the unsaturated zone (Tsypin and
Macpherson 2012; Yang et al. 2012). It is considered that water and CO, are the
major chemical driving forces for carbonate dissolution and have significant
influences on karst process-related carbon cycle (Liu et al. 2007, 2010). Therefore,
monitoring of CO, in the soil under different land uses is conducive to reveal the
intensity of karst process as well as its potential carbon sink and contribute to
guide LUCC managements in karst region.

In this research, long-term monitoring of soil CO, dynamic was applied under
different weather conditions and land uses to investigate the influences of weather
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and LUCC on soil CO, and its potential carbon sink. On the basis of field survey,
four representative sites in Chenqi, Puding, SW China were chosen to monitor the
concentration of CO; in the soil per day during May 2011-May 2012, covering a
complete hydrologic year. It was found that the concentration of soil CO, presents
large diversity in different land uses and shows frequent response to vegetation
alterations as well as weather condition changes, implying the disparate capacities
of karst carbon sink under LUCC managements, and thus the role of karst process
in global carbon cycle is considerable and need to be reappraised.

2 Materials and Methods
2.1 Study Area

The research sites were set in Chenqi epikarst system, which is located in Puding
County, Guizhou Province, SW China. The climatic conditions here are charac-
terized by humid subtropical monsoon climate with an annual average precipita-
tion of 1,315 mm (over 80 % precipitation occurs from May to October) and the
mean air temperature of about 15.1 °C. The main lithology is limestone and
dolomite of the Guanling Formation of middle Triassic, intercalated with gypsum
strata (Zhao et al. 2010).

The main geomorphology of Chengqi is a typical karst valley, covering with
loose Quaternary deposits, most of which have been reclaimed for farmland. The
primary land uses here are secondary forest (mainly consisting of pear trees),
shrubbery, and tilled land, including paddy land and dry land. The corresponding
area proportion of each land use has been investigated (Zhao et al. 2010) and was
presented in Table 1. As observation sites to monitor soil CO,, we chose four plots
for total land uses, among which, shrubbery and secondary forest were hardly
influenced by human activities, while vegetation and usage were altered around the
year in paddy land and dry land by tillage and husbandry.

2.2 Monitoring and Analysis

To observe the variations of CO; in the soil under different land uses and depths,
24 polyvinylchloride (PVC) pipes were designed as gas measuring tubes and
divided into eight groups equally (8 x 3). Every two groups of the tubes were
embedded into soil at the depths of 30 and 60 cm, respectively by drilling in each
sample plot. At the top of each tube, a removable cap was covered to avoid gas
exchange between the tube and atmosphere. A portable CO, analyzer GM70
(made by VAISALA in Finland with the probe measuring range from 0 to 10 %
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Table 1 Land uses in Chenqi (Zhao et al. 2010)

Land uses Secondary forest Shrub land Dry land Paddy land Total
Area (km?) 0.087 0.306 0.729 0.189 1.31
Percentage (%) 6.61 23.35 55.65 14.39 100

and the resolution of 1 ppm) was applied to measure soil CO, concentration in
each tube from 11:00 am to 12:00 am per day.

Local rainfall data was logged through the rain gage, a sub-module of
CTDP300 multi-parameter water quality meter (made by Greenspan Corporation
in Australia with the rainfall resolution of 0.5 mm). Soil temperature was recorded
by AV-10T (temperature sensor produced by AVALON in America with a reso-
lution of 0.1 °C).

3 Results

We recorded the dynamic data of rainfall, soil temperature, and soil CO, con-
centration during May 2011-May 2012, covering a complete hydrologic year, and
presented the data graphically in time series (Figs. 1, 2, 3, and 4) to allow visual
assessment alongside the statistical text (Table 2). The graphical results about the
variations on these points are analyzed as follow.

3.1 Dynamic Weather Conditions

Precipitation data was logged by a rain gauge and inspected according to the
nearest meteorological station record. During the research period, the total rainfall
is about 783 mm, only approximate two-thirds of the annual average precipitation,
implying relative drought. The precipitation is distributed mainly from May to
October and concentrated in six periods (Figs. 1, 2, rain 1-6). Beyond this, two
arid periods exist in July and August during rainy season.

Soil temperature is observed synchronously and shows obvious seasonal vari-
ations, high in summer and low in winter (Figs. 1, 2). However, the temperature
sensor was only set in shrubbery. Due to the absence of temperature data in other
land uses, soil temperature in shrubbery was presented to simulate the general
variation tendency of temperature in all land uses year-round.

According to different weather conditions, the study period was divided into
three parts, including two wet—hot growing seasons and a dry—cold dormant season
from November 2011-March 2012 (Figs. 1, 2).
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Fig. 1 Continuous data of rainfall, soil temperature and soil CO, concentration in different land
uses during May 2011-May 2012. Soil temperature was recorded by single sensor which was
buried in shrub at the depth of 30 cm. Though soil temperature did not exactly match the one in
each site, it could approximate the tendency of soil temperature variation year-round
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Fig. 2 Continuous data of rainfall, soil temperature and soil CO, concentration in paddy land
during May 2011-May 2012. Temperature data was taken from shrub land due to the absence of

sensor in paddy land
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Table 2 Minimum, maximum and annual mean values of soil CO, and the relevant coefficient
of variation in different land uses

Land uses Secondary forest | Shrub land Dry land Paddy land

30cm |[60cm  |[30cm |[60cm [30cm |[60cm [30cm |60 cm
Min. (ppmv) | 4,807 8,307 3,230 1,930 1,513 983 1,407 1,783
Max. (ppmv) | 21,087 |22,100 |18,013 |17,695 |13,280 |12,363 |60,645 |30,810
Mean (ppmv) |10,471 |14,734 |6,999 8,241 6,574 6,956 12,096 | 7,507
C.v. (%) 29.5 19.3 26.9 29.2 374 38.1 90.3 73.0
N 306 306 306 306 306 306 306 306

C.v. or coefficient of variation = (standard deviation/mean) %, N means number of samples
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3.2 Soil CO, Variations

Seasonal cycles of soil CO, concentration are remarkable in time series (Fig. 1).
Soil CO, in all land uses except secondary forest show in-phase changes with soil
temperature, rising to peaks in summer and decreasing to troughs in winter,
indicate that temperature is an important influence factor on soil CO, generation.
In general, with higher soil temperature, more soil CO, is produced. For a detailed
discussion later, soil temperature vs. soil CO, was presented to assess their cor-
relations (Fig. 3a, b). As soil temperature is logged just in shrubbery at a soil depth
of 30 cm, lacking of data in other land uses, the figures can only represent the
correlations in shrubbery. Graphic results illustrate that the correlations are sig-
nificant and positive both in wet-hot growing season (Fig. 3a) and dry—cold
dormant season (Fig. 3b). Meanwhile, higher P value and lower R value in wet—
hot growing season suggest a preponderant water-temperature combined effect on
soil CO,.

During rainy season, soil CO, fluctuates according to both soil temperature and
rainfall. In detail, every abrupt change of soil CO, almost corresponds to each
rainfall periods (Fig. 4, rain 1-5). When there is a rain, there appears a rising trend
in soil CO, and can last for several days, then fall back. Similar changes are
constantly repeated until the end of rainy season. It could be explained as that
rainfall (and/or soil moisture) plays a significant role in soil CO, generation and
diffusion.

In different land uses, the concentration of soil CO, presents large diversity,
generally highest in secondary forest and lowest in dry land (Figs. 1, 2). The
annual variation coefficients of soil CO, follow the descending order as: paddy
land, dry land, shrubbery, and secondary forest (Table 2, Figs. 1, 2). Besides, soil
CO; in paddy land is particularly high during rice growing season and shows
frequent fluctuations accompany with flooding and draining alternation. The dis-
tinct concentration and variations of soil CO, are likely responded to different
vegetation, cultivation, soil physicochemical properties, etc.

Soil CO, in different depths varies from each other (Figs. 1, 2) and maybe
owing to the vertical distribution of plant roots and soil structure. In dry land and
shrubbery, there is an inconspicuous rising of soil CO, from 30 to 60 cm in the soil
profile. A similar trend is significantly presented in secondary forest around the
whole year, while an inverse change is shown in paddy land during rice growing
season.

4 Discussion

In general, soil CO, originates mainly from root respiration, oxidative decompo-
sition of organic matter, and microbial respiration (Reardon et al. 1979; Hanson
et al. 2000) and diffuses in three directions, upward, downward, and lateral.
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The loss of CO; in the soil mainly consists of the upward diffusion to atmosphere
and the downward migration to groundwater as gas phase (CO,,) directly or
dissolved inorganic carbon (DIC) indirectly. In addition, carbonate dissolution in
unsaturated area will cause soil CO, consumption, which could be reflected in
groundwater hydrochemical characteristics by downward migration (Tsypin and
Macpherson 2012; Yang et al. 2012).

When CO, in the soil is more generated than consumed, the concentration is
risen correspondingly. Conversely, the lower concentration is caused. The factors
that lead to the variations of soil CO, could be weather conditions and LUCC.

4.1 Effects of Weather Conditions

Temperature is considered to be an important factor on soil CO, generation.
Generally, a higher soil temperature will result in a stronger root respiration (Atkin
et al. 2000; Burton et al. 2002) and a faster microbial decomposition (Raich and
Schlesinger 1992; Atkin et al. 2000), thus soil CO, is more generated. However,
the influences of temperature on soil CO, are distinct from each season. Therefore,
the time series was separated into wet-hot growing season and dry—cold dormant
season to discuss temperature effects in both seasons.

According to the analytical results (Fig. 3), the correlations between soil
temperature and CO, in both seasons are significant at the 0.01 level. The lower
P value and higher R value (Fig. 3b) indicate that temperature effect on soil CO, is
more preponderant in dry—cold dormant season than in wet—hot growing season.
This is mainly because that, during dry—cold dormant season, soil moisture is
relatively stable due to less precipitation and evaporation, thus soil temperature
dominates CO, variations. On the contrary, temperature effect is weak due to
frequent rainfall intervention and strong evaporation, which could change soil
moisture and regulate the generation, dissolution, and diffusion of soil CO,.

Soil moisture is a restrictive factor on soil CO, production, low water content
can inhibit CO, generation in soil, sufficient soil moisture could result an abundant
CO, production by root and microbe (Almagro et al. 2009). Besides, water content
also affects the diffusion rate of CO, in soil profile (Davidson and Trumbore 1995),
thus controlling the accumulation of soil CO,. Unfortunately, due to frequent
instrument malfunctions, detailed soil moisture data is missed during research
period. For this reason, we only discuss the effects of rainfall.

In rainy season, the influences of precipitation on soil CO, can be divided into
long-term and short-term effects. Long-term effects are usually positive to CO,
accumulation. Rainfall will increase soil water content, which could promote
microbial activity and the metabolism of plants, then boost the rate of root res-
piration and organic matter decomposition (Orchard and Cook 1983; Davidson
et al. 1998) and thus improve CO, production. Moreover, rain water will seal the
soil pores and reduce gas diffusion rate (Linn and Doran 1984; Skopp et al. 1990),
hence decrease CO, upward loss as soil respiration. On the other side, the
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interstitial water may also restrict oxygen diffusion through pore spaces into soil
and thus slow down oxidative decomposition of organic matter (Linn and Doran
1984; Liu et al. 2013), resulting a low CO, production. This negative effect on CO,
accumulation may be less, compared with the positive ones we mentioned earlier.
Therefore, the ultimate expression of rainfall long-term effects is a rising CO,
production and decreasing soil respiration, thus the increasing soil CO, concen-
tration. As we have presented in Fig. 4, soil CO, increased corresponding to each
rainfall period. The rising processes may last for a long time, generally several
days, and will fall back accompanied with the evaporation of soil moisture.

Short-term effects of rainfall may cause a rapid decline in soil CO, within a
short time. However, the effects could be show up only under high-resolution
monitor strategy, for instance, with 15 min interval due to the short responsive
time. As we recorded only a set of data per day, the discussion is mainly based on
the previous work (Yang et al. 2012). At the beginning of rainfall, CO, in the
shallow soil could be released into atmosphere due to the replacement of CO, in
the soil pores by rain water (Chen et al. 2005); thus, soil respiration is increased
instantaneously and CO, in the soil is decreased. After that, some of soil CO,
dissolve in soil water and react with carbonate or infiltrate downward into
groundwater directly, leading to a large consumption of CO, and the relevant
response of groundwater chemical features (Yang et al. 2012), the responsive time
mainly depend on rainfall intensity and groundwater recharge mode. Though
carbonate erosion also exist in dry season, precipitation in rainy season will
enhance the effect and shorten the responsive time into a few hours. Consequently,
the short-term effects could result a faster CO, consumption than production in a
short time, presenting a decline in soil CO, concentration.

In brief, seasonal variations of soil CO, can be explained as a result of tem-
perature-water combined effects. Wet—hot weather conditions are optimum for soil
CO, generation and accumulation, showing higher soil CO, concentration during
summer than winter (Figs. 1, 2).

4.2 Influences of LUCC

In spatial scale, as sample plots were chosen under the same climate condition,
variations of soil CO, are mainly reflected by LUCC, which can diversify vege-
tation, organic matter content, and soil physicochemical property. In fallow sea-
son, concentration of soil CO, declined in the order of secondary forest, shrubbery,
paddy land, and dry land (Figs. 1, 2). In general, the highest biomass and organic
matter content in forest land (Zhang 2011) lead to the strongest root respiration
and microbial decomposition, hence the maximum of soil CO, concentration.
However, in farming season, soil CO, in paddy land rise to the highest due to the
special irrigation.

In secondary forest, the seasonal variation trend of soil CO, is weak (Table 2,
Fig. 1), especially at 60 cm depth. The main reason could be that, in winter the
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forest soil is covered by a thick litter layer, which could hold soil temperature and
moisture (MacKinney 1929) and replenish organic matter (Berg 2000), thus
conducive to the generation of soil CO,. Besides, forest soil structure is relatively
stable due to the absence of tillage, distinct from tilled land where the soil would
be turned over after harvest (usually in autumn). The stable structure of forest soil
may slow down soil CO, from upward diffusion, and thus stabilize its concen-
tration. On the other hand, root respirations of trees contribute large proportion to
soil CO, production (Ewel et al. 1987; Behera et al. 1990; Bowden et al. 1993),
especially in forest, root respiration is the major contributor of soil CO, (Edwards
1975). While most of the trees are perennial in forest, root respiration is unin-
terrupted and may be strong even in winter because that leaves are withered and
roots almost take up the total plant breathe, showing the inconspicuous seasonal
variation trend of soil CO, in woodland. This can also explain the second-lowest
variation coefficient in shrub land (Table 2, Fig. 1), but due to the absence of litter
layer cover and the less biomass, the annual variation coefficient is higher than
forest.

In tilled lands (including paddy land and dry land), however, the seasonal cycle
of soil CO, differ from woodland and is remarkable (Table 2, Figs. 1 and 2),
which is owing to the seasonal crops cultivation and plowing strategy. In farming
season (usually in spring and summer), crops flourish, and thus more CO, is
generated from root respirations. Also, the rising temperature will boost microbial
decomposition and cause a high soil CO,. In fallow season, due to the plowing
after harvest, the absence of vegetation and the reducing temperature, soil CO, is
less generated and diffused faster, result in low concentration of soil CO,.

In paddy land, as a result of rice cultivation and flooding irrigation, the con-
centration of soil CO, is far higher than the other land uses and has several abrupt
changes (Fig. 2). During rice growing season, a water layer is necessary for
covering over the soil surface (flooding irrigation), and could cut down most of the
upward diffusion of soil CO, (Liu et al. 2013). Although some soil CO, may be
dissolved in water, but the water is stagnant and will not cause the migration of
CO,. Furthermore, a high-density soil layer at the depth of 3040 cm (a plow pan
as aquitard) will hinder gas downward diffusion and liquid infiltration (Forrer et al.
1999), and thus accumulates a large amount of CO, in the soil air. On the contrary,
draining of the paddy land will release CO, to atmosphere as soil respiration,
corresponding to the troughs of soil CO, during the relative dry period (Fig. 2).
That is, when the water layer is dried up without rainfall and irrigation, CO, in the
soil reduced rapidly.

Generally, soil CO, concentration increases slightly with the soil depth
(Reardon et al. 1979). Observation result shows that CO, concentration at 60 cm is
higher than 30 cm (Figs. 1, 2), especially in forest due to the deep roots system.
However, an inverse trend was found in paddy land, providing additional evidence
for the blocking effect on CO, diffusion by plow pan at 3040 cm depth.

In conclusion, LUCC significantly affect the spatiotemporal variations of soil
CO.. Forest is conducive to the production and conservation of CO, in the soil,
presenting the highest concentration and the lowest variation coefficient of CO,.



202 R. Yang et al.

Table 3 Soil CO, partial pressure and the calculated equilibrium values of DIC under different
land uses and weather conditions according to (Dreybrodt 1988) (16 °C)

Land uses Soil CO, partial pressure (ppm) DIC equilibrium concentration
(mmol/L)
Wet-hot Dry—cold Annual | Wet-hot Dry—cold Annual
season season season season
Secondary 12,177 13,186 12681.5 |4.750 4.931 4.839
forest
Shrub land 8,477 6,578 7527.5 |4.036 3.599 3.817
Dry land 7,966 4,043 6004.5 |3.924 2.945 3.464
Paddy land 13,481 4,642 9061.5 |4.990 3.121 4.152

4.3 Implications for Carbon Cycle in Karst Area

Karst process-related carbon cycle, as a result of the water—rock—soil—-gas—organism
interaction, is a complex process, and significantly affects global carbon budget
(Yuan 1997; Gombert 2002; Liu et al. 2010). CO, and water, as the indispensable
driving factors, play an important role in karst process. In general, a higher soil CO,
and water content will lead to a faster carbonate dissolution rate, and thus a greater
capacity of carbon sink.

Karst process-related carbon sink is mainly considering of CO, consumption
caused by carbonate dissolution in CaCO;—CO,—H,O system. This process can be
described in the following equation:

CaCO; + CO, + H,0 = Ca*" + 2HCO; (1)

As a result of this reaction, in karst area, the amount of CO, absorbed by water
is significantly larger than in non-karst system. CO, dissolves as Eq. (2) and
establishes an equilibrium mixture of carbonic acid, bicarbonate, and carbonate
ions, which formed most of DIC (Liu et al. 2010).

CO, + H,0 < H,CO; < H' + HCO; < 2H" + CO% (2)

According to Dreybrodt, DIC equilibrium concentration in karst system under
different soil CO, partial pressure could be calculated out (Dreybrodt 1988),
indicating CO, consumption and reflecting the capacity of karst carbon sink rel-
atively (Table 3).

As we have mentioned earlier, changes in soil CO, concentration under dif-
ferent land uses and weather conditions will lead to different DIC equilibrium
concentration. Calculation result shows that wet-hot weather conditions and land
uses as forests are provided with higher DIC equilibrium concentration due to
higher soil CO, partial pressure, and thus optimum for strengthening karst process
and the potential carbon sink.
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However, it is difficult to quantify the influence of LUCC on karst carbon sink
because of the complex factors, for instance, soil CO, concentration, soil moisture,
rainfall infiltration coefficient, organic matter content, etc. Therefore, further
studies need to be developed combining with some simulative and/or modeling
experiments under controlled conditions.

5 Conclusions

We have investigated spatiotemporal variations of soil CO, in epikarst systems.
Four sites in Chenqi, Puding, SW China, representing different land uses, were
chosen to monitor the concentration of CO, in the soil during May 2011-May
2012, covering a complete hydrologic year. Observation results demonstrate that,
(1) seasonal variations of soil CO, are controlled by temperature-water combined
effects, high in wet-hot growing season and low in dry—cold dormant season. (2)
In spatial scale, soil CO, concentration is regulated by LUCC and follows a
descending order of forest, shrubbery, dry land, and paddy land apart from rice
growing season. (3) The abrupt variations of CO, in paddy land are caused by rice
cultivation, flooding irrigation, and draining mechanism. (4) Wet-hot weather
conditions and land uses as forests are optimum for the production, accumulation,
and conservation of CO; in the soil, thus strengthen karst process and the potential
carbon sink.

To sum up, this study has showed spatiotemporal variations of soil CO, and the
potential capacity of carbon sink in karst area under different land uses, implying
that the role of karst process in global carbon cycle is considerable and needs to be
reappraised based on LUCC managements.
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Characterization and Dynamics of Two
Karst Springs in a Soil-Covered Karst
Area, Lagoa Santa, Southeastern Brazil

P.F.P. Pessoa and A.S. Auler

Abstract Hydrogeological studies were performed on two karst springs located in
a mining area of soil-covered karst in the Lagoa Santa region, in subtropical
southeastern Brazil. Although they are located close together, the Tadinho and
Cafundé springs exhibit distinct hydrogeological behaviors. Groundwater flow
routes were determined through quantitative and qualitative rhodamine tracer tests
through artificial injection in swallow holes. A 2-year discharge monitoring
demonstrated that there is a 4-month delay between pluvial and discharge peaks at
Tadinho spring due to the presence of a constriction, which causes the retention of
the dye and a delay in the discharge response. Tadinho spring also displays an
average discharge that is smaller than the total injection flow feeding the spring, as
indicated by an only 20 % dye recovery. Conversely, Cafundé Spring displays a
closer response to pluvial peaks because it is located within a much larger
groundwater system, which major outlet is Tadinho Spring. Tadinho is charac-
terized as an underflow karst spring (sensu Worthington 1991) because its dis-
charge displays a constant depletion coefficient. Cafund6 spring is interpreted as
an overflow spring, situated in a higher topographic position, being constrained by
the geometry and porosity of the aquifer system. A 4-year hydrochemical moni-
toring program showed sharp variations in calcite saturation indexes for Tadinho
spring, with a negative correlation between rainfall and aggressiveness. The
denudation rates for Tadinho spring are, on average, 22.5 mm/ka, in agreement
with other studies in the Brazilian karst. Water budget calculations and spring
hydrograph analysis indicate that the catchment area of the springs is much larger
than determined by surface divides, with the Tadinho catchment area comprising
significant areas of mantled karst.
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1 Introduction

Two karst springs, Tadinho and Cafundd, were analyzed to characterize their
groundwater dynamics and hydrochemical behavior. Both springs are located in
the covered karst area of Lagoa Santa, southeastern Brazil, in the vicinity of a
limestone quarry owned by ECL—Cimentos LIZ. Due to the thick soil cover, karst
expression is limited, compared with that of the more exposed Lagoa Santa karst
located elsewhere in the area between Velhas River and Mata Creek (Fig. 1).

The thickness of soil cover has a direct influence on the groundwater pattern.
Subsurface dissolution features are well developed, as suggested by a large number
of voids detected by borehole data.

Two karst springs were studied in detail, and both are located close to the
quarry. Cafund6 spring lies only 250 m from the open pit mine, while Tadinho
Spring is located 1,600 m further south. A third spring, Carrapato spring, was not
studied due to access restrictions. From tracer tests, it was possible to infer that
only 20 % of the thodamine WT mass injected in a swallow hole located upstream
in the quarry was detected at Tadinho spring, and none was detected at Cafund6
spring. In the same way, only 20 % of the total discharge injected (100 1/s) was
measured at Tadinho spring, with no variations at Cafundé spring.

This study intends: (i) to characterize the karst hydrogeology in the vicinity of
ECL limestone quarry, focusing on the identification of hydrogeological con-
straints responsible for controlling the groundwater behavior in the catchment area
of the Tadinho and Cafundé karst springs; and (ii) to define the aquifer com-
partments, based on systematic discharge monitoring of the springs and boreholes.

The study area involves carbonate and pelite rocks of the Bambui group,
deposited over a gneiss-migmatite basement. Stratigraphy comprises four major
sequences. The topmost Serra de Santa Helena Formation contains pelite rocks
represented by siltites, mudstone with some sandstone, as well as carbonate lenses
of argillaceous limestone and fine-grained calcarenites. These rocks show well
developed weathering and restricted groundwater circulation. This domain is
classified as an aquitard.

The Lagoa Santa member of the Sete Lagoas Formation contains pure micritic
limestone with intercalations of siltite, breccia, stromatolites, and mylonitic zones.
Subhorizontal laminations displaying calcite and quartz lenses are frequent, and
represent aquifers with well-developed conduit flow.

The Pedro Leopoldo member of the Sete Lagoas Formation contains calcisil-
tites, argillaceous limestone with sparitic to micritic textures, stromatolites with
some intercalations of fine-grained calcarenites, and milonites. Shearing zones
show graphite and quartz veins. There is an occurrence of a basal marble. Overall,
this sequence shows limited groundwater flow, as indicated by a fractured aquifer
with karstified horizons.

The Basal complex contains migmatites and granitoids and is classified as
aquiclude.
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Fig. 1 Location of the study area and springs

2 Hydrogeology

Tadinho spring represents the most important outlet in the area, with an average
discharge of 70 I/s. It is located in the southern portion of the study area, 400 m
away and 25 m above the Mata creek river bed.

A discharge measurement was performed through a calibration curve and staff
gauge, based on current meter measurements with a maximum error of 5 %. Curve
calibration included discharge measurements using Rhodamine WT.

Discharge measurement in Cafundé spring occurred between May 2002 and
July 2003 and relied upon periodic readings of a Parshall flowmeter located 100 m
downstream.

2.1 Tadinho Spring

Discharge variations at Tadinho spring were subjected to systematic measurement
over a 14-month period (Fig. 2), to determine the water input into the spring
catchment area.

Following tracer confirmation of a connection between the swallet—that
receives the dewatered volume from the mine—and the Tadinho spring, a 20 %
increase in discharge was observed. Specifically, of the 100 I/s pumped to the
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Fig. 2 Hydrograph for Tadinho spring, based on mean monthly discharge (blue line). The
rainfall rate over the same period is shown in pink

swallet, only 20 I/s reached the spring, with the remaining volume flowing towards
undetermined groundwater routes.

Due to this artificial discharge increment, the pumped volume was not con-
sidered during the construction of the hydrograph.

The interpretation of the hydrograph shows a 4-month delay between rainfall
peaks and changes in discharge. During the dry season of 2001 (June—August), the
discharge was quite stable, displaying low values (~57 I/s). During the same
interval in the following year, the discharges were higher (~80 I/s), finally
decreasing to a minimum of 58 1/s in mid-July.

These variations in the basal flow discharge are controlled by precipitation,
because during the hydrological year 2000-2001, the total precipitation was
abnormally low, reaching only 888 mm between October and June; in the same
time period in the following year, the total rainfall was 1,354 mm.

Discharge variations are characterized by a period of low discharge values
(57 U/s) that start at the beginning of the measurements (June 2001) and last
approximately until the end of December 2001, reflecting not the onset of the rainy
season between September and October. Discharge increases only in January 2002,
when it experiences a linear increase until reaching a somewhat constant discharge
at approximately 82 1/s for about 3 months, from mid-April to mid-July 2002.
A 4-month delay between rainfall peaks and spring discharge is observed in the
period 2001-2002, similar to what is observed between the rainfall minima and the
beginning of the period marked by discharge decrease. The start of the period of
discharge increase occurs when there is a decrease in precipitation levels, showing
a lack of direct correlation. Maximum discharge is association with the end of the
rainy season and decreases rapidly afterwards.

It is possible to infer that the period between December and March is charac-
terized by discharge rise, due to increased aquifer recharge. Depending on rainfall
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Table 1 Types of springs

; : Types of springs Ratios Q,/Q, | Periods with Q > 0
according to discharge corre- -
lations (after Worthington Full-flow High Constant
1991) Underflow Low Constant
Overflow 0 (Q, =0) Constant/periodic
Base flow and overflow |Low to oo Constant/periodic
(underflow—overflow)

Table 2 Hydmlogical . Discharge characteristics Discharge values
parameters for Tadinho spring - -
Maximum discharge (Q,) 82.12 I/s
Minimum discharge (Q,,) 47.27 /s
Mean discharge (Q,) 64.5 1/s
Ratio (Q/Q.) 1.7

levels, the decrease starts between May and July and continues until November,
with a low, but constant, base flow discharge.

According to Worthington (1991), the simplest procedure to analyze discharge
regime of karst springs involves the correlation between maximum annual dis-
charge (Q,) and minimum annual discharge (Q,) taking into account the time
period over which the measurements are performed (Q > 0). Four main types of
springs can be defined (Table 1). Hydrological parameters for Tadinho spring are
shown in Table 2.

Based on the classification by Worthington (1991), the Tadinho spring can be
characterized as an underflow spring with constant discharge (Q > 0). However, it
also belongs to the subtype losing or high-stage underflow, with a regime asso-
ciated with the loss or absence of fast flow and discharge both constant and smaller
than the discharge released by the catchment zone, suggesting loss or divertion of
water along the route.

Several studies refer to the high level of complexity associated with the water
budget of karst systems (Milanovic 1976; Bonacci 1987; Worthington 1991).
Nevertheless, one of the situations described by Worthington (1991) fits well with
the Tadinho karst system, in which the hydrogeological pattern can be associated
with the existence of a constriction upstream from the spring.

Assuming the existence of a constriction, the low or high stage underflow of
this aquifer is able to stabilize the water level upstream from the constriction until
an overflow route is activated.

Figure 3 displays a linear log-normal pattern, in which the components asso-
ciated with the recession are controlled by a constant (Q, = q,) or slightly
decreasing (Q, > q,) trend.

Tracer tests have demonstrated that there is no hydrogeological connection
between the swallet that receives the pumped water and Cafundé spring. However,
it is possible that the distinct Cafundé system may work as an overflow route
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Fig. 3 a Recession curve pattern for Tadinho spring, according to the classification of
Worthington (1991), where a is the depletion exponent. b Depletion components from Tadinho
spring

outlet, in a distributary pattern in which the smaller Cafundé spring is responsible
for partially draining Tadinho spring high levels. The catchment area of Cafundé
spring comprises soil-covered karst, in which delayed storage may enable a con-
stant supply of water, making this spring a permanent one with an overflow
component because it occurs at a higher elevation than Tadinho spring.

At Tadinho spring, the periods of high discharge are characterized by variations
that depend on rainfall intensity as well as the geometry and porosity of the
aquifer, both in the vadose and phreatic zones. Discharge can decrease very
quickly over the period of few days, as observed by the end of July 2002, sug-
gesting the existence of fast flow routes in this underflow spring.

Water level analysis in piezometers in the same system shows that the differ-
ence in recession time is due to recharge time, effective porosity, and rainfall
intensity (Pessoa et al. 2007).

However, according to Torbarov (1976), basic hydraulic parameters in any
karst aquifer, such as permeability and effective porosity, vary in time and space.
During the recession period, these parameters also depend on other variables, such
as the precipitation regime and its surface distribution, and on the water level at the
moment when the recession curve starts.

Thus, the fastest discharge decrease is related to the largest volume of rainfall,
which is able to saturate a larger portion of the aquifer comprised of conduits
enlarged by dissolution, as well as associated fractures. Smaller rainfall periods are
only able to saturate the conduits. A rapidly decreasing recession curve reflects
water delivered from these larger conduits, while a slower decrease is associated
with the fractured media.

According to Worthington (1991) when the discharge of a spring is higher than
the discharge related to its catchment area, it is characterized by a decreasing
recession coefficient (a) (Fig. 3al). However, the flow regime at Tadinho spring is
characterized by a discharge equal to or less than its aquifer catchment, suggesting
the presence of constant recession coefficient (Fig. 3a2).
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2.2 Cafundo Spring

Cafund6 spring was monitored over a 15-month period, from May 2002 to July
2003. Daily discharge measurements are presented in the hydrograph (Fig. 4).

Cafund6 spring displays a regime quite different from Tadinho spring, espe-
cially during the dry season. This portion of the hydrograph is characterized by
constant recession coefficients, but with a discharge that presents a decreasing
component over time, except for a small portion related to fast flow (a = 0.02)
before the inception of base flow.

Analyzing the rainfall pattern, the responses in discharge variation tend to be
rapid over the entire monitored period, showing a good correlation between pre-
cipitation and discharge. Because the Cafundé spring catchment area is quite small
(<1.0 km?) the fast response may be due to water that quickly infiltrates in the
limestone outcrops close to the quarry, as shown in Fig. 4.

Cafundé spring hydrological regime tends to follow the rainfall peaks in a
direct way, which is in agreement with the basal discharge pattern when analyzed
using the recession criteria suggested by Worthington (1991).

Figure 5 shows the recession trends for Cafundé spring, and Table 3 display the
coefficients (a) for this spring. If one considers the pattern shown in Fig. 5 and the
proposed classification of springs according to the recession coefficient (Worthington
1991), Cafund6 spring can be classified as an underflow—overflow spring because it
lies topographically between the higher Carrapato spring (upstream) and the major
discharge zone represented by the lower Tadinho spring (downstream).

The coefficient values show considerable variation. Although they may suggest
well-developed karst aquifers, the presence of a quarry upstream from the spring
may exert major control over its hydrological behavior. The spring discharge
pattern remained approximately constant throughout the monitoring period.

20 q T 300
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Fig. 4 Hydrograph of Cafundé spring. The blue line depicts the discharge variations, while the
pink line shows the precipitation
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Fig. 5 Recession hydrographs for Cafundé spring

Table 3 Recession coefficients (a) based on discharge hydrograph for Cafund6 spring

Measurement interval Time (days) Qo (rn3/ S) Qs (m3/ S) a (day~ ! )
1 10/05/02-04/09/02 117 0.0069 0.0036 0.006
2 09/02/03-06/03/03 25 0.0156 0.0108 0.020
3 07/03/03-31/07/03 146 0.0106 0.0028 0.009

Q, initial discharge; Oy final discharge

Table 4 Discharge  hydro- Discharge characteristics Discharge values
logical parameters for - -
Cafundé spring Maximum discharge (Q) 16.7 /s
Minimum discharge (Q,) 2.5 /s
Mean discharge (Q,,) 7.6 1/s
Ratio (Qx/Qyn) 7

Although the north pit mine is important, it does not play a major role in the
variation of discharge. Other variables must be considered, such as the relief over
the catchment area, variable thickness of the soil cover, and especially the con-
figuration and location of the fracture system near the south pit mine. The highest
recession coefficient (a = 0.02) is related to the fastest discharge over a period of
25 days, which according to Milanovic (1976), may be due to accumulated water in
interconnected fissures and to joints enlarged by dissolution. A similar pattern was
found by Karmann (1994) as part of the base flow fed by waters accumulated in the
interconnected joints and enlarged karstified fractures in the Pérolas—Santana
system in southern Brazil.

However, the relationship between the maximum and minimum discharge
(Qx/Qy) at Cafundé spring is not very high. The main parameters related to discharge
measurements are shown in Table 4, and recharge areas are displayed in (Fig. 6).
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Fig. 6 Recharge area of Tadinho and Cafundé springs

3 Hydrochemistry

215

Hydrochemical monitoring shows a small difference in concentrations for hard-
ness, bicarbonate, calcium, and specific conductance for both springs. However,
considering the calcite saturation index, it was observed that the groundwater at
Cafund6 and Carrapato springs is undersaturated with respect to calcium car-
bonate, mostly due to a difference in pH, while for Tadinho, the SI indicates that
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Table 5 Hydrochemistry results for 12 sampling sites (January/2002—June/2004)

Parameters Recharge zone Intermediate flow Discharge zone
A | Max ZONE 1 ZONE 2 ZONE 3
Min | vc (n: 48) (n:23) (n: 24)
Total hardness 44511245 179.3 | 214.5 151.5 1 155.8
(mg/L) related to CaCO, 86 | 514 1271 13 34 7
Specific conductance 120} 333 328 1 680 254 1 439
(uS/cm) 21 1 67.6 60 | 48.6 65 |33.7
Alkalinity 46 1120 179.8 | 220 149.3 1192
(mg/L. HCO; ) R 1 122 131172
- 15.7 | 44.9 61.8 | 78.9 555172
Ca” (mg/L) 32 416 B 626193
» 1319 6 1189 32110
Mg (mg/L) 009|897 055 315 0.67 | 648
1491719 158 179.5 17.9 161.4
Ca/Mg _(molar) s 4o 297717
235284 23.38 | 26.2 2271242
Temperature (°C) PRED) 21 a2 20 45
6.2517.49 7.32 1797 7.29 1 7.97
pH 520173 6771 46 650 42
Saturation Index 2263058 -0.17 4051 20.29 | +040
calcite -4921 31 -0.89 1 * —123] =

ve variation coefficient; *not calculated

the water is supersaturated with respect to calcium carbonate. The periods of
higher discharge at Tadinho spring are related to increased water aggressiveness.

Following 4 years of sampling (2001-2004), Tadinho spring shows denudation
rates of 22.5 mm/ka, which is similar to the values found in non-covered karst
aquifer systems in Brazil.

As shown by Langmuir (1971), differences in the saturation levels and the
alkalinity of bicarbonates (and, most likely, the partial pressure of CO,) sampled
between the karst resurgences suggests basic differences in the chemical evolution
of its waters. The sampling sites of Carrapato, Tadinho, and Cafundé refer to the
discharge zones of the system, while the other sites refer to recharge areas and the
intermediate zones of the flow system (Table 5).

4 Final Considerations

The main features of the Tadinho and Cafundé spring system can be described as
follows:

e Dbecause the geometry and total porosity of the aquifer in both vadose and
phreatic zones are constant, the varying volumes of water drained by the karst
system as shown by the recession data are due to the precipitation patterns;
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e the period that displays higher discharge will depend not only on the amount of
rainfall in the humid period but also on the thickness and intensity of saturation
of the aquifer below the epikarst zone;

e decreasing discharge is associated (as in the period July—August 2002) to the
fast dewatering of the vadose portion of conduits;

e slow decrease in discharge is most likely associated with a less intense saturation
of bedrock, in which the smaller rainfall levels were only able to promote small
rises in the hydraulic head of the aquifer. This volume is released in a diffuse way,
resulting in slower and more prolonged decreasing discharge trends;

e following Worthington (1991), the hydrological parameters indicate that
Tadinho spring can be classified as an underflow spring containing constric-
tions due to conduit obstruction, resulting in constant hydraulic heads and
discharge over much of the year. The discharge is characterized by constant
and very low recession coefficients, except during periods in which the spring
discharge is higher than the discharge associated with its catchment area,
implying a temporary decrease in the recession coefficient;

e (Cafundé spring has a different pattern than does Tadinho spring. Due to its
location over the total catchment area, it represents a possible overflow system,
with the highest recession coefficient being part of the base flow fed by waters
accumulated in the interconnected joints and conduits that exist around the
south pit mine border;

e the values of recession coefficient for Cafundé spring are greater than Tadinho
spring, and the differences are related to its small catchment areas and the time
dependence of rainfall rapid recharge at sites connected with its northern
portions, which includes south pit mine;

e hydrochemical data show a good temporal-spatial correlation, with the
parameters being controlled by climate seasonality, aquifer geometry, and
available water sources.
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The Karst Hydrostructure of the Mount
Canin (Julian Alps, Italy and Slovenia)

L. Zini, G. Casagrande, C. Calligaris, F. Cucchi, P. Manca,
F. Treu, E. Zavagno and S. Biolchi

Abstract The Mt. Canin massif, from a hydrogeological and geomorphological
point of view, is a unique structure, being an independent part of the Italian Julian
Alps (north east Italy) bounded on all sides by impressive karst springs. Extensive
outcropping limestones go from the top (2587 m a.s.l.) to the bottom of the valleys
(about 500 m a.s.l.) creating an hydrostructure subdivided between two countries
originating two transboundary watersheds: the Mediterranean one to the South and
the Black Sea to the North. The aim of this paper is to define the dynamic and the
characteristics of the groundwaters and to identify the superficial and deep
watersheds in order to elaborate the aquifer vulnerability.

1 Introduction

From the political point of view, Canin massif is divided by the national border line
(Italy-Slovenia) and even if it is not any more an iron curtain as it was in the past, it
separates languages, laws, and different cultures (Fig. 1). Despite this, for the
waters it is not the same, in fact the hydrogeological watershed is not coincident
with the catchment, but it is on the Italian side (Casagrande and Cucchi 2007a, b).

The highly karstified carbonatic hydrostructure (mainly Triassic Dachstein) is
well-bounded, in the valleys, by impermeable layers (Eocene Flysch) or rather less
karstifiable ones (Triassic Dolomia Principale) (Casale and Vaia 1972).

The massif, strongly and diffusely karstified is recognized as very important
geosite due to the presence of impressive epigean and hypogean glaciokarst and
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Fig. 1 a Tracer tests connected sites (dotted, the uncertainties); b main faults and overthrusts
(RC, Val Resia—Val Coritenza overthrust); ¢ caves; d groundwater watersheds; e main springs
(I Fontanone del Mt. Sart, 2 Tamaroz, 3 Fontanon di Goriuda, 4 Sella Nevea, 5 Rio del lago,
6 Mogenza, 7 Glijun, 8 Zvikar, 9 Bocic, /0 Boka); f Quaternary deposits; g Flysch; h Calcari del
Dachstein; i Dolomia Principale

karst landforms (Cucchi and Finocchiaro 2009). For this reason, since 1996 it was
included in the Julian Prealps Nature Park and it is frequented all over the year by
tourists and speleologists.

More than 2,000 caves, explored by speleologists since more than 50 years, are
present inside the massif (Casagrande et al. 1999). The explorations permitted to
discover very extensive and intricate networks of meaningful galleries developed
for more than 60 km with pits of exceptional size (Cucchi et al. 2002). Six caves
are deeper than 1,000 m. The massif also includes the deepest single shaft of the
world, deep 643 m.

The hydrodynamic of the aquifer is highly dependent from the geological and
structural settings, characterized by a very fast circulation, highlighted also by a
quick increase in the spring discharge where values for all the springs, considering
also the effluent character of the rivers, are reaching more than 500 m>/s
(Casagrande et al. 2011). This behavior can be identified also through geochemical
analyzes.

To reach the aim of the present research, a geomorphological and hydrogeo-
logical description of the area of the massif is given, analyses were performed on the
lithological and structural conditions that gave rise to the epigean and hypogean
karst morphologies. A further review has been also realized on the hydrochemical
characteristics, on the groundwaters behavior and on the spring systems.
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2 Karst Geomorphology

Mt. Canin massif is one the most beautiful example of karst environment in the
world recognized as geosite. Surface karst landforms as hypogean ones attracted
speleologists and researchers since nineteenth century discovering and studying
more than 2000 caves included the deepest vertical shaft of the world, 643 m.

The stately karst plateau that we are able to enjoy nowadays is the result of the
glacial shaping action that till several thousands of years ago was covering the
whole massif. Glacial morphologies, result of the last ice age, ended about
10,000 years ago, are still well visible on the steep slopes and in the valleys as the
wide basin where Sella Nevea is (Cucchi et al. 2000a, b). On the northern side of the
Canin Mt. are well visible the signs left by the glacial erosion: the clear color
change is meaningful of the actual ice retreat. The plateau is the result of two
jointed actions: a physical one due to the glacial erosion and the chemical one due
to the carbon dioxide present in the water and dissoluting the carbonate rocks. The
plateau infact is worldwide known for its rich karst superficial morphologies
responsible of the huge extension of the deep caves favored by the cool-temperate
climate conditions where the solvent potential is higher (Ford and Williams 2007).
On the carbonatic surface, it is possible to observe all the different shapes typical of
the high-mountain karst environment. Among the macro-landforms were recog-
nized wide collapse dolines and solution ones, sinkholes, crevasses and elongated
depressions identifiable also through GIS techniques (Telbisz et al. 2011). A huge
variety of small marvelous micro-karst features as small solution pits, grooves and
runnels termed karren and kamenitze can also be observed. Morphological features
are, in this high altitude plateaus environment, particularly rough and intense due
the vegetation free surface. Exogenous agents are contributing also in the consid-
erable differences in elevation among cave entrances, 90 % of them are in fact
between 1,600 and 2,100 m a.s.l. in correspondence of lower steepness plateau
acting as wide absorption areas. At lower elevations, cave entrances drastically
decrease due to slope steepness and high-vegetation degree. To this is necessary to
add that on the Italian side between 800 and 1,000 m.a.s.l. and on the Slovenian one
at 400 m a.s.]. dolostones and silico-clastic rocks are outcropping. This variation of
hydraulic conductivity favors the presence of spring cave entrances.

3 Hydrogeological Framework and Hydrochemical
Characteristics

Canin massif represented always a challenge for the researchers studying the
karstic hydrostuctures. The massif represents a highly karstified structure with
quick transit times. From the plateau, waters reach the springs in few hours with
high increasing discharge values linked to the precipitations. Several tracer tests
permitted to identify the different recharge sectors.
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Canin Mt. represents a unique structure, well defined and separated within the
Julian Alps being surrounded by huge springs where wide limestone outcrops to the
valley floors (Calcari del Dachstein) (Ponton 2011). Precisely, the hydrostructure is
bounded by contacts with impermeable lithologies (Flysch) or with low karstifiable
ones (Dolomia Principale). At high altitude, single persistent discontinuities are
very important not only from a geomorphological point of view, but also from
the hydrogeological one, being the main responsible of the permeability and
hydraulic conductivity for the unsaturated zone (Cucchi and Vaia 1987). The
structural constrains are not only the vertical ones, but meaningful is the backthrust
(Val Resia—Val Coritenza) of the Dolomia Principale over the Calcare del Dach-
stein that divide the hydrostructure into two different subunits. The northern one
(comprehending the main part of the Italian side) is dipping toward north and the
southern one (higher northern Italian side) that south dips have direct consequences
to the groundwater flow direction. The percolation zone is the highest part of the
hydrostructure with a very fast drainage Casagrande and Cucchi (2007a, b),
Casagrande et al. (2011). The net is heavily influenced by the local geological and
structural characteristics. Vertical features are prevailing which enlargement is
favored by discontinuities, circulation, and high karstifiable layer thicknesses.
These drainage systems, in few hours, convey the waters into the depths of the
massif forming sudden streams and waterfalls. The saturated zone (or phreatic
zone) instead, is made of always-flooded highly effective drainage systems and
moderate effective ones. Sited at the toe of the massif, the phreatic conduits have a
prevailing horizontal development (acquired during speleological surveys), which
conveys the waters to the spring areas. The distribution and the shape of the systems
are relied to the Dolomia Principale and to the overthrust forming a permeable limit
(Fig. 1). The hydrostructure has 10 perennial springs and some others have an
intermittent character (Cucchi et al. 2000a, b). In the northern mountainside, the
geological and structural situation take to the occurrence of free draining springs,
while at the toe of the southern side of the massif springs are mainly dammed. Some
springs are outflowing from explorated caves as Fontanone del Monte Sart, Font-
anon di Goriuda, Tamaroz, Boka, Srnica, Bocic Jama, and Mala Boka. In some
other cases, waters are flowing out from opened fractures, between layers or from
the quaternary deposits that during rainy seasons can generate a real spring belt. In
the Italian territory only Fontanon di Goriuda spring was relevant, but, during the
latest explorations in August 2012, a new outflow was discovered and named
Tamaroz (from the speleologists of the S.A.S. Trieste). Also springs have a high
discharge variability with very different values between low water regime and high
ones. This is due mainly to the heavy rainfalls (estimated to be 3,000 mm/y) in the
area that, connected to the high karstification of the massif. The total discharge
evaluation is extremely complex also due to logistic difficulties, to the presence of
overflow springs and to the effluent character of the streams. Casagrande and
Cucchi (2007a, b), estimated that, during low water regime, the outflow from the
Canin hydrostructure is of about 8 m*/s increasing up to 500 m*/s during high water
regime. The min and max discharges evaluated for the main springs are: Fontanone
del Monte Sart (30 1/s—>10 m3/s), Tamaroz (30 I/s—>1 m’ /s), Fontanon di Goriuda
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Fig. 2 a Monitored parameters (TEMP [°C], COND [uS/cm] and Q [I/s]) for the Glijn spring;
b monitored parameters (TEMP [°C], COND [mS/cm] and LEV [mm]) for the Tamaroz spring
where TEMP is the temperature, COND is the EC, Q the discharge and LEV the water level

(10 1/s—10 m*/s), Sella Nevea springs (10 1/s—2 m?/s), Rio del lago springs (0.5 1/s—
0.2 m*/s), Moznica (0.25 1/s—>25 m?/s), Glijun (250 1/s—>80 m>/s), Zvica (150 1/
s-0.8 m?/s), Bocic (200 1/s—>0.5 m%/s), Boka (25 1/s—>40 m>/s) and Srnica (0 1/s—
2 m?/s). A quarter of these resources are used for hydroelectric purposes and only a
small amount for drinking ones. To characterize the outflowing waters, three
springs (Tamaroz, 25.01.13-13.11.13; Glijun and Zvikar, 5.11.99 — 5.9.00) were
monitored through devices that measure in continuous, water level, temperature and
Electrical Conductivity (EC). On some of the emerging waters, over the years,
geochemical analyses were done. In this paper, to understand the groundwater
circulation, two main springs are considered, one on the Italian side, Tamaroz, and
one on the Slovenian side, Glijun. The monitoring surveys realized in the Glijun
and Tamaroz springs (Fig. 2a, b) are representative of the two different flow
behavior present in the south and north sides. Almost all the Canin hydrostructure is
characterized by a short and quick circulation where the groundwater rising can be
detected only few hours after the rainfalls with discharge values one order of
magnitude greater. The best example of this behavior is represented by the cave
springs of Fontanon di Goriuda and Boka that by wide conduits are linked to the
recharge plateau areas. As result of this, the geochemical analyses confirm that
generally, Canin groundwaters have a low mineralization, peculiar of the quick
circulation. Absolute major ion values, EC and hardness are confirming the thesis:
most part of the springs have a Ca value between 26.4 and 59.3 mg/l, Mg content
between 0.61 and 13.1 mg/l and a variable HCO; value between 71 and 200 mg/1
(Cucchi et al. 2000a, b). The other ion values are subordinate. During floods,
bicarbonates drop due to the rapid disposal of the recharged waters having a short
residence time, while a sulfate increasing is observed. The peak represents a marker
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in the arrival of neoinfiltration waters. From the realized chemical analyses, all the
waters present a calcium bicarbonate facies but the springs in the northern side
show a Mg enrichment due to the dolomite rock crossing.

Despite the general context of a very fast circulation in karst conduits, some
springs testify the possibility of reserves formation (Cucchi et al. 2000a, b). This is
the case of the southern springs and especially of Glijun one, representing the most
important spring of the whole massif. It is the only one having a constant discharge
value of about 500 I/s (Fig. 2a). Studying its hydrographs, it is possible to
understand that the circulation behind it is very wide and complex, characterized
by a high effective drainage system where well developed karst conduits are linked
to open fractures and only secondly to slightly karstified areas being an important
renewable resource. This behavior is clearly identifiable with the spring hydro-
graph analysis. The increased water level value while flooding, linked to the
synchronous EC and temperature fluctuation, is attributable to the so called
“piston effect” due to the resident waters mobilization replaced by neoinfiltration
ones. It is possible to note that after the event, the parameters are not going back
quickly to the base level but showing a certain inertia due to the presence of huge
renewable reserves. This behavior is not the same in the northern sector (Fig. 2b).
The hydrograph representing Tamaroz spring highlight a prompt water level
increase while raining with a consequent increasing in temperature and a
decreasing in EC values. After the peak, the curve go quickly back to the base
level highlighting a highly effective drainage system, typical of an aquifer where a
huge water reserve is not present (Galleani et al. 2011). Stimulated by the
charming option to link with a unique conduit the plateau to the valley springs,
over the years, since 1968, several tracer tests were realized (Casagrande et al.
2011). Initially qualitative tests permitted to identify the connections between
hypogean waters and the related springs. Only during the last 10 years, the use of
captors and laboratory analyses took to semiquantitative evaluations highlighting a
groundwater complex circulation. Most part of the tests were realized tracing at the
bottom of the caves where flowing waters were present. Through tracer tests
(Cucchi et al. 1997) it has been possible to identify three different sectors. The
northeastern one that drains the waters towards Rio del Lago spring, the north-
western one that drains the waters towards Fontanon di Goriuda spring and the
central and southern draining waters towards Glijun and Boka springs.

4 Conclusions

Through all the investigations realized arised that an important role in the
hydrodynamics is played by the Val Resia—Val Coritenza backthrust that separates
the hydrostructure in two different sectors. The top of Mt. Canin ridge do not
correspond to a water divide effectively represented by the back thrust itself
demonstrated by the traced waters.
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The Mt. Canin massif has been studied since the end of nineteenth century
when speleologists and researchers started to identify and connect the hundreds of
caves present in the area. The hydrostructure so became an open-air laboratory
where physical and geochemical parameters were collected and analyzed. As the
result of the studies, it was defined that an important role in the hydrodynamics is
played by the Val Resia-Val Coritenza backthrust that separates the hydrostructure
in two different sectors. The top of Mt. Canin ridge infact, do not correspond to a
water divide effectively represented by the back thrust itself. Traced waters in the
Italian caves outflow in the Slovenian springs. Both sectors are intensively kars-
tified, but thanks to the geological settings, in the southern side more water
reserves are present than in the northern one as highlighted by the different
behavior recorded by the more representative springs. The transition between
Dolomia Principale dolostone and Calcari del Dachstein limestones is gradual and
can generate an undefined permeability limit. For its peculiar karstic characteris-
tics, the transboundary Canin aquifer can be recognized as a high vulnerable one
and its exploitation for hydroelectric and drinking purposes needs to be carefully
evaluated in order to avoid any overexploitation and pollution.
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Analysis of Groundwater Pathways
by High Temporal Resolution Water
Temperature Logging in the Castleton
Karst, Derbyshire, England

J. Gunn

Abstract Temperature is the easiest water quality parameter to measure and a
variety of robust, waterproof and relatively inexpensive temperature loggers are
available that enable high-resolution data to be collected from remote locations. It
has long been known that in regions where there is a seasonal variation in surface
air temperature the water temperature at karst springs can be used to distinguish
between those systems that are fed partly by sinking streams (wider annual tem-
perature range) and those fed only by autogenic percolation water (narrower
annual temperature range). However, there has been little analysis of short-term
temperature changes within open and flooded conduit systems as well as at springs,
which can provide significant additional information. The potential utility of water
temperature logging is demonstrated in the Peak-Speedwell cave system, Derby-
shire, England where high temporal resolution (2-min) water temperature data
have provided information on internal geometry, residence times and velocities.

1 Introduction

The temporal variability of water temperature in a cave or at a spring provides an
indication of the routes followed by water to the sampling point. Where there is a
long transit time between surface and sampling point heat exchange with the
surrounding rock will dampen any signal from the surface. However, as the transit
time decreases there is less time for heat exchange and more of the surface signal
will be present. Conduit diameter and the volume of water will also influence the
extent of signal retention. Temperature is an easy parameter to measure and for
many years mercury thermometers were used routinely to record spot water
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temperature at sinking streams, springs, and, less commonly, in caves. The fre-
quency of measurements was rarely better than daily and commonly much less
regular, but the data were sufficient to draw simple conclusions on groundwater
flow systems. For example, Pitty et al. (1979) sampled at approximately monthly
intervals and used the temperature standard deviation to distinguish springs
dominated by autogenic recharge from those dominated by allogenic recharge.
Gunn (1981) measured water temperature at surface and underground sites in the
Waitomo karst, New Zealand, weekly over a 59 week period, and used the data to
distinguish between throughflow, subcutaneous flow, shaft flow and vadose
seepage. Crowther and Pitty (1982) measured water temperatures of surface
streams and groundwaters in three Malaysian karst area at 3- or 6-week intervals
and found that they provided a sound basis for characterising groundwater flow
and identifying groundwater components in surface streams. More recently,
Beddows et al. (2007) used spot measurements of water temperature and specific
electrical conductance as natural tracers to characterise the interactions occurring
between the freshwater lens, the underlying saline water zone, ocean water and the
Yucatan carbonate aquifer.

Significant constraints on earlier work were an inability to log temperature
accurately at short intervals and an inability to measure temperature at more than a
few centimetres below the water surface. However, there are now a variety of
robust, relatively inexpensive commercially available waterproof temperature
loggers that have accuracies of 0.5 °C or better and can record tens of thousands
of data points thereby allowing high temporal resolution data collection. Sur-
prisingly it seems that karst scientists are making little use of these loggers as there
are few published papers that discuss temporal variability of water temperature,
the most notable being those of Martin and Dean (1999) and Luhmann et al.
(2011). Martin and Dean (1999) demonstrated that temperature, logged at 1.5- and
3-min intervals, provided a good natural tracer of short residence time ground-
water in the Floridan karst. Luhmann et al. (2011) review previous work, provide a
thorough discussion of processes and draw examples from an extensive monitoring
programme in which the thermal patterns at 23 different springs and two cave
streams in southeastern Minnesota were observed. All of their sites showed one or
more of four temperature patterns: Pattern I is an event-scale temperature fluc-
tuation that occurs over hours or days; Pattern 2 is a seasonal fluctuation in
temperature that is in phase with surface temperatures; Pattern 3 is a seasonal
fluctuation in temperature that is out of phase with surface temperatures and
Pattern 4 is long-term temperature stability, over timescales of weeks to years
(Luhmann et al. 2011, p. 327). Luhmann et al. (2011) also suggest that a dis-
tinction can be made between localised recharge (directly into a conduit), which is
thermally ineffective and hence retains part of the surface signal, and distributed
recharge which has moved through more thermally effective parts of groundwater
system and hence retains little, if any, of the surface signal.

In this paper, I demonstrate the thermal complexity that is present in karst
groundwaters using high temporal resolution water temperature data.
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Fig. 1 The Castleton karst

2 Study Area

The Castleton karst (Derbyshire, UK) lies close to the northeastern boundary of the
‘White Peak’ district, has developed on Carboniferous limestones, and contains
over 25 km of ‘input’ and ‘output’ cave linked by presently inaccessible conduits
(Fig. 1). The input has two components, allogenic recharge from streams that sink
at 15 separate points (catchment area ~5 km?) and autogenic recharge onto a
~8.4 km? area in which the limestones are overlain by soils of loessic origin.
Output is from three springs: Peak Cavern Rising (PCR), Slop Moll (SM) and
Russet Well (RW) which combine to form the Peakshole Water (PW). Drainage is
via the multi-level Peak-Speedwell cave system, which contains more than 16 km
of active and relict cave passages, and has around 50 inlet streams, 20 of which
flow from permanently water-filled ‘sumps’. Cave divers have explored over
1000 m of these sumps one of which (Main Rising, MR) descends to a depth of at
least 76 m. The modern Speedwell conduit has developed on a lower inception
horizon than that on which the modern Peak conduit has formed and under low to
moderate flows all allogenic water, augmented by some autogenic water, flows
through the Speedwell conduit and is discharged by RW and SM, while PCR
discharges water of solely autogenic origin. Under conditions of high recharge the
lower part of the Speedwell conduit is unable to transport all the flow and water
backs up and enters the Peak conduit at a number of discrete points, eventually
emerging from PCR. Over 50 water-tracing experiments have revealed the broad
outline of the underground hydrology (Figs. 1, 2; Gunn 1991) but there is a great
deal of internal complexity that is yet to be fully understood and is discussed
further in this paper.
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Fig. 2 Schematic hydrological systems diagram for the Castleton karst. [red blocks are
accessible input cave; blue blocks are accessible output cave passage; black blocks are flooded
conduit accessed by divers; thin lines are links proven by water tracing. For full key to sites see
Gunn (1991)]

3 Temperature Logging

Table 1 lists the key characteristics of the five types of temperature logger
deployed in the Castleton karst: Schlumberger Mini-Diver and Micro-Diver TD
loggers and Tinytag TG-4100, TGP-4017 and TGP-4020 data loggers. Loggers
were cross-calibrated and response to temperature change assessed. The TGP-4020
loggers have an external temperature probe, and hence have the most rapid
response when placed in water at a different temperature, commonly reaching
equilibrium in <1-min). The other loggers have an internal sensor and although
they respond rapidly to temperature change they may take 10-20 min to stabilise.

In July 2012, mini-Divers were deployed at the system outlet (PW) and the
springs (RW, SM & PCR) and micro-Divers at the two main flooded inlets to
Speedwell Cavern (MR & WR). Logging was at 1-min (micro) and 2-min (mini)
intervals. In December 2013 a TG-4100 logger was co-deployed with the WR
Diver to investigate a suspected instrument malfunction and additional TG-4100
loggers were deployed at the outlets to the BPR and SS flooded conduits and at two
points along the Speedwell Cavern stream way, the Bung Hole (BH) and Windows
Inlet (WI). Logging was at 2-min intervals. TGP-4017 and TGP-4020 loggers were
deployed at other locations not discussed in this paper.
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Table 1 Characteristics of data loggers deployed in the Castleton karst (logging hours/days
assume a 1-min sampling interval)

Memory Hours Days Accuracy (°C) Resolution (°C) Depth
mini-Diver 24,000 400.00 16.67 | 0.1 0.01 10 m+
TGP-4017 32,000 533.33 2222 |+£05 0.01 15 m
TGP-4020 32,000 533.33 2222 | 4+0.35 0.02 15m
TG-4100 32,000 533.33 2222 | +£0.5 0.01 500 m
micro-Diver | 48,000 800.00 |33.33 +0.1 0.01 10 m+

Table 2 Descriptive statistics for 2-min data series 18/12/2013-5/3/2014

WR MR BH WI RW SM PCR PW
Mean 7.88 7.54 7.54 7.70 7.79 7.97 8.22 7.95
Standard 0.0013 |0.0015 |0.0013 |0.0010 |0.0013 |0.0010 |0.0005 |0.0010
error
Median 7.96 7.61 7.59 7.72 7.85 8.00 8.24 7.98
Standard 0.32 0.34 0.30 0.16 0.29 0.15 0.11 0.22
deviation
Coefficient of | 4.0 4.6 39 2.1 3.8 1.8 1.4 2.8
variation (%)
Minimum 6.36 5.80 6.05 7.20 6.48 7.48 7.38 6.90
Maximum 8.33 8.19 8.31 8.33 8.40 8.51 8.48 8.44
Range 1.97 2.39 2.26 1.13 1.92 1.03 1.10 1.54
Data points 55,757 | 55,757 | 55,757 |25,834 |53,849 |[20,877 |53,837 |53,863
analysed

4 Results

The project has generated a very large quantity of data most of which remains to
be analysed. This paper presents data collected over the period 18 December 2013
to 5 March 2014. Summary statistics based on 2-min data are shown in Table 2
and the hourly average temperatures (calculated from the 1 or 2-min data) are
shown on Fig. 3. Overall, the three springs exhibit a small temperature range
(<2°C) and low temperature variability (CV <4 %), but in detail there is
remarkable event-related variability with complex temperature troughs related to
recharge. Summer data show similar but inverse events with temperature peaks
following recharge. Figure 4 illustrates an event that starts about midnight on 24th
December. At MR, the temperature falls increasingly rapidly reaching a low point
from 06:10 to 06:34 after which it slowly recovers. In contrast, the temperature at
WR remains essentially constant until 03:50 when it rises by 0.2 °C before starting
to fall at 04:14 and reaching a low point at 06:28. Water tracing experiments have
shown that the sinking streams drain to both MR and WR, but the temperature data
illustrate a complex conduit geometry.
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Fig. 3 Hourly average temperature based on 2-min data series

The MR and WR streams flow through open conduit and combine at ‘the
Whirlpool’ which is about 290 m downstream of each rising. The BH logger is a
further 140 m downstream and here the lowest temperature was recorded at 07:20.
This suggests that the water is moving at a rate of 430 m in 50 min (0.14 m/s).

The WI logger is a further 350 m downstream, but the temperature low was
only 10 min after the BH low giving a much higher velocity of 0.58 m/s. This is
consistent with the passage gradient, which is markedly steeper and with fewer
obstructions to flow. From WI, the open passage continues for a further 325 m to a
flooded conduit that drains to RW and SM (straight line distance 550 m), but
overflows to PCR when surcharged. If it is assumed that the velocity from WI to
the sump is similar to that from BH to WI, then the lowest temperature at the start
of the sump would have been at about 07:40. The lowest temperatures at RW and
SM were at 07:58 and 08:06, respectively, giving a velocity of >0.46 m/s.

Most of the other events analysed have broadly similar behaviour, but an event
on 18-19 December 2013 was markedly different (Fig. 5). At 20:38 on the 18th
the temperature at PCR fell by 0.78 °C over a 6 min period and then rose over the
next 40 min. Initially, it was thought this might be due to an instrument mal-
function, but the temperature at the PW logger, about 140 m downstream, fell by
0.49 °C over a 16 min period commencing at 20:40. There is no obvious expla-
nation for this sharp drop, which is not seen at any other site and takes place during
a period of steady water depth. At MR the temperature declines slowly from



Analysis of Groundwater Pathways ... 233

Y S ™ ez

degrees celcius
~
[e)}

WR —MR \ /_/
7.4 4

—PCR —RW v

—PW SM

72
23/12/13 23/12/13 24/12/13 24/12/13 24/12/13 24/12/13 25/12/13
12:00 18:00 00:00 06:00 12:00 18:00 00:00

Fig. 4 Two-min temperature data, 23-25 December 2013

8.5

e,

\_\\ ot
e —

18/12/13  18/12/13 19/12/13 19/12/13 20/12/13 20/12/13 21/12/13
00:00 12:00 00:00 12:00 00:00 12:00 00:00

o
w

oo
—_

~J
)
)
£
=

degrees celcius

Fig. 5 Two-min temperature data, 18-21 December 2013

8.19 °C at midnight on the 17th to 8.10 °C at 22:38 on the 18th and then decreases
more rapidly to 7.84 °C at 03:36 on the 19th. It remains at exactly this temperature
until 09:00 after which there is a short small increase followed by a further
decrease to 7.58 °C at 12:00. Thereafter, there are further temperature pulses and a
period of temperature oscillations with reducing amplitude. At WR there is a very
gradual fall in temperature to 8.11 °C at 04:44 on the 19th. There is then a very
marked rise of 0.225 °C in 56 min, a 12 min plateau and then a sharp fall of
0.508 °C over 186 min after which there is a short pulse followed by a slow but
steady recovery. The temperature pulse at WR is seen at RW after 132 min and at
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SM after 136 min, exactly the same delay as was seen in the 23-25 December
event. At PCR a water temperature trough at 02:10 coincides with a small peak in
water depth, but there is no change in depth or temperature during the MR and WR
events. It can therefore be concluded that under the conditions that pertained at
that time no allogenic water was overflowing from the Speedwell conduit into the
Peak Conduit.

The start of the temperature trough at MR coincided with a sharp fall in water
depth, from 227.1 cm at 03:36 to 19.8 cm at 04:16, an average fall of 5.2 cm/min.
The water depth then remained essentially static for 184 min before rising
167.1 cm in 18 min (9.3 cm/min). During this period the water depth at WR
showed a similar behaviour to that exhibited in other events, with short-period
changes of up to 45 cm. The RW and SM springs showed a response that com-
bined the water depth fall and trough seen at MR with the water temperature pulse
at WR, and the signal at the two springs was added to the signal from PCR event
and transmitted to the PW weir. The shape of the resulting stage hydrograph at PW
is remarkably similar to that modelled by Bottrell and Gunn (1991) who only had
water depth data from a pen and ink recorder. They hypothesised that the cause
was likely to be a mobile sediment blockage behind the MR sump that caused
water to back-up and flow from WR. Flow returned when the pressure was suf-
ficient to re-mobilise the sediment. The temperature data from MR and WR
provide some support for this hypothesis although further analysis is needed.

5 Conclusion

The springs discharging from the Castleton karst clearly demonstrate event-scale
variability and on that basis fall into Thermal Pattern 1 of Luhmann et al. (2011).
However, Luhmann et al. also suggest that groundwater systems fed by perennial
sinking streams are likely to show seasonal temperature variability and fall into
Thermal Pattern 2. This is not the case at Castleton where most of the sinking
streams are perennial. It is notable that a clear surface signal is maintained at the
springs despite the water circulating to depths in excess of 75 m below the con-
ceptual water table and over 250 m below the ground surface. The temperature and
discharge of the three springs, and the surface river fed by them, demonstrate a
complex non-linear response to recharge and this would be even more difficult to
explain in the absence of data from within the conduit system. Further data col-
lection and analysis is planned and it is suggested that high temporal-resolution
temperature measurements at springs, and within the underground conduit system
where possible, should form a part of all karst hydrogeological studies.
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Oxygen Isotope Composition Snapshot
of Spring Waters in a Karstified Plateau

P. Malik, L. Slaninka, J. Svasta and J. Michalko

Abstract In the period of September 10-21, 2002, 317 km? of Muranska planina
karstic plateau (Slovakia) was mapped for springs in great detail. Within this short
time interval, 295 springs were documented and also sampled for 5'®0. Although
only freshwater of apparently similar origin was sampled, 8'*0 was in a range
between —10.90 and —7.32 %o. Plateau is moderately vertically exaggerated
(~400 to ~1400 m a.s.l.), but altitudinal differences do not explain this wide
oxygen isotope span. Patterns of 5'®0 distribution were examined for the possible
influence of documented springs’ parameters (temperature, discharge, electric
conductivity, geology, aquifer circulation type, morphology around spring’s
orifice) without finding any significant dependency. The main reason for very
different 3'®0 values in nearby groundwater sources was identified in individual
groundwater circulation regimes. According to IAEA GNIP stations’ records, a
significant contrast in precipitation 8'*0 values was found within 14 months
previous to the sampling. Heavier oxygen isotopes in the sampled set (around
—8 %o) probably reflect quick circulation influenced by enriched July—August
2002 precipitation (—5.28 %o). Depleted 8'%0 in springs (around —10 %o), cor-
responding to the impact of winter 2001/2002 precipitation (—18.4 to —14.7 %o),
suggests longer residence times.
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1 Introduction

Murédnska planina (approximately E20°00'/N48°45’; Fig. 1) is a karstic Plateau
built mainly of karstified Middle and Upper Triassic limestones and dolomites
belonging at least to two different tectonic units thrusted one over the other, thus
forming a complicated geological structure (Svasta et al. 2004). In spite of its
complexity, the presence of carbonate rocks in the mentioned units allowed cre-
ating of one relatively uniform, hydrogeologically interconnected karstified body.
Here, the surface of outcropping limestones and dolomites is 120 km? with
average altitude of 957 m a.s.l. (Malik et al. 2008). Surrounded by less permeable
crystalline granites and metamorphites, as well as by Paleozoic shales, carbonates
form a closed unit from the groundwater balance point of view (Fig. 1). All
groundwater in the Murdnska planina Plateau is supposed to be formed by
recharge from precipitation. The only exception is surface water input via swallow
holes from the two small (5.5 km?) adjacent crystalline watersheds on the NE rim
(Malik et al. 2008).

2 Materials and Methods

During the fieldwork undertaken for constructing hydrogeological map of the
Murénska planina Plateau (Svasta et al. 2004), all natural groundwater outlets had
to be identified, visited and documented on the maps at 1:10,000 scale. The basic
documentation included manual measurements of spring discharges, water and air
temperature, water-specific electric conductivity, and the description of rock
environment, supposed type of groundwater circulation and geomorphology
around spring orifices. Additionally, samples of water were taken from each of
the documented springs. Due to the availability of qualified personnel, all the
documentation process was completed in a relatively short period of time. Alto-
gether, 295 springs were documented and sampled by six teams of co-workers
trained in the same methodology of field documentation. The mapping and sam-
pling was completed within 12 days, under meteorologically stable and dry con-
ditions in the period from September 10-21, 2002. The total area covered by
detailed hydrogeological mapping was 317 km? (Fig. 1) and water samples were
taken from groundwater springs also for identification of the abundance of stable
oxygen isotopes (80'%/0'°).

3 Results and Discussion

Within the 295 samples, the 3'0 values ranged between —10.90 and —7.32 %o,
with median value of —9.48 %o. The arithmetical mean was —9.41 %o and stan-
dard deviation value of the set was —0.74 %o. In spite of short sampling period
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Fig. 1 Location of the Murdnska planina Plateau (Slovakia) in Europe and its simplified
geological sketch, with position of springs sampled during hydrogeological mapping

(12 days) and similar hydrogeological settings of all sampled groundwater sour-
ces, the whole dataset 8'80 values were rather scattered. Although only freshwater
of apparently similar origin was sampled, such a range of values cannot be
explained by simple impact of altitudinal effect. Murdnska planina Plateau is
moderately vertically exaggerated, the range of spring altitudes was between 390
and 1170 m a.s.l., the highest point in the area is Kiak with 1408 m a.s.l. These
altitudinal differences cannot explain such a wide oxygen isotope span: altitude
gradient of 8'%0 calculated by Malik et al. (1996) for groundwater in karst springs
in mountain ranges of northern Slovakia was 0.1 %0/100 m and the mean annual
altitude gradient of 8'®0 in precipitation was 0.21 %0/100 m (Holko et al. 2012). If
s0, the 8'%0 values in the Murdnska planina Plateau should be ranging within an
approximate width of interval from 1.0 to 2.1 %o, and not 3.58 %o as were mea-
sured. Various factors that might be responsible for such a variegated 3'*0 values
in the water of springs were subsequently studied.

Possible dependencies of oxygen isotope composition on springs’ physical
characteristics were studied. Measurable parameters such as discharge, altitude of
spring’s orifice, air and water temperature and EC were statistically correlated
with 8'0 values. However, the correlation in nearly all cases was very poor: for
5'%0 versus discharge, the correlation coefficient was only —0.01, for air
temperature —0.02, for EC values 0.02; —0.20 for longitude and —0.43 for the
latitude of the springs’ cartographical position. Surprisingly, but in accordance with
the previous paragraph, the altitudinal dependency of 8'%0 values (Fig. 2) was also
relatively weak (correlation coefficient of —0.36), but together with groundwater
temperature (correlation coefficient 0.29) these were the most “significant”
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Fig. 2 Murinska planina Plateau—3'80 values in groundwater versus altitudes of the springs
sampled in the period of September 10-21, 2002

relations of 8'%0 with measurable numeric values. On the other hand, mutual
correlation of groundwater temperature and altitude gave the —0.63 value of cor-
relation coefficient, which means that the measured 3'%0 values were probably also
driven by other factors than altitudinal effect. Although the 3'®0 altitudinal
dependency seems to be weak, its overall trend demonstrated in the altitude gra-
dient of 0.16 %0/100 m (Fig. 2) is in accordance with the gradients previously
described in the region (Malik et al. 1996; Holko et al. 2012).

Possible influence of descriptive parameters such as aquifer lithology, estimated
aquifer circulation type or morphology of spring’s orifice on 8'*0 values was
studied by comparison of selected groups’ statistical values. The role of aquifer
lithology and stratigraphy is compared in Table 1.

It seems that relatively high ranges of 3'®0 values of 2.0-3.5 %o found in nearly
all groups and datasets (Table 1) should be caused by differences in individual
groundwater circulation patterns. Different mean transit times are influenced by
different storage and transmissivity as intrinsic aquifer characteristics and also
different hydraulic gradients and flow pathways in infiltration areas of individual
springs.

If regularly recorded in time with sufficient frequency, the changes in 3'*0 can
be used for calculation of the mean transit time. At temperate latitudes, a common
simplification used to estimate transit time using the lumped parameter model
takes advantage of the strong seasonal changes in the composition of stable iso-
topes in precipitation, e.g. by computationally simple sine-wave method (McGuire
and McDonnell 2006), but for a period usually not longer than 4 or 5 years
(DeWalle et al. 1997).

In our dataset, this was not the case: for each spring only one 8'*0 value was
available. On the other hand, all the data were acquired within short time period
and cover all groundwater outputs on the area of 317 km?. The results of 5'%0 in
precipitation in precipitation taken from the Global Network of Isotopes in Pre-
cipitation (GNIP) database, coordinated by International Atomic Energy Agency
(TAEA/WMO 2014) were used as input dataset (Table 2). The station situated
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Table 1 §'%0 values in spring types according to aquifer lithology and stratigraphy, estimated
aquifer circulation type, morphology of spring’s orifice and different discharge categories

‘ n ’ Median ‘ Average ‘ n ‘ Median ’ Average

Aquifer lithology and stratigraphy Discharge category
Granitoids 15 —9.46 —9.45 <01L-s™! 43 —9.16 —8.98
and
metamorphic
rocks
Lower 62 —9.54 —9.58 0.1-03L -s~! 75 —-9.43 —9.35
Triassic
quartzites
Permian and 35 —9.98 —9.87 03-10L -s™! 93 —9.55 —-9.50
Lower
Triassic
shales
Middle 88 —9.30 —-9.21 1.0-30L -s7! 41 —9.66 —9.68
Triassic
limestones
Middle 87 —-9.39 —9.29 3.0-100L -s! 17 —-9.74 —9.55
Triassic
dolomites
Tectonites of 8 —-9.42 —9.44 10.0-30.0L - s7' |11 -9.79 —9.53
carbonate
rocks:
rauwacks

>300L - s 15 | -933 |-9.37
Agquifer circulation type Morphology of spring’s orifice
Karst-fissure 39 —-9.59 —-9.43 Point 174 | —9.48 —9.41
Fissure 98 —9.57 —-9.52 Areal 65 —9.56 —9.50
Fissure-debris | 82 —9.43 —-9.30 Countour-linear 23 -9.16 —9.27
Debris 76 —9.40 —9.36 Slope-linear 33 -9.31 —9.29
All aquifer 295 | —9.48 —9.41 All aquifer types | 295 | —9.48 —9.41
types

n—number of samples

Table 2 Values of §'%0 in precipitation [%o] on Vienna, Krakow and Ondrasova GNIP stations
in the period 1992-2002 (IAEA/WMO 2014)

‘WMO code, station Altitude Median | Average |Min Max o—standard
name, altitude [m a.s.l.] deviation
1103500 Vienna 203 —8.56 —9.55 —-20.74 | -2.69 |[3.52

(Hohe Warte)

1256500 Krakow 205 —-9.70 —9.96 —19.50 |—4.60 |3.13

(Wola Justowska)

1187800 Liptovsky 570 —10.04 | —10.38 —21.46 |—4.44 |3.89
Mikulas (Ondrasova)
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Fig. 3 Seasonal variability of 8'%0 in precipitation on Vienna, Krakow and OndraSovd GNIP
stations in the period 1992-2002 (IAEA/WMO 2014) together with precipitation data from spring
of 2003 directly measured within the area—precipitation in Tisovec, snow samples from the top
of the Plateau

260 km to WSW with the longest observation record since 1961 is Vienna (Hohe
Warte). Krakow (Wola Justowska), observed since 1975, is placed 135 km
towards north. The nearest GNIP station placed on the Slovak territory just 40 km
to NWN, observed since 1992 is Liptovsky Mikulds (Ondrasova). Both continental
and altitudinal effects (Rozanski et al. 1993) are recognizable in the mean values of
Table 2. However, the seasonal variability of 'O in precipitation remains similar
at all three sites (Fig. 3). Precipitation data directly measured within the area
(precipitation in Tisovec, snow samples from the top of the Plateau) during the
next winter and spring of 2003 were in accordance with the records of the three
previously mentioned GNIP station (Fig. 3).

The direct influence of precipitation on groundwater during the year is con-
trolled also by the evapotranspiration cycle and the precipitation data ought to be
filtered by calculated evapotranspiration values (Malik et al. 2008) to receive
monthly totals of effective precipitation. To understand the strength of the isotope
signal brought by effective precipitation that is supposed to reach the groundwater
table, both parameters (monthly amount of precipitation and measured monthly
composite 3'0 values) were multiplied (Fig. 4). For reaching a “standard zero
value” there, before the multiplication the value of —10 %o (close to the precip-
itation median at OndraSov4, Table 2) was subtracted from the measured monthly
5'®0 values. A significant contrast in precipitation 8'®0 values is then visible
within a period of 14 months previous to the sampling: intensive and depleted
during winter time (especially December 2001), and isotopically enriched heavy
rainfalls in July and August 2001. The major springs on the SE facing margin
of the Murdnska planina Plateau (Fig. 5), with “heavier” §'®0 values (around
—8 %o) should be then influenced by enriched July—August 2002 precipitation,
with low mean transit time/quick groundwater circulation. On both the western
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Fig. 5 5'%0 values in the springs of the Murdnska planina Plateau sampled in the period of
September 10-21, 2002. Diameter of circles depends on spring’s discharge; its colour
corresponds to 3'*0

and northern rim of the Plateau, big springs with 8'®*0 of approximately —10 %o
were possibly still influenced by depleted winter 2001/2002 precipitation and,

therefore, with higher groundwater residence times.
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4 Conclusion

The wide interval 3.58 %o of 5'°0 values (between —10.90 and —7.32%) that was
found in the groundwater of 295 springs of the Muranska planina Plateau sampled
within a few days of September 10-21, 2002 cannot be an exclusive consequence of
altitudinal effect. On the other hand, any significant correlation of 5'%0 with
groundwater temperature, discharge, electric conductivity, geology, aquifer circu-
lation type, morphology around spring’s orifice was found. Differences in indi-
vidual groundwater circulation regimes are therefore supposed to be the main
reason for high 8'®0 variation in even adjoining springs. According to IAEA GNIP
stations’ records, a significant contrast in precipitation 8'*0 values was found
within 14 months previous to the sampling. In this case, heavier oxygen isotopes in
the sampled set probably reflect quick circulation influenced by enriched July—
August 2002 precipitation, and low 8'%0 in springs suggests longer residence times
(impact of winter 2001/2002 precipitation). In this sense, the first group of springs
should be more vulnerable (sensitive to potential pollution) than the second (Fig. 5).
Monitoring of CI™ performed in the first half of the next year on the three springs
with possibly short mean transit time showed its response to chlorides originated
from the winter road maintenance in the period between 60 and 90 days.
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Groundwater Isotopic Characterization
in Ordesa and Monte Perdido National
Park (Northern Spain)

L.J. Lamban, J. Jodar and E. Custodio

Abstract The Ordesa and Monte Perdido National Park constitutes the largest
calcareous mountain range of Western Europe, where the highest altitude karst of
Europe is found. No previous studies regarding groundwater isotopic character-
ization in this area are known. This work presents the results of two preliminary
campaigns carried out during July 2007 and April 2012. The water stable isotopes
(8180, 52H) show that the oceanic fronts from the Atlantic are responsible for the
high levels of precipitation. In autumn, winter, and spring time, a deuterium excess
is found in recharge water, which could be related to snow sublimation and its later
condensation on the snow surface. The recharge zones are between 2,500 m and
3,200 m asl. The water tritium content points to short groundwater transit times.

Keywords Environmental isotopes - Groundwater - Deuterium excess « Snow
sublimation - Ordesa and Monte Perdido National Park

1 Introduction

The Ordesa and Monte Perdido National Park (PNOMP) is the greatest carbonate
rock mountain range of Western Europe. Situated on the Pyrenean mountain range,
it is characterized by glacier landscape, with topography strongly conditioned by
the erosion of its calcareous materials, which conditions the karstic hydrogeological
system found in the PNOMP.
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Karst aquifers have characteristics that make them very different from other
aquifers, such as the high heterogeneity generated by the endokarstic network,
high velocities of water flow, and short residence times (Kiraly 1997; Motyka
1998). When these aquifers are located in high altitude mountain zones, their
hydrogeologic response is influenced by other variables, such as important vertical
temperature gradients, abrupt topography that produces extremely short response
times to precipitation events, and snow melting dynamics that controls aquifer
recharge during winter and spring seasons. Water environmental isotopes
are extremely useful to characterize such hydrogeological systems (Collins and
Gordon 1981). Recharge zones can be defined by using 8'®0 and 8°H (Araguds-
Araguads et al. 2000; Gonfiantini et al. 2001). Tritium content can either be used to
separate base flow from runoff due to snow melt or estimate groundwater transit
times (Boronina et al. 2005; Gustafson 2007).

Despite its significance as a large karst system and the place where important
spring discharges appear, there is not any previous geochemical or isotopic
characterization of groundwater in the PNOMP. So, this work presents the first
groundwater isotopic (8'*0 and 8°H and tritium) characterization in the PNOMP.
The study focuses on characterizing the general hydrogeological isotopic features
such as the seasonal isotopic content variations and the average groundwater
transit time.

2 Study Area

The PNOMP is located in the central sector of the Pyrenees, the most important
mountain chain of the Iberian Peninsula (Fig. 1). The maximum altitude corre-
sponds to the Monte Perdido Peak, 3,355 m asl (above sea level), one of the
highest peaks of the entire Pyrenean range.

From a geological point of view, the most important tectonic characteristic is
the presence of two great nappes: Gavarnie (west of the Ara river) and Monte
Perdido (to the east) (Fig. 1). The first one includes the Sierra Tendefiera out-
croppings (Cretaceous to lower Eocene) and the base of the Ordesa valley
(Paleocene). It is characterized by a strong plunging of these materials toward the
south, under the Eocene flysch. The second one includes the Eocene outcroppings.
It extends to the south, reaching the Ara River. This nappe presents scarce internal
deformation, which prevents the local hydraulic connection between the different
permeable levels (CHE 1998). The limestones, dolomites and calcarenites of the
Upper Cretaceous and the lower Paleocene-Eocene constitute the most important
surficial permeable levels, and contain the most significant springs and water
discharges. The main karst system is located on the lower Paleocene-Eocene
materials (CHE 1998; Rios-Aragiiés 2003).

From a climatic point of view, according to the Koppen-Geiger classification
(Peel et al. 2007), the PNOMP has a cold climate with a dry season, with mild
and cool summers and significant altitudinal variations (AEMET/IM 2011).
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Fig. 1 Location and geological map of the Ordesa and Monte Perdido National Park. The red
points located in the Ordesa Valley correspond to the sampled springs

The average monthly precipitation presents a maximum in autumn, with a sec-
ondary peak in spring, and a minimum in winter (Fig. 2). Rainfall spatial vari-
ability shows a W-E gradient (Benito Alonso 2006) owing the oceanic low
pressure fronts arriving from the Atlantic. They are responsible for the main
precipitation volumes registered in the PNOMP.

3 Materials and Methods

During the period between July/2007 and April/2012, several groundwater sam-
pling campaigns were conducted. The objective was twofold: on the one hand to
examine if any seasonal rainfall isotopic variation was observed, and on the other
hand to measure the tritium content of groundwater in the most important springs
located in the PNOMP (Fig. 1).
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3'%0 and 8°H (relative to the V-SMOW standard) in water was analyzed at the
TACT-CSIC in Granada by gas mass spectrometry and tritium (in tritium units TU)
at the Isotope Hydrology Laboratory of CETA-CEDEX in Madrid by liquid
scintillation counting in enriched samples.

4 Results Discussion

4.1 Stable Isotopes

The groundwater samples obtained in PNOMP present an isotopic content
(Fig. 3c) that ranges between —7.4 and —12.3 %o for §'%0 and between —45.3 and
—81.5 %o for 8”H, with coefficients of variation of 0.091 and 0.093 for for §'°0
and 8°H, respectively.

Figure 3b shows the seasonal averages of 5'®0 and &°H in rainfall for the
PNOMP and for three additional sampling stations located on the Pyrenean axis
(Fig. 3a): Santander (IAEA-GNIP), at sea level and under Atlantic influence;
(2) Estopifidn Syncline (Pérez 2013), 30 km away towards SE, at 750 m asl, and
(3) Barcelona (JAEA-GNIP), at sea level and under Mediterranean influence.

The seasonally averaged rainfall isotopic composition in the PNOMP is lighter
than what is observed in the other precipitation sampling stations (i.e., Estopifian,
Santander and Barcelona). This is due to the higher altitude and lower temperature
in the PNOMP. Additionally, even though the geographical position of the
PNOMP and Estopifidn are equivalent locations from a synoptic point of view, the
seasonal averaged isotopic groundwater composition in the PNOMP shows a
deuterium excess (d = 88'®0 — 8*H %o) not observed in Estopifian. The deute-
rium excess coincides with the seasonal presence of snow in the study area, where
the snow covers almost the whole PNOMP between October and June.

Snow sublimation is an important mass loss mechanism in high mountain
systems. In extreme cases it can exceed 3 mm/d (Vuille 1996). Sublimation is
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Fig. 3 a Geographic location of the PNOMP and the precipitation isotope sampling stations of
Santander, Estopifidn and Barcelona and b 8'%0 and 5°H seasonal averages. The solid line and the
densely dashed lines are the meteoric lines of slope (m) of 8 and deuterium excess of +10 and
+15 %o respectively, and the dashed line (in blue) is the evaporation line for a slope m = 4.5.
¢ Measured and seasonally averaged yearly values of 8'%0 and 8°H (open and solid symbols,
respectively) in the PNOMP

produced in the upper layers of the snow cover, the maximum during the hours of
highest sun irradiation in warmer times, provided the snow cover persists. As a
consequence of diurnal sublimation, the remaining snow becomes isotopically
enriched and with a lower deuterium excess, while the sublimated water vapor
becomes lighter and with a higher deuterium excess. The incorporation and
recycling of this vapor in the surrounding atmosphere increase the atmospheric
deuterium excess at local scale. The low night temperatures cause the atmospheric
water vapor to condensate on the surface of the snow and as a result the snow
cover increases its deuterium excess (Stichler et al. 2001; Froehlich et al. 2008).
The cycle of diurnal snow sublimation and later nocturnal condensation would
explain why in the PNOMP recharge water produced under snow cover in autumn,
winter, and spring has a higher deuterium excess when the balance of old and new
snow is in favor of a condensation excess.

8'®0 shows a linear relationship (Fig. 4) with the sampling point height for the
highest altitude springs (i.e., above 1,900 m). A vertical isotopic gradient of
—0.32 %o 8'®0/100 m is obtained, which is coherent with the gradients reported
by Arce et al. (2001) and Iribar et al. (1996) for the western areas of the Pyrenees.
This result suggests that all the highest altitude springs have a similar altitude
difference between their corresponding sampling and the recharge areas. The
height differences for all the sampling points can be easily obtained by taking the
above vertical 8'®0 gradient and the rainfall 5'%0 content for a given location
(3"80 = —8.48 %o measured at 2,500 m asl).
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Fig. 5 Temporal evolution of the 5'0, 8°H concentrations during the 2011-2012 field
campaign at Fuente de Gériz (left) and as Fuens (right) springs

All sampling spring points show a sinusoidal time evolution of isotopic content
of both 3'®0 and 3°H. This result agrees with the known relationship between the
isotopic fractionation and temperature (Clark and Fritz 1997), which shows hea-
vier isotopic compositions in summer and lighter compositions in autumn and
winter. Moreover, springs located at higher altitudes (Fig. 5a) present a larger
amplitude oscillation than the springs located at lower levels (Fig. 5b).
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Fig. 6 Time lag and 3'®0 amplitude versus altitude difference between recharge and discharge
zones of each sampling of the 2011-2012 field campaign

A sinusoidal function has automatically calculated to fit the measured isotopic
time series of spring water, using a minimum square criterion (Press et al. 1992).
The sinusoidal function is given by o6C = u + A - sin(wt + ¢), where dC is
isotopic content, u is average isotopic content, ¢ is time, A is the amplitude, ¢
the angular shift and o the angular frequency. The estimated parameters are
A and ¢.

The estimated parameters show a linear relationship with altitude difference
between recharge and discharge levels of the sampled springs (Fig. 6). This shows
how the input isotopic signal is delayed and progressively buffered as the altitude
difference increases.

4.2 Tritium

Groundwater tritium content was analyzed only in water samples collected during
the July/2007 field campaign. It ranges between 6.1 £ 0.6 TU and 4.6 £+ 0.6 TU,
with a variation coefficient of 0.093.

There is no any available measurement of tritium content in rainfall at the
PNOMP. The tritium content in rainfall is regularly measured at the REVIP
(Monitoring Network of Precipitation Isotopes) stations in Spain. Results show
small tritium variations during the last 15 years (Diaz-Tejeiro et al. 2009). In fact,
the rainfall tritium concentration in the closest stations to the study area show
values near those measured in the PNOMP groundwater (Fig. 7). The latter points
out quite short transit times of recharge water through the aquifer.
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5 Conclusion

In all the sampled springs of the PNOMP the isotopic groundwater shows a clear
seasonal behavior. The isotopic content ranges between —7 and —12 % for 8'*0
and between —45 and —81 %o for °H. Additionally, during autumn, winter, and
spring there is a deuterium excess, which could be related to snow sublimation and
its later condensation on the snow surface.

The local altitudinal isotopic gradient (—0.3 %o 5'%0/100 m) agrees with bib-
liographical values for the Pyrenees. Recharge altitudes are between 2,500 m and
3,200 m asl The amplitude of the isotopic sinusoidal signal of precipitation water
decreases, and is delayed as recharge water flows through the aquifer. In the case
of the PNOMP, both amplitude and delay show a linear dependency with the
difference between recharge and discharge altitudes.

The tritium content measured in groundwater samples is similar to measured
trittum concentration in rainfall for close stations, which shows that groundwater
in the PNOMP has a quite short residence time, not longer than a few years.
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Methodological Procedure for Evaluating
Storage Reserves in Carbonate Aquifers
Subjected to Groundwater Mining: The
Solana Aquifer (Alicante, SE Spain)

A. Ruiz-Constan, C. Marin-Lechado, S. Martos-Rosillo,
C.Fernandez-Leyva, J.L. Garcia-Lobén, A. Pedrera, J.A. Lopez-Geta,
J.A. Hernandez Bravo and L. Rodriguez-Hernandez

Abstract A methodological procedure is proposed for evaluating the groundwater
reserves in carbonate aquifers. It is applied to the Solana-Onteniente-Volcadores
aquifer (Alicante, SE Spain), subjected to groundwater mining exploitation. The
large amount of geological and geophysical information available (361 km? of
geological mapping, 84 lithological columns of boreholes, 47 km of seismic
reflection profiles, 68 vertical electrical soundings [VES], 22 MT soundings and
1,600 gravity measurements) was integrated using two different 3D geological
modelling codes: 3D Geomodeller and GOCAD. In addition, a petrophysical study
of the rock matrix was accomplished with 39 rock samples, aiming to determine
their storage capacity and calculate the total groundwater reserves. Information
provided by the 3D model stands as a great advance in our hydrogeological
knowledge of the region.
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1 Introduction

The assessment of storage reserves is essential for prediction of the water-level
response in aquifers subjected to groundwater mining. This calls for the devel-
opment of geologically well-constrained flow models. During the past 30 years,
the technology applied in researching deep geological formations has drastically
progressed at the expense of the oil industry (e.g. Ahr 2008). In this regard, the
recent application of 3D geological models to hydrogeological aims has greatly
contributed to the 3D knowledge, evaluation and management of aquifers (e.g. Wu
et al. 2008).

The aim of this study is twofold: (i) to establish a methodological procedure to
obtain an accurate 3D geological model of deep aquifers integrating previous
geological and geophysical data and (ii) to use this information to calculate
groundwater reserves for a sustainable groundwater management. We focus the
methodology on a natural example: the Solana-Onteniente-Volcadores aquifer.

2 The Solana-Onteniente-Volcadores Aquifer

The Solana aquifer (Fig. 1), located by the NW border of Alicante province (SE
Spain), is one of the most important aquifers in the region (280 km?). However,
the area modelled in this study also includes the aquifers of Onteniente (33 km?)
and Volcadores (53 kmz) (IGME-DPA 2013), because the geological model
suggests geological continuity. For this reason, it is referred to herein as the
Solana-Onteniente-Volcadores aquifer (SOV).

The study area is located in the External Zones of the Betic Cordillera. It is
deformed by NW-vergent open folds with reverse listric faults in the NW limb of
the antiforms. At the western border, the folds are cut by the Triassic chaotic rocks
of the Villena diapir (De Ruig 1992). The stratigraphic sequence starts with
Triassic clays and evaporitic rocks superposed by Jurassic limestones, partially
dolomitized. Over them, the sequence continues with low-permeable marls, clays
and sands (Lower Cretaceous).The stratigraphic sequence of the aquifer is con-
stituted by Upper Cretaceous dolostones and limestones. Over them, there is a
thick sequence of marls of Paleogene to Quaternary age.

The SOV aquifer has a total extension of 366 kmz, with 173 km? of permeable
exposed surfaces. The boundaries of the aquifer are considered closed to
groundwater flow, although the Solana eastern limit is controversial. Transmis-
sivity fits a log-normal distribution with a median of 467 m%day, and values
ranging between 89 and 2.442 m*/day (IGME-DPA 2006). In natural conditions
the groundwater flow, currently subjected to continued storage depletion, is
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Fig. 1 a Geological map including spatial distribution of the data used. b Cross-section

towards the SW. The average spring flows were 300 l/s at elevations around
502 m.a.s.l. and with an average hydraulic gradient of 1 %.. Nowadays, the pie-
zometric level is in between 390 and 340 m.a.s.l. IGME-DPA 2013). The
intensive exploitation of the aquifer since the 60s (315 hm® in the period
1958-2008) has led to the disappearance of springs and an accentuated decrease of
the piezometric level (122 m in 40 years). At present, recharge is mainly caused
by rain infiltration and returns from irrigation; meanwhile the discharge of the
aquifer is the exploitation of the numerous pumping wells.
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3 Methodology

3.1 3D Modelling: Model Elements, Reference Surfaces
and Faults

The basis of an accurate 3D model is the careful establishment of reference sur-
faces and the homogeneous distribution of input data (Figs. 1, 2). The topographic
surface was extracted from a 10 m Digital Elevation Model (http://www.ign.es/
ign/layoutln/modeloDigitalTerreno.do). The lithological contacts, sedimentary
beds (756 measurements) and faults were digitalised and georeferenced from
previous geological maps, locally modified after a detailed photo interpretation
study.

A total of 84 lithological columns and the interpreted seismic horizons of
47 km of seismic reflection lines were also integrated. The seismic reflectors
interpreted are the bottom of the Triassic, Jurassic, Lower Cretaceous, Upper
Cretaceous (C4-Cl), Paleogene and Neogene units (Fig. 1). The time-to-depth
conversion was accomplished with the normal move out (NMO) velocities gen-
erated during the seismic processing.

Geological cross-sections were developed to facilitate interpretation of the 3D
surfaces. Afterwards, a 3D geometric model was performed with 3D Geomodeller.
Other geophysical data helped to constraint the 3D model: 68 Vertical Electric
Soundings (VESs; http://cuarzo.igme.es/sigeco/default.htm) and 22 new broad-
band magnetotelluric (MT) sites acquired along two NW-SE profiles.

Gravity data were used as an additional test to the model, performed through a
3D gravimetric inversion using 3D Geomodeller. 883 gravity stations (http://
cuarzo.igme.es/sigeco/default.htm) were processed to calculate the Bouguer
anomaly. The next steps involve: (i) testing and successively modifying the geo-
logical model by forward modelling to locate areas of mismatch and (ii) performing
the 3D inversion to fit the density values and the geometry of the contacts.
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Fig. 2 Diagram of the methodological procedure
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3.2 Porous System Characterization

Thirty-nine samples were analysed to determine the porous system of the per-
meable rocks of the SOV aquifer. This study allows us to establish the correlation
between the carbonate rock fabrics and their physical properties, identify and
classify samples based on their textural elements (Lucia 1999), and finally
determine morphology and size of pores as well as fracture distribution. We cal-
culated the interconnected matrix porosity (pg) of the samples from core cubes to
quantify storage. To avoid problems induced by core sampling, fresh samples
without large vugs and without fractures were selected. All the air was extracted
from the sample and replaced by water.

3.3 Total Storage Capacity

We assume that almost all the storage capacity of the aquifer is located in the rock
matrix. This feature is evident in detritic aquifers, and recently also accepted for
carbonate ones (Ahr 2008). Thus, total storage capacity was obtained based on the
determination of the saturated volume of the aquifer between the piezometric
surface (at different heights) and the top and the bottom of each rock formation
distinguished in the 3D model. The next step was to build a 3D grid of the different
stratigraphic layers to obtain the aquifer volume using GOCAD software. The
groundwater reserve curves, representing the storage volume of an aquifer below a
given height, were then calculated for the 25th and 75th percentiles of the field
samples.

4 Results

4.1 3D Modelling: Model Elements, Reference Surfaces
and Faults

The 3D geological model of the SOV aquifer (Fig. 1b) is formed by nine geological
units laterally limited by thrust faults and diapirs. The Neogene-Quaternary unit
(average thickness of 650 m) has a NW-vergent synform geometry that diverges
into two synforms towards the SW. On the other hand, the Paleogene unit crops out
only at the SW border of the 3D model with a maximum thickness of 300 m.
Downwards, the Upper Cretaceous unit (subdivided into four sub-units: C4-Cl;
Fig. 1) is mainly formed by limestones and dolostones, and constitutes the SOV
aquifer. The average thicknesses of the sub-units are 250, 70, 135 and 170 m,
respectively. Geometrically, the unit is deformed by NW-vergent open folds with
thrust faults at the NW flank of the antiforms. Finally, the Lower Cretaceous,
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Jurassic and Triassic units have a cylindrical folded geometry and an average
thickness (estimated through 3D gravity inversion) of 600, 990 and 750 m,
respectively.

4.2 Porous System Characterization

Petrographic studies were carried out on 39 samples: 21 dolomite samples and 18
limestones and partially dolomitized limestones. The statistical sample does not fit
a normal distribution (Fig. 3). The interconnected matrix porosity has a median of
4 %, while the 25th and 75th percentiles are, respectively, 1.85 and 6.95 %. The
median value is greater than the average values for limestones and dolostones
(3 %) of the Betic Cordillera (Pulido-Bosch et al. 2004). Several samples with
anomalous porosities (22 %) are associated with large vugs and open microfissures
within the core samples due to local dissolution processes.

4.3 Total Storage Capacity

The total storage reserves were calculated with the higher piezometric surface
generated in the 3D model. This level corresponds to 502 m.a.s.l at the Solana
aquifer, and 525 m.a.s.l. at the Volcadores and Onteniente ones. In the most
unfavourable situation, the interconnected matrix porosity value and the storage
coefficient used (25th percentile and 1077, respectively) provide a total storage
capacity of 1,476 hm®, whereas in the most favourable situation (75th percentile
and 107, respectively) the value is 10,406 hm>.
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Fig. 3 Histogram of interconnected porosity (a) and reserve curve (b)
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5 Hydrogeological Implications

The 3D geological model of the SOV aquifer reveals the continuous geological
structure of the system. There is no evidence pointing to the compartmentalization
of the aquifer formations into three aquifers with independent hydrogeological
behaviours. Nevertheless, the main aquifer units (C3 and C4) have different
hydraulic potential than the C1 due to the aquitard behaviour of the C2 unit located
between them. Hence a new hydrogeological conceptual model is required, one
that differentiates the piezometric information depending on the geological unit
reached in each pumping sounding and the effect of faults.

The integration of all the geological and geophysical data enabled us to
establish a well constrained model with several reference surfaces (base and top of
the units, faults, etc.). This georeferenced information can be exported to generate
new and accurate flow and transport groundwater models.

6 Conclusion

A methodological procedure for evaluating groundwater reserves in carbonate
aquifers is proposed based on 3D geological modelling and the estimation of the
matrix porosity. It was applied in the SOV aquifer (Alicante, SE Spain), which has
been altered by groundwater mining exploitation. This methodology is easily
applicable to similar aquifers with low to moderate structural complexity, when-
ever a variety of geological and geophysical data are available.

The 3D geological model successfully reveals the structural geometry of the
aquifer and suggests it be analysed as a whole, not as three different aquifers.
Additional data, such as piezometric surfaces, geological cross-sections or isobar
maps, provide further valuable information that could be used for new analysis.
Therefore, 3D geological models appear essential to continue advancing in terms
of hydrogeological knowledge.
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Structural Characterization of a Karstic
Aquifer Based on Gravity and Magnetics:
Los Chotos-Sazadilla-Los Nacimientos
(Jaén, SE Spain)

A. Ruiz-Constan, J.P. Gonzalez de Aguilar, A. Pedrera,
S. Martos-Rosillo, J. Galindo-Zaldivar and C. Martin-Montafiés

Abstract The geological structure of Los Chotos-Sazadilla-Los Nacimientos
carbonate aquifer (S of Jaén) and its hydraulic connection with the La Serreta-
Gante-Cabeza Montosa carbonate aquifer have been established through geo-
physical prospecting—gravity and magnetics—structural measurements and study of
piezometric levels. The scarce hydrogeological data, the complexity of the tectonic
structure, and the presence of Plio-Quaternary rocks covering the permeable car-
bonate rocks make it difficult to establish a robust conceptual hydrogeological
model. This study focuses on an area where hydraulic disconnection between the
two aquifers was traditionally assumed, given the diapiric emplacement of low-
permeable rocks between them. A connection between aquifers implies greater
groundwater reserves than supposed up to present. These results are valuable for
efficient and sustainable groundwater management.

Keywords Gravity data - Magnetic data - Geological structure - Carbonate
aquifer

1 Introduction

Over the past two decades and in parallel to regional economic development, the
demand and exploitation of aquifers has increased considerably in Spain (Molinero
et al. 2011). In view of the decreasing piezometric levels, knowledge of water
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resources has become a top priority when designing management policies. A
multi-method approach—integrating information from geology, hydrology, and
diverse geophysical techniques—implies significant reductions in uncertainty
(e.g., Duque et al. 2008), when determining the storage, flow path, and evolution
of a groundwater system.

In this study, we jointly analyze magnetic and gravity data to characterize the
geological structure of a carbonate aquifer in SE Spain: the Los Chotos-Sazadilla-
Los Nacimientos aquifer (LSL). These data also allow us to define the hydro-
geological continuity between different carbonate outcrops and two adjacent
aquifers known as Cabra del Santo Cristo (CSC) and La Serreta-Gante-Cabeza
Montosa (LGC). A hydrogeological inventory of piezometric levels was developed
to better define the storage water reserves.

2 Los Chotos-Sazadilla-Los Nacimientos and Adyacent
Aquifers

The Los Chotos-Sazadilla-Los Nacimientos (LSL) aquifer is located in SE Spain
(Fig. 1). It comprises a series of carbonate outcrops (Ruiz Reig et al. 1988a, b):
9 km? of Jurassic dolostones and 20 km? of Miocene bioclastic calcarenites. The
substrate is constituted by Triassic clays and marls with low permeability (Pérez-
Lopez 1991). Triassic rocks crop out to the N, W, and S, closing these borders to
groundwater flow. However, the nature of the E-SE border, covered by semi-
permeable Plio-Quaternary rocks, remains controversial. Renewable resources
were estimated at 2.4 hm3/year (IGME-DPJ 2011).

The area may be split up into three different sectors: (i) Los Chotos-Cortijo
Hidalgo sector, in the eastern part, is formed by Jurassic dolostones of Cerro de los
Peones and Cerro Los Chotos. (ii) Sazadilla sector, formed by Jurassic dolostones
superposed by oolitic limestones; and (iii) Los Nacimientos sector, to the SW, an
intensely fractured aquifer made up of Miocene sediments with impermeable red
marls at the base.

Information about the hydraulic parameters of the aquifer is very limited. The
pumping test of Cerro de los Peones (203930022) has an average transmissivity
value of 9,950 m*/day and a storage coefficient of 2 x 1072 (ITGE 1990). Figure 1
shows the hydrogeological information available. Los Nacimientos spring, the main
drainage point of the western sector, shows an altitude of 996 m.a.s.1., considerably
higher than the rest of the aquifer. On the other hand, the piezometric level at Cerro
de Los Peones (944 m.a.s.l. in July 2013) and Molino del Barranco spring
(932 m.a.s.l.) suggests that the eastern sector has the same altitude as Molino de
Gante spring (939 m.a.s.L.).

The cumulated piezometric decrease between April 2004 and August 2009 was
34 meters (Fig. 2). During the period of intense rain, the piezometric level was
over the drainage level of the Molino del Barranco spring. Recovery was very fast
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Fig. 1 Hydrogeological map of the LSL aquifer (surrounded by a black dashed line) and the
adjacent aquifers of CSC and LGC. The discharge points with piezometric levels (in July 2013)
are marked as follows: Fuente de las Negras spring (203860005), Los Nacimientos spring
(203970017), Molino del Barranco spring (203870009), Cerro de Los Peones sounding
(203930022), Molino de Gante spring (203930021) and Molino de Gante sounding
(203930028). The map shows, in parentheses, the piezometric level in July 2013

as a result of intense rain for years, suggesting the existence of important reserves.
In dry periods, the piezometric levels drop rapidly. This significantly decreasing
rate could be justified by the presence of impermeable borders that accelerate the
depression level of the pumping cone around the Cerro de los Peones well.

Two adjacent aquifers are related to the LSL aquifer. The CSC aquifer, to the
north, is a perched aquifer formed by high permeable Jurassic dolostones and
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Fig. 2 Piezometric evolution of the cerro de los peones pumping well

limestones (11.4 km?) over low permeable Triassic clays. The most important
discharge point (20 1/s) is El Nacimiento at a height of 960 m.a.s.I. The second
aquifer, the LGC aquifer, is formed by Jurassic carbonate rocks with interstratified
volcanic rocks (ITGE 1991). Along its SE border there are two discharge points:
the Molino de Gante pumping well and spring, at 939 m.a.s.l. Hidden discharge
toward the detritic Plio-Quaternary sediments with a moderate permeability is
reported around the eastern border IGME-DPJ 2011).

3 Methodology

A total of 210 gravity stations (Fig. 3a), spaced at an average of 250-300 m, were
acquired. They were integrated with 99 additional measurements from the IGME
database (http://cuarzo.igme.es/sigeco/default.htm). Gravity data were acquired
using a ScintrexAutograv CG-5 gravity meter with a maximum accuracy of 0.001
m@Gal. The station height was afterward fixed using a 5 m Digital Elevation Model
(IGN; http://centrodedescargas.cnig.es/CentroDescargas/index.jsp). Measurements
were referenced to the Granada base station of the IGN gravimetric network
(http://www.ign.es/ign/main/index.do). The terrain correction was obtained by
means of Hammer circles (Hammer 1982). Complete Bouguer anomaly was
determined with a standard density of 2.6 g/cm® and considering the GRS67
Geodetic Reference System.

Simultaneously, 209 total magnetic field measurements (Fig. 3b) were gath-
ered using a GSM 8 proton precession magnetometer with an accuracy of 1 nT.
Susceptibility was measured by means of an Exploranium KT-9 kappameter.
Total field magnetic anomalies were calculated through a standard procedure
including reduction to the IGRF 2010 (IAGA 2010). Diurnal variations were
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corrected using the continuous recording of the nearest Intermagnet observatory
(www.intermagnet.org). The 2D integrated gravity and magnetic models (Fig. 4)
were calculated using GRAVMAG V.1.7 software (Pedley et al. 1993).

4 Results

The tectonic structure of the LSL aquifer was studied, with special attention to its
limit with the LGC aquifer. Cabeza Montosa is a N100°E N-vergent antiform with
a southern limb dipping at 25-50°. In the northern one, interstratified submarine
basalts crop out as erosion has removed part of the Jurassic limestones. The
western border of Cabeza Montosa is the periclinal end of the antiform. To the
north, the Cerro de los Peones is formed by Jurassic dolostones constantly dipping
S. They, in turn, are superposed by Triassic clays, sandstones and gypsum with
ductile deformation. Neogene and Quaternary sediments crop out between these
two carbonate outcrops.

The Bouguer anomaly (Fig. 3a) shows a southward decreasing trend related to
the regional continental crust thickening. The gravity maximum is located in the
eastern border of Sierra Magina (—85 mGal), while the minimum (—111 mGal) is
found 5 km south of Solera. Bouguer anomaly values at the main hills of Cabeza
Montosa and Cerro de los Peones are —95 and —97 mGal, respectively. Between
them, there is another relative minimum of —100 mGal.
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Fig. 4 2D integrated gravity and magnetic models, with (a) and without (b) hydraulic
connection (d, density; m.s.,magnetic susceptibility)

The most remarkable feature in the magnetic anomaly map (Fig. 3b) is the
magnetic dipole whose minimum is located to the N of Cabeza Montosa
(—389 nT) and maximum (+223 nT) to the south of the same hill. Furthermore, a
second magnetic dipole is observed 8 km to the W of Cabeza Montosa, although
the minimum is poorly defined due to the low coverage of stations in this area.
Both dipoles are related to the presence of Jurassic pillow lavas.

A joint gravity and magnetic 2D model (Fig. 4) was performed in a NNW-SSE
profile. The average density assigned to each geological unit is related to the main
lithology observed (Telford et al. 1990). For modeling purposes, the reference
level of the magnetic anomaly was displaced 40 nT to fit the zero value, as a
consequence of overestimation of the IGRF 2010 in the study area.

We considered two 2D models, with (Fig. 4b) and without (Fig. 4a) hydraulic
connection between the two carbonate outcrops. It was not possible to fit either the
gravity anomaly or the magnetic one with the presence of a diapiric body between
them (Ruiz Reig et al. 1988b). The best fit was obtained with a synformal
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geometry of the limestones and the volcanic rocks. The maximum thickness of the
main body of volcanic rocks is in the range of 150-200 m, and it thins along the
northern limb of the synform. Its interstratified character points to the hydraulic
connection hypothesis. Field measurements of magnetic susceptibility in the
pillow lavas give a mean value of 0.016 SI, which is in the range proposed for
these rocks (Telford et al. 1990). However, the best fit of the model is obtained
considering 0.067 SI, slightly higher than field measurements, which implies the
existence of remnant magnetization.

5 Discussion and Conclusions

Spatial distribution of the piezometric levels suggests a certain degree of hydro-
geological compartmentalization in the LSL aquifer. On the one side, springs and
wells of the Los Nacimientos sector have piezometric levels around 1,000 m.a.s.1.
On the other hand, data from Molino del Barranco spring (932 m.a.s.l.) and the
Cerro de Los Peones well (944 m.a.s.l.), in the Los Chotos-Cortijo Hidalgo sector,
suggest there is no hydrogeological connection between the two sectors.

Likewise, the hydrogeological continuity of LSL and LGC aquifers is suggested
by the fast recovery of the piezometric levels in the water supply well of Cerro de
los Peones and the similarity of the springs heights. This information is relevant to
determine the storage reserves available for water supply. Cumulated decrease in
dry periods of the piezometric level at Cerro de los Peones can be explained by the
presence of lateral impermeable borders of null flow that accelerate the decrease of
the pumping cone. In wet periods, in contrast, the recharge of a larger aquifer
means faster recovery of the groundwater level in this sector.

In addition, the joint modeling of gravity and magnetic data together with
geological information points to the absence of a prominent Triassic diapir dis-
connecting the carbonate outcrops of Cerro de los Peones and Cabeza Montosa.
Such evidence suggests a need to redefine the limits of these formerly discon-
nected aquifers, and would explain the increase in the volume of groundwater
reserves in the area.
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Fractal Modeling and Estimation of Karst
Conduit Porosity

E. Pardo-Igizquiza, J.J. Duran, P.A. Robledo-Ardila and C. Paredes

Abstract The three-dimensional distribution of karst conduits in a karst aquifer is
the main source of its heterogeneity and anisotropy. It also has a strong effect on
peak spring discharge, and in the form of the karstic hydrograph, chemograph, and
thermograph. The direct access to the conduits is only possible by speleological
exploration and cave mapping, which provides a very valuable information for
karst modeling. However, this information is biased because the speleologists can
only explore a limited part of the conduit network: they can only map conduits of a
minimum diameter, the speleological exploration can take many years in order to
explore all the leads that appear in a network system and parts of the network are
not accessible. In order to estimate conduit porosity we can take advantage of the
fractal character of nature. The volume of conduits larger than a given diameter
can be estimated in a particular volume of rock. This is done by extrapolating a
power law that has been fitted to experimental data. The power law distribution of
the volume of conduit voids larger than a particular diameter is related with the
fractal behavior of a network of karst conduits. This fact was also used for sim-
ulating a three-dimensional network of karst conduits by a stochastic process of
diffusion limited aggregation. The procedure is illustrated in the Sierra de las
Nieves karst aquifer in the province of Malaga, Southern Spain. Karst conduit
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porosity can be used for generation of numerical models of karst systems, and for
the mathematical modeling of flow in karst aquifers.

Keywords Karst conduits - Fractals - Power law - Porosity

1 Introduction

The intuitive idea of a fractal is that of a complex object that looks similar at many
scales of observation (Mandelbrot 1967). In general, they are very irregular objects
that partially fill a space of topological dimension higher than their proper topo-
logical dimension. The fractal dimension describes statistically in a single number
the complexity of the object (Mandelbrot 1983). It can be considered an index of
complexity or irregularity. Fractals are ubiquitous in geosciences: the coastline, the
landscape, the seafloor topography, fractures, stream networks, etc. It is very well
known the fact that maps or when taking photographs in the field there is the need
for a scale. In karst terrains fractals are also ubiquitous (Fig. 1): the karst land-
scape, the surface of dissolution features, porosity, caves geometry, the network of

FOTO: David Pérex - CEE do la GEM

Fig. 1 Examples of fractal features in karst terrains: a landscape; b fractures; ¢ karren and
kamenitsas, and d caves and karst conduits. Examples from the Sierra de las Nieves karst aquifer,
Southern Spain
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Fig. 2 Fractal dimension of Sima GESM in Sierra de las Nieves. GESM is the deepest cave
system of Southern Spain, with more than 1,000 m depth

karst conduits, volumes of karst spring discharge, etc. Directly related with the
fractal geometry it is the fact that many objects that occur in nature over different
scales show a power-law distribution of relative abundance. That is particularly
true for phenomena related to rock fracture (Pickering et al. 1999): earthquakes,
fault displacements, fault and fracture trace lengths, fracture apertures, etc. Karst
conduit volumes can be considered as fractures or other rock discontinuities (like
bedding or the contact between different lithologies) widened by carbonate dis-
solution under the action of flowing water. A three-dimensional network of karst
conduits can be considered a fractal with a typical geometry dimension of 1.67
(Jeannin et al. 2007). Apart from the experimental verification by calculating the
fractal dimension of experimental data (Fig. 2), experimentally derived objects
resemble simulated objects obtained from fractal models like the conduit networks
(Fig. 3) obtained by diffusion-limited aggregation that resembles karst networks
(Pardo-Igizquiza et al. 2012). The purpose of this paper is to study the fitting of a
power law of relative abundance to the volume of conduits that are larger than a
given diameter. It can be considered an extension of Pardo-Igizquiza et al. (2014)
taking account more suitable methods for fitting a power law to a limited number
of the experimental data. The methodology is applied to the network of conduits of
the Sierra de las Nieves karst aquifer in the province of Mélaga (Southern Spain).

2 Methodology

An application of fractal modeling is the description of scale-invariant distribu-
tions and the extrapolation to smaller and larger scales beyond the measured range.
The hypothesis for scale invariance using a frequency-size distribution is that the
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Fig. 3 Three-dimensional networks of karst conduits simulated by a diffusion limited
aggregation process that resembles three-dimensional karst networks

cumulative volume of conduits (V) that have a diameter greater than (D) follows a
power law of the form:

V(D) = kD P, (1)

where FD is the fractal dimension and k is an empirical fitting parameter. If the
distribution is scale invariant, the experimental data will plot as a straight line in a
log-log plot (Fig. 5).

The volume is calculated by using the speleological data and assuming that the
conduits are cylindrical. The fractal behavior, in Fig. 5, may be seen by the
straight-line part in the center of the graph, while at both ends the behavior of the
graph is not linear because two kinds of artifacts. On the left hand part there is an
artifact due to truncation, that is, measurement limited resolution leads to
incomplete sampling of smaller features and underestimation of smaller features.
While on the right hand side there is an artifact due to censoring, that is, limited
size of the sampled volume (or area) leads to censoring of larger features and
underestimation of larger features.

3 Case Study

The study area is the Sierra de las Nieves karst aquifer in the province of Malaga,
Southern Spain. The karst massif consists mainly of a succession of carbonate
rocks: Triassic marbles and dolostones, Jurassic limestones and a Tertiary car-
bonatic breccia. The Mesozoic sequence is folded by an NE-SW trending over-
turned syncline with a vergency toward the NW (Lifidn 2005). The carbonatic
breccia unconformably lies over the Mesozoic succession, but is also deformed by
the fold. After five decades of speleological exploration, more than 26 km of
conduits have been mapped including the deepest cave of Southern Spain (Sima
GESM or GESM pothole).
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Fig. 4 Conduit networks in the sierra de las nieves aquifer. Sima GESM (green) Sima del Aire
(light blue) and Sima Presta (dark blue). The lenght of the side of the cube is 2 km
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Fig. 5 Log-log plot of the karst conduits in the Sierra de las Nieves aquifer. From the figure it is
found that the volume of conduits larger than 3 mm is 3 millions of cubic meters

The three main karst networks (Sima GESM, Sima del Aire, and Sima Presta)
are shown in Fig. 4 and the log-log plot of the distribution of volume of karst
conduits has been represented in Fig. 5. A model has been fitted to the power law
and extrapolation is used to calculate that the volume of conduits larger than 3 mm
is of 3 x 10° m® in a total volume of 1.28 x 10° m3, which implies a conduit
porosity of 0.23 %. This value can be used to extrapolate to the rest of the study
area draining to the Rio Grande spring, and to simulate networks of karst conduits
with the required specifications.
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4 Discussion and Conclusions

The spatial distribution of conduits in a karst system introduces a huge hetero-
geneity in a karst aquifer. The conduit porosity is defined here as the ratio of the
volume of conduits larger than 3 mm in diameter with respect to the total volume.
Conduit porosity has been calculated for the Sierra de las Nieves aquifer using
extrapolation from a power law fitted to experimental cave mapping data. The
conduit porosity has been estimated as 0.23 % that should be added to rock matrix
and fracture porosity.
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Integral Porosity Estimation of the Sierra
de Las Nieves Karst Aquifer
(Malaga, Spain)

E. Pardo-Iguzquiza, J.A. Luque-Espinar, J.J. Duran, A. Pedrera,
S. Martos-Rosillo, C. Guardiola-Albert and P.A. Robledo-Ardila

Abstract Karst aquifers are very complex and heterogeneous systems because of
the presence of three kinds of porosity (matrix rock porosity, fracture porosity, and
conduit porosity) that generally have a large spatial variability. In order to have
realistic karst models the three kinds of porosity and their spatial variability must
be taken into account. A quantitative model of a karst aquifer is proposed by
integration of the three kinds of porosity in a three dimensional numeric model.
Nevertheless, the main task of this work is restricted to the proposal of methods for
their evaluation. Matrix rock porosity has been measured in the laboratory from
samples collected in the field. Matrix rock porosity is well correlated with the
lithology and with the structural position of the rock. Fracture porosity has been
estimated from fracture mapping and field measurements. A geostatistical method
is used to obtain a continuous field of fracture porosity. Conduit porosity has been
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calculated from a power model fitted to speleologic cave mapping data. However,
because of the scarcity of conduit data, probabilistic models must be conjectured.
The integration of the three kinds of porosity gives a three dimensional numerical
model that can be used in vulnerability mapping, recharge estimation, and math-
ematical modeling of flow and transport in karst systems. The approach is illus-
trated with the Sierra de las Nieves karst aquifer in the province of Madlaga in
Southern Spain.

Keywords Matrix porosity - Fractures - Karst conduits - Fractals

1 Introduction

Karst aquifers are very complex and heterogeneous systems because of the pres-
ence of three kinds of porosity: rock matrix porosity, fracture porosity, and conduit
porosity (Ford and Williams 2007). The three kinds of porosity may have a large
spatial variability both across the horizontal and along the vertical of the karst
massif. The presence of conduit porosity is indicative of a well developed karst,
while the porous and fracture porosity are very important for the early evolution
and development of the system flow (Kaufmann and Braun 2000). While rock
matrix porosity is more or less homogeneous, at least for a given lithology and
fractures show a large heterogeneity with zones with a high fracture density, the
system of karst conduits is the factor that introduces the highest heterogeneity in
the karst massif. Also while matrix rock porosity may have certain permanence in
the vertical dimension, the number of fractures decreases generally with depth and
the system of karst conduits has a large variability in the vertical dimension as
shown by the Z-histogram (Pardo-Igiizquiza et al. 2011). Any numerical model of
the karst system must take into account these three kinds of porosity and its
evaluation is paramount for hydro-dynamical modeling and vulnerability mapping.
In this paper, there is a description of the methodologies for the modeling of the
three kinds of porosity, and it shows the results obtained in the Sierra de las Nieves
karst aquifer in Southern Spain.

2 Methodology

Rock matrix porosity was measured in the laboratory from samples taken from
rock outcrops. This field sampling was done methodically in order to sample the
different lithologies and to cover the area homogeneously. The rock matrix
porosity may be considered a spatial variable, and different interpolation tech-
niques can be used to obtain a continuous map from a limited number of repre-
sentative measurements. Fracture porosity may be estimated in a two stage
process. In the first stage, a map of fracture density is generated from field work
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and remote sensing images (satellite images and aerial photographs). A continuous
map is generated by geostatistical spatial interpolation (Olea 1999). In the second
stage, fractal porosity is calculated from karst rock exposures (Fig. 1) in the field
and from photographs (Mace et al. 2005). A correspondence is done between the
fracture porosity and fracture density in order to have the map of fracture porosity,
where the highest values of fracture porosity is associated with the largest values of
fracture density. Finally, conduit porosity is calculated by using a fractal approach
(Pardo-Igizquiza et al. 2014) where a power law distribution is fitted to the
experimental distribution of the volume of conduits larger than a given diameter
(caves accessible by speleologists). Then, the power law is used to extrapolate the
volume of conduits to a chosen diameter that is considered the limit between a
conduit and a fracture. The methodology is illustrated with data from the Sierra de
las Nieves karst aquifer.

3 Case Study

The study area (Fig. 2) is the Sierra de las Nieves karst aquifer, which geology
map is shown in Fig. 3a. The karst massif consists mainly of a succession of
carbonate rocks: Triassic marbles and dolostones, Jurassic limestones, and a
Tertiary carbonatic breccia. The Mesozoic sequence is folded by an NE-SW
trending overturned syncline with a vergency toward the NW (Lifidn 2005). The
carbonatic breccia unconformably lies over the Mesozoic succession, but is also
deformed by the fold. Twenty four rock samples were taken across the region, in
order to sample the different lithologies and the area homogeneously. The matrix
rock porosity was calculated in the laboratory and the results are given in Table 1
where the mean of the porosities have been calculated for each lithology. The
geology map of Fig. 3a may be considered a map of rock matrix porosity by
assigning the mean porosities of Table 1 to the lithologies in Fig. 3a. The inter-
polation by a geostatistical approach has not been considered because it has been
found the lack of a spatial continuity in the variability of the porosity. Different
porosities are confined to each lithology.

The map of fracture porosity is shown in Fig. 3b. It has been calculated fol-
lowing the two steps described in the methodology section: the combination of a
map of density of fractures calculated using field data and remote sensing data
(Luque et al. 2012) and fractal fracture porosity (Fig. 1) where a value of 7 % has
been assigned to the maximum fracture density and a linear decrease with the
density of fractures. This simple procedure is shown for illustration purposes only
and a more careful treatment can provide more realistic results. Additionally, from
a map of dolines (more than 300 dolines mapped in Fig. 3c) allows a map of
density of dolines to be calculated where to the largest doline density has been
assigned a porosity (of the detrital filling that can reach more than 30 m of
thickness) of 6 % and a linear decrease with the density of dolines has been
assumed.
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Fig. 1 Examples of fracture porosity (a 10 %; b 3.5 %; ¢ 5.5 % and d 7 %) in Sierra de las
Nieves karst massif calculated along transects (red line) in the epikarst

Fig. 2 Geographycal location of the Sierra de las Nieves aquifer in Southern Spain
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Fig. 3 a Simplified geology map of the aquifer (/ dolostone; 2 limestone; 3 breccia). This is a
map of rock matrix porosity by taking into account porosities of Table 1. b Map of fracture
porosity. ¢ Map of karst depressions. d Map of porosity of the detritic filling of depressions

Table 1 Matrix rock

- - Lithology | Number of Mean Standard deviation
porosity calculated in the data (%) (%)
laboratory for the
different lithologies Dolostone | 11 0.945 0.758
Limestone 7 1.457 0.896
Breccia 6 2.766 1.659

With respect to the estimation of conduit porosity, the fractal procedure is
described in detail in Pardo-Igizquiza et al. (2014). The actual estimated value is
of 0.25 %. However, the conduit porosity has a very high spatial variation.
Figure 4a shows the surface density of potholes, while Fig. 4b shows the density
of karst conduits projected on the surface. Furthermore, there is a large variation of
density of conduits along the vertical as shown by the Z-histogram of Fig. 5. The
location of the conduit porosity can be done probabilistically considering Figs. 4

and 5.
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Fig. 4 a Density of potholes; b Density of the karst conduits (3D network in the interior of the
massif) projected on the surface
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Fig. 5 Z-histogram of the mapped conduits in the Sierra de las Nieves aquifer. That is, the
density along vertical of the mapped conduits

4 Discussion and Conclusions

The distribution of porosity in a karst aquifer must consider the three main kinds of
karst porosity: porosity of the rock matrix, fracture porosity, and conduit porosity.
The three kinds of porosity have a large spatial variability both along the horizontal
and along the vertical. The porosity of the rock matrix is more homogeneous across
the aquifer, and can be resolved by assigning a value to each lithology, but keeping in
mind that there is variability inside each lithology and depending of the structural
location of the rock. Fracture porosity is the easiest to calculate on the surface by
mapping fracture density and by estimating fractal facture porosity in rock expo-
sures. Fracture porosity decreases with depth, and can be estimated by using some
mathematical function that describes its decrease with depth. It could be also cor-
related with a map of the epikarst in order to evaluate a layer with significant fracture
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porosity close to the surface, although this is not shown in this work. Finally, conduit
porosity is the most difficult to quantify unless it is done in probabilistic terms. By
using the data available on the number of potholes and caves mapped on the surface
as well as a speleology mapping of karst conduit development and the Z-histogram,
it will be possible to build a probabilistic model of occurrence of conduits. A limiting
value will be the conduit porosity calculated by extrapolating a power law fitted to
the conduit data mapped by the speleologists. A final conclusion is that the close
cooperation with the speleological community must be considered in order to suc-
ceed in a numerical modeling of the hydrogeology of a karst aquifer. In this work, we
have considered just a single hydrogeological variable, porosity, and we have shown
the way to its quantification.
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A Three-Dimensional Karst Aquifer
Model: The Sierra de Las Nieves
Case (Malaga, Spain)

E. Pardo-Igizquiza, J.J. Duran and P.A. Robledo-Ardila

Abstract The mathematical modeling of karst aquifers has been limited to black
box models many times where the input (recharge) is related to the output (spring
discharge) by using a transfer function from system theory and the spectral
analysis of time series. These so-called black box models have a limited use
because they do not provide information on the local spatial characteristics of the
karst aquifer. In order to have a mathematical spatio-temporal model of the karst
hydrogeology, several issues must be addressed, including a three-dimensional
numeric model of the karst system, a spatial evaluation of recharge, and a con-
sideration of the epikarst, karst depressions, fracture zones, thick vadose zones,
and the simulation of conduit flow and karst spring discharge. All these charac-
teristics have been taken into account in the Sierra de las Nieves karst aquifer in
the Malaga province, Southern Spain. Furthermore, this aquifer has three hydro-
geologic basins, with three main discharge points. It is concluded that spatially
distributed karst models have following requirements: the integration of all the
available information, the availability of speleologic cave mapping, the develop-
ment of numerical karst system simulation methods and karst models of flow in the
karst system. The problems encountered are discussed and the proposed solutions
are described.
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1 Introduction

Karst aquifers are very complex and heterogeneous systems because there are three
types of porosity (Fig. 1) that usually have a very large spatial variability. Matrix
rock porosity is mainly related with lithology. Fracture porosity is related with the
density of fractures and the opening of the fractures, and usually decreases with
depth. Conduit porosity is more heterogeneous and anisotropic than the other types
and may be important in depth as there may be a large network of phreatic conduits.

Furthermore, there may be a well developed epikarst (Fig. 2a), areas of pref-
erential infiltration where recharge is very quick (Fig. 2b), a thick vadose zone
(Fig. 2c¢), karst depressions with an important thickness of detrital filling, and all
the previous features can have a very large spatial variability. Additionally, the
discharge takes places at important karst springs (Fig. 2d), which are associated
with the network of karst conduits. Modeling the hydrogeology of a karst system is
challenging (Scanlon et al. 2003). Any mathematical model of a spatial distributed
model of karst hydrogeology must take into account those two factors (Fig. 3): to
simulate the karst geologic media and to simulate the physical flow processes:
recharge, flow along the non-saturated zone, flow along conduits, flow along the
saturated zone and discharge at springs. This work describes an approximation for
a three-dimensional model of a karst aquifer.

2 Methodology

The previous considerations about the particularities of a karst aquifer must be
taken into account when building a mathematical model of a karst system dis-
tributed in time and space. Distribution in time is always considered, but distri-
bution in space is a challenge that still has not been satisfactorily solved. In order
to solve it, recharge, epikarst, porosity, hydraulic conductivity, non-saturated
thickness, and conduits distribution are estimated spatially. The flow along the
vadose zone is considered one-dimensional (in the vertical direction) using the
gravity flow described by the Richards equation. This one-dimensional flow is
coupled with a two-dimensional saturated flow that follows Darcy law. Coupled
with the two previous models there is a discrete model of channel flow that follows
an open channel flow equation. The model has been applied to the Sierra de las
Nieves karst aquifer.

3 Case Study

The study area is the Sierra de las Nieves karst aquifer in the province of Malaga,
Southern Spain. The karst massif consists mainly of a succession of carbonate
rocks: Triassic marbles and dolostones, Jurassic limestones, and a Tertiary
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karst
multiscale
porosity

Fig. 1 The karst multiscale porosity introduces a large heterogeneity and anisotropy in a karst
system. (M) matrix rock porosity; (F) fracture porosity; and (C) conduit porosity. Examples from
the Sierra de las Nieves karst aquifer

Fig. 2 Some of the typical features that must be considered in a mathematical model of a karst
aquifer. a the epikarst; b zones of preferential infiltration; ¢ a thick non-saturated zone and
d discharge at important karst spring associated with karst conduits. Examples from the Sierra de
las Nieves karst aquifer
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Fig. 3 Conceptual model of a high-mountain karst aquifer with the development of super-caves.
This is the model assumed for the Sierra de las Nieves aquifer

carbonatic breccia. The Mesozoic sequence is folded by an NE-SW trending
overturned syncline with a vergency toward the NW (Lifidn 2005). The carbonatic
breccia unconformably lies over the Mesozoic succession, but is also deformed by
the fold. The conceptual model of the aquifer (Fig. 3) is that there are two dis-
tinctive blocks; a tectonically uplifted block (with respect to the other) that has a
thick non-saturated zone that reaches 1 km and that has developed super-caves
(right part of Fig. 3). The other block (left part of Fig. 3) has a non-saturated
thickness of around 300 m and the most important landforms are karst depressions.
Recharge has been estimated spatio-temporally on a temporal basis of 1 day and
on a grid of square cells of 100 m on a side. The procedure (Fig. 4a) is described
in detail in Pardo-Igizquiza et al. (2012).

The epikarst has also been evaluated using remote sensing and field work
according to a supervised classification method described in (Rodriguez-Galiano
et al. 2012). The aquifer has three main hydrogeological basins that discharge by
the three main karst springs that drain the aquifer (Fig. 3). The Rio Grande river
basin (Fig. 4c¢) is the one that is considered here. Figure 4c shows the thickness of
the vadose zone that can reach up to 1,070 m, and Fig. 4d shows the water head
table in recession as may be during the dry months of July and August. The
hydrograph of Rio Grande may be seen in Fig. 5a together with the recharge in one
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Fig. 4 Sierra de las Nieves aquifer (a and b). a Annual recharge (in % of yearly rainfall) for the
hydrologic year 1995/1996. The values range from 40 % (dark blue) to 84 % (dark green).
b Map of epikarst development (green is well developed, blue is medium development and
orange is bad developed). Rio Grande hydrogeological basin (¢ and d). ¢ Non-saturated
thickness, that reaches 1,072 m in the Torrecilla area (green). d Water level at recession with
water table that reaches the 640 m a.s.l. at the dark green area

given cell in the Torrecilla recharge area. It can be seen how the fast flow has a
delay of 1 day with respect to rainfall. The fast flow represents the 19 % of the
total recharge (Fig. 5b), while the slow flow represents the 81 % of the recharge,
and has a delay of 14 days (Fig. 5c). Rio Grande has the largest discharge of the
aquifer (73 hm3) in 1995/1996, but it also has the fastest recession (Fig. 5d).

The model of the flow along the non-saturated zone (Fig. 6a) shows how the
water percolates as an elevator. However, the real picture becomes very compli-
cated because of the orography (Fig. 6b). The recharge is coupled with a two-
dimensional Darcy flow model, and Fig. 6¢ shows the response of the karst sprint
to 1 day event when quick flow is not considered, and Fig. 6¢ shows the spring
discharge with fast flow taken into account. The final coupling of all the models is
the subject of current research.
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Fig. 5 aHydrograph (red line) of the Rio Grande karst spring, together with the recharge at one cell
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4 Discussion and Conclusions

The mathematical model of a karst aquifer is a very challenging task because of
both the large anisotropy of the aquifer and the simultaneous fast and slow flow
hydrodynamics. A three-dimensional model has been considered by coupling
several models: a 1D (vertical) flow along the vadose zone, flow along discrete
conduits, and a 2D flow for the saturated zone. In essence, the karst has a dual
character in recharge (diffused and concentrated), in the transit flow (fast and
slow), and in the discharge (floods and recession). The first results have been
discussed with simple configurations of conduits. More research is needed to
complete the task satisfactorily.
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How Karst Areas Amplify or Attenuate
River Flood Peaks? A Response Using
a Diffusive Wave Model with Lateral
Flows

J.-B. Charlier, R. Moussa, V. Bailly-Comte, J.-F. Desprats
and B. Ladouche

Abstract This paper investigates the role of karst aquifers on flood generation and
propagation using the Hayami Diffusive Wave (DW) model accounting for uni-
formly distributed lateral flows. The inverse model was applied on the main
channel reaches of the Tarn basin at Millau (2,400 kmz) in southern France to
assess lateral inflows from karstic springs as well as lateral outflows from river
losses. Results show that the DW model, which is simple, parsimonious, and easy-
to-use, is able to quantify lateral flows avoiding difficult parameterisation. Surface/
groundwater exchanges were characterised on several reaches along the stream,
showing a highly variable attenuation/amplification influence of flood peak by
karst units during a single flood event. We showed that the upstream part of the
karst area have a dominant attenuation role by re-infiltrating part of runoff from the
head-water basin in hard-rock areas, while the downstream part have a dominant
amplification role due to high contributions of karst groundwater. These results
improved the conceptual hydrogeological model of the Grands Causses region.

1 Introduction

The complexity of surface/groundwater exchanges in karstic basins drives their
hydrological response. Karst aquifers may re-infiltrate totality of surface flows or
amplify up to 80 % the flood peak according to groundwater level (Bailly-Comte
et al. 2009; De Waele et al. 2010). Thus, investigating the role of karst aquifers on
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flood generation requires the use of a modelling approach accounting for high
lateral inflows and outflows.

To our knowledge, less physically-based flood routing models were used in this
topic. A first approach was proposed by Bailly-Comte et al. (2012) using the
kinematic wave model coupled with a linear underground reservoir to account for
concentrated lateral flows. In the case of river reach having numerous inflows and
outflows not precisely localised, a new parsimonious modelling approach
accounting for diffusivity is needed, which allows both distributed lateral inflow
and lateral outflow to be simulated.

For that, this paper aims to assess the influence of karst aquifers on flood
generation investigating the Hayami (1951) diffusive wave model accounting for
uniformly distributed lateral inflows/outflows proposed by Moussa (1996), which
is an analytical solution, stable and parsimonious. The inverse model was applied
on the Tarn basin at Millau in southern France where two superposed karstic
aquifers may influence flood routing. This model improves our understanding of
the hydro(geo)logical functioning of the karstic rivers in the Grands Causses area.

2 The Hayami Diffusive Wave Model with Lateral Flows

To account for lateral flow contributions between two hydrographic stations, we
used an analytical resolution of the Diffusive Wave (DW) equation with lateral
flow uniformly distributed over a channel network using the Hayami assumptions:
constant celerity C [L T~'] and diffusivity D [L*> T~'], and no physical down-
stream boundary condition, as proposed by Moussa (1996):

1

/ 04(7) — 0u(O)dz (1)

0

C
O(t) = &(t) + [I(1) — ®(2)] * K(r) with &(r) = 7
where I(¢) and O(t) are the upstream (Inflow) and downstream (Outflow) storm

flows, respectively, and L is the channel length. The symbol * represents the
convolution relation. The Hayami kernel function K(z) is expressed as follows:

K(t) = 2(7-5D)1/2 1‘3/2 (2)

Qa(t) is the corresponding hydrograph of the uniformly distributed lateral flow
component per length unit g(x,?) [L2T'):

L
O0a(1) = / a(x, 1) - dx 3)
0
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Fig. 1 Diffusive wave model with uniformly distributed lateral flows (from Moussa 1996)

According to hydrological conditions, lateral flow component g(x,7) may be
positive or negative when lateral inflow or outflow from the channel occurred,
respectively (Fig. 1).

The inverse problem concerns the identification of lateral inflow or outflow
between two gauging station on the basis of observed hydrographs at these two
stations. The problem is to identify Q4(?) knowing the two functions I(¢) and O(?).
According to Moussa (1996) from Eq. (1), we obtain:

A(t) = O(r) — 1(z) * K(1) with &(1) — B(1) = K(r) = A(r) 4)

The resolution of Eq. (4) needs, firstly, the identification of K{(z) using Eq. (2),
and of Qy(t) as follows:

0u(t) = 04 (0) + 242 (5)

C dt
As a first approximation, flood-routing parameters C and D can be estimated
from the hydrograph’s characteristics when I(¢) and O(t) are known (Moussa
1996), avoiding any calibration procedure. Then, the DW model is applied esti-
mating O(t) knowing I(¢) and ¢(t) from Eq. (1). The inverse model is finally used
to assess lateral flows knowing I(¢) and O(t) from Eq. (4).

3 Study Case

The study site is the Tarn river at Millau (2,400 km?) in southern France (Fig. 2),
which extend from the Cévennes Mountains to the Grands Causses karstic region.
The climate is Mediterranean with a mountainous influence. Highest rainfalls
occur mainly in autumn, and are usually of short duration and of higher intensity in
the Cévennes Mountains compared to the Grands Causses area (Charlier et al.
2012). The Tarn River has two main tributaries: Dourbie and Jonte Rivers. Head
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Fig. 2 Hydrogeological map of the Tarn basin at Millau

catchments for these three main streams are located in the hard-rock mountainous
areas. In their intermediate and downstream part towards the outlet located at
Millau, the three rivers cross over the Grands Causses plateau in deep canyons.

Recharge area of karst systems were delimited from results of dye tracing tests,
which give information on existing connections between infiltration points and
karst outlets (see Charlier et al. (2012) for the compilation and complete references
of dye tracing tests). Rainfall was recorded by METEO France, streamflow hy-
drographs were obtained from national French services SPC Garonne-Tarn-Lot,
DDT48, and DREAL Midi-Pyrénées, and karstic spring’s discharges were obtained
from the Parc Naturel Régional des Grands Causses.

4 Results

First, we illustrate the methodology based on a flood event to assess the ability of
the modelling approach to simulate karst lateral flows on a reach where lateral
spring flows are measured (flood event of the 02 Nov. 2008 in Sect. 4.1). Then, we
extend the methodology on two other events having homogeneous and contrasted
spatially distributed rainfalls (flood events of the 10 Apr. 2009 and of the 20 Oct.
2006, respectively in Sect. 4.2). These events can be used to quantify the spatial
variability of lateral inflows and outflows.
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4.1 Illustration of the Modelling Approach

The event of 02 Nov. 2008 on the Dourbie River between Nant and Massebiau
stations (Fig. 2) was selected to compare the calculated lateral flow hydrograph
using the inverse model with the measured one, i.e. corresponding to the sum of
the Espérelle and Durzon spring’s hydrographs. During this event, the calculated
lateral flow volume is almost equal to the measured one.

Figure 3 presents (i) the simulated outflow hydrograph (dashed blue line) from
the observed inflow hydrograph (solid black line) using the DW model accounting
for observed lateral flow (solid green line), as well as (ii) the simulated lateral flow
hydrograph (dash-dot green line) from the observed inflow hydrograph (solid black
line) and the observed outflow hydrograph (solid blue line) using the inverse
model. The performance criteria give very good results for the outflow simulation
(Nash Qouinow = 0.9) and acceptable results for the lateral flow simulation (Nash
Olateral flow = 0.7), meaning that for this event, spring flows explain the main
lateral flow. Globally, regarding the calculated lateral flow by the inverse model,
hydrograph is well simulated during recession but over-estimated for peakflow
periods. At the beginning of the flood, it is interesting to note a decrease of the
baseflow of about 8 m> s~ in the channel between the two stations, even if springs
are flowing at a rate of 5 m> s™'. This shows the complexity of lateral contribu-
tions in the same channel reach where lateral inflows (localised springs) and
outflows (river losses) occurred concomitantly along the reach. Our modelling
approach is able to calculate the global lateral hydrograph, which is the sum of all
lateral inflows and outflows. This analysis justifies also the use of a model
accounting for uniformly—rather than concentrated—distributed lateral flows
when concentrated inflows (springs) and outflows (river losses) are not known, and
thus, not precisely localised.

NSg outiow = 0.91
80 RMSEq outiow = 5.4 m* 5™
60 NSa Lateral fiow = 0.71

RMSEog aioration = 5.3 M2 57 |

Discharge (m®s™)

40
20
0 o 7
o
-20

01/11/08 03/11/08 05/11/08 07/11/08 09/11/08
—— Inflowghs = ----- Outflowgal Lateral flowgal
—— Outflowgbs Lateral flowobs (inverse model)

(springs)

Fig. 3 Observed and simulated lateral hydrographs of the Dourbie River between Nant (Inflow)
and Massebiau (Outflow) stations for flood event of the 02 Nov. 2008
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4.2 Spatio-Temporal Variability of Lateral Flows

This section aims at assessing the effect of spatial distribution of rainfall on the
hydrological response, and especially between the headwater hard rock basin and
the downstream karst basin. We selected two events with similar initial hydric
conditions (based on baseflow level): the first flood event (10 Apr. 2009) occurred
under spatially homogeneous rainfalls, while the second one (20 Oct. 2006)
occurred under spatially contrasted rainfall distribution with up to four-fold higher
rainfall intensities and amount in the hard-rock area (headwater basin).

Figure 4 presents measured inflow and outflow, and calculated lateral flow
hydrographs for each channel reach using the inverse model. First, under a
homogeneous spatial distribution of rainfall (top of Fig. 4), we observe lateral
inflows for all reaches, with an increase of the lateral flow peaks from the upstream
reach to the downstream one. Between Montbrun and La Muse stations, the cal-
culated lateral hydrograph fits the measured spring’s hydrograph multiplied by
100. The same pattern is also observed on the Dourbie River, showing that karst
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Fig. 4 Simulated lateral hydrographs of the Tarn and Dourbie Rivers for flood events of the 10
Apr. 2009 (top) and the 20 Oct. 2006 (bottom)
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aquifers may explain the global lateral flows in the intermediate and downstream
zone of the basin.

Second, under a contrasted spatial distribution of rainfall (bottom of Fig. 4), we
observe a various hydro(geo)logical response on the reaches. In the intermediate
part of the basin, high lateral outflows are estimated on the two reaches located
downstream headwater basins at the hard-rock/karst boundary (cf. Fig. 2) between
Florac+Cocurés and Montbrun stations on the Tarn River, and between Nant and
Massebiau stations on the Dourbie River. Up to 280 m® s™' of instantaneous
outflows are estimated on the Tarn River. Downstream, the dominant lateral
contributions are inflows, but lateral outflows in the river bed are simulated at the
beginning of the event. This shows that the flood wave is partly (25 % of the flood
peak) re-infiltrated in the river bed when the stream joins the karst area.

5 Discussion and Conclusion

The aim of this paper was to assess the influence of karst areas on surface flood
routing using an inverse modelling approach of the Diffusive Wave (DW)
accounting for lateral flows. First, results showed that the DW model is able to
simulate the output hydrograph (at a downstream station) from the input hydro-
graph (at an upstream station) and additional lateral flows in an heterogeneous
media such as karstic basin where complex surface/groundwater exchanges
occurred: high inflows from large springs as well as strong river losses. In order to
assess lateral contributions from karst systems along a channel reach, we used the
inverse model, which simulates the uniformly distributed lateral hydrograph from
observed input and output hydrographs. To our knowledge, this is the first phys-
ically-based modelling approach, which allows both distributed lateral inflow and
lateral outflow to be simulated, in order to quantify the flood amplification or
attenuation, respectively. Advantages of the DW model are a parsimonious
parameterization using only two parameters (celerity C and diffusivity D).
Moreover, the Hayami model offers an unconditionally stable analytical solution
of the DW equation. Results showed that our model, which is simple, parsimo-
nious and easy-to-use, is able to quantify lateral flows where river losses and
karstic spring’s inflows occurred.

Second, our results give insights of the conceptual hydro(geo)logical model of
flood routing in the Grands Causses area. The inverse model showed that outflows
and inflows may occur during the same flood event. This highlights the influence of
the groundwater level on lateral flows. Following previous works in Mediterranean
karstic area (Bailly-Comte et al. 2009), we may hypothesize that river losses
occurred during low water levels inducing karst saturation. However, in our case
study, it appears more complex because the analysis in a Dourbie River reach shows
that river losses occurred while large springs—feeding the stream—are flowing at
the same time. This implies the presence of two superposed aquifers having various
saturation levels relative to the river bed altitude, as presented in Fig. 5: (i) an
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Fig. 5 Hydro(geo)logical scheme of the main karstic rivers in the Grands Causses area

inferior aquifer of which the main outlet is the stream via multiple springs localised
in the river bed, and (ii) a superior aquifer of which the outlets of the different units
are localised at the bottom of the cliffs above the river bed. Following the classical
hydrogeolocial scheme of the Grands Causses area, we may hypothesize that the
inferior aquifer is the one developed in the Lower Jurassic outcropping in upstream
karstic zones, whereas the superior aquifer is the one developed in Middle and
Upper Jurassic in downstream zone, above Toarcian marls.

A last point is that these results help us to better understand flood generation in
Mediterranean karstic areas where headwater basins—often located in hard-rock
areas (e.g. Cevennes or Pyrenean Mountains in France)—have the highest rainfall
intensities. The role of surface/groundwater exchanges varies greatly with the
distance from the hard-rock/karst boundary (i.e. where allogenic recharge from the
hard-rock area occurred). Under contrasted rainfall distribution (up to four-fold
higher rainfall intensities in the headwater basin compared to the karst area) the
upstream reach of the karst area have a dominant peakflow attenuation role by re-
infiltrating part of runoff. In downstream karst area, reaches have a dominant
amplification role: smallest stream losses occurred at the beginning of the flood,
but are followed during the peakflow by high inflows from karst aquifer. Under
homogeneous rainfalls, stream losses are not visible, and the flood is amplified all
over the channel reach towards the outlet. We highlight a highly variable atten-
uation/amplification influence of flood peak by karst units along the stream channel
during a single flood event, complicated the forecast of karst influence on flood
generation.
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Comparison Between Hydrodynamic
Simulation and Available Data in a Karst
Coastal Aquifer: The Case of Almyros
Spring, Crete Island, Greece

A. Archontelis and J. Ganoulis

Abstract The Almyros spring is the outlet of the largest karst coastal aquifer in
Crete Island, Greece. The spring is important for drinking water supply of Herak-
lion, the capital city of Crete. However, because of sea water intrusion, most of the
time and especially during the dry season, the water is brackish. Since the 1960s,
despite repeated efforts to collect the freshwater resources of the aquifer, only few
practical results have been obtained. In order to investigate alternative measures
for collecting the aquifer’s freshwater a mathematical model was developed for
simulating the saturated groundwater flow in the karst porous medium. Although
the local use of the Darcy’s law for flow simulation in discontinuous porous media
such as karst aquifers is problematic, it can give useful results when applied in larger
scales. For studying the hydrodynamic characteristics of the Almyros/Heraklion
aquifer, the numerical model MODFLOW was used and after calibration, it is
shown that useful results can be obtained in practice.

1 Introduction

The Almyros aquifer system is the largest karst aquifer in Crete Island, Greece. Its
outlet, the Almyros spring is located near the sea, few kilometers west of the city
of Heraklion, which is the capital city of Crete (Fig. 1). Its annual mean water flow
rate is of about 250 million m®, but most of the time the spring water is brackish
and despite repeated efforts to halt seawater intrusion, the freshwater resource
remains untapped.
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Fig. 1 Location of the Almyros spring, Heraklion city, Crete Island, Greece

Because of the spring’s importance for water supply of the city of Heraklion,
since 1964 many hydrogeological investigations have been carried out with only
few practical results as far as the exploitation of its fresh water resources is
concerned (Arfib et al. 2007; Alexakis and Tsakiris 2010).

In order to determine alternative methods for extracting the freshwater from the
karst formation, it is necessary to firstly understand how the spring operates in
relation to the structure of the karst aquifer, and secondly, to analyze the dynamic
interaction between the freshwater of the spring and the sea. In this paper, the first
issue is investigated.

For the simulation of groundwater flow in saturated porous media, the literature
has to show a range of options and software packages. In this work, the “MOD-
FLOW” (Mc Donald and Harbaugh 1988; Harbaugh et al. 2000) simulation code
was applied in order to test the applicability and versatility of this numerical model
to simulate the groundwater flow. In order for a groundwater model to be accurate,
reliable, and robust, it requires a tremendous amount of information and a high
level of understanding of the aquifer functioning. The model requires to compiling
detailed information on the geological formations, groundwater flow directions,
groundwater recharge, hydrogeological parameters, extraction or injection of flow
rates from wells, and the groundwater quality characteristics.

2 Hydrogeological Settings

The hydrological basin of Almyros is underlain by pre-Neogene and Neogene
geological units (Fig. 2). The geological basement of the area is the semi-
autochthon “permeable” unit of “Platenkalk” (Triassic—Eocene), which consists
of carbonate rocks and dominates on the greatest part of the basin. It is extended to
the southern part of the region.
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Fig. 2 General map of the catchment area: structural geology, elevations and cities. (Data
source: institute for Mediterranean studies, Crete)

The “phyllitic-quartzitic” zone is overthrusted onto the previously discussed
unit. It consists of impermeable, alternating pelitic schists and quartzites and
extends over the northern part of the region. The “Tripolis” geotectonic zone
overlays the “phyllitic-quarzitic” series and is composed of faulted and karstified
thick-bedded carbonate rocks. All these series form the mountains on the west of
the plain of Heraklion. They are separated from this plain by a great north-south
fault, which affects the area’s physiography. This fault has been partially overlain
by the Neogene impermeable deposits, which consist mainly of Pleistocene age
horizontal or subhorizontal beds of yellowish marls.

The spring is located in the faulted zone at the contact between the pre-Neogene
and Neogene rocks. The coastal aquifer of Almyros develops in the karstified and
folded pre-Neogene carbonate rocks, and the homonymous brackish spring is one
of the main discharge points. Brackish water occurs as a result of fresh and
seawater mixing conducted in the karstic conduits. Precipitation within the
catchment area (800 mm/yr) plays a critical role in the Almyros spring regime as it
is closely related to the amount of discharged water and its quality.
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Fig. 3 Spatial distribution of hydraulic conductivity (m/day) in the numerical model

The simulation of the karstic aquifer was limited within its area of low altitude
(Fig. 3), as it is the only one that can be practically useable for drilling wells or
infiltration galleries. The extent of this region reaches 72 km?, and the main flow
development has a Southwest-Northeast direction.

3 Data: Field Measurements

Existing data and analyses of previous studies were considered for the compilation
of the conceptual and mathematical models (Zampetakis 2001). For the mathe-
matical modeling, the following data were used: monthly measurements of rainfall
for 13 years period from 1987 to 2000 (Department of Land Reclamation, Crete
Region), 20 lithological sections (IGME), lithological sections of 15 boreholes and
the results of the respective pumping tests (IGME), monthly level measurements in
15 wells covering a total period of 13 years from 1987 to 2000 (IGME, DEYAH),
and monthly flow measurements of Almyros spring covering a total period of
13 years from 1987 to 2000 (IGME, DEYAH). Apart from the time series of
meteorological parameters that show little gaps, all other time series show con-
tinuity and cover the full period stated above.

4 Design of the Numerical Model

The numerical model consists of four horizontal layers, occupying a total area of
72 km?. It was discretized into 197 rows and 182 columns, consisting of 36.181
cells with dimensions of 60 x 60 m. Based on hydrogeological data, the 4 layers
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are: L1: Neogene; L2: Limestone “Tripolis”; L3: Phyllitic-Quarzitic and L4:
Platenkalk.

For the definition of the lithological sections, the hydrogeological and topo-
graphical maps of the area as well as the results of previous research work in this
basin were used (Zampetakis 2001). In order to better simulate the main evolution
mechanisms that control groundwater flow, the numerical mesh has been refined in
some areas of interest, i.e., the margins of the study area, wells, and the spring, so
that boundary conditions can be set more precisely.

4.1 Boundary Conditions

The analysis of piezometric data indicates that the principal direction of ground-
water flow is from southwest to northeast. It was suggested that under ideal
conditions the boundaries of the modeling domain coincide with the natural
hydrogeological boundaries (Anderson and Woesner 1992; Panagopoulos 1996).
The north and east boundary areas have general conditions of steady flow and zero
flux. The south and west regions of the model receive water through underground
transfusions of the karst system. To simulate this mechanism, the transient flow
was defined with the use of the module “wells of MODFLOW?”. The simulation of
pumping from wells was also made by using the same package.

The MODFLOW package drain was used to calculate the flow directed outside
the simulation area. Thus, a source is discharged at a rate that depends on the value
of the conductance coefficient and the resulting hydraulic gradient. The values
were selected ranging from 4 x 10° m*/d to 19 x 10° m%/d.

4.2 Distribution of Hydraulic Parameters

For the compilation of the mathematical model, the definition of hydraulic con-
ductivity, porosity, specific storage, and specific yield are required. The hydraulic
parameter values that were used as input data in the designed model have been
obtained from an older study (Zampetakis 2001), which was based on the pumping
test analyses and on the geological and lithological characteristics of the system.

Hydraulic conductivity values range from 8.64 x 107 to 21.6 m/day, except
for the region around the Almyros spring where values are much bigger, as
indicatively illustrated in Fig. 3. Porosity values range from 1 to 15 %, specific
yield values from 0.1 to 10 %, and specific storage values from 3.3 x 1077 to
I x107*m™".

The calculation of water recharge by direct infiltration of rainfall and under-
ground lateral transfusions was done with rainfall values of 13 years period in
monthly time steps (meteorological stations of Anogeia, Kroussonas, Foinikia, and
YEB). For each formation a different rate of active infiltration was calculated
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mainly based on lithological characteristics: 40-55 % for karst, 10-25 % for silt,
and 5-8 % for other formations. The model adjustment was based on its ability to
reproduce the measured values of spring water supply and the variation of the
aquifer piezometric heads in selected positions.

4.3 Calibration-Verification of the Model

The simulation period was defined from 1 November 1987 to 1 November 2000.
Water budget and water level data were provided by the Land Reclamation
Department, Crete Region. Each month was considered as one calibration period,
so that the total number of calibration periods was 156. The time step was taken
equal to 1 day.

The criteria for calibrating the model were the evolution of piezometric heads at
selected observation points, the water flow rate at the Almyros spring and its
monthly variation. The numerical model was initially calibrated under steady flow
conditions and subsequently under transient flow conditions. The following criteria
were considered during the calibration process: (a) the water balance and (b) the
differences between measured and computed piezometric heads at selected
observation points. Solving the system of equations of groundwater flow was
performed using the PCG2-MODFLOW package and the convergence criterion
was used at the level difference between successive approximate solutions of
0.01 m.

The period 1987-1988 was selected in order to define the steady state flow
conditions, because the year before the wells started working was characterized by
steady average rainfall conditions with no extreme stresses imposed on the system.
A total of 10 observation points were used. A maximum of 2 m deviation between
simulated and measured heads was assumed acceptable at this stage of calibration.

For the calibration in transient flow conditions, the selected period was
1987-1994, because during this period a satisfactory volume of integrated data
could be found. Hydrographs in 10 observation points were used for this cali-
bration. A maximum of 5 m deviation between simulated and measured heads was
assumed acceptable at this stage of calibration.

The verification of the model was done for a period of 6 years (1994-2000).

5 Results

The water balance produced by the model in steady state conditions agrees well
with the reference water balance estimated using the available field data (Zam-
petakis 2001). For the steady state condition, the graph showing the measured
versus the computed piezometric heads was resulted without significant deviations
(Fig. 4).
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Fig. 4 Measured and computed groundwater levels at some observation points

The model has the ability to simulate with sufficient precision the variation of
the piezometric surface without systematic error deviations. The Fig. 4 shows
some relative weakness for an accurate simulation of the extreme values and
abrupt changes, which occur frequently in a karst system.

The study of hydrographs at selected monitoring points suggests that the results
obtained from the calibrated model in transient state conditions matches relatively
well the field data, as illustrated in the spring flow hydrographs shown in Fig. 5.

The ModFlow cannot directly represent karstic formations, faults, tectonic
forms, and sources. The source could not be designed as a point, as the absence of
Source Package processing compels the use of Drain Package, which requires
dimensions to be inserted. Thus, Almyros spring, was designed as a drain area and
not as a discharge position. The inability of the program to simulate discontinu-
ities, can create big differences from field measurements. These errors were cor-
rected, where possible, through “local settings”.

The differences between measured and simulated values of spring outflow are
probably due to specific characteristics of the hydrodynamic function of the karst
system and the limited capabilities of an exact simulation of these using a Darcian
type of flow through porous media. The extreme minimum values of field mea-
surements can be attributed to the influence of pumping. The extreme maximum
values of spring outflow are due to abrupt changes of rainfall that probably
mobilize additional karstic fractures that are not taken into account by the model.

The average hydrodynamic functioning of the karst source is simulated satis-
factorily, without very significant deviations from the measured field values
(Fig. 5). Apart from particular operating mechanisms of the karstic spring, which
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Fig. 5 Comparison between measured and simulated flow hydrographs at Almyros spring

cannot be described accurately by a Darcian mathematical code, part of the
observed differences may also be attributed to measurement errors.

Sensitivity analysis that was performed with variation of parameters in the
range of +50 % from setting values, showed significant sensitivity to changes
received from rainfall and underground lateral transfusion variations. No signifi-
cant sensitivity was shown to the change of the water volume pumped, or the
change in storage rates. By accepting the ability of the model to simulate the main
function and evolution mechanisms of the karst system of the Almyros aquifer,
alternative scenarios for water resources management in the region will be
investigated in the near future, under average, extreme wet, and extreme dry
periods.

6 Conclusions

The application of a Darcian type numerical modeling of karstic systems, such as
the Almyros aquifer, should be considered with much of precaution. Although
generally satisfactory results can be achieved, high outflow peaks are not simu-
lated accurately. These occur after abrupt changes of rainfall, that may activate
additional karstic faults that are not taken into account by the model. The quality
of the model output and its ability for simulating the main hydrodynamic mech-
anisms of a karstic aquifer is generally acceptable and could be used for analyzing
alternative scenarios of groundwater resources management. The collection of
additional data with better spatial resolution and longer time duration will possibly
enhance the capability of the model. We may conclude that the application of the
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Darcy’s law approximation for simulating the mean hydrodynamics of karst
aquifers is possible, provided that a clear knowledge of their geometry and their
physical characteristics are given in form of multi annual field data. Also the
understanding of limitations of this kind of models for an accurate description of
local characteristics of the flow, such as the spring’s outflow peaks and the sea
water intrusion, is important for the use of the model in practical applications of
groundwater resources management.
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Assessing Freshwater Resources
in Coastal Karstic Aquifer Using
a Lumped Model: The Port-Miou
Brackish Spring (SE France)

B. Arfib and J.-B. Charlier

Abstract Freshwater resources in coastal aquifers are restricted by seawater
intrusion. Studying brackish spring can be an appropriate approach to assess this
saline intrusion and to elaborate a conceptual model of the karst aquifer. The aim of
this study is to model the hydrogeological flows and the salinity of a brackish spring
using a lumped numerical model (Rainfall-Discharge-Salinity), and to quantify the
freshwater discharge available. The model is based on a classical karst model
composed of connected reservoirs representing the main storage elements of the
karst aquifer, which can be deduced from the analysis of discharge and salinity
recorded time series. The model was successfully applied on the Port-Miou spring
400 kmz), in SE France, which is one of the main submarine springs around the
Mediterranean Sea. Four reservoirs were used to model spring discharge and
salinity: a SOIL reservoir feeding a DEEP brackish reservoir impacted by seawater
intrusion, and two FAST and SLOW reservoirs representing the shallower fresh-
water resource. We showed that the spring water is always brackish more or less
diluted by freshwater during flood events. These results improved the conceptual
hydrogeological model of the Port-Miou spring and showed the effectiveness of
lumped models to simulate discharge and salinity in coastal karst aquifers.

1 Introduction

Coastal karstic aquifers may represent important groundwater resources. Exploi-
tation of such aquifer type requires firstly an evaluation of available freshwater.
Secondly, withdrawal must be done with a special attention to the saline intrusion
processes. Classical scheme of seawater intrusion can be viewed as a more or less
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thick transition zone between fresh and salt water. But this simplified view cannot
explain the occurrence of large brackish submarine groundwater discharge (SGD)
to the ocean through karstic springs. Saline intrusion distribution in karst aquifer
appears more complex compared to porous aquifer, due to the heterogeneity of
karst media. Many authors (e.g., Stringfield and Legrand 1971; Arfib et al. 2007;
Fleury et al. 2007) have pointed out that submarine karstic springs are connected to
preferential flow below the sea level within karst conduits.

The salinity of such springs may be highly variable in time, and is usually
related to discharge variations. Thus, in order to assess freshwater resources, a
modeling approach is needed, which allows both discharge and salinity to be
simulated. Conceptual or reservoir models (frequently called Rainfall-Discharge
models) can be used to test hypotheses in order to understand the main hydro-
geological processes (e.g., Hartmann et al. 2012). Mixing models can be combined
with Reservoir models to simulate discharge as well as chemical variations of
spring water (Charlier et al. 2012).

In this setting, the aim of this study is (1) to develop a conceptual model of
saline intrusion within a coastal karstic aquifer, and (2) to assess freshwater
resources in the aquifer, modeling both discharge and salinity with a reservoirs
model. The study site is the Port-Miou spring in south France, which is a large

. . . . —1
submarine spring having a mean annual discharge of around 7 m’s™h

2 Study Site

The Port-Miou aquifer is located in south-east of France (Fig. 1), along the
Mediterranean Sea, in a carbonate environment (Jurassic and Cretaceous lime-
stone, dolostone, and mixed siliciclastic-carbonate rocks). Two main submarine
springs, Port-Miou and Bestouan, drain the aquifer to the sea in the bay of Cassis.
Port-Miou is one of the main coastal karst springs of Europe (Tulipano et al. 2005;
Custodio 2010). The recharge area extends on 400 km? mainly over natural
landscape made of hills and karst plateau and polje (Cavalera 2007). The climate is
Mediterranean given the mean annual rainfall ranging between 500 and 1,000 mm
with storm events of high intensities (up to 100 mm per day), and drought during
the summer season.

The spring outlet has been explored by cave-divers. They discovered a huge
saturated karst conduit developed more than 2 km inland (Fig. 1), with a diameter
reaching 20 m. The exploration ended at 223 m deep below the sea level, in a
karstic shaft (Meniscus 2013). One kilometer eastward, the submarine spring of
Bestouan gives access to a 3 km long saturated karst conduit.

In the 1970, a submarine underground dam has been built in the saturated karst
conduit of Port-Miou at 500 m upstream the spring. This dam stopped the seawater
intrusion in the subhorizontal conduit, and allows measurements of groundwater
salinity coming from the aquifer before the mixing zone with seawater at the
outlet. This dam is now an in situ Laboratory to study the SGD and its impact on
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Fig. 1 Location of the Port-Miou case study in France

the sea. Daily rainfall and Potential Evapo-Transpiration (PET) were recorded by
METEO France, and spring discharge and salinity were measured in the main
conduit upstream the dam.

3 Conceptual Model of the Coastal Karst Aquifer

Figure 3 presents 18 months of daily data, showing that the spring is brackish with
salinity values ranging from 2 to 12 kg/m®>. During the six main rainfall events,
salinity decreases when discharge increases, showing that both parameters are
anti-correlated. Even during highest flood events, groundwater remains brackish
(2 kg/m?), polluted by seawater intrusion in depth.

The time series analysis gives insights on the hydrogeological functioning of
the aquifer, detailed herein and illustrated in Fig. 2a:

e The groundwater salinity comes from a deeper reservoir, as salinity dilution
occurred systematically during flood events. From salinity evolution during
recession periods, we may hypothesize that an almost constant salinity inflow
occurred with a value of around 14 kg/m’.

e The aquifer is a typical karst aquifer, with large change in discharge during
flood events. The mean response time of a few days shows that a fast infil-
tration occurs.
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Fig. 2 Conceptual model of the Port-Miou coastal karst aquifer (a), and Structure of the
corresponding rainfall-discharge-salinity model (b)

e The groundwater storage appears high according to the long recession curve,
showing that a slower component is drained by the aquifer during low flow
periods.

Consequently, our conceptual model shows that saline water due to seawater
intrusion is mixed in depth with freshwater in a deep brackish water reservoir. A
continuous discharge from this deep brackish reservoir is mixed with freshwaters
coming from a shallower reservoir, having typical karst response (fast and slow
components) to rainfall events.

The conceptual model (Fig. 2a) summarizes water flows from each compart-
ment involved and transfer processes that link them. In order to verify the main
hypothesis about the hydrogeological processes highlighted earlier, a modeling
approach is presented in the next section. The experimental step was conducted at
the aquifer scale, and thus a lumped approach was chosen for the modeling step.
The modeling constraints were: (i) to equally represent discharge and salinity
fluctuations; (ii) to integrate the three DEEP, SLOW, and FAST reservoirs; and
(iii) to accurately simulate the water and mass budget.

4 Modeling Approach
4.1 Model Structure

Structure and parameters of the conceptual model are presented in Fig. 2b. This
model is developed from a modeling approach recently described and tested with
good performances on rainfall-discharge-solute data by Charlier et al. (2012). Our
model is based on four connected reservoirs. A SOIL reservoir that recharges the
aquifer is partitioned into:
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e a DEEP reservoir of brackish water, with low variations of discharge. This
reservoir represents the storage function of the aquifer, with a long residence
time. Saline intrusion affects this reservoir.

e a SLOW reservoir of fresh water, to represent the storage and the long reces-
sion after rainfall events.

e a FAST reservoir of freshwater, to represent the fast infiltration and rapid
transfer through the aquifer during high-water event.

Discharge Q [L3-T~'] at the outlet of each reservoir is calculated as a function
of the reservoir stock H using a linear relation:

Q = Hoy * Area with Hyy = H % kr (1)

where kr [T~'] is a constant characterizing the recession curve of the reservoir.
Once Q are calculated for each reservoir, then salinity is calculated using the
following mass balance equations:

QSpring * SalSpring = QBW * SalBW + QFW * SalFW (2)
Qspring = Qaw + Qrw 3)

where Sal is the salinity (M-L ™), with subscript Spring for the spring, subscript
BW for brackish water reservoir, and subscript FW for fresh water reservoir.

In the DEEP reservoir, the model assumes that the salinity is constant, equal to
14 kg/m3 (Salgw). To account for the seawater discharge feeding this reservoir,
deep brackish water discharge (Qpeeppw) i calculated from the discharge of
freshwater (Qpeeprw) and salinity as follows:

QDeepBW = QDeepFW * (SalSW/(SaISW - SalBW)) (4)

where Salgw is the salinity of the seawater (i.e. 38 kg/m’). The percentage of
recharge flowing from SOIL to DEEP reservoir is given by the X parameter. SLOW
and FAST partitioning given by the Y parameter varies from Y1 to Y2 according to
water level in the SLOW reservoir using a threshold parameter (Hgjow/Fast)-

4.2 Parameterization and Calibration Strategy

The model inputs are the rainfall and PET, and outputs are simulated discharge and
salinity, which were compared to the observed ones to test model performances.
The model needs a total of nine parameters that may be fixed or optimized. From
the results of previous works using recession hydrograph analysis, krpggp, kt'si.ow,
and krpast and the constant salinity of the DEEP brackish reservoir (Salgw) were
fitted. Finally, five parameters needed to be optimized: Hsor_thresholds HsLow/FasT,
X, Y1, Y2
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Table 1 Calibration values of the model parameters: calibration 1 from Dec. 2010 to Oct. 2011,
and calibration 2 from Oct. 2011 to Jun. 2012

Parameter Signification Calibration 1 | Calibration 2

Hsor_threshoia | Threshold value to activate recharge from 34 mm 34 mm
the soil

Krpggp Recession coefficient for the reservoir DEEP | 0.0001 dayfl 0.0001 dayf1

Krsrow Recession coefficient for the reservoir 0.008 day ™! 0.008 day~'
SLOW

Krpast Recession coefficient for the reservoir FAST | 0.16 dayf1 0.19 dayfl

Hsi ow/EasT Threshold value in SLOW reservoir 55 mm 55 mm

X Percentage of recharge of the DEEP 0.50 0.54
reservoir

Y1 Percentage of recharge of the FAST 0.25 0.27
reservoir (when Hgjow/rast 1S NOt exceeded)

Y2 Percentage of recharge of the FAST 0.55 0.64
reservoir (when Hgjow/rast €Xceeded)

Salgw Salinity of the DEEP reservoir 14 kg/m® 14 kg/m®

The quality of the simulation for the spring discharge Q and salinity Sal is
evaluated by the Nash-Sutcliffe (NS) efficiency criterion. In order to optimize
simulations on low and high values (recessions and flood peak as well as dilutions
and brackish water inflows), we compute NS on \/ Q and \/ Sal, respectively.
Calibration procedure takes also into account the water budget over the calibrated
period, optimizing simulations for relative error inferior to 5 % on volume and
mass transport. Calibration was carried out manually by a trial-and-error
procedure.

4.3 Application on the Study Site

The parameterization results of the calibration are given in Table 1. To avoid the
question of the short duration time series, leading to difficult assessment of model
performances, a split-sample test (Kleme§ 1986) was conducted. This test con-
siders that both subperiod of the whole time series (Dec. 2010 to Oct. 2011, and
Oct. 2011 to Jun. 2012) should be used in turn for calibration and validation.
Modeling results showed good accuracy on discharge and salinity simulation for
calibration and an acceptable performance for validation: NS \/ Q was 0.80 and
0.69, and NS \/ Sal was 0.79 and 0.62, respectively. The fairly results in validation
may come from the flood event distribution. In fact, only one large flood event in
November 2011 occured, leading to split the time series in a first subperiod with
small events, and a second one with a large event. The range of discharge and
salinity is thus different for both subperiods, given more difficulties to optimize
model parameters. The water budget is equilibrated in the calibration as well as the
validation procedure (Error on volume of 2.5 and 13.6 %, and Error on mass of 1.1
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Fig. 3 Simulated and observed data at the Port-Miou spring; calibration was done from Oct.
2011 to Jun. 2012, and validation from Dec. 2010 to Oct. 2011

and 0.9 %, for calibration and validation, respectively). Example of simulated
recharge, discharge, and salinity are shown in Fig. 3. The general shape of the
simulated discharge and salinity plots is well reproduced.

5 Discussion and Conclusion

The aim of our study was to develop a conceptual model of saline intrusion within
the coastal karstic aquifer of Port-Miou, and to assess freshwater resources in the
aquifer using a lumped model. One original aspect of our model is the use of the
salinity for the discharge calibration, and conversely. This gives more robustness
in the modeling approach, because all parameters influence both discharge and
salinity. For instance, Krpggp and Krg ow govern discharge recession as well as
salinity increase during low water levels. This is mainly the main point of this
model, which is relatively parcimonious (nine parameters), when it is used to
simulate two independent time series. Advantages of such reservoir model are a
simple implementation and an easy adaptation to various case-studies.

We can deduce from the conceptual and numerical models that groundwater
flow is spread in several compartments in the aquifer, with their own hydrogeo-
logical behavior. These compartments, viewed as reservoirs for modeling purpose,
are all connected together to the main karst conduit of the Port-Miou spring.

In the deep part of the aquifer, the freshwater is mixed with saltwater. About
50 % of the effective rainfall (parameter X) supplies this deep reservoir (corre-
sponding to 2.5 m*/s for the studied period). This aquifer has a strong inertial
behavior (k = 1074d~! ), which could be coherent with a large storage, with smooth
and low changes in hydraulic gradient (there is no karstic-type functioning). The
mixing zone should be so wide and the transit time so long that the aquifer provides
some brackish water with an almost constant salinity and discharge. This brackish
water is drained by the karst conduit of Port-Miou several kilometers upstream the
spring, and at least 223 meters below the sea level. This reservoir seems not to be
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affected by high rainfall events. This behavior is very different from the one
observed in another main coastal Mediterranean karst, at the Almyros spring of
Heraklio (Crete, Greece). In this latter case, Arfib and Marsily (2004) showed that
the discharge of seawater to the main karst conduit connected to the outlet changes
during high-water events. Furthermore, this discharge can be stopped or reversed
(and consequently the spring water became fresh). The Port-Miou model shows that
changes in water level in the aquifer, even during high discharge events, can be
insufficient to decrease the saline intrusion in order to obtain drinking water.

The Fast and Slow reservoirs can be viewed as the two shallower components
of the freshwater flowing through an aquifer not affected by saline intrusion. The
Fast reservoir represents the flow through conduits, with a very low storage, but a
high transmissivity. This Fast freshwater is the main component of flood events
when spring discharge is more or less higher than 8 m*/s (Fig. 3). The Slow
reservoir simulates the baseflow of the freshwater aquifer. This freshwater aquifer
dilutes the brackish water coming from the deep reservoir in the main karst conduit
connected to the spring. For the studied period, the fast and slow flows represent
on average 1.2 and 1.5 m%/s of freshwater at the spring, respectively.

From our results, we can conclude that groundwater is available as freshwater
resource in two specific compartments: (1) in the shallower karst aquifer not
affected by saline intrusion, and (2) in the deep aquifer, upstream the saline
intrusion zone. Further work is still needed to precisely localize the connection
zone between both compartments.

Coastal karstic springs are characterized by salinity changes, usually with a
decrease in salinity when the discharge increases. In the Mediterranean context, it
has been shown that springs can be fresh during high discharge, like in the Al-
myros of Heraklio case study (Arfib et al. 2007), with the deep saline intrusion
stopped due to groundwater height increase. On the contrary, the Port-Miou case-
study shows that the saline intrusion can be almost constant in time, and that the
salinity variations are mainly due to dilution of the deep brackish water by a
shallower fresh aquifer. Finally, this paper shows that a lumped model is an
effective tool to characterize the mechanism of salinity changes.
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Groundwater Flow Modeling in a Karst
Area, Blau Valley, Germany
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Abstract Karst aquifers typically have complex flow patterns as a result of the
depositional heterogeneities and large conduits from dissolution features. Various
field measurements were carried out to build a hydrogeological conceptual model
of the Jurassic aquifer close to Blaubeuren (Germany), including drilling data, well
tests, and geophysical surveys. These data were assembled to simulate the
groundwater flow at a site where a possible new pumped-storage plant is in
planning approval. The favorable layout of the lower reservoir is designed without
sealing to the connected karst aquifer underneath. Approving this construction
concept, various measures and strategies have to be formulated by using numerical
modeling to limit possible adverse impacts on the construction site and its envi-
ronment, considering that the Blau Valley requires high level of protection. Based
on the conceptual model, the aquifer system is represented by a three-dimensional
finite element model using the FEFLOW numerical code. The model is calibrated
for steady-state and transient conditions by matching computed and measured
piezometric levels (November 2012—March 2013) from over 30 observation wells
to estimate the best-fitted spatial distribution of both hydraulic conductivity and
storage coefficient in the aquifer. The model is used to analyze quantitatively the
flow regime, the groundwater mass balance, and the aquifer hydraulic properties of
this karst area. The results of the study provide necessary information regarding
the hydraulic behavior of the aquifer in order to plan the construction phase and
the subsequent operation of the pumped-storage plant.

Keywords Groundwater modeling - Karst aquifer - Pumped-storage plant -
Germany

C. Neukum (X)) - J. Song - R. Azzam

Department of Engineering Geology and Hydrogeology, RWTH Aachen University,
Lochnerstr. 4-20, 52064 Aachen, Germany

e-mail: neukum@lih.rwth-aachen.de

H.J. Kohler - S. Hennings
Dr. Kohler & Dr. Pommerening GmbH, Am Katzenbach 2, 31177 Harsum, Germany

© Springer-Verlag Berlin Heidelberg 2015 323
B. Andreo et al. (eds.), Hydrogeological and Environmental Investigations

in Karst Systems, Environmental Earth Sciences 1,

DOI 10.1007/978-3-642-17435-3_36



324 C. Neukum et al.

1 Introduction

The excavation pit of a limestone quarry in southern Germany was proposed as a
location for construction of a pumped-storage plant (PSP) to even out frequent
changes between electricity shortages and surpluses. This can result in a series of
ecological problems due to the planned construction scenario, which includes no
sealing of the basin floor and flanks. Therefore, investigation and understanding of
the groundwater dynamics, which is caused by the construction and operation of
the pumped storage plant, is very important for protection of the local ecological
environment.

Karst aquifers are generally highly heterogeneous. They are dominated by
secondary (fracture) and tertiary (conduit) porosity and may exhibit hierarchical
permeability structure or flow paths (Scanlon et al. 2003). Groundwater flow
predictions in karst aquifers require the use of models that represent a sufficiently
large number of potentially important physical features to ensure an appropriate
characterization of system behavior. In this work, an equivalent porous media
distributed model was built to simulate the local groundwater flow conditions
through the faulted and fractured limestone in the area of Blau Valley. Automated
inverse method was applied to optimize the model parameters to achieve the best-
fit to available observations. This model was used thereafter to analyze quantita-
tively, the flow regime, the groundwater mass balance, and the aquifer hydraulic
properties, so that the present and alternative construction scenarios of PSP in the
future works can be tested and the associated impact on the environment of the
Blau Valley.

2 The Study Area

The study area is located near the city of Blaubeuren, Germany, with an area of
about 8 km? (Fig. la). The outcropping rocks in the study area can be divided into
three main groups viz. Quaternary sediments, white limestone of Jura (upper and
lower massive limestone), and Tertiary sediments of lower freshwater molasses.
The regional geological conditions in the Blau Valley are characterized by fluvial
deposits and weathering products of hard rocks, which date back to the Quaternary
period and lies directly above the carbonate rocks of Malm. In the quarry area, the
major stratigraphic units are the distinctly fissured and mild to moderate karstified
white limestone of Jura. The white Jura continues downward and toward southeast
direction with a slight inclination of 1° to 2° under the sediments of lower fresh
water molasses.

The main geometric-structural and hydrogeological characteristics of the aquifer
system were reconstructed on the basis of the general geologic reconstruction using
well log data from 47 boreholes. This system consists of two main aquifers, which
have fundamentally different hydrogeological characteristics. The Quaternary



Groundwater Flow Modeling in a Karst Area ... 325

@) ! » i
\\ \:\.:. . S K . ..I// }
@er.hause'h Rwer Blalu/ / ?Iau .Vallley . 72 ] Germany
i 2 'i—:.’~ I Lowerresérvmr
\ % I Vi fl . l
j I 4 :\.'Al, iley : a
\I_. ¢ i | study area
f

Beiningen\ = ..U ’ )
N Y/ pﬁr eservoir

ik o_2s0 s00 A j»"\ g
7] Quaternary sediments = Town -
Lower freshwater molasse 4  Mountain
/ZZ: Upper massive limestone * Monitoring well
##5 Lower massive limestone ' Limestone quarry
River Blau L 1 Model boundary N

I Upper/lower basins
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sediments in the Blau Valley are made up of several gravely and silt layers, which
combine to form a single-layer porous aquifer. This porous aquifer reaches a
maximum depth of 27 m in the Valley at an elevation of about 475 m above the
mean sea level (m asl). Beneath the porous aquifer, that is the regional spread karst
aquifer in the entire area. The karst aquifer is up to 50 m thick and shows highly
variable water pathways in vertical and lateral extent based on the lithological facies
and formation conditions. The karst aquifer in the entire area is appropriately
assumed to be an equivalent porous media using “Equivalent continuum
approach”, because both the groundwater flow within the rock matrix and through
karst formations can be averaged into a bulk conductivity of the model’s cell in such
scale (Ford and Williams 2007). Collected data show that the karst aquifer is
unconfined in the outcrop area outside the Blau Valley, but confined in the Blau
Valley area due to the presence of partially low permeable valley deposits. These
two aquifers are partially separated by a low permeability alluvial clay layer in the
valley area, so the hydraulic connection between the two units is ensured by an
indirect leakage. However, at the borders of the valley the alluvial barrier layer is
often missing, where the porous aquifer is mainly supplied by lateral inflow from
karst aquifer.

The aquifer system is primarily recharged by direct infiltration of precipitation.
The mean annual precipitation observed at Blaubeuren weather station is 793 mm,
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with major rains occurring in spring and fall. The second major source of recharge
is lateral groundwater flow from southern directions. Groundwater flows from
south to north in the unconfined section of the aquifer and generally northeast in
the confined section to discharge at River Blau, which is the major creek in this
area and flows through the Blau Velley approximately in E-W direction.

3 Numerical Modeling

The numerical groundwater model is introduced by using FEFLOW (finite element
subsurface flow system) working under both steady-state and transient conditions.
The model was discretized into eight layers with 0.5 million nodes and 0.8 million
elements to represent all geological units. The element sizes vary from 50 m near
the edges of the model to 0.5 m at the observation points (Fig. 1b). In the Blau
Valley, the top six layers represents the porous aquifer, while at other places, the
top seven layers represent the karst aquifer.

3.1 Boundary Conditions

The boundary conditions assigned to the numerical model derive directly from the
conceptual reconstruction of the aquifer system (Fig. 2a). The River Blau was
defined as the northern edge of the model. The Cauchy boundary condition was
assigned on this edge and constrained by the river level measurements, i.e., the
water level of the river equals the groundwater level. The western edge of
the modeled area acts as no-flow boundary. The Dirichlet boundary condition was
applied on the southern edge with a constant head value of 540 m asl and on the
eastern edge with linear decreased values from 540 to 520 m asl in S—N direction.
A no-flow boundary condition was applied to the bottom of the model, and spa-
tially distributed recharge was defined at the top model surface. Pumping wells
were assigned to the interior to the model to represent water withdrawals.

3.2 Calibration

Basically, two steps were followed in modeling the aquifer: a steady state model
was developed to calibrate the spatial distribution of hydraulic conductivity and
in-/out-transfer coefficients to match the measured piezometric surface, and a
transient model was run for a 3 months period (November 2012—March 2013) by
using daily recharge to optimize the distribution of storage coefficient such that
groundwater level differences between recharge events were matched. Both steady
state and transient models were calibrated using inversion implemented with
Parallel PEST (Doherty 2004) and the pilot points method (Doherty 2003).



Groundwater Flow Modeling in a Karst Area ... 327

3559500 3560000 3560500 3561000 3561500 3562000

%o (b "
; g 1 (b)
g % E - e
% g i 513 -
@ s g 50
g g 8 498 + ’ . .

498 503 508 513 518 523 528

% % Measured hydraulic head [m asl]
z g g

-E- 502 (C) &f
% % E :_ ¢
2 2 2 .
) 1 o 501 :
; ;| o

500 :

: W B oo

5 499 - 17

T \ L.l
%s@m 3560000 3560500 3561000 3561500 3562000 3 ‘m.q;g 4§g 500 501 552 503
Measured hydraulic head [m asl]
* Monitoring well —— 3rd kind boundary condition (Cauchy)
Outflow monitoring well Calibrated steady state groundwater heads
® Selected monitoring well I Lower/upper basins

—— 'No flow' boundary f524] Limestone quarry
~—— 1st kind boundary condition (Dirichlet) [ River Blau
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Measured water levels on 24 Nov. 2012 were used to evaluate the steady state
model calibration because the recharge was close to stable condition on this day,
after a dry period of several weeks, and the number of synoptic water level mea-
surements (33) was greatest. Spatial distribution of recharge zones were defined
under the condition of land uses and topography. The distributed recharge rate on
24 Nov. 2012 was then assigned to the steady state model. Under the consideration
of the anisotropy, 3,654 pilot points distributed in different zones with different
spacing were created to calibrate the conductivity of the entire model. By using the
regularization method of SVD (Singular Value Decomposition)-Assist, PEST
identified then 140 super-parameters representing combination of the 3,654
parameters that are uniquely identifiable given the observation dataset, to optimize
the distribution of parameter values. The calibrated steady state groundwater heads
and a contour view of the computed heads are plotted in Fig. 2a, b, ¢), which show
the scatter plot of simulated versus measured heads after the calibration in different
scale. The allowed absolute difference was defined of 0.1 m in the Blau Valley, and
in the limestone area should be smaller than 0.25 m. The average difference of all
observation points after calibration is about 0.13 m. As shown in the scatter plots in
Fig. 2c, the computed values at four observation wells exceed the defined value
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Fig. 3 Comparison between computed (red) and measured (black) groundwater level at four
selected observation wells from 24 Nov. 2012 to 01 Mar. 2013

range, which is possibly caused by the locally confined situation nearby these three
points.

Simulated heads and the calibrated distribution of hydraulic conductivity from
the steady state model were used as input for the 3 months’ period transient model.
The model was calibrated with the observed data from 36 wells for transient
conditions. The aim of transient-state calibration was to simulate the variations of
water table, which were recorded at the monitoring wells, as accurately as pos-
sible. The transient simulation started on 24 Nov. 2012 and ended on 01 Mar.
2013, lasting a total of 98 days. The time varying water level of the River Blau
(transfer at northern boundary) and inflows from the surface (distributed recharge
on the top layer) were assigned to the transient model. The results of the cali-
bration under transient conditions are shown in the plots of Fig. 3, where results
are compared with measurements at four selected observation points from three
different model areas, i.e., at the River Blau, in the Blau Valley, and in the quarry
area. The computed groundwater levels are generally in agreement with the col-
lected values from the observation wells. The Nash-Sutcliffe model efficiency
coefficient at GB2, GB5T, GB6, and Br.6 is about 0.59, 0.90, 0.79, and 0.82,
respectively. Nash-Suttcliffe efficiencies can range from —oo to 1. An efficiency of
1 corresponds to a perfect match between model and observations. Values of >0.5
are generally acceptable for fitting measured to simulated groundwater heads.

3.3 Water Budget

The steady state model has a positive balance of about 155 m*/day (about 1.5 % of
the total rate). This shows a satisfactory equilibrium between inflows and outflows.
The meteoric recharge on 24 Nov. 2012 is of about 855 m?>. From southern sector,
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the groundwater flows into the modeled area for a total of about 1,770 m>/day and
then flows toward the River Blau. On the northern edge the transfer effect between
the River Blau and aquifer is significant. A total of about 10,622 m*/day of
groundwater flows into the River Blau and the porous aquifer in the Blau Valley
receives 8,155 m3/day of river water from Blau. The model under the transient
condition shows a positive balance of about 9,893 m’/day due to the strong
meteoric infiltration (about 10,700 m*/day) during the simulation reference period.

4 Conclusions and Future Works

Modeling of karstic systems as equivalent porous media is suitable in simulating
regional groundwater flow using regional aquifer parameters. The presented model
can be used to estimate various measures and strategies to limit possible adverse
impacts on the construction site and its environment, considering that the Blau
Valley requires high level of protection. This model is still not completely reliable
because of the incomplete knowledge of the aquifer system. Future research will
improve the numerical groundwater model through further piezometric and
hydrometric surveys. The hydraulic and dispersive properties of the aquifer system
will be clearer by further pumping tests. The presented model represents the basis
for future rock-mechanical simulations of the lower basin. The ascertainable
hydraulic states obtained from the model would then be coupled with a rock-
mechanical model to investigate their effects on mechanical properties of rock
mass, especially on the transient states and stress changes in rock mass during
operation of the pumped storage plant.
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Multi-scale Assessment of Hydrodynamic
Properties in a Karst Aquifer
(Lez, France)

A. Dausse, H. Jourde and V. Léonardi

Abstract The present study focuses on the hydrodynamic characterization of the
Lez karst aquifer (Southern France) on the basis of hydraulic field tests performed
at different scales of space and under distinct hydrological conditions. Depending
on the water level conditions, the organization of the flow paths linked to the
geological structure of the reservoir changes and a compartmentalization of the
system due the hierarchization of hydraulic connections to the main flow paths was
assessed. For the same parameter characterized at borehole scale and at regional
scale, a difference of 10-10° has been quantified. This quantification of hydro-
dynamic parameters provides important constraints on multiscale modeling and
the characterization of main flow paths in such a karst system.

1 Introduction

Groundwater in karst aquifers constitutes the main available water resource in many
areas, especially in Mediterranean regions where environmental pressures increase
the problems of water scarcity (Iglesias et al. 2007). Understanding groundwater
flows and transport processes in such a context is therefore of prime importance to
reach a sustainable management of groundwater resources (Bakalowicz 2004).
Because the high level of heterogeneity, characterizing groundwater flows in karst
aquifers at different scales of space and time remains a challenge.

In this study, the monitoring of groundwater flow is performed at several scales
of time and space, within a single Mediterranean karstic carbonate aquifer, the Lez
karst aquifer, located in the South of France. The method is based on the analysis
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of different hydrodynamic tests (pumping tests, slug, and injection tests) at
regional scale, experimental field site scale, and borehole scale. The aim of this
paper is to explain how to allocate the hydrodynamic parameters as a function of
the spatial and temporal scale of observation to improve the understanding of flow
dynamics and to estimate the storage capacity of the aquifer.

2 Study Sites and Methodology

2.1 Regional Scale

The Lez aquifer is a fractured and karstic carbonate reservoir located in the South
of France (Fig. 1a). The aquifer is composed of a 400 m thick formation of
Jurassic and Beriasien limestones and barred in some areas by Lower Cretaceous
marls and marly limestones. Important tectonic features, like the NE-SW Cor-
connes fault network across the aquifer, brings the Jurassic and Beriasien karstic
formation (West) in contact with the impermeable formations (East). It gives rise
to one main outlet located 22 km from the Mediterranean coast and at the ele-
vation of 65 m above sea level, the Lez spring, and several seasonal overflowing
springs. The Lez spring is a Vauclusian spring that drains an aquifer of around
380 km?, with a highly variable natural flow range from 0 to 8 m>.s~" during flood
events. The main of karst conduit upstream of the Lez spring is pumped for water
supply since 1981 with sequential pumping at a flow rate average about
1.1 m*.s™'. These large pumping rates impact the hydrodynamics of the karst
aquifer at the regional scale. A relatively dense groundwater monitoring network
(Fig. 1a) permits the spatial distribution of the hydrodynamic properties of the
aquifer to be assessed from the hydrodynamic response to pumping at the Lez
spring.

2.2 Experimental Field Site and Borehole Scale

The Terrieu experimental field site is located 4.6 km from the Lez spring (Fig. 1b).
The site consists of 22 uncased boreholes, with an average depth of 60 m, laid out
in a 1500 m? area (Fig. 1b). The boreholes are quite near to each other (average
distance about 5 m). They intersect fractured and karstified Upper Jurrasic and
Lower Cretaceous limestone locally forming an unconfined aquifer. All the
boreholes reached the saturated zone and piezometric levels vary from according
to the season.

A four day pumping test with a discharge rate of 50 m>.h"! was performed in PO
when the groundwater level was relatively high (66.5 m asl and overflow at the
Lez spring). Hydrodynamic monitoring was performed in PO and in fifteen
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Fig. 1 a Geological map of the Lez karst system, showing the monitoring network at regional
scale; b Monitoring network at the scale of the Terrieu experimental field site

observation boreholes. In borehole P15, a straddle packer isolated a karst conduit
to identify the specific response of this main flow path. Straddle-packer tests (slug
and injections tests) were performed in four boreholes of the Terrieu experimental
field site to determine the vertical distribution of transmissivity at borehole scale.
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3 Spatial Scaling of Hydrodynamic Properties
3.1 At the Regional Scale (Fig. 2)

During summer, very little rain and large pumping rates are the cause for a ces-
sation of flow at the springs; when this happens, we can assume that the decrease in
water level is mainly due to pumping at the Lez spring. This hypothesis is con-
sistent with piezometric data gathered before the construction of the Lez pumping
station that showed a stabilization of groundwater level during summer and very
low discharge at the spring (Fabris 1970).

The comparison of drawdowns during the low water period shows different
behaviors according to the position of wells relative to the Corconnes fault network:

(i) west of the Corconnes fault (Pompignan and Viols-le-Fort area), the sta-
bility of water levels with no drawdown suggests that there is no con-
nection with the compartment impacted by pumping at the Lez spring
during low water periods (Fig. 2b);

(i) eastand near to the Corconnes fault, wells present similar drawdown evolution
to those at the Lez spring, which means that there is a good hydraulic con-
nectivity with the main flow path network. Also, drawdowns at Terrieu site,
Claret Brissac, and Triadou wells exhibit periods of drawdown and recovery
due to daily variation of pumping rate at the Lez spring, which suggests direct
connection to the main flow path in a confined environment (Fig. 2c).

(iii) other wells show drawdowns dissimilar from drawdown at the Lez spring,
which may be interpreted as a lower hydraulic connectivity with the spring
(Fig. 2d).
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Fig. 3 Hydrodynamic responses at local scale to pumping in P0O. a Pseudo-radial flow response
for boreholes crossing the main flow path; b nonuniform aquifer response

The hydrodynamic response to the pumping at the Lez spring is mainly linked
to the position of wells relative to the NE-SW Corconne fault. These faults systems
(in red in Fig. 1) organize the main flow paths with a function of hydraulic con-
ductor for east zone and a function of barrier fault at west zone.

Seasonal drawdown from June to August 2012 was analyzed like a long-term
pumping test in an equivalent porous medium. The transmissivity values assessed
with the Theis model (1935) varied between 1.4 x 107> and 6.7 x 107> m*s™",
which means that the order of magnitude of the transmissivity was obtained assuming
an equivalent porous medium. In addition, the order of magnitude of the storage
varied between 1.7 x 10~* (conduit storage) and 5.7 X 102 (diffuse storage).

3.2 At Experimental Field Site Scale (Fig. 3)

During the pumping test, the Terrieu site boreholes presented two kind of draw-
down responses (Fig. 3a, b). Some boreholes and the isolated conduit in P15 with
packer system showed homogeneous hydrodynamic properties with pseudo-radial
flow response (graph a). These boreholes are located on the main flow path and
main directions of fracturing identified at local scale by Jazayeri et al. (2011). The
other boreholes showed heterogeneous responses (graph b), which can be inter-
preted assuming a nonuniform aquifer with the model of Butler (1988). These
boreholes with heterogeneous pressure responses are crossing fissured matrix with
indirect connection to the main flow path.

The interpreted hydrodynamic properties showed that the order of magnitude of
transmissivity is the same for all these boreholes (1.1 x 1072 to
1.9 x 1072 m*.s™"), which is consistent with the order of magnitude of the overall
transmissivity previously assessed at the regional scale. The storage varied
between 3.0 x 107° (diffuse storage) and 4.7 x 1072 (conduit storage). Diffu-
sivity values (T/S ratios) are in agreement with the geological properties of the
site, i.e., D > 5 m%s~! for boreholes intersecting conduits, 0.2 <D < 0.5 for
fractured zones, and D < 0.07 m2s~! for fissured matrix zones.



336 A. Dausse et al.
(a) Slugtests, P2 (b)‘ Injection Fall Off test, P2
Model: Bouwer & Rice, 1976 Model: Theis, 1935 (Recovery)
1 BRI DL o B T Zone tested: 100. e B P B B s
HO=50m + 50.6-58.9 m ams| 2
T=4.5E-T mls 39 4-31.7 m am: Q=0.010ls
T=37E8mis 4
i model results P Q=005Ws
£ E wW.f T=6.4E7 ms
] -
£ 5 !
o “F 7 > ,
z 8 4
- L]
1k <
HO=138m =
T=7.7E-T m¥s
\ .‘\ . f
U-U1 1 Y1 oy 1 1 0.1 d d L L
0. 800. 16E+3 24E+3 32E+3 4.0E+3 i ! 10. 100. 1000, 1.0E+4 1.0E+5
Time (sec) Agarwal Equivalent Time (sec)

Fig. 4 Estimation of transmissivity from a slug test and b injection data analysis

3.3 At Borehole Scale (Fig. 4)

In the Terrieu experimental field site, the tested section of the boreholes corre-
spond to horizons where fractures and conduits were detected on the basis of
temperature and conductivity logs and video logs. Transmissivity values obtained
varied from 4.9 x 1077 and 8.9 x 10™* m%s™' for slug tests with Bouwer and
Rice (1976) interpretation and from 3.7 x 107® and 1.3 x 10> m%s™' for
injection tests with Theis (1935) recovery interpretation. Note that these trans-
missivities do not reach high values due to the limited injection rate of the testing
equipment that did not allow testing of highly productive zones. Because of the
specific setup of these packer tests, no storage values could be determined. Fig-
ure 4 presents slug tests (a) and injection tests recovery (b) interpretations at two
fractured zones at P2 borehole.

Most of the time, there is one order of magnitude of difference between
transmissivity estimated from slug test and from injection test for a same zone.
Slug tests are extremely sensitive to altered, near-well conditions (Butler and
Healey 1997). Negative skin, due for example to open fracture intersecting
borehole, can produce slug-test estimated transmissivity that may be orders of
magnitude higher than the average transmissivity of the formation in the vicinity
of the borehole.

4 Temporal Scaling of Hydrodynamic Properties

At the regional scale, piezometric data show that the most diffusive boreholes
present daily drawdowns due to the effects of pumping at the Lez spring.

The piezometric data from April to July 2012 are plotted in Fig. Sa for the
Triadou borehole. The pumping effect, for the same rate (Fig. 5b), is different
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Fig. 5 Influence of the hydrological condition on the hydrodynamic response at the Triadou
borehole. a Hydrodynamic behavior of the Triadou borehole from April to May 2012; b Lez
pumping effects depending on hydrological situation; ¢ Comparison of drawdowns effects

depending on the period on the hydrological cycle. The general pattern is that
drawdowns are low when there is flow at the Lez spring and are high when there is
no flow. Change of water pressure presents two behaviors: first the increasing of
drawdown due to decrease of water level and natural spring rate, secondly a
stabilization of drawdown independently of water level decrease.

The effect of pumping was analyzed by comparing the hydraulic parameters
(transmissivity T and storage S) obtained assuming an equivalent homogeneous
medium with the Theis model interpretation.

We observed that (Fig. 5c):

(i) when the flow rate at the Lez spring is higher than the pumping rate, the
transmissivity and storage aquifer are high. The average values of trans-
missivity are greater than 1 m”.s~' and storage is about 1.1 x 1072
during transition period (Q spring < Q pumping), average transmissivity
decrease about one order of magnitude (T = 0.3 m?.s~ ') and the order of
magnitude of storativity remains the same (S = 1.7 x 1072);

when there is no flow at the Lez spring, both transmissivity and storage
values decrease.

(i1)

(iii)
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The values determined for different hydrologic conditions showed that natural
flow in the karst increases intrinsic karst hydrodynamic properties. As already
shown by Jazayeri et al. (2011) on the Terrieu experimental field site, the water
table level influences the connectivity of some observation wells to the high
permeability flow path network. As a consequence, the hydraulic parameters are
impacted and the transmissivity value decreases. To characterize the reservoir at
regional scale, it is more appropriate to focus on the hydrodynamic properties
analysis when there is no flow at the spring.

5 Conclusion

This study shows the importance of the water level and the structure of karst aquifer
on groundwater flow organization. At regional scale, both the hydrological condi-
tions (i.e., high or low water level) and geological compartmentalization that impact
the hydraulic connectivity, control the hydrodynamic properties. At the experimental
field site scale, a pumping test highlighted the heterogeneous flow pattern that can be
linked to the position of boreholes and the main geological features. At the borehole
scale, hydraulic tests revealed a high range of hydrodynamic properties (transmis-
sivity from 107% to 107> m%.s™") depending on the investigated part of the aquifer
(matrix, fracture, or drain). Understanding hydrodynamic properties distribution at
different time and space scales provided new insights into the organization and
functioning of the reservoir. This analysis is the first step toward multiscale modeling
using conceptual models to represent the characteristics of the main flow paths.
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KARSTMOD: A Generic Modular
Reservoir Model Dedicated to Spring
Discharge Modeling and Hydrodynamic
Analysis in Karst

H. Jourde, N. Mazzilli, N. Lecoq, B. Arfib and D. Bertin

Abstract On the basis of the characterization of the different karst subsystems
(Soil/Epikarst—Unsaturated Zone—Saturated Zone) and mathematical models
developed on specific sites, we propose an adjustable modeling platform of karst
for both the simulation of spring discharge at outlets and the analysis of the
hydrodynamics of the compartments considered in the model. This platform was
developed within the framework of the KARST observatory network initiative
from the INSU/CNRS, which aims to strengthen knowledge-sharing and promote
cross-disciplinary research on karst systems at the national scale.

1 Introduction

Karst basins result from several polyphased digging and erosion processes that
affect heterogeneous and fractured carbonated rocks. In such terrains, dissolution
and collapsing lead to a network of heterogeneous and anisotropic underground
voids, particularly difficult to apprehend. From a numerical modeling point of
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view, water flowing within conduits can reach velocities of several meters per
second, while water flowing through fractures or the fissured matrix travels much
more slowly. In the light of this discrepancy, karst aquifers exhibit nonlinear
hydrodynamic behaviors that include threshold effects, which are naturally difficult
to quantify and forecast, but must be accounted for in models.

Groundwater flow modeling is recognised as a major tool for analyzing
hydrological processes and for water resource management. It is also a challenging
task in karst environments where knowledge of the system geometry may prove
difficult to gather. Global compartment models are based on physically sound
structures and equations that are selected by the modeler as being representative of
the main processes at stake, together with semiempirical ones (Abbott and Ref-
sgaard 1996). Because they require little assumptions on the system geometry and
perform well in the prediction of time series data, such models are popular for
karst water resource management (Fleury et al. 2009; Hartmann et al. 2013).

The structure of compartment models is a trade-off between adaptability (the
model must be able to represent a large variety of hydrological conditions) and
parsimony (parameters must be identifiable and overfitting must be prevented)
(Perrin et al. 2001). Good modeling practice includes careful sensitivity analysis
and uncertainty assessment (Refsgaard et al. 2007).

KARSTMOD is an adjustable modeling platform for both the simulation of
spring discharge at karst outlets and the analysis of the hydrodynamics of the
compartments considered in the model. This platform is developed within the
framework of the KARST observatory network initiative from the INSU/CNRS,
which aims to strengthen knowledge-sharing and promote cross-disciplinary
research on karst systems at the national scale. The objective of KARSTMOD is to
provide a publicly available platform for global, compartment modeling, which
provides (i) numerically stable solutions (ii) sensitivity analyses tools and (iii)
uncertainty assessment tools.

2 Model

2.1 Structure

The proposed model structure is based on the well-established conceptual model of
karst (vertical variability of the hydrodynamic properties, related to the Soil/
Epikarst, Unsaturated Zone—Saturated Zone subsystems). The variability of the
hydrodynamic properties within a given subsystem (e.g., Matrix-conduit interac-
tions) is also accounted for. The proposed model structure is deliberately parsi-
monious, with the purpose to avoid over-parameterization.

In its most complete form, the platform offers three compartments organized on
a two-level structure (Fig. 1): (i) compartment E (higher level) and (ii) compart-
ments M and C (lower level). In its most simplified form, the structure is reduced
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Fig. 1 Model structure P ET

Q

{ ‘_OUT

to the only compartment E, which cannot be deactivated. All compartments may
be defined as either having a minimum water level or with no lower boundary.

Further developments of the KARSTMOD platform may include some modi-
fications to the current model structure. In particular, a third level may be intro-
duced in order to account for longwave hydrodynamic behavior related to the deep
saturated zone of karst, especially for vauclusian karst system that are widely
present around the Mediterranean basin.

2.2 Governing Equations

The model has three balance equations:

dE
i P — ET — Qx — Qies — Qiem — Qiec — Ors — Ohes
am
o OieM — Oemc — Oivis
1
dcC
o Oiec + Oemc — Omve — Cpump

where E, M, C are the water levels in the compartments E, M, and C, respectively,
P is the precipitation rate, ET is the evapotranspiration rate, Qpywp is the discharge
outtaken from compartment C, Qx is the discharge flowing out of the model from
compartment E and Qgs, Qiem, Qiec, Qivs, Qics, Qress Qemc are internal fluxes.
The general notation of the internal fluxes is of the form Q4ap Where A stands for
the compartment from which the flux is taken, and B stands for the compartment
which receives the flux. Internal fluxes may obey either a linear discharge-water
level relation (Q,gs), or be activated when the water level reaches a given
threshold (Qigs, Qiem, Qiec, Qmvs, Qics)- Such threshold effects allow reproducing
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the nonlinear response of karst to precipitation events. The flux Qygs introduces an
hysteretic discharge-water level relation. The flux Qenc from reservoir M to
reservoir C is proportional to the difference in water level in both reservoirs. Qenic
may take either positive or negative values. The model discharge at the outlet Q,
is defined as Qo =A x (Qies + Oies + Oyes + Ovs + Qics) where A is the
recharge area of the catchment.

3 Software Implementation

KARSTMOD is a free Jar-packaged software. The minimum requirement to run
KARSTMOD is JRE (Java Runtime Environment) 1.6. The KARSTMOD.JAR file
can be executed by simply double-clicking the JAR file, on operating systems
Microsoft Windows, Mac, and Linux. The jar archive and the user manual can be
downloaded from the SO Karst website (www.sokarst.org).

3.1 Workflow

In the first step, the user defines the model structure and fluxes through the
graphical interface.

Then, the platform can be used in either “simple run” or “calibration” mode. In
the simple run mode, all model parameters are set by the user, allowing a trial-and-
error calibration and empirical sensitivity analysis of the model. This mode can be
especially useful for educational purpose. The automated calibration mode is
based on a sobol, pseudo-random sampling of the parameter space (Sobol 1985).

The platform also provides various graphical outputs: (i) measured and simu-
lated discharge time series, (ii) cuamulated measured and simulated volumes, (iii)
dotty plots of the calibration criteria against the parameter value, which allow a
preliminary analysis of the model sensitivity, (iv) internal model discharge and
water levels time series, which brings insights into the model functioning and can
be used for comparison with field discharge or water table data.

3.2 Graphical User Interface

The application window can be decomposed into seven areas (see Fig. 1):

1. The model area displays the model structure. Inactive compartments and fluxes
are grayed out. All elements can be activated or deactivated by pressing the
space bar or by clicking on the element except the upper compartment, which
cannot be deactivated.
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Fig. 2 Interface overview: / Model area, 2 Input area, 3 Data area, 4 Execution parameters area,
5 Results area, 6 Control area, 7 Graphics area

2. The input area, where input files for rainfall, evapotranspiration, measured
discharge, and pumped discharge are specified.

3. The data area, where the parameter set (simple model run) or the parameter
bounds (model calibration) are defined.

4. The execution parameters area. The warm-up, calibration, validation periods
and the parameters for the model calibration are defined here.

5. The results area: displays the highest value of the objective function for the
parameter set tested (calibration mode), or the value of the objective function
for the only parameter set tested (simple run mode).

6. The control area allows the user to save the current model structure and
parameter sets or to open former realizations, and to run the model.

7. The graphics area provides several automated plots (Fig. 2).

3.3 Forthcoming Functionalities

In addition to the automatic parameterization, the Monte carlo procedure included
in the platform allows adding sensitivity analysis and probabilistic prediction
tools. The next version of the software will include the following functionalities:

e additional objective functions and the possibility to run a multi-objective
calibration,
calculation of variance-based Sobol sensitivity indexes,
prediction bounds assessment.
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Once tested the relevance of the model to reproduce the temporal variability of
flows at different sites, a last step will be to integrate some physical and chemical
indicators (electrical conductivity or turbidity) to better constrain the model and
simulate their dynamics.

4 Summary

The platform can be regarded as a useful tool for analyzing the hydrological
processes for karst systems, and for assessing the impact of management policies,
for example when pumping is performed directly in the karst network. Thanks to
its friendly interface, no programming skills are required to run the modeling
platform. KARSTMOD will therefore prove especially useful for teaching and
occasional users.

From a research point of view, both the various graphical outputs (measured
and simulated discharge, cumulated measured and simulated volumes, dotty plots
of the calibration criteria against the parameter value, and internal model discharge
and water levels), and the forthcoming functionalities (multi-objective calibration
run, variance-based sensitivity indexes, prediction bounds assessment) may give
new insights into the physical functioning of karst within each compartment.
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Relating Land Surface Information
and Model Parameters for a Karst System
in Southern Spain

A. Hartmann, M. Mudarra, A. Marin, B. Andreo
and T. Wagener

Abstract GIS-based methods are often used to assess the spatial distribution of
mean annual recharge rates of karstic aquifers, but they typically do not provide
temporal information about the dynamics of recharge. Numerical models are able to
assess the temporal dynamics of recharge but they often provide only a single time
series of recharge without any information on spatial distributions of recharge. In this
study, we compare a process-based numerical karst model—in which the spatial
variability of karst properties is considered statistically using analytical distribution
functions—with an independently applied GIS-based recharge estimation method.
We find that both methods produce similar spatial distributions of recharge rates. We
further demonstrate that similarity between the two methods can only be achieved if
the numerical model is calibrated with discharge and hydrochemical data. Using this
similarity, we explore the value of the relations between the spatial input information
of the GIS-based method and the analytical distributions of the process-based karst
model for combined application of the two methods at sites without calibration data.

1 Introduction

GIS-based methods that use spatial information of geology, soil types, vegetation,
mean annual precipitation, etc. are often used to derive time averaged spatial
distribution of karst recharge (Andreo et al. 2008). Despite their great value for
assessing recharge rates in space, GIS-based methods do not provide information
about how recharge might change over time. On the other hand, numerical models
can be used to obtain time series of recharge. But such models often provide only a
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single-time series of recharge rates without any spatial information, or, if they do
provide spatial information, are highly parameterized without adequate observa-
tions for constraining their parameters. In this study, we use spatial mean annual
recharge rates obtained using a GIS-based recharge estimation method (APLIS,
Andreo et al. 2008) and compare it with the temporal information of recharge
dynamics provided by a lumped process-based karst simulation model (VarKarst,
Hartmann et al. 2013a), which considers the spatial variability of karst properties
through analytical distribution functions. Within this comparison, we explore the
value of hydrochemical information for the calibration of the VarKarst model. We
further evaluate the usefulness of the APLIS input parameters to assess the shape
of the VarKarst analytical distribution that controls the recharge dynamics and
hence their usefulness in providing a priori estimates of the VarKarst distribution.

2 Study Site

The Villanueva del Rosario system is located approximately 30 km north of the
city of Malaga, Southern Spain (Fig. 1). Rainfall mainly occurs in autumn and
winter, with a mean annual precipitation of 760 mm (1968/69-2009/10). The
Villanueva del Rosario system consists of 400-450 m thick Jurassic dolostones
and limestones, which are enveloped by Upper Triassic clays and evaporite rocks
(mainly gypsum) at the bottom, and by Lower Cretaceous-Paleogene marly-
limestones and marls at the top. Discharge occurs mainly through Villanueva del
Rosario spring (260 L/s annual mean discharge rate) situated at 770 m ASL, on the
northern border of the carbonate outcrops (Fig. 1). Additional background infor-
mation about the hydrogeological characteristics of the Villanueva del Rosario
system have been described in other papers (Mudarra et al. 2014).

3 Methodology

3.1 Estimation of Recharge

The GIS-based approach to estimate the average spatial distribution of recharge is
the APLIS method (Andreo et al. 2008). It was developed to estimate the mean
annual recharge within carbonate aquifers, expressed as a percentage of precipi-
tation. This is done by using average annual precipitation, its spatial distribution,
and several physical variables (Durén et al. 2004): altitude (A), slope (), lithology
(L), infiltration landforms (/) and soil type (S):

i 0.9 '

F; (1)
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Fig. 1 Map of the study area and its location in Southern Spain

where R; [-] is the mean annual recharge rate at a location i, and Fj,; acts as a
correction factor that adapts to values between 0.1 and 1 depending on the per-
meability of the aquifer permeability (Marin 2009). The spatially variable input
parameters (A, P, L, I, S) are usually found by remote sensing and field surveys
and transformed into rankings between 1 and 10. The APLIS method was
developed from studies carried out in eight carbonate aquifers in southern Spain,
which are representative of a wide range of climatic and geologic characteristics,
and was applied successfully at various locations in Southern Spain (Andreo et al.
2008) and other worldwide sites.

The process-based VarKarst model is used to assess the temporal evolution of
recharge (Fig. 2). The model was previously developed for another karst system in
Southern Spain (Hartmann et al. 2013a) and it was shown that it is capable to be
applied to various settings in the Mediterranean, Middle Europe and the Middle
East when hydrochemical data is available for its calibration (Hartmann et al.
2013b). The VarKarst model includes spatial variability using Pareto functions that
are applied to a set of N model compartments:

. a
i
Vsi = Vinaxs <ﬁ) (2)

where Vg, [mm], i = 1...N, is the distribution of soil storage capacities among the
model compartments that is controlled by the maximum soil storage capacities
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Fig. 2 Schematic structure of the VarKarst model (Hartmann et al. 2013a; modified)

Viax,s [mm] and the distribution coefficient a [-]. The same distribution used
express the variability of the epikarst storage capacities and the epikarst storage
coefficients, making it a major control for the simulated recharge dynamics.
Storage and flow dynamics of the VarKarst model follow the linear reservoir
concept, i.e. discharge at time t is linearly dependent on the volume stored at time t
(for more elaborations see Hartmann et al. 2013a). For calibration, a 3-year record
(hydrological years 2006/07-2008/09) of precipitation, temperature, spring dis-
charge and Cl, NO; and SO, concentrations (precipitation and discharge) are
available. To explore the contribution of hydrochemical data, calibration with
discharge only, and calibration with both discharge and hydrochemistry is
performed.

3.2 Comparison of the Two Methods

To compare the two methods, we establish cumulative recharge distributions of the
APLIS average recharges and of the time averaged recharge rates of the
N VarKarst model compartments. To explore similarities between the APLIS input
parameters and the VarKarst analytical distribution (Eq. 2), we establish cumu-
lative distributions of both. The VarKarst distribution has to be re-scaled since the
APLIS input parameters are transformed into rankings

l

X; = min(X) 4 [max(X) — min(X)] - (ﬁ) (3)
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where X;, i = 1...N, is the distribution of estimate of the APLIS input parameter
X (A, P, L, I, or S) using the VarKarst analytical distribution function. The
parameters of lumped models have to be estimated from a priori information (such
as soil types) when no calibration data is available. The comparison of the hereby
obtained cumulative distributions will show which of the APLIS input parameters
may be used as an a priori proxy for the shape of the VarKarst distribution
function.

4 Results and Discussion

Figure 3 shows the results of the APLIS method and the VarKarst model. While
APLIS indicated that there are areas in the study site that reach up to 80 % of
average recharge, the VarKarst model indicates that during wet conditions (e.g.
2008/09) recharge can reach temporally up to 100 % before it falls down to zero
between the rainfall events. The comparison of the cumulative distributions of
mean annual recharge rates from the APLIS method with the mean annual
recharge rates from the N VarKarst model compartments (Fig. 4) shows that there
is a strong coincidence for exceedance probabilities >0.7. This is only true though
when discharge and hydrochemistry are used for calibration; the cumulative dis-
tributions differ much more when only discharge is used.

We find linear correlations of r* = 0.35-0.89 when we compare the cumulative
distributions of the APLIS input variables with the analytical distribution that
controls the recharge processes in the VarKarst model (Eq. 3, Fig. 5). An improved
agreement could be obtained by reversing the VarKarst analytical distribution for
the distributions of the rankings of P (slopes) and I (infiltration landforms). That
way, we find high correlations for the rankings of altitude (4, r* = 0.69), the slopes
(P, reversed, = 0.94), the lithology (L, = 0.80) and the infiltration landforms
(1, reversed, r* = 0.69). There is no obvious relation with soils (S). However, the
ranking of the APLIS input variables results in step-like cumulative distributions,
which makes the interpretation of the obtained r? difficult.

Given that a 5 x 5 m? digital elevation model is available, we can derive
cumulative distributions for the altitudes and slopes of the study area without using
the APLIS rankings; hence avoiding the step-like shape of their distributions
(Fig. 6). That way, the agreement with the VarKarst analytical distribution
increases to r> = 0.89 for the distribution of altitudes, but it decreases to 2 =047
for the slopes. Hence, the distribution of altitudes appears to be the most reliable
proxy for the shape of the VarKarst distribution function—at least at the study site.
The correlation between the altitude distribution and the shape of the analytical
function in VarKarst is most probably due to the increase of carbonate rock
outcrops and a decrease of soil depths with higher altitudes (Mudarra 2012). More
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detailed observations and analysis than possible here are necessary to understand
the relations to the other input variables of APLIS distribution (slopes, lithology
and infiltration landforms).
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5 Conclusions

This study shows that two different methods to estimate recharge in karst areas
produce similar distributions of mean annual recharge rates, even though they are
based on independent information. The APLIS method is based on field surveys
and remote sensing data. It provides spatial estimates of annual recharge rates.
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The VarKarst model, on the other hand, is based on calibration through observed
time series of spring discharge and hydrochemistry. It provides information about
temporal evolution of recharge and spatial variability is only considered implicitly
using an analytical distribution function. We show that a good agreement between
the two methods can be achieved if the VarKarst model is calibrated with both
discharge and hydrochemical observations. Furthermore, we show that among the
APLIS input parameters, altitude distribution is most correlated with the analytical
distribution that controls the dynamics of recharge in the VarKarst model. In
similar regions, the altitude distribution might therefore be used as proxy to assess
the shape of the VarKarst distribution function when no calibration data is
available. Further and more detailed exploration of its relation to the other APLIS
input variables in future studies may even allow a combined application of GIS-
based methods and numerical models to fulfil the urgent need for large-scale karst
water resources estimation (Hartmann et al. 2014).
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Neural Networks Model as Transparent
Box: Toward Extraction of Proxies

to Better Assess Karst/River Interactions
(Coulazou Catchment, South of France)

L. Kong-A-Siou, H. Jourde and A. Johannet

Abstract Karst catchments frequently exhibit complex exchanges between sur-
face and subterranean flow. While the swing between surface flood and under-
ground flood is complex, the ability to predict such behavior would be of great
interest for flood forecasting and water recharge assessment. To this end an
innovative methodology is proposed to visualize internal variables of a neural
network model. It proves to be efficient to extract internal variables highly cor-
related to measured signals previously identified as proxy of the karst-river
exchanges. The study focuses on a small Mediterranean catchment where karst/
river interactions control the dynamic and genesis of surface floods. But
the methodology is generic and can be applied to any catchment provided the
availability of a sufficient database.

1 Introduction

Karst aquifers represent important underground resources for water supplies.
Nevertheless, such systems are currently underexploited because of their hetero-
geneity and complexity, which make work fields and physical measurements
expensive, and frequently not representative of the whole aquifer. Due to complex
processes combining geodynamic, eustatism, and dissolution processes, karst hy-
drosystems are heterogeneous in space. Such a complexity leads to various
hydrological behaviors at different timescales, involving processes in the unsatu-
rated or saturated zones. Another complexity comes from the interaction between
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river and the aquifer as karst groundwater may contribute to runoff (Jourde et al.
2007; Bailly-Comte et al. 2008, 2012). The karst aquifer can also attenuate surface
floods or act as a natural flood control dam (Bailly-Comte et al. 2009; Jourde et al.
2014). Two different behaviors can thus be identified in such basins that can move
from one state to another in a sole flood event. In order to study these behaviors,
systemic approach is chosen considering rainfall and runoff time series as input—
output signals of a complex karst/river system. In this context, neural networks are
used as transparent box (dedicated architecture containing several subnetworks,
Johannet et al. 2008), in order to extract hidden variables from the model, which
should give indications about karst-river exchanges. To this end, apart from the
introduction, the second part of the paper presents neural network modeling in
the particular case of a transparent box model. In the third part an overview of the
Coulazou catchment is given. The fourth part presents results and discussion.

2 Neural Networks as Transparent Box

Artificial neural networks (ANN) are nonlinear machine learning model. In
hydrology, the multilayer perceptron is commonly used due to its property of
“Universal approximation” (any nonlinear function can be implemented by this
architecture) and parsimony (relatively to other statistical models). Multilayer
perceptron and the model selection methodology are presented in (Kong-A-Siou
et al. this book). For an extended description of ANN, reader should refer to
(Dreyfus 2005).

The model used is this study is a composition of several multilayer perceptron
(see Sect. 3.2). In this section, specific information on gray box and transparent
box modeling are given.

2.1 Graybox Modeling Using Neural Networks

ANNSs are mainly considered as black-box models. However, recent works focused
on the ability to interpret these models in terms of physical meaning. (Johannet
etal. 2008) and (Jain and Kumar 2009) both demonstrated the feasibility of building
a neural network able to deliver physically interpretable information. The proposed
methodology, based on (Johannet et al. 2008), is composed of three steps: (i) the
representation of the hydrosystem behavior as a block-diagram, (ii) the design of
the neural model following the block-diagram, each box being represented by a
multilayer perceptron, or a linear neuron, and (iii) the training of the model. This
“knowledge-based box” permits the introduction of physical constraints in the NN
model. It aims at constraining the model to give physically interpretable informa-
tion. Two kinds of interpretations can stem from the model: hidden information, as
potential evapotranspiration for example, that can be extracted from the output of a
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specific hidden neuron (Johannet et al. 2008); time transfers and contribution of
various area of the basin can also be obtained from the parameters of the model
(Kong-A-Siou et al. 2013).

2.2 Extraction of Hidden Information

As shown by Johannet et al. (2008), hidden information can be extracted from a
neural network with a constrained architecture. Usually, all variables of the model
(see universal approximator in Kong-A-Siou et al. this book) are connected to all
neurons of the hidden layer. In a constrained architecture, variables are only con-
nected to several sub networks in order to represent several physical phenomena. In
this sense one can say that the architecture is constrained by the high level postulated
knowledge about the system functioning. In the cited study, the idea was to build a
subneural network (universal identificator) to identify the evapotranspiration (ET)
signal from an a priori evapotranspiration signal. This subnetwork provides a
“simulated” ET signal which is taken into account in the main NN model, a rainfall-
runoff model. The a priori ET signal is a simple Gaussian curve with a maximum
during summer and a minimum in winter.

The “simulated” ET was obtained by the subnetwork “output” which is
actually a hidden neuron of the main NN model. This hidden neuron output was
called “hidden ETP”. The shape of this hidden ETP has a maximum in autumn
and this shape was reproduced with different sizing of the NN model (number of
hidden neurons) which proves the robustness of the method. The constrained
model permitting the extraction of “hidden ETP” was called “transparent box
model.”

The present study aims at using a transparent box model to estimate the water
level in the karst for two points identified as proxies of karst-river exchanges.

3 Case Study: The Coulazou River Karst Catchment

3.1 Catchment Presentation

The ephemeral Coulazou river, located near Montpellier (Southern France) crosses
the Aumelas Causse karst system. The catchment comprises two parts: upstream, a
non-karst area of about 20 km? with very few infiltrations; downstream, a karst
area of about 40 km? with multiple karst-river interactions.

Huge rainfalls (cumulated rainfall could reach 200 mm in 1 day as in
September 2005) can generate flash floods on the impervious upstream watershed.
Downstream, over 15 swallow holes have been described along the Coulazou river
crossing the karst, which result in direct stream-aquifer interactions. Outlets of the
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Fig. 1 Map of the catchment (after Bailly-Comte et al. 2008)

karst aquifer are the Vene Spring in high-flow condition, Issanka spring used for
water supply, and the Vise submarine spring. A monitoring network has been
settled (Jourde et al. 2007), including: (i) two gauging stations in the Coulazou
river, located upstream and downstream the karst, (ii) four rain gauges distributed
over the catchment and, (iii) water level, temperature and electrical conductivity
measurements in wells and caves (Fig. 1). Discharge at the Vene spring is recorded
at 5 or 10 min time step: these data allowed classifying various types of karst/river
interactions (Bailly-Comte et al. 2009). Initial water level measured in the karst
aquifer (Sainte-Cécile well) gives information about the hydraulic connection
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between the river and the aquifer (perched stream or connected stream). The flow
direction (gaining or losing stream) during flood can be inferred from temperature
and electrical conductivity measured in a cave located in the riverbed (Puits-
de-I’Aven Cave). These proxies of karst-river exchanges will be used in the work
presented herein and compared to internal variables of the model.

3.2 Transparent Box Model

According to the previous studies (Jourde et al. 2007; Bailly-Comte et al. 2008,
2009), and as suggested by (Johannet et al. 1994), the karst system behavior is
drawn following three boxes: (i) the matrix, (ii) the superficial karst watershed, and
(iii) the underground karst drainage network (conduits). In the neural network
model, each box corresponds to a universal approximator (see Kong-A-Siou et al.
this book, and Fig. 2). Starting from this architecture, the presented work aims at
“opening” the black box to see if the outputs of these hidden neurons could be
compared to actual physical variables as suggested by (Johannet et al. 2008). To
this end, hidden neurons S; and S, are compared to the water level in the Puits-
de-I’Aven Cave and the Sainte-Cécile Well, respectively. It is pointed out that the
NN model is trained to correctly reproduce the Véne discharge using input data:
rainfall over the upstream watershed, upstream discharge, downstream discharge,
earlier rainfall, and later rainfall. Water level measurement of Puits-de-1’Aven and
Sainte-Cecile are not introduced in the model.

The available database includes 16 flood events, split as follows: 12 events in
the training set, two events in the stop set and two events in the test set. Thanks to
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Table 1 Maximal correlation (C,.) and corresponding delay (D.) between measured water levels
and hidden neurons output (S; and S,—see Fig. 2) for Puits-de-I’Aven and Sainte-Cécile

Coulazou upstream Sainte-Cécile Puits-de-1’Aven
Flood Maximal water height (cm) C. D, C. D,
1 128 0.73 0
3 253 0.36 —8h —0.60 —1h15
3bis 74 0.65 —13h15
4 (stop set)' 85 075 |—30min |—-086 |0
5 (test set)" 94 0.79 0 —0.80 0
6 181 0.63 0 —0.41 0
7 86 0.75 2h30 —0.95 —30 min
8 98 0.46 1h30 —0.88 0
10 69 0.55 1h —0.38 0
11 143 0.51 —11h —0.82 —2h30
12 60 0.51 —1h45 —-0.92 0
16 128 0.66 —4h15
17 44 0.71 —3h30
19 (stop set)" 97 0.57 3h —-0.53 —2h45
21 67 0.60 1h45 <0.2
22 (test set)' 87 0.65 |2h —0.72 | —2hl5

! See Sect. 3.2. Training set includes floods without indication

the utilization of regularization methods, the selection of variables can be roughly
done; only the initialization and the number of hidden neurons Ny, Ng;, Ng, are
accurately selected. In this study a 15 min time step is used.

4 Results and Discussion

Given the model presented in the previous section, the outputs of hidden neurons S;
and S, were compared with the water levels in Puits-de-I’Aven cave and Sainte-
Cécile well. It must be pointed out that the neuron output is normalized in [—1, +1];
the comparison focuses then on the relative variations. To this end, the cross-
correlographs of neuron outputs versus water levels were calculated for each flood:
the maximal cross-correlation C. and the corresponding delay D, are provided in
Table 1. The C. values prove good to very good correlations between the neuron
outputs and the measured water level in Sainte-Cécile and Puits-de-I’Aven,
including the “test” floods. An important delay is generally observed for Sainte-
Cécile reflecting the poor synchronization of the model.

Figure 3 presents the limnigraphs for the test set floods. For each limnigraph,
the beginning of the flood is poorly represented. This is probably due to the choice
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of initial condition at the beginning of each flood, which is set at the value of the
end of the previous flood (floods are concatenate in a unique continuous time
series, even if it is not the case in actual world). However, thanks to training,
variations of the water heights are very well represented for the flood 5 in both
cases. For flood 22 in Puits-de-I’Aven, a delay appears during the rising up,
according to the delay D, (Table 1). These results confirm the efficiency of the NN
model architecture to represent hidden information. Results from this preliminary
study should be improved by analyzing each flood separately in order to better
choose 1initial conditions and to improve constrains. For example the extreme
values of the neurons (Puits-de-1’Aven, Sainte-Cécile) should be constrained using
the water level extreme values. In addition, several architectures may be tried
depending on the hypothesis that can be postulated on the behavior of the
hydrosystem and its relation with the surface river.

5 Conclusion

In the context of karst catchments swinging between surface flood and underground
flood, an innovative method, based on neural networks, was exerted to visualize
physically interpretable signals inside the neural model. The signals visualization is
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obtained by constraining the neural network architecture using a block-diagram
representation of the postulated behavior of the system. With the example of the
Coulazou hydrosystem (South-eastern France), this method proved that a neural
network model can deliver hidden, physically interpreted signals. This method will
promise interesting developments to design virtual and efficient proxies of complex
behaviors.
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Neural Networks for Karst Spring
Management. Case of the Lez Spring
(Southern France)

L. Kong-A-Siou, V. Borrell-Estupina, A. Johannet and S. Pistre

Abstract Karst hydrosystems constitute important water resource but their
recharge and emptying process are poorly known and quantified. Water resource
management is thus difficult. Nevertheless, it is a major issue when rainfall is not
uniformly distributed during the year, as in Mediterranean climate. This study
proposes a method based on neural networks permitting to simulate karst emptying
as a function of the pumping volume during the dry period. Applied to the Lez
karst system, the model provides excellent simulations of the water level at the
main outlet of the system by using mean pumping discharge and zero rainfall
hypothesis during dry period. An arbitrary extreme scenario is also provided by
introducing a mean pumping volume.

1 Introduction

Karst aquifers represent 10 % of the earth’s surface and provide drinking water for
about 25 % of the global population (Ford and Williams 2007). However, karsts
are known for their structural heterogeneity, which implies complex recharge and
emptying. In addition, the Mediterranean specific climate causes both important
rainfalls during the autumn and dryness during summer. Karst water level fore-
casting during exploitation is thus a major issue for karst spring management,
especially for regions where rainfall are nonuniformly distributed during the year.
Considering the complexity of the water height prediction in karst aquifers, the
systemic approach is chosen. Following this approach, pumping discharge and
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rainfall are considered as the input signals of a complex system; and water level in
the karst outlet as the output of this system. Neural networks are nonlinear
machine learning models, able to approximate nonlinear relations without a priori
information about the system. This work proposes thus using neural networks to
simulate water level drawdown in a karst aquifer during the exploitation of the
main outlet of this hydrosystem. Apart from the introduction, the second part of the
paper presents neural network models and the methodology used to design the
karst water height model. In the third part, the case study on the Lez Spring, a
Mediterranean exploited karst spring is presented along with its specific proble-
matics in particular testing scenarii of pumped flow rate. Finally, the fourth part
provides results and discussion.

2 Neural Networks for Water Level Prediction

Artificial neural networks (ANN) have been increasingly applied in the field of
hydrology over the past couple of decades (Maier and Dandy 2000; Filho and Dos
Santos 2006; Corzo and Solomatine 2007; Toukourou et al. 2011). In the field of
hydrology, their great interest is that they do not necessitate a priori knowledge
about the system they represent and are able to implement nonlinearity. In the
following, a brief presentation of neural network modeling applied to hydrology
and karst modeling is proposed. For more details on neural networks, the interested
reader is referred to (Dreyfus 2005).

2.1 Nonlinear Modeling

As demonstrated by (Hornik et al. 1989), the multilayer perceptron, a specific
artificial neural network is capable of “Universal Approximation.” This property
means that any nonlinear function can be implemented by this architecture: the
solution exists. The multilayer perceptron is a neural network (feed-forward or
recurrent) having one hidden layer of N, neurons and one linear output neuron
(Fig. 1). Multilayer perceptron is also parsimonious in comparison regarding other
statistical models (Barron 1993).

The model proposed is intended, at a discrete time k7 (T is the sampling period,
keN") or more simply at discrete time k, to simulate water level in karst conduit.
The neural model was designed based on (Nerrand et al. 1993):

P(k) = gxn [Pk — 1),P(k —2),...,P(k —d + 1), ri(k), ri(k = 1), .., ri(k = w+ 1), 0, (k)]

where gy is the nonlinear function implemented by the neural network, Q,, is the
pumped discharge, w and d are the widths of sliding temporal windows conveying,
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Fig. 1 Multilayer perceptron as universal approximator for rainfall water level modeling

respectively, the rainfall and the previous water-level information. Such a model is
dynamic, given its dependence on previous output values P(k-1)... P(k-d + 1).
Calibration step (called training for neural networks modeling) aims at minimizing
the squared error cost function by the Levenberg-Marquardt algorithm (Hagan and
Menhaj 1994). Thanks to the training procedure the function gny is calculated
without any analytical expression of the implemented process.

2.2 Model Selection

A major issue of machine learning model is overfitting due to the bias-variance
dilemma. In order to avoid overfitting and keep generalization capabilities of the
model, regularization methods must be used. As studied on (Kong-A-Siou et al.
2011Db) early stopping (Sjoberg et al. 1995) combined with cross-validation (Stone
1974) gives satisfactory results. Early stopping is used to stop the training before a
complete convergence and cross-validation method is used to choose the appro-
priate level of complexity (adjusted by varying w, d, and N,). For each w_d, N,
values combination, a cross-validation score is calculated as described in (Kong-
A-Siou et al. 2011a). Neural networks are very sensitive to the parameters ini-
tialization. Totally, 50 randomly chosen initializations are thus tried. The cross-
validation score S is calculated for each initialization of each investigated archi-
tecture (combination of w_d, and N, values). The ten initialization which provide
the best score S are selected and the median M, of these score is calculated. The
architecture corresponding to the best M, is selected. With this architecture, the
initialization corresponding to the best cross-validation score is chosen. In order to
quantify rigorously the quality of the model, quality criteria are calculated on test
sets, set apart from training and stopping datasets.
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3 Case Study: The Lez Hydrosystem

3.1 Presentation of the Lez Hydrosystem

The Lez karst system is located in the south of France near the Montpellier con-
urbation (400,000 inhabitants). Its main outlet, the Lez spring is tapped for fresh
water supply.

The Lez spring hydrogeological basin is estimated to be 380 km? area (Thiery
et al. 1983). The recharge area is estimated at 130 km?, including main aquifer
outcrops and secondary aquifers (Fig. 2). Exchanges between secondary aquifers
and the main Lez aquifer are poorly known. In addition, the Lez spring is not the
sole outlet of the main aquifer. Several secondary temporary outlets exist, par-
ticularly along the faults (Fig. 2). These faults split the watershed into compart-
ments. Specifically, the Corconne fault complicates the exchanges between the
eastern and the western part of the aquifer as it puts in contact impervious for-
mations with karstified formations. In addition, it can also works as drain (Bérard
1983), leading the water to the Lez spring as shown by tracer experiments.

The main outlet exploitation consists of four boreholes in the main karst drain
(Fig. 3). A Public Utility Decree (PUD) allows pumping a maximum of 1,700 1/s,
with a maximal drawdown of 30 m below the spring altitude. The drawdown is
measured in a well near the pumping borehole (Fig. 3). In order to maintain a
minimal flow in the Lez river, the PUD imposes a release discharge of 160 I/s. The
Mediterranean climate directly affects the spring exploitation. It has dry summers
and rainy autumn with intense rainfall events: precipitation can reach as high as
300 mm in 3 days as demonstrated in 2002.

As a consequence, the aquifer is highly exploited during the summer, with an
important drawdown and the Lez spring depletion. Due to the DUP, pumping is
controlled during the summer in order to never exceed a drawdown of 30 m; for
this reason, a kind of control of the drawdown is performed during summer, which
imposes a constant groundwater level (plateau) inside the spring. At the beginning
of the autumn, the drawdown can be completely canceled with a sole rainy event.

For these reasons, it is of major importance for the spring management to study
the relation between pumping and drawdown during summer, and predict the
drawdown as a function of the exploitation of the spring. As the karst is not
homogeneous, this relation is nonlinear and NN modeling thus appears as an
interesting tool for this purpose.

3.2 Neural Network for the Lez Water Level Prediction

The universal approximator presented in Sect. 2.1 is used. For the forecasting of
the ground water level at time k, inputs include rainfall at time (k to k-w + 1),
pumping volume at time k, estimated previous water level at time k-1 to k-d and
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Fig. 2 Lez hydrosystem map (from Kong-A-Siou et al. 2011b)

potential evapotranspiration (PE) estimated with a Gaussian signal at time
k (Fig. 1). Windows width w and d and number of hidden neurons N, are selected
using cross-validation as explained in Sect. 2.2 and in (Kong-A-Siou et al. 2011b).
The data available span 8 years, from 1997 to 2004. Since the water level
undergoes the greatest variation during summer, calendar years are considered,
with the test year being 2003 and the stop set 2001.
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Table 1 Selected neural network complexity and variables
w (rainfall width) d (previous discharge) PE 0, N,
12 1 1 1 3

The designed model is thus the following (Table 1).

In order to assess the model efficiency, a test set must be chosen different from
the training set. To this end, we propose to choose the driest summer of the
database (year 2003) in order to evaluate the ability of the model to generalize to
extreme configuration (summer 2003 is considered as the most important drought
of the period). The more severe hypothesis: zero rainfall during the dry period (1st
June-31 August), is applied and allows, at the end of May, to provide forecasts up
to the end of August (up to 3 months lead time). Three various pumping scenarii
were evaluated during this period: (i) actual measured pumping volume, (ii) mean
pumping volume, (iii) mean pumping volume times two (Fig. 4). The last is not a
realistic hypothesis as the maximal pumped volume is decided by Public Utility
Decree but it is still interesting to assess the model generalization capability.
However, a pumping trial should actually be necessary to assess the quality of this
simulation.

=== mean pumping volume === mean pumping volume x2
——actual pumping volume
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Fig. 4 Actual pumping signal and hypothesis for the test summer 2003
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4 Results and Discussion

Measured and simulated ground water levels of the three experiments previously
presented are shown in Fig. 5. For the first experiment, corresponding to the actual
pumped volume, the simulation is excellent, with a Nash criterion of 0.85. The
drawdown and the slope are correctly simulated. However, the rising up, due to the
huge rainfall event of 22th September is not correct. It is easy to understand
remembering that the model does not receive actual rainfall but zero rainfall. The
second experiment, including mean pumped volume provides similar results, with
a 0.83 Nash criterion. This good quality simulation suggests that detailed infor-
mation of the pumped volume is not necessary to obtain a correct simulation of the
drawdown. Let us note that for all simulations, the maximal estimated drawdown
is up than 90 % of the observed drawdown. In considering these excellent simu-
lations, an arbitrary extreme pumping scenario is proposed corresponding to the
double of the actual mean pumping volume. The simulation suggests that the
maximal drawdown should be about 150 % of the actual maximal drawdown. Of
course, this is hypothetical. The drawdown needs to be verified by pumping trial.
Nevertheless, it is interesting to note that the groundwater level draws a plateau as
it is in the actual pumping scenario. This behavior is not difficult to reproduce for a
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neural model because the neurons of the hidden layer implement a derivable
“threshold” function (sigmoid function). Moreover, it can be noticed that the
plateau estimated by the model depends nonlinearly on the pumping scenario.

5 Conclusion

In the context of karst water resources management, a model based on neural
networks was designed in order to simulate the groundwater drawdown at the main
outlet of a large karst hydrosystem under exploitation. This systemic approach was
chosen as it does not necessitate a priori information about the karst system. Three
rainfall scenarii were evaluated in the worse configuration: with zero rainfall
during 3 months. The model shows excellent forecasts on the more severe drought
of the database revealing one more time that neural networks are able to generalize
to dataset outside of their training examples. Such a model appears thus as very
promising tool to improve karst water resource management.
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Nonlinear System Engineering Techniques
Applied to the Fuenmayor Karst Spring,
Huesca (Spain)

J.A. Cuchi, D. Chinarro and J.L. Villarroel

Abstract Fuenmayor is a modest karst spring that tapes a small limestone aquifer
near Huesca, Spain. A previous paper proposes a transfer function between
effective rainfall and discharge concluding that Fuenmayor has an acceptable
linear response. However, the linear model does not estimate adequately the
response to some events where the nonlinearities are evidenced. To deal with
the nonlinear characteristics of Fuenmayor, it is proposed a black-box model based
on the Hammerstein-Wiener block-oriented structure. It is composed by a linear
dynamic system surrounded by two static nonlinearities at its input and output.
Seven different configurations of blocks are presented. Their efficiency has been
evaluated by the Nash—Sutcliffe model efficiency coefficient. A good result is
obtained with a configuration where the linear block is a second-order transfer
function, with a zero and seven unit delays. The first nonlinear block is a piecewise
polynomial and the second block has been suppressed. The running test draws out
a maximum Nash-Sutcliffe efficiency of E = 0.9383.

1 Introduction

Mathematical models are powerful tools for analyse and simulate systems. Linear
systems are usually modelled by the so-called Transfer Function (TF) that relates
the input and the output of the system. Sampled systems are time continuous
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systems with their inputs and outputs sampled where the Discrete TF is used. DTF
is defined as the ratio of the Z transform of the output and the Z transform of the
input. If the system is linear, this function is rational with numerator and
denominator polynomials of the complex variable z:

Y(Z) _ bo+ ...+ buz "

GZ = =
@) X(z) ao+...+az ™"

Thus, the behaviour of the system is described as a set of parameters a;, b;
There are two main approaches to obtain the model TF of a system: (1) Physical
modelling and (2) Identification where a black-box model is derived from the
observation of the inputs and outputs without knowledge of the internal structure
or physical laws. Parametric identification can be viewed as the process of
establishing the parameters of a TF. When the system is not linear, for black-box
approaches, a block-oriented model is frequently used. Consists of a cascade
connection of static (memoryless) nonlinear and linear blocks. One of most used
structure is the Hammerstein-Wiener (HW) model where a linear block model is
surrounded by two nonlinear blocks. The TF linear block represents the dynamic
component of the model. The two nonlinear blocks emulate the static nonlinear-
ities in the system, (Eskinat et al. 1991). They are implemented using several
nonlinear estimators as deadzone, saturation, piecewise, sigmoidnet or wavenet
proposed by Ljung (2007) . The blocks models are popular because they are easier
to implement than other classical heavy-duty, nonlinear models. HW model admits
two simplifications. The Hammerstein model has a nonlinear component followed
by a linear component. In contrast, a Wiener model is the opposite.

To evaluate the quality of different models, there are several efficiency coef-
ficient methods. For the present work, the Nash-Sutcliffe efficiency coefficient
(NSEC) has been used, defined by Nash and Sutcliffe (1970) as:

The coefficient E can range from -co to 1. An efficiency value £ = 1 corre-
sponds to a perfect match of model output to the measured data. An efficiency
value of 0 (E = 0) indicates that the model is as accurate as the mean of the
observed data, whereas an efficiency less than zero (E < 0) occurs when the
observed mean is a better predictor than the model.

The Identification Techniques for Linear System were applied for the karst
aquifer of Fuenmayor (FMY) by Cuchi et al. (2014). Using a black-box Output
Error (OE) model (Ljung and Glad 1994; Ljung 1999), a suitable TF with two
poles, one zero and seven delays was defined to estimate the behaviour of the
spring. The NSEC offers a value of 0.816, concluding that FMY has an acceptable
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linear response to the rainfall. However, it is evident that the spring has a no total
lineal behaviour as show Chinarro et al. (2010, 2012). For this reason, the
objective of the paper is to apply nonlinear identification techniques of System
Engineering to FMY in order to analyse the nonlinearities of the karst system.

2 Description of the Test Site

Fuenmayor spring (740 m asl) is the outlet of a small mountain karst aquifer in the
Guara Formation (Eocene limestone) and hosted by the modest San Julidn over-
thrust described by Millan (1996).

Average total rainfall is near 800 mm under a continental Mediterranean
regime with Spring and Fall frontal rains and sparse but violent Summer thun-
derstorms. The mean temperature is 12°C. The aquifer characteristics were ini-
tially presented by Pascual and Trilla (1974), Chinarro et al. (2012) and Cuchi
et al. (2014). The recharge area (Fig. 1) is currently estimated on 9.8 Km? (Olivén
2013) covered by very shallow soils, bare limestone with hohlkarren and light
rillenkarren, and gelifraction scree. Maximum storage of the soil has been esti-
mated around 30 mm by Villarroel and Cuchi (2004) and Olivédn (2013). Rainfall
and discharge were measured by an automatic monitoring station located at the
spring from June 2002 to June 2005. Data were collected hourly in order to control
the known fast response of the spring, following Ogata (1987) as sampling should
be performed eight or ten times during the rise time transient response. Hourly
evapotranspiration to calculate the effective rainfall has been estimated by the
Eagleman method. Relative humidity data are obtained from the Monflorite air-
port, 16 km south. The dataset has been analyzed to try different HW models with
Matlab applications which offer the appropriate nonlinear estimators.

3 Results and Discussion

Considering FMY as a linear system and applying parametric identification from
Ljung and Glad (1994) and Ljung (1999), a TF has been obtained between dis-
charge and effective rainfall:

0.01488(1 +0.9980z")
1 —1.988z71 +0.987672

It is a second-order function with seven delays (7 h) similar to the lag of response
observed by the spring keepers. Poles (roots of denominator) and zeros (roots of
numerator) are complex quantities that determine the dynamic behaviour of the
aquifer system. In this case, the poles are z; = 0.9993 and z, = 0.9883 corre-
sponding to recession coefficients a; = 0.0168 days™' and a, = 0.2825 days™".
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Fig. 1 Fuenmayor karst spring and estimated limits of recharge area

The first value is similar to the last depletion coefficient calculated by Trilla and
Pascual (1974) using the Maillet method. Recession coefficients are in the expo-
nential of the temporal expressions of the hydrograms and are related to transfer
function poles by the equation z = e~ (Ogata 1987).

The best obtained TF for FMY has NSCE of 0.84. The value is slightly different
from the presented by Cuchi et al. (2014) and Chinarro (2014), since evapo-
transpiration has been recalculated prior to perform the soil balance. The obtained
NSCE is a relative high fit, that points out that the aquifer has an acceptable linear
response. However, an analysis of the coherence function graph (Fig. 2) shows
that the response is high at low frequencies but declines after an approximate value
of 0.07 days™", corroborated by wavelet coherence presented by Chinarro (2014).
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That means that singular episodes of rainfall of high intensity and short duration,
as summer thunderstorms, that have high frequency components shows a nonlinear
behaviour. On the contrary, long duration rains of moderate variations of intensity
produce a response in the system well simulated by linear models.

In order to analyse the nonlinear response of FMY, several black-box models
based on the HW block-oriented structure have been tested. The central block of
every model is a linear TF. The used software changes slightly the adjustment
coefficients, the gain, in every case, but the same number of delays, poles and zeros
is retained. The quality of the model is estimated by the NSEC. Several nonlinear
simulations with estimators as dead zone, saturation and piecewise were tested.
Only seven models have been presented in Table 1. Sigmoidnet and wavenet
functions without a hydrogeological equivalent for karst behaviour were discarded.

A step-by-step methodology has been followed in order to establish the sen-
sitivity of the system behaviour to small changes in the nonlinearities. As a first
task, the identification work has been done on the input nonlinear block, using
piecewise polynomials, dead zone and saturation equations (models 1-5). A sec-
ond phase is focused on the output nonlinear block (model 6). The last phase
includes both nonlinear blocks (model 7).

For the first phase, the addition of an input nonlinear block, the use of a
piecewise improves the NSCE. Single piecewise models (1, 2, and 3) increase the
fit value until 0.90. The maximum value obtained is 0.9383 for a simulation with
50 breakpoints (model 4). The case should be considered as a mathematical
artefact as it is evident the difficulty to find a geological situation for that scenario.
The models with a low number of breakpoints, as models 1 and 2, show a change
of behaviour around a rainfall value of 10~13 mm hr™' (Fig. 3). The models show
a decreasing response after a breakpoint suggesting a change in the recharge or in
fate of flow of underground water. Two behaviours of the system can be defined.
The discharge response for rainfalls of low intensity, lower than 10 mm_l, may be
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Table 1 Different Hammerstein-Wiener block-oriented structure black-box models for the
rainfall-discharge relationship at Fuenmayor aquifer

Model | Input non linearity Linear block Output non linearity NSEC
0 None 0.01488(1+09980:"") 7 | None 0.8400
1-1.9882-1+0.9876z—2
1 Piecewise lbreakpoint | __1+£09981z' __.—7 | None 0.9023
1-1.9887°1+0.9882z 2
2 Piecewise 2breakpoint | 109981z ___,—7 | None 0.9040
1-1.988:-1+0.9881z2
3 Piecewise 3breakpoint | __1+£09981z' ___.—7 | None 0.9031
1-1.988z1+0.9882: 7
4 Piecewise 50breakpoint | __1+09973:___,—7 | None 0.9383
T-1.98621+0.9864z 2
5 Saturation in 0.02016(1+09985:1) 7 | None 0.8945
238 mm/l 1-1.989+0.989; 2
6 None 1409978z ' -7 | Pjecewise 10 breakpoint |0.8576
T-1.988z 11098832
7 Piecewise 1 breakpoint | __1+09982:"' ___,—7 | Pjecewise 10 breakpoint |0.9098
1-1.989;~1+0.9891z2
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well simulated by linear models. After a threshold of rain intensity, the response of
the system decreases as rain intensity increase. The effect may suggest an alter-
native transfer of water entered in the recharge area of the system. FMY has no
know tropleins. The neighbour Dos Cafios spring has a different chemistry and
temperature that FMY. However, a hydraulic connection was detected with the
aquifer taped by the neighbour outlet area of Dos Cafios spring and associated
minor springs, during a pumping test (Villarroel and Cuchi 2004). Other possi-
bility is the loss of rainwater by surface or underground flow to the Saint Martin
creek, feasible by topographic reasons. A third scenario is an underground transfer
of water to Isarre spring (30T X: 723089 Y: 4680005 Z: 805) located approxi-
mately 1,100 m east of the estimated perimeter of FMY aquifer. The results of a
simulation with a saturation input block is presented as model 5, with a FIT of
0.8945. The results, presented in Fig. 3, shows also a stabilisation of the response
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after events with low rainfall intensity. However, the optimal threshold for the
tested family is obtained for a value of 2.38 mm™', indeed a very low value. The
use of a dead zone does not produce any improvement of NSCE from the linear TF
model and is not presented. FMY is a permanent spring and the use of the effective
rainfall as the input data compensates the effect of the epikarst zone filtering the
low-intensity rainfall episodes. But it is possible than this model may be useful for
tropplein springs.

During the second phase, it was observed that the effect of a single output
nonlinear block produced lesser effect than the input nonlinear block. The model
number 6 of Table 1 has increased its NSCE in only 0.01875 points over that
obtained by the simple linear model. Figure 3 shows that the output nonlinearity is,
in practice, a near straight line. The low effect of the output nonlinear block can be
also assessed by comparing models 1 and 7 of Table 1. The increase of NSCE is
very low, from 0.9023 to 0.9098, adding to model 1 one output piecewise non-
linear block. But the addition of an input block to model 6 shows a clear fit
increase. A view on the graph of the transformation of the response signal, the
output block, after the lineal TF for models 6 and 7 shows a near linear behaviour
almost indifferent to the number of pieces of the polynomial.

Such above discussions indicate that the behaviour of FMY spring can be
modelled with a Hammerstein-Wiener block oriented structure with good results.
However, some parts of the real hydrograph are not well simulated as it is showed
in Fig. 4. The most obvious difference is the discrepancy at the recession limb
around the day 650. The peak near day 500 is also overestimated. One possibility
may be due to the effect of irregular precipitations, locally known as “andalocios”,
over the recharge area. That is a typical meteorological pattern on late Spring, with
rainfall controlled by a topographic effect of the Pyrenees front.
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4 Conclusions

The behaviour of the relationship rainfall-discharge for Fuenmayor Spring can be
represented by a nonlinear Hammerstein technique, obtaining an increase of the
Nash-Sutcliffe efficiency coefficient over that obtained with only a linear Transfer
Function. The best results are obtained with a piecewise nonlinear input block. In
other hand, the addition of a nonlinear output block is irrelevant. However, geo-
logic sense should be applied to avoid mathematical artefacts. Evidently more
work is needed.
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Controlling Factors of Wormhole Growth
in Karst Aquifers

Y. Cabeza, J.J. Hidalgo and J. Carrera

Abstract Flow and water discharge in karst aquifers are controlled by the conduit
network. Therefore, understanding karst conduit formation is important to con-
jecture the aquifer topology, i.e., conduit density and size, and to predict the
aquifer dynamics. Conduits are generated by preferential pathways to flow known
as wormbholes that grow competing with each other. The success of a wormhole is
determined by its ability to drive water away from its neighbors. Once a wormhole
forms, water tends to flow along this preferential path thus reducing the avail-
ability of water for the enlargement of less developed wormholes. Wormhole
growth is then controlled by the flow rate, the dissolution mechanisms and the
heterogeneity of the hydraulic conductivity field. In this work, we propose two
conceptual models to describe the geometry of the wormhole capture zone and its
effect on the surrounding wormholes. First, we consider a cross-section inter-
secting the wormhole longitudinally. Second, we consider a radial model centered
in the wormhole. These models are representative of field (fracture) and laboratory
(tube), respectively. We perform a series of steady state simulations to obtain the
dependence of the capture zone on the wormhole’s geometry. This naturally leads
to a relation between the wormhole’s geometry and the density of wormholes
because only one wormhole grows within a capture zone.
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1 Introduction

Karst aquifers are highly heterogeneous media that form when the carbonate rock
is dissolved by aggressive water. These aquifers are triple-porosity systems, in
which flow is controlled by the topology of the conduit network (White 2002;
Gabrovsek and Dreybrodt 2001). Characterizing this conduit network is a very
difficult task but understanding how it forms and behaves may help to infer its
topology and properties.

The initial stage of a conduit network is an unstable dissolution front. Exper-
iments (Detwiler et al. 2003) and simulations (Cheung and Rajaram 2002;
Szymczak and Ladd 2004) have shown that the dissolution front can derive into
channels originated by differences in the hydraulic conductivity field. The
dynamics of the dissolution fronts are controlled by the feedback between reaction,
porosity changes, and concentration of flow (Szymczak and Ladd 2011). The
instabilities within the dissolution front grow competing with each other for the
availability of water (Hoefner and Fogler 1988; Robert H. Nilson and Stewart K.
Griffiths 1990). This growth generates more permeable pathways known as
wormholes. When, for any reason, one of these wormholes grows larger that its
neighbors, it becomes a preferential flow-path that concentrates the flow reducing
the disposable water for less developed wormholes (Szymczak and Ladd 2006).

The effect of flow focus by a developed wormhole has a direct effect on the
density of wormholes that successfully grow in a system. Prediction of wormhole
density is a topic of interest not only for karst cave formation, but also in fields like
CO, sequestration or for the oil industry, where artificial increment of porosity by
acidification is a common practice. (Fredd and Fogler 1998; Cohen et al. 2008)

The aim of this work is to analyze how a developed wormbhole affects the flow.
We assume that the separation between two successful wormholes is proportional
to the wormhole capture area. We consider two different conceptual models (cross-
section and radial) and performed sequences of steady state simulations varying
the wormhole length to find an expression that relates the wormholes capture area
with its geometry.

2 Wormbhole Growing in a Fracture

We consider a planar fracture in a rectangular domain in which a wormhole of
length L,, is formed (Fig. 1). Using the symmetry of the system, we model a square
of length L/L,, with the wormhole on the left side. Boundary conditions prescribe
head at the top and at the bottom of the domain, so that the flow is parallel to the
wormhole. The wormhole is simulated as a Dirichlet boundary with head equal to
the head at the top. This condition is equivalent to consider the wormhole as an
infinitely permeable zone. Using L,, as the length scale, the dimensionless gov-
erning equation and boundary conditions are:
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Fig. 1 Geometry for the cross-section model. A plane within a fracture where a wormhole is
growing on its left side is represented. The gray area is the model section, white lines are
potentiometric surface and stream lines. White arrow represents direction of flow

Vh=0
h=Hyaty=1L
h=Hyaty=0

h=Hiatx=0and L>y>1L,

where 4 is head, L is domain length and H; and H, are prescribed head at the top
and at the bottom, respectively.
The dimensionless flow rate within the wormhole is expressed as:

L

o [ L L
QW_quL/q ndy = f( LW)

where Q,, is the flow within the wormhole and ¢ is Darcy’s flow.

We perform a series of steady state models varying the wormhole’s length on
each simulation. Figure 2 shows that the ratio of flow rate within the wormhole
and total flow rate (Q7) varies linearly with the length of the wormhole. In the
initial stages, when the domain can be considered infinite, this relation flow rate/
wormhole length keeps a 1:1 proportion.

The wormhole’s capture area (CA) in a fracture plane can be calculated as:

Qv

CA =
QT
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Fig. 2 Relation between flow rate within the wormhole/total flow rate and wormhole length for

the fracture simulations. The relation is y = 0.9856x, with R? = 0.9994

So, in this case, the wormhole’s capture area equals to the relation between flow

rate within the wormhole and total flow rate.

3 Wormbhole Growing in a Cylindrical Core

We simulate a cylindrical core of radius R and height L where a single wormhole is
growing at its center (Fig. 3). In this case, the wormhole is characterized by its

length L,, and radius r,,,.

Using L,, and r,, as z and r scales, respectively, the dimensionless governing

equation and boundary conditions are written as:

10 0h e\’ (0%h
(aran) + (1) (&) =
h=Hyatz=Land r,<r<R
h=H;atL,—L<z<Landr=r,
h=Hyatz=0and r,<r<R
Vh-n=0atr=Rand 0<z<L

In this case, the flow rate within the wormhole is:

L

/ 2nr, K — dz

L-L,
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S :

Fig. 3 Geometry of the radial model. The figure represents a core where a wormhole is growing
at its center. The gray area is the model section. White lines are potentiometric surface and stream
lines. White arrow represents direction of flow

The dimensional analysis of the governing equations suggests that the ratio
between the flow that the wormhole takes from its surroundings and the total flow
rate is proportional to the square of its length and a function of the relation
between its radius and its length. That is,

where f(r,,/L,,) is equal to:

We perform steady state simulations for different values of r,, (107, 5.107%,
1072, 5.107°, 1072, 5.1072, and 10™") varying the wormhole length. Figure 4
confirms the validity of the assumption for the solution of f(r,/L,,) In absence of
boundary effects, the simulated Q,/Qr is linearly proportional to the proposed
expression with a coefficient of 0.2.

The capture area in this case is:

272
ov FL,

o ()

This expression does not work if r,, > L,, because In(L,,/r,,) becomes negative.

CA =
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Fig. 4 Relation between flow rate within the wormhole/total flow rate and the hypothesis for the
capture area in a cylindrical core. The results displayed correspond to wormholes with radius
between 0.0001 and 0.01. The relation is y = 0.2x and R*> = 0.9983

4 Conclusions

In order to characterize the effect that the concentration of flow due to a prefer-
ential pathway (or wormhole) produces on the flow field of a given system, a
sequence of steady state simulations have been performed, under two different
conceptual models (cross-section and radial).

Results show that it is possible to characterize the flow that a wormhole takes
from its surroundings by a simple analytical expression. For a fracture, the capture
area is proportional to L,, and for a cylindrical core it is proportional to L2, and
In(r,,/L,,). The proposed expression for radial flow models works in any case where
L,, > r,. By combining these results with the growth rate of a wormhole in a given
system, it would be possible to characterize completely the wormhole behavior.

However, additional work is necessary for combining these results for the flow
behavior with the chemical processes that occur in a karst system, like dissolution,
and the corresponding wormhole growth rate.
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An Example of Karst Catchment
Delineation for Prioritizing the Protection
of an Intact Natural Area

V. Ristic Vakanjac, Z. Stevanovic, M. Aleksandra,
B. Vakanjac and C.I. Marina

Abstract The paper presents the method and results of an assessment and
delineation of the catchment area of the karstic spring “Perucac,” which is the
main drainage area of Tara Mt. in western Serbia. It is the northeastern, inner zone
of the classic Dinaric karst characterized by a dominant extension of highly
karstified Triassic limestones, a poorly developed hydrographic network with
many ponors, and dense forests. Tara Mt. is one of five national parks in Serbia.
The goal of the project was to identify a high-priority protection zone within the
preserved natural area. Based on data on the discharge regime of the Perucac
Spring, and by applying the multiple nonlinear correlation method, the size of the
direct catchment area was assumed to be 79.3 kmz, which was 5-18 % larger than
that estimated by previous surveys.

1 Introduction

Tara National Park, established in 1981, is one of five national parks in Serbia. It
encompasses the largest part of Tara Mt. with an average altitude between 800 and
1,200 m a.s.l. Tara NP has an area of 19.175 ha with a protected buffer zone
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around it of 37.584 ha (Radovi¢ 2007) (Fig. 1). Together with the adjacent pro-
tected areas (Zaovine and Nature Park Sargan-Mokra Gora) Tara NP represents the
center of the future Drina Biosphere Reserve.

Due to the specific geologic, geomorphologic, hydrologic, pedologic, and cli-
matic features, Tara Mt. is among the most important centers of Balkan and
European ecosystems and species diversity. It is characterized by varied com-
munities of old deciduous and mixed coniferous forests that represent a unique
example of well-preserved forests in SE Europe with numerous endemic and relict
plant and animal species. About one-third of the total flora and fauna of Serbia can
be found within Tara NP, including representatives of almost 1,000 plant, 135 bird,
and 53 mammal species (Maran 2012). The “queen of all endemic species in
Europe” is the Serbian spruce (Picea omorika) discovered in 1876 by the famous
Serbian botanist Josif Panci¢. Preserved forests are habitats for viable populations
of diverse fauna including the endemic Panci¢’ grasshopper, several endangered
species such as the brown bear, otter, European pine marten and chamois. Within
the canyons of Tara Mt., there are many traces of prehistory and the ancient
Roman and Byzantine cultures.

The study area is situated at the border between Serbia and Bosnia and
Herzegovina, which refers from a geotectonic point of view to the Inner Dinarides
of western Serbia. For the most part, it consists of karstified Triassic limestones,
featuring a poorly developed hydrographic network with a large number of
ephemeral and sinking streams. Given that the altitude is above 1,000 m, pre-
cipitation and the thickness of the snow cover in winter are significant contributors
to the rates of infiltration and aquifer recharge. Most of the terrain belongs to the
Drina River basin, which forms a large portion of the natural border between these
two countries. Apart from the Drina and its tributaries, the reservoir of the Bajina
Basta Hydroelectric Power Plant at Perucac and the pumped-storage reservoir of
the Bajina Basta II HPP at Zaovine on Tara Mt. are of great economic significance.

The goal of the research was to assess the catchment area of Perucac Spring, the
most important and largest karstic spring on Tara Mt., for the purposes of prior-
itizing protection and implementing stringent preventative measures in the
national park.

2 Geology and Hydrogeology of Study Area

Tara Mt. has a long geological history, from Paleozoic to Quaternary. The most
prevalent rocks are Paleozoic shales, Permian-Triassic sandstones with intrusions
of igneous rocks and Mesozoic carbonate complex (the Triassic and Upper Cre-
taceous limestones and dolomites) that constitute about 30 % of the Tara Mt. In
addition, Jurassic ophiolites, Oligocene-Miocene lacustrine sediments and Qua-
ternary fluvial deposits have significant distribution in the wider area.
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Fig. 1 Locality of research area (left corner), Google satellite image (source SASPlanet) with
catchment area of kasrt spring Perucac (right corner) and border of Tara NP on DEM (after
Radovic et al. 2005) (down)

In the 1960s, Energoproject of Belgrade undertook comprehensive surveys in
connection with a feasibility study and later with the construction of the Bajina
Basta Dam, one of the largest hydropower projects in Serbia. Kresi¢ (1984) pro-
vided data on the Perucac Spring discharge regime, and Milanovi¢ (2005)



390 V. Ristic Vakanjac et al.

Fig. 2 Perucac spring

discussed the potential impact of the underground reservoir at this spring. Jemcov
(2008) assessed the water budget and predicted the effects of groundwater
extraction, while Jemcov et al. (2008) and Zivanovié¢ (2011) studied the vulner-
ability of the Tara Mt. aquifer system. Finally, Jemcov et al. (2010) evaluated
several options for tapping the Peruac Spring and proposed a procedure for
selecting the best technical solution.

Massive Middle and Upper Triassic limestones constitute the main formation in
the study area. Fissured rocks are generally semi-permeable or permeable, acting
as hydrogeological barriers, while rocks featuring karst porosity, where faults
serve as main groundwater pathways, are highly permeable.

The karst aquifer is recharged by infiltration of precipitation via ponors and a
series of fractures and fissures. Average annual precipitation totals are high, often
reaching 1,000 mm of the water column, and the precipitation regime is relatively
uniform during the year (i.e., long precipitation-free periods are very rare). In most
of the terrain, the presence of tall vegetation prevents direct infiltration and has an
adverse impact on the karst aquifer’s recharge: it reduces the infiltration rate.
Given that some 80 % of the land area is densely forested, the effect of evapo-
transpiration is pronounced. The hydrographic network is developed in areas made
up of serpentinites and peridotites, which intensify runoff at interfaces with the
carbonate rocks of Tara Mt., where the water sinks quickly and recharges the
aquifer (allogenic recharge).

The Peruéac Spring discharges at the foot of Tara Mt. at an elevation of 234 m
a.s.l (Fig. 2). It is situated 1.7 km downstream from the Bajina Basta HPP on the
Drina River. The karst aquifer is formed in Middle and Upper Triassic limestones,
and discharged at the point of contact between these rocks and Triassic sandstones
(Scythian stage) and the Paleozoic Drina Complex. The current zone of emergence
of the Perucac Spring is also the lowest point of aquifer discharge and the lowest
level of Kkarstification, since no siphonal circulation has been recorded in the
upland or in the spring floor. From the point of emergence, the spring forms a
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stream that empties into the Drina. The stream is 365 m long and has for that
reason been named the Godina (Year) River.

The discharge rate of the Perucac Spring was initially monitored in the 1960s,
before the dam was erected, then again in 1987 and 1988 by the Jaroslav Cerni
Institute, and from November 1991 to 2 July 1992 by Energoproject-Hydroengi-
neering. Since then, the discharge has been recorded by the Bajina Basta HPP
personnel. The discharge regime of the Peruac Spring was assessed using the
available dataset spanning 7 years (1992-1998). Typical spring discharge hydro-
graph is presented in Fig. 3. This figure shows only one peak, caused by simul-
taneous spring rain and snowmelt.

During 1956-1958, recorded discharges were in interval 1.34—6.1 m*/s with an
average of around 4 m*/s (Kre§i¢ 1984). The annual average discharge rates of the
Perucac Spring in 1993-1998 were in the interval from 1.004 (1993) to 1.579 m*/s
(1995). The absolute maximum was recorded on 13 and 14 April 1994 (9.815 m’/s),
and the absolute minimum on 30 and 31 October 1995 (0.446 m3/s).

3 Method

The nearest meteorological station at Zlatibor Mt. (alt. 1,029 m) was selected to
assess the effect of precipitation on the discharge rate of the Perucac Spring. A
coefficient of correlation of 0.74 was derived from correlating annual values, while
the analysis of the effect of monthly precipitation totals on spring discharge rates
yielded 0.31. A cross-correlogram with a time step of t = 1 day, for a time period
of 7 years, was produced for daily analysis (Fig. 4). In general, the residence time
between the catchment area and the rain gauge station on Zlatibor Mt. is 2 days.
Additionally, there are two more peaks: one after 8 days and the other after
26 days. The peaks are a result of the release of water from the snow cover
accumulated during the winter months.

Catchment size and evapotranspiration needed to be defined for water budgeting
purposes. A model was developed for cases where hydrogeological research had not
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been sufficiently extensive to determine the catchment size and where the karst
discharge dataset was not long enough. The model is comprised of two levels:

e Level 1: Completing the time series of mean monthly discharges by means of
multiple nonlinear correlation (MNC), and
e Level 2: Delineation of the catchment area and karst aquifer water budgeting.

The task at Level 1 was to establish causal relationships based on available
long-term monthly hydrometeorological data from the extended area, as well as
available (usually short-term) karst spring data. The essence of the model is to
establish linear correlation functions between standardized variables of the time
series of mean monthly discharges and the climate parameters relevant to the karst
spring discharge regime (Prohaska et al. 1977, 1979, 1995; Risti¢ 2007). This
method was used to simulate the time series of mean monthly discharges of the
Perucac Spring for the analytical period 1960-2009.

The basic equation for assessing a karst aquifer water budget with a monthly
time step is:

Py = hyj + Ejj + (Vi — Vijo1) = hyj + Ej £ 4; (1)

where: P;—monthly precipitation totals in the karst watershed [mm], #;—mean
monthly karst spring discharge layer [mm], E;—monthly sums of actual (real)
evapotranspiration in the karst watershed [mm], V;—water volume of the con-
sidered karst aquifer in the jth month [mm], 4;—change in water reserves of the
karst in the jth month [mm)].

Given available data, the water budget equation (Eq. 1) featured two unknown
quantities: E; and 4;. A new boundary condition was therefore introduced to
assess the “real (actual) evapotranspiration” E;; in the karst. The analytical values
of daily sums of potential evapotranspiration derived applying a modified
Thornthwaite method (Thornthwaite and Mather 1957; Risti¢ 2007; Stevanovié¢
et al. 2010; Risti¢ et al. 2013), were used to assess the first approximation of
monthly sums of real evapotranspiration from the karst based on known mean
daily air temperatures and real monthly sums of insolation.
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Fig. 5 Function ® = f(F) 1
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A procedure that gradually approaches the solution to the water budget equation
(Eq. 1) was followed to estimate daily sums of “real” evapotranspiration, assuming
that:

¢ the initial volume of stored karst groundwater was equal to the volume at the end
of the pre-defined analytical period, or Vy = Vg where 0 and K are the
beginning and end of the selected analytical period, respectively;

o the distribution of daily sums of actual (real) evapotranspiration was nonlinear,
such that for rainy days the derived daily sums of potential evapotranspiration
were considered to be daily sums of real (actual) evapotranspiration, or:
E;. = PET;, while for all the other later days the actual (real) daily sums of
evapotranspiration decreased according to the following formula:

Ej}r) = @ - PETy 2)

where: E;—actual daily sum of evapotranspiration [mm], and =—1, 2, 3,...,
m—time step in days;

e the catchment was delineated for different values of ® (® = 0, 0.1, 0.2,...,
0.9), applying the rule Vy ~ V.

e The function ® = f{(F) was constructed. The average of the centerline tangents
of the function ® = f(F), and the function itself represented the real catchment
size, in the specific case of the Perucac Spring (Fig. 5).

4 Results and Discussion

Apart from the catchment size, the outputs from the model included daily and
monthly real evapotranspiration levels for a given ®. The long-term real evapo-
transpiration was 445.6 mm. The maximum annual real evapotranspiration was
575.7 mm, and the minimum was 310.0 mm. Monthly water volumes of the karst
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Table 1 Perucac Spring karst aquifer: summary of water budget for the period 1960-2009

Spring F P E h QOav q %4 ®
km? mm mm mm m’/s V/s/km? 10° m®
Perucac 79.3 987.4 445.6 547.5 1.376 17.35 43.39 0.554

aquifer were computed using the generated input time series of monthly precipi-
tation totals, real evapotranspiration and runoff layers for the catchment area of
Perucac Spring.

Based on the values derived above, Table 1 shows the results for the basic
elements of the water budget equation for the study area. The values pertain to a
long-term average reduced to the period 1960-2009. The following parameters are
shown in Table 1: catchment size F (kmz), average annual precipitation P (mm),
average annual evapotranspiration E (mm), runoff layer 4~ (mm) as h = P — E,
annual change in volume AV (mm) as AV =h — (P — E), long-term average
discharge rate Q,,, (m%/s), long-term average runoff modulus g (1/s/km?), volume of
water W (10° m?) discharged during an average hydrological year, and long-term
average runoff coefficient ¢.

Previous assessments of the size of the Perucac Spring catchment area (F)
varied from 65 to 75 km? (Kresi¢c 1984; Milanovi¢ 2005; Jemcov et al. 2010;
Zivanovié¢ 2011). The size of 79.3 km? derived following the above procedure
showed a maximum variation of 18 %, i.e., a larger catchment than previously
estimated on the basis of field surveys. With regard to the groundwater budget in
an average hydrological year, the Peruac Spring was found to have drained some
45 % of all precipitation, which was more realistic and less than estimated by
some previous studies. For instance, due to large volume of drained waters as
resulted from measurements in period 1956-1958 it has been assumed that
effective infiltration might be even 80 % for the estimated catchment of 75 km?
and still with “catchment deficit.” The average discharges for 1956-1958 were
around 4 times larger than those for 1993—1998, which led to such a conclusion.
Therefore, the installation of permanent monitoring stations on ephemeral and
small streams, which provide allogenic recharge to the karst aquifer through
numerous ponors, is strongly recommended and needs to be consistent with the
previously proposed protection approach for ponors as restricted areas (first level
of protection according to national legislation).

5 Conclusions

The karstic Peruéac Spring is the main drain of Tara Mt. and the largest spring in
the Dinaric karst of western Serbia. The fact that its potential is still underutilized
despite abundant reserves and that the drainage regime is relatively stable qualify
this spring for inclusion on the list of the most prospective alternative sources for



An Example of Karst Catchment Delineation for Prioritizing the Protection ... 395

public water supply in Serbia. By applying method of multiple nonlinear corre-
lation (MNC) the surface of Peruéac Spring basin is calculated on 79.3 km? which
is for larger than previously estimated for 5-18 %, (depending on information
source). With this value an approximated effective infiltration is 45 % of total
precipitation in an average hydrology year. The Perucac Spring and its catchment
area need to be given priority when protection measures for Tara National Park are
considered. The spring’s catchment occupies some 45 % of preserved natural area,
such that the delineation of the catchment area, supported by other aquifer surveys
and vulnerability assessments, and the implementation of stringent preventative
measures within the zone are required.

References

Jemcov I (2008) Karst aquifer water balance and solutions optimization of their water tapping, on
the examples from Serbia, PhD thesis, Faculty of Minig and Geology, University of Belgrade,
p 396

Jemcov I, Milanovic S, Milanovic P (2010) Decision support procedure for constructing karst
underground reservoir—a case study on Perucac karst spring (Western Serbia). In: Andreo B,
Carrasco F, Durdn JJ, LaMoreaux JW (eds) Advances in research in Karst media. Springer,
Heidelberg, pp 415-421

Jemcov I, Zivanovic V, Colic S, Milanovic S (2008) Vulnerability evaluation of karst massif Tara
groundwater—supporting of sustainable management of National Park. In: Proceedings of the
karst and speleology, Book IX, SANU, pp 65-80, Belgrade (printed in Serbian)

Kresic N (1984) Hydrogeology of karstic terrains of Drina River basin upstream of Bajina Basta
on the territory of SR Serbia (in Serbian). MS thesis, Fac. Min. & Geol. University of
Belgrade

Maran A (2012) Geoconservation of the Cretaceous marine geosites from Serbia: Boljevac and
Mokra Gora. Archive of the Bucharest, University, p 210 + 4 annexes (unpublished doctoral
thesis)

Milanovic S (2005) Perucac underground spring and storage. In: Milanovi¢ P, Stevanovi¢ Z,
Radulovi¢ M (Eds) Excursion Guide of the International Conference KARST 2005, Belgrade-
Kotor, pp 30-31

Prohaska S, Petkovic T, Simonovic S (1977) Nonlinear mathematical model for extension and
interrupts filling of hydro- meteorological data. In: Proceedings of Jaroslav Cerni Institute for
the Development of Water Resources, No 587, Belgrade (printed in Serbian), pp pp 25-34

Prohaska S, Petkovic T, Simonovic S (1979) Mathematical model for spatial transfer and
interpolation of hydro-meteorological data. In: Proceedings of Jaroslav Cerni Institute for the
Development of Water Resources, vol 64, Belgrade (printed in Serbian)

Prohaska S, Ristic V, Srna P, Marcetic I (1995) The use of mathematical VMC model in defining
Karst spring flows over the years. In: XV Congress of the Carpatho-Balkan Geological
Association, 4/3, str., Atina, pp 915-919

Radovic D (2007) Evolving GIS at Tara National Park (Serbia). Bocconea 21:183-191

Radovi¢ D, Stevanovic V, Markovic D, Jovanovic S, Dzukic G, Radovic I (2005) Implementation
of GIS technologies in assessment and protection of natural value of Tara National Park. Arch
Biol Sci 57(3):193-204, Belgrade

Ristic V (2007) Simulation model developed for calculation of karst springs daily discharges,
Faculty of Minig and Geology, University of Belgrade, PhD thesis, p 325

Ristic Vakanjac V, Prohaska S, Polomcic D, Blagojevic B, Vakanjac B (2013) Karst aquifer
average catchment area assessment through monthly water balance wquation with limited



396 V. Ristic Vakanjac et al.

metodological data set: application to Grza spring in Eastern Serbia. Acta Carstologica
Slovenia 42(1):109-119

Stevanovic Z, Milanovic S, Ristic Vakanjac V (2010) Supportive methods for assessing effective
porosity and regulating karst aquifes. Acta Carstologica Slovenia 39(2):313-329

Thornthwaite CW, Mather JR (1957) Instructions and tables for computing potential
evapotranspiration and the water balance. Publication in climatology 10, Drexel Institute of
Technology, Centerton

Zivanovic V (2011) Pollution vulnerability assessment of groundwater—examples of karst in
Serbia. MS thesis, Faculty of Mining and Geology, University of Belgrade, p 212



Assessment of Groundwater Vulnerability
in Croatian Karstic Aquifer in Jadro
and Zrnovnica Springs Catchment Area

J. Loborec, S. Kapelj, D. Doganci¢ and A.P. Siroci¢

Abstract The groundwater vulnerability assessment is based on the evaluation of
physical, chemical, and biological properties of the environment which can pro-
vide a certain degree of protection to the groundwater from contamination. In this
paper are presented results of application four different methods (SINTACS, EPIK,
PI, and COP) for groundwater vulnerability assessment in karstic aquifer in
Croatia. The main objectives of the study were to apply the methods on test site
where, so far, groundwater vulnerability was never assessed, then to modify the
methods in order to improve adaptation to the research field and available data.
After comparing vulnerability maps obtained by all four presented methods, it was
determined that the most appropriate method is COP + K, which was additionally
modified. Although presented methodology is not new, it can be used as a back-
ground for land-use planning, because it identifies parts of the catchment area that
are, due to its natural features, more vulnerable to human impact. It can be also
applied as an additional tool in groundwater protection for delineation of protec-
tion zones, and provides very useful data in various fields of water management,
especially for karst area in Croatia.
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1 Introduction

Available supplies of high quality water are becoming major issue of today and
future development in the world. Republic of Croatia is well-known as a country
with a wealth of high-quality water resources and that is why great attention
must be given to maintain this wealth. Almost half of the country’s territory is
covered by karstified carbonate rocks that contain large amount of high-quality
groundwater. In these areas, karstified carbonate rocks are typically covered by a
thin, irregularly distributed soil layer and are intersected by a multitude of
interconnected fractures facilitating the rapid infiltration of surface water.
Groundwater flows through the conduits and fissures with high velocity and with
a relatively short retention time. That allows the quick and far-reaching spread of
potential contamination from the surface (Goldscheider 2005). For that reason,
karst aquifer systems are extremely vulnerable and easily threatened by human
activities.

The vulnerability of groundwater to contamination is estimated since the 1970s ,
when Margat (1968) introduced this term. Vrba and Zaporozec (1994) said that
vulnerability is relative, unquantifiable, and immeasurable characteristic of aquifer
system, an idea that some areas are more vulnerable to groundwater contamination
than others due to its intrinsic features. Through the years, scientists have developed
and presented numerous methods for vulnerability assessment. Vulnerability
assessment is a highly subjective process and depends largely on applied methods.
It is not uncommon that the application of different methods on the same test field
leads to significant differences in results (vulnerability map). Therefore, at the
beginning of the twenty-first century, as part of the COST 620 project “Vulnera-
bility and risk mapping for the protection of carbonate (karst) aquifers,” scientists
have proposed a framework approach that would balance the vulnerability
assessment process and that would make the results in individual regions compa-
rable. It is called “European approach” and it proposes three basic parameters that
influence aquifer recharge from the ground surface to the water table: overlaying
layers (O), concentration of flow (C), and precipitation regime (P) (Daly et al. 2002;
Zwahlen 2004). “European approach” does not provide exact methodology and
rating of each factor, but only rough guidelines that each country can adapt to their
specific conditions and available data.

Main aim of this paper is to present results of application of several different
methods for assessing intrinsic groundwater vulnerability: SINTACS (Civita and
De Maio 2000), EPIK (Doerflinger et al. 1999), PI (Goldscheider 2005), and COP
(Vias et al. 2006) to a deep karstic aquifer in Dalmatia, Croatia. SINTACS, EPIK,
and PI methods are developed before “European approach” and the COP method
was created in accordance with its recommendations. Each of these methods was
modified and tested based on the typical characteristics (parameters) of the test
site.
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2 Characteristics of the Study Area

The catchment area of Jadro and Zrnovnica springs with its approximate area of
560 km? is one of larger aquifer systems in Dinaric type of karst. It is located in
the middle of Dalmatia, in the wider hinterland of the city of Split. It is part of the
Cetina river basin. The springs are located in the foothills of the Mosor and
Kozjak Mts. in the contact zone between permeable carbonate sedimentary rocks
and the coastal flysch belt. Jadro is situated at an altitude of 35 m a.s.l., while
Zrnovnica lies at the altitude of 90 m a.s.l. According to the available hydro-
logical data, discharge of the Jadro spring ranges between 3.60 and approximately
78 m*/s. Zrnovnica joins several smaller springs upwelling in the broader area.
The minimum measured discharge is up to 250 1/s, while the maximum discharge
is up to 19.1 m?/s). The Jadro spring is used for the water supply of Split, sur-
rounding settlements and the towns of Solin, Kastela, and Trogir (up to 300,000
people). Zrnovnica is used for the water supply of the village of Zrnovnica and
irrigation of agricultural areas. The catchment area is predominantly composed of
carbonate rocks, limestone and dolomite, and flysch sediments, while other rocks
occur more rarely. From geological point of view, Carbonate rocks early Meso-
zoic (Cretaceous) built over 75 % of the study area. Tertiary and Quaternary rocks
and sediments build something less than 18 % of the area, while others (Permian,
Triassic, and Jurassic) occupy only about 7 % of the catchment surface. On the
hydrogeological map, five main categories of rocks according to their perme-
ability are singled out (Fig. 1). Detailed description hydrogeological characteris-
tics of observed rocks can be found in interpretation of the Basic Hydrogeological
Map of the Republic of Croatia, Split and PrimosSten sheets (Fritz and Kapelj
1998). A vast of different karst features can be found in the catchment area.
Particularly interesting features are the sinkholes, which is allocated over 10,000
individual objects, as well as large number of swallow holes, pits, and caves. They
are used in the vulnerability assessment as an important indicator of karstification
since they indicate on developed epikarst zone and zone of potential rapid infil-
tration water from surface into the underground (Ford and Wiliams 2007; Kapelj
et al. 2004).

Data from earlier conducted researches show an increasing trend in the quantity
of a number of contaminants in the spring water due to economic expansion in the
catchment area which was until recently poorly populated and developed. Lack of
appropriate protection of drinking water sources has also contributed to this
problem. Therefore, last few years was conducted a comprehensive research of
Jadro and Zrnovnica springs catchment area (Kapelj et al. 2006, 2008, 2009,
2012). Results of the Study were analysed by GIS tools and used as input data for
mapping groundwater intrinsic vulnerability.
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study area)

3 Vulnerability Mapping
3.1 SINTACS Method

The SINTACS method of vulnerability assessment is based on evaluation of seven
parameters: depth to groundwater (S), impact of effective infiltration (I), capacity of
attenuation in the unsaturated zone (N), capacity of attenuation in the soil/sediment
cover (T), hydrogeological properties of the aquifer (A), hydrogeologic conduc-
tivity range of the aquifer (C), and hydrogeological role of the terrain slope (S).
Each parameter is in the range of values between 1 and 10, where higher value
indicates greater aquifer vulnerability. In addition to the standard method, the
impact of the sinkholes on the vulnerability assessment was tested (Kapelj et al.
2013; Loborec 2013). By the standard procedure, the value of C parameter
(hydrogeologic conductivity range of the aquifer) is estimated based on the coef-
ficient of hydraulic conductivity (K), which is directly dependent on the type of rock
that builds aquifer. Since a large portion of the catchment area is build of permeable
carbonate rocks, the zoning of parts with different coefficient of permeability (due to
different degree of fracturing and karstification) is very difficult, especially if there is
no enough data from field research. Therefore is in the analysis included an
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Fig. 2 Resulting vulnerability maps obtained by application of four different vulnerability
methods (SINTACS, EPIK, PI, and COP)

additional indicator of karstification and thus the permeability of the terrain. By
analyzing the spatial distribution of sinkholes was obtained the map of sinkhole
density as number of sinkholes in the area 250 x 250 m, which is combined with a
map of the distribution the parameter C obtained by the standard method. So,
obtained modified parameter C is included in the calculation of the vulnerability
index and finally for the vulnerability mapping by SINTACS method (Fig. 2).

3.2 EPIK Method

EPIK method was developed exclusive for karst aquifers and represents a certain
basis of the European approach. It assesses vulnerability by evaluating four main
attributes: epikarst (E), protective cover (E), infiltration conditions (I), and karst
network development (K). At the end, each factor is multiplied with weighting
factor (in range from 1 to 3) in order to emphasize impact of certain attributes in
the calculation of protective factors and thus the final vulnerability map. When
using this method on Jadro and Zrnovnica, catchment area assessment of E factor
was problematic. According to recommendations, individual class attribute E is
defined based on the fracturing of terrain, or by the presence of karst geomor-
phologic forms. As already mentioned, on the catchment area is present a
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multitude of geomorphological forms, and therefore on the large part of catchment
is estimated very high class of vulnerability. Therefore, in this method is also used
sinkhole density map, where certain classes of density were used to evaluation
factor E. Because of that very high class of vulnerability has significantly
decreased (Fig. 2) what is more realistic situation.

3.3 PI Method

This method was developed within the COST 620 project. Although it seems like
it is the simplest method because it evaluate only two parameters, function of
protective cover (P) and infiltration conditions (I), it is outlined in detail and
includes more subfactors than the previous methods, specially parameter P, for
which is necessary to determine seven separate subfactors. Vulnerability classes
are obtained through the protective factor 1 = P * 1. Here was also taken into
account the density of sinkholes when assessing subfactor F (fracturing) in the
total protective function value, but there was no significant impact of this modi-
fication. When defining I parameter, according to the guidelines, on quite large
part of catchment as dominant flow process was obtained surface runoff. Since the
soil data used in this assessment are derived from Hydropedological map scale
1:300,000, results are taken with reserve and recommendation is to conduct
detailed studies of soil characteristics in this area (Fig. 2).

3.4 COP Method

COP method is the youngest of all applied methods and it is fully coherent (meth-
odological and terminological) with the guidelines of the “European approach”
(assessing three main parameters as mentioned in Chap. 1). Assessment of parameter
O (protective function of overlaying layers) is similar to PI method, but it is better
adapted to the conditions in our area as well as available data (especially as far as the
impact of fracturing and karstification and soil data). Parameter C distinguish
swallow hole recharge area with the impact zone 5,000 m, which is in this case too
much, due to the rapid sinking of water into the underground (Kapelj et al. 2005,
2007), but has significant impact on final vulnerability map, as seen in in Fig. 2.

4 Results and Discussion

By comparing the results of the intrinsic vulnerability assessment (vulnerability
maps), obtained by four methods presented, it is evident that there are similarities
but also significant differences between the results.
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Fig. 3 Source intrinsic vulnerability map obtained by modified COP + K method

In SINTACS method, it is difficult to define with sufficient precision individual
parameters, as in karst there are no detailed measurements of certain features (such
as depth to groundwater, infiltration, thickness, and characteristics of soil,
hydraulic conductivity). Interpolation of these features at a very heterogeneous and
anisotropic field, such as the Dinaric karst, is unfortunately only an assumption,
which reduces the reliability of the method. Also, it is important to note that
SINTACS method does not take into account the swallow holes as particularly
vulnerable places, and as the most vulnerable parts, allocates lowland areas with
small slope angle that collect water from the higher parts and conduct under-
ground. Disadvantage of EPIK method in this case is generalization and subjec-
tivity in application without detailed guidelines. The method is applicable in areas
with very limited database for which you want to define a global view of vul-
nerability without some significant details. Also, overestimate the protective role
of soil based on the too little data. PI and COP methods, although resemble have
given significantly different results. The main disadvantage of PI method is use of
soil data (eFC for P determination and saturated hydraulic conductivity for I
determination), while COP method deals with texture and thickness of soil layers
which are more reliable and accessible data. Another difference is that COP
method separately estimates the impact of precipitation, although it was not been
taken into account dilution with increasing precipitation, based on some mea-
surements. PI method give special attention to the catchment area of sinking
streams (they are no sinking streams in this area), and overestimate the occurrence
of surface runoff. While COP method overestimates the zone of influence of
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swallow holes (which is easy to deal with, allows easier adjustment occurrence of
surface runoff by spatial analyses of slopes and hydrographic tools.

It is important to emphasize that in this case are about mapping intrinsic vul-
nerability of water sources (karst springs), so it is necessary to consider the
characteristics of groundwater flow in the saturated zone of the aquifer toward the
springs (the so-called K factor in the “European approach”). That has been done
by defining K factor by method proposed by Ravbar and Goldscheider (2007) and
Andreo et al. (2009), with a few modifications, which at the end, has been con-
firmed as the most suitable for the application in Jadro and Zrnovnica springs
catchment area (Fig. 3).

5 Conclusions

Vulnerability maps can be used as a very useful additional tool in water protection
and land-use planning. For that reason, it is important to determine the most
appropriate method that could be applied to all areas with similar geological,
hydrogeological, and hydrological characteristics, and so the results would be
uniform and comparable. The applied methods of karst groundwater vulnerability
assessment have shown very different results. Based on the comparisons, it was
concluded that the COP + K method is the most appropriate to the conditions of the
study area. It uses the available data, which are arranged in very suitable parameter
estimation, emphasizes the most vulnerable areas and with respect to several
modifications gives the most acceptable results, as confirmed by comparison with
the results of some field research and matching with the proposed zones of pro-
tection of these sources. In order to vulnerability mapping become even more
reliable method and also with the aim of exclusion of subjective interpretation, it is
necessary to make additional efforts in development of validation procedures.
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Extension of DRASTIC Approach

for Dynamic Vulnerability Assessment
in Fissured Area: Application

to the Angad Aquifer (Morocco)

M. Ambharref, R. Bouchnan and A.-S. Bernoussi

Abstract In this study, we consider the dynamical aspect of groundwater
vulnerability in fissured medium. This aquifer is considered as intermediary
between porous and karst media. For these two media, there are several vulner-
ability assessment methods as DRASTIC for porous media and EPIK for karst
ones. For fissured media, we used in this study the F-DRASTIC method adapted by
introducing a new parameter, F, reflecting the fissures effects on the vulnerability.
The dynamical aspect of vulnerability is proofed through two vulnerability maps
realized, for the Angad region, Morocco, for two different years. These years are
chosen according to their significant level of regional climate variations. These
maps were made using a geographic information system, GIS. The results analysis
has shown, first, the dynamical aspect of vulnerability, but also the effect of the
fissure parameter on vulnerability and its variations.

Keywords Groundwater pollution - Fissured aquifer - Fracturing index
Vulnerability dynamic

1 Introduction

Groundwater vulnerability to pollution has firstly been defined, in relation to the
unsaturated zone characteristics (Margat 1968). Later, some authors have proposed
the integration of the saturated zone characteristics to reflect assimilative
groundwater phenomena (Vrba and Zaporozec 1994; Gogu and Dassargues 2000;
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Aller et al. 1987; Maxe and Johansson 1998). Other authors introduce specific
characteristics to pollutants, allowing the distinction between intrinsic and specific
vulnerability (Gogu and Dassargues 2000). More than a hundred methods for
assessing the vulnerability of groundwater pollution have been developed around
the world. Vulnerability, defined as the degree to which a system undergoes harm
due to the exposure to stress factors, is dynamic (Turner et al. 2003). However, few
studies have been conducted to quantify changes in vulnerability under varying
environmental conditions (Luers et al. 2003). In this work, we show, through
an application on Angad aquifer, that the vulnerability is dynamic. We used the
F- DRASTIC method (Bouchnan et al. 2013) for two different years.

2 Study Area

The studied area (393 km?), is a part of the Angad aquifer. It is located in north-
eastern Morocco near the Algerian-Moroccan border. It is bounded on the north
by the chain of Beni Snassen. In the West, It is bounded by Megrez and Harraza
reliefs and Bou Houria plain. In the South, it is limited by Jebel Hamra. To the East,
it is in the hydrogeological continuity with Marnia plain in Algeria (Fig. 1).

This aquifer is constituted by a subsided basin framed by a graben system with
subverticales faults (Lahrach 1999). The facies of this aquifer are characterized by
the presence of a fissured basaltic within sedimentary rocks. The role of hydraulic
relay played by these fissured rocks between the deep groundwater of Jebel Hamra
and the Angad groundwater was confirmed (Mortier et al. 1967). These rocks are
the best aquifers with permeability ranging between 10~* and 10~ m/s (Quang
Trac et Simonot 1971).

This area is characterized by a semiarid continental climate with dry summer
and temperate winter. The annual rainfall varies from year to year. Indeed, annual
changes during the period 1967-2004 shows that amplitudes can reach 300 mm
between two successive years (Fig. 2).

The application of the standardized precipitation index on the period
1935-2003 shows a drought condition before 1956 and normal-to-wet phase until
1970, followed by a drought period (Sebbar et al. 2011).

The groundwater level variations, depending on rainfall variations, showed a
response with a delay of 6 to 11 months (30 control points). This observation
allows to conclude that this aquifer recharge is not only done directly by the rain
that fell on this plain (Quang Trac et Simonot 1971).

3 F-DRASTIC Method: Principle

The F-DRASTIC method, adapted for fractured aquifers, is based on the addition
of a fracturing index, Fr, as eighth parameter. The vulnerability index is calculated
according to Eq. (1):
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Fig. 2 Annual variation in rainfall (ABHM-Oujda, Hamri Station—No. 5921)

IV = ID + (Fr x 5) (1)

IV: vulnerability index; ID: DRASTIC index; Fr: fracturing index; 5: weight.

The fracturing index rates vary between 0, for nonfractured zones, and 10 for
highly fractured zones.

The fracturing index “F” is evaluated according to the geometrical factors of
the discontinuities and fissured rocks in the unsaturated zone. It is based on the
relation between the thickness and depth of fissured rocks in the unsaturated zone,
the arrangement of the fissures, the discontinuities density and the vertical
hydraulic conductivity of the vadose zone (Bouchnan et al. 2013).
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4 Dynamic Vulnerability: Application on Angad Aquifer

4.1 Problem Statement

The mapping of groundwater vulnerability to pollution risks, initially conceived as
a means of representing a general condition, can convey only a limited amount of
static, numerical information on the factors in natural protection of groundwater
against potential pollution (Margat et Suais-Parascandola 1987). However, this
idea was discussed by several authors. Ravbar and Goldscheider have considered
the strong groundwater table fluctuations in response to precipitation events or
snowmelt. They suggest the introduction of a subfactor for the frequency and
duration of the activity of swallow holes (Ravbar and Goldscheider 2006, 2007).

In this reflection, F-DRASTIC parameters are variables at different timescales.
The problem is to know if the variation of these parameters has an effect on
vulnerability scores. Indeed, the changes in parameters related to the lithology of
saturated and vadose zones, the fracturing index and hydraulic conductivity
depend on groundwater level fluctuations and vertical heterogeneity of aquifers.
Therefore, vulnerability defined on the basis of these parameters should be con-
sidered as a dynamic character.

4.2 Static Parameters Mapping

The soil map (S) was established on the basis of the study of nature, thickness, and
porosity of the soil (DPA-Oujda 1989). This zone is characterized by the domi-
nance of carbonate and isohumic soils occupying 40 and 36 % of this area. The
fersiallitic and poor soils cover 20 %. The urban area, occupying 4 % is approa-
ched as the nonaggregated clay described in the DRASTIC method.

The topography map (T) was generated based on the DTM (Digital Terrain
Model) of the Angad plain. The slope of this area varies between 0 and 24.3 %.
The low slopes of less than 5° occupy the major part of this zone with 94.4 %.

4.3 Dynamic Parameters Mapping

For the five time-dependent parameters, we studied the variations of each
parameter between the two selected years: 1995 and 2004.

The recharge (R) results from: effective infiltration, river infiltration, irrigation
returns and losses of sewerage and drinking water systems. Among these elements,
the effective infiltration is highly variable from one year to another.

The variation in other elements between these 2 years is expected to be very
low. The standard classification of recharge is similar for both years. It does not
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Fig. 3 Depth rates maps a for 1995 and b for 2004

allow the visualization of changes in the recharge values. The high recharge values
are localized in Bou Naim river and urban area.

Changes in the two parameters related to Infiltration (I) and Aquifer (A) depend
on annual fluctuations in groundwater level and vertical facies heterogeneity. The
examination of stratigraphic drilling logs shows that the dominant facies of the
saturated and unsaturated zones for both years are invariable.

The depth maps (D) of the 2 years show an average variation of groundwater
level around 5.7 m, between 1995 and 2004 (Fig. 3). The shallow depths are
generally located in the area bounded by the Bouchtat and Bou Naim rivers in
northeast of Oujda city and in the northeast of this plain.

The variations in depth rates concern 37.8 % of this area between these 2 years.
These variations, with different magnitudes, mainly concern the northeast of the
plain and the zone bounded by Bou Naim and Bouchtat rivers in the northeast of
Oujda city.

For the hydraulic conductivity (C), the corresponding annual values are derived
according to the relation (2) of the equivalent hydraulic conductivity in stratified
soil to horizontal flow (Fig. 4).

I(e = EKi X Li/ELi (2)

Ke: equivalent hydraulic conductivity; Ki and Li: hydraulic conductivity and
thickness of the layer i.

Changes in permeability between the 2 years concern primarily, the south and
central part of the study area. They cover 21.6 % of this area.

The fracturing index (F) depend on the discontinuities density and the fissured
rocks depth, that are static, and the fissured rocks thickness in the vadose zone,
which is dynamic depending on groundwater level fluctuations (Fig. 5). The
variations concern 9.6 % of the study area. They cover the central part around the
nonaquifer zone characterized by the presence of fissured basalt.
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Fig. 5 Fracturing index maps a for 1995 and b for 2004

4.4 F-DRASTIC Vulnerability Maps and Results
Interpretations

The F-DRASTIC vulnerability maps for 1995 and 2004 years show a great vari-
ation of the spatial distribution of the vulnerability degrees (Fig. 6). These vari-
ations concern 55.6 % of the studied area for the vulnerability index and 29.7 %
for the vulnerability degree. This observation leads the dynamic aspect of
vulnerability.

The map removal sensitivity analysis was performed on the vulnerability
variations according to the dynamic parameters variations between the two study
years.
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Fig. 6 F-DRASTIC vulnerability maps; a for 1995 b for 2004

5 Conclusion

In this study, we have shown, through the application of the F-DRASTIC adapted
method on the Angad aquifer, that the aquifer vulnerability is dynamic. It varies in
time according to changes of some dynamic parameters. Indeed, the two obtained
maps for two different years are different: an important variation of the spatial
distribution of the vulnerability degrees is observed. The vulnerability variations,
in the considered area, are very sensitive to the variation in hydrogeological
conditions, related to the depth, hydraulic conductivity, and the fracturing index.

Therefore, the vulnerability maps allow only average state estimation of
aquifers, and cannot be considered as guidance tools for the land use planning. To
overcome this problem, risk maps have to be considered.
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Validation of Vulnerability Assessment
Using Time Series Analysis—the Case
of the Korentan Spring, SW Slovenia

G. Kovacdi¢ and N. Ravbar

Abstract In the shallow Orehek karst aquifer in southwest Slovenia, the use of
hydrological data analysis for the purpose of validating the assessment of water
source vulnerability was tested. The appropriate criteria for the aquifer and
groundwater flow characterization were identified and major drawbacks high-
lighted. Results of water budget calculations were used to determine the extent of
the catchment of the Korentan spring, which is the main outflow from the aquifer.
The vulnerability assessment was verified by autocorrelation and cross-correlation
analyses of available daily hydrological time series data. The small variability of
the Korentan spring water temperature and electric conductivity time series points
to the dominance of autogenic recharge and that sinking streams in the catchment
contribute to the spring to a minor degree. The analysis indicated relatively small
storage capacity of the aquifer and its high degree of karstification and rapid
groundwater flow. The results justify the small proportion of highly vulnerable
areas and lower vulnerability for marginal parts of the aquifer. Time series anal-
yses proved to be time- and cost-effective, but have limited applicability for
vulnerability validation purposes, as they do not provide direct and clear spatially
resolved information on the vulnerability of the catchment.
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1 Introduction

The assessment and mapping of groundwater vulnerability to contamination are
increasingly used for water sources protection and management, especially in karst
environments (Vrba and Zaporozec 1994; Zwahlen 2004; Foster et al. 2013).
Therefore, many assessment methods have been developed so far that mainly
differ in the selection and evaluation of different parameters. Their application and
a comparison of results showed that the methods are liable to subjectivity and
unreliability in the assessment procedure (Gogu et al. 2003; Neukum and Hotzl
2007; Ravbar and Goldscheider 2009). The results are often influenced by various
factors such as the availability and quality of data and its interpretation.

To avoid bias in research and to ensure a reliable interpretation of vulnerability
indices, the validation of vulnerability maps should be done by default. Until now,
validation unfortunately has not become standard practice and there is no com-
monly accepted methodology. Tracing techniques using artificial tracers are the
most straightforward and most commonly used validation method (Goldscheider
et al. 2001; Perrin et al. 2004; Andreo et al. 2006; Ravbar and Goldscheider 2007;
Neukum et al. 2008). However, cost-effective artificial tracing can most often only
be applied in limited areas or over a small surface.

The present study tested the usefulness of simultaneous auto- and cross-correlation
analysis of daily hydrological data sets for vulnerability validation purposes. The
appropriate criteria were identified to evaluate the resulting spring vulnerability map.
The case study was done for the Orehek karst aquifer in southwest Slovenia.

2 Description of the Test Site

The Orehek aquifer is a well-defined shallow karst aquifer that covers an area of
around 9 km?”. The aquifer consists of an anticline of Cretaceous and Palacocene
limestone (Fig. 1) that is partially thrust over in the southwest by the Eocene flysch
that surrounds it (Gospodari¢ et al. 1970; Petri¢ and Sebela 2004; Kovadi¢ and
Petri¢ 2007). The carbonate rocks are well karstified. In the north, the surface is
covered with a thin layer of rendzina soil, and in the southern part with brown
carbonate soil of various depths. The area is influenced by a subcontinental climate
with an average annual precipitation of about 1,670 mm and an average annual
runoff of about 900 mm (1971-2000).

The aquifer is recharged by several small intermittent sinking streams on the
south (e.g., Cermelice, Orehovike ponikve). Two intermittent springs, Policek and
Mrzla jama, and the permanent Korentan spring drain the aquifer on its north
and northeast margin. Tracer test results proved the connection of the southern part
of the aquifer and the Orehovske ponikve sinking stream with the Policek spring
during high water periods. During low water periods, the underground waters of the
southern part of the aquifer flow toward the Pivka River, situated further to the east
(not shown in Fig. 1) (Gospodaric et al. 1970). The second tracer test done during a
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Fig. 1 Hydrogeological setting of the studied area

medium water period proved the connection of the Cermelice sinking stream with
the Korentan spring. The mean linear groundwater flow velocity was estimated to
be 25 m/h and the tracer recovery at 71 % (Schulte 1994).

The Korentan spring, the main outflow from the Orehek aquifer, is a typical karst
spring characterized by rapid, strong responses to precipitation events. The spring’s
discharge ranges from a few 1/s to about 3 m*/s with an average of 0.2 m?/s.

3 Methodology

The analysis is based on the existing intrinsic vulnerability map using the “Slo-
vene Approach” (Ravbar and Goldscheider 2007). The evaluation procedure and
results are presented in Ravbar et al. (2013).
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A water budget calculation for the Orehek aquifer was carried out to determine
more precisely the catchment area of the Korentan spring. Mean annual precipi-
tation and evapotranspiration data (1971-2000) provided by the Environment
Agency of Slovenia (EARS 2013) was used.

An autocorrelation analysis of spring discharge (Q), temperature (T), and
electric conductivity (EC) daily time series and a cross-correlation analysis of
daily precipitation P-Q, P-EC, and P-T data were performed to determine the
behavior of the aquifer, its reaction to precipitation events, and its storage
capabilities.

For performing the autocorrelation and cross-correlation analyses, the daily
time series (Q, EC, and T) of the Korentan spring in the 2004 hydrological year
(September 23, 2003, to August 31, 2004; duration 344 days) were used. Daily
precipitation data from the Postojna meteorological station for the same period
(EARS 2013) was used as relevant for the area studied.

Using the results of the time series analysis, the adequacy of the vulnerability
class distribution of the resulting vulnerability map was examined and verified.

4 Results and Discussion

On the vulnerability map (Fig. 2), highly vulnerable areas occupy 1.6 % of the
studied area and are attributed to caves, excavation sites, roads in the spring’s
catchment area, and to the sinking Cermelice stream and swallow holes (e.g. Sv.
Barbara) and their surroundings. Moderate vulnerability is assigned to 54.2 % of
the studied area, i.e., to the major part of the catchment and to barren areas, caves,
sinking streams, and swallow holes within the aquifer but outside the Korentan
catchment area. Areas of low vulnerability extend over 44.2 % of the area and
cover dolines in the Korentan catchment area and majority of the Orehek aquifer
outside the Korentan catchment area.

The vulnerability classes can be converted into protection zones. Areas of high
vulnerability can be classified as Protection Zone I, areas of moderate vulnerability
as Protection Zone II (inner protection zone), and areas of low vulnerability as
Protection Zone III (outer protection zone).

The validation of obtained results should follow the main concepts of vulner-
ability (Zwahlen 2004) and be done independently of the map making processes.
The following criteria are the most relevant in validating vulnerability indices: (i)
travel time of a possible contaminant; (ii) its peak concentration, and (iii) duration
of contamination. These indices can be most clearly determined by performing
artificial tracer tests.

This approach has three minor drawbacks: (i) tracer type and mass, injection
points and mode are subject to human choice, control, and error; (ii) tracer
detection depends on its detection limit (which affects the calculation of travel
time and duration of appearance); (iii) cost-conscious artificial tracing is most
often hampered by a limited number of injection and sampling points.
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Fig. 2 Korentan spring vulnerability map (modified from Ravbar et al. 2013)

Statistical analysis can be used as an alternative or a complementary technique
to support the credibility of vulnerability maps. The present study used a time
series analysis of daily hydrological data sets.

The analysis of a spring’s hydrological data provides a better understanding of a
karst system’s response to recharge and indirectly provides information regarding
the structure and functioning of karst aquifers (Mangin 1984; Box et al. 1994). The
autocorrelation function quantifies the memory effect of the system, which gives
indirect information on the storage capacity and the degree of karstification of the
system. Generally, a low memory effect is often related to a small storage capacity
and high karstification where rapid infiltration and fast flow in conduits are the
dominant conditions (Larocque et al. 1998; Panagopoulos and Lambrakis 2006).
Such types of aquifers are characterized by short travel times, which also minimize
the degradation and dilution of a possible contaminant.

Cross-correlation functions imply the transformation of input signals (precipi-
tation or concentrated infiltration via ponors) to output signals (karst spring, well)
and indicate the degree of karstification of a karst system. The delay, which is the
time lag between lag 0 and the lag of the maximum value of the cross-correlation
coefficient (r,,(k)), gives an estimation of the pressure pulse transfer times through
the aquifer (Panagopoulos and Lambrakis 2006).

Low memory effect and short transit times indicate high groundwater vulner-
ability. Higher storage capacities and longer transit times mean a lower degree of
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vulnerability as the possible contaminant arrival is delayed and its concentration
significantly reduced or the contaminant does not arrive at all.

In this study, the water budget analysis for the 2004 hydrological year corre-
sponds very well to the average values of the 1971-2000 reference period. The
results suggest that the catchment area of the Korentan spring encompasses
approximately 6 km?. This estimate supports the tracer test results that the
southern part of the aquifer is not drained by or may only marginally contribute to
the Korentan spring. The lower degrees of vulnerability assigned to this part of the
aquifer are thus justified.

The results of daily time series analysis typically show very low memory effect
for the P (1 day) and for the Korentan spring Q (3 days; Fig. 3). The storage
capacity of the Orehek aquifer is therefore small, meaning that the spring reacts
instantly to precipitation events in the catchment, which is characteristic of small
and well-karstified karst systems (Kovaci¢ 2010). The fast reaction of the spring’s
discharge to precipitation events is also indicated by the shape of the P-Q cross-
correlation function (Fig. 4; r,,(0) = 0.70), where the reaction of the spring’s
discharge to precipitation events becomes statistically insignificant after only
2 days (ry, = 0.17). Similar results, high values of ,,(0) ranging from 0.54 to 0.74
and their rapid drop below 0, were determined for several small and well-karstified
springs in the nearby Unica River basin (Kovaci¢ 2010) and also for the well-
karstified aquifer of the Vipava karst spring (r,,(0) = 0.8) north of the studied area
(Jemcov and Petri¢ 2009).

The small storage capacity of the Orehek aquifer indicates the rapid infiltration
of precipitation, short retention time in a relatively shallow vadose zone, and the
rapid flow of infiltrated water through fissures and conduits toward the Korentan
spring. Generally, this indicates that the Orehek aquifer is shallow and well
karstified, which is important for the estimation of the flow within the saturated
zone. Importantly, the results of the daily P—Q cross-correlation analysis are
consistent with the Korentan spring vulnerability map that generally indicates the
moderate vulnerability of the Orehek aquifer.

According to Larocque et al. (1998) and Kovacic (2010), in certain hydrolog-
ical conditions and in the case of binary karst systems, cross-correlation analyses
of EC time series between swallow holes and springs could provide valuable
information on the hydrogeological functioning of karst systems equal to that from
tracer tests. This means that the time variability of dissolved particle concentration
in water could be used for calculating apparent flow velocities of water between
swallow holes and springs. The results could be used to verify the vulnerability
indices of sinking rivers and swallow holes.

Unfortunately, such an analysis for the studied aquifer was not performed
because the EC time series of the sinking streams were not available. However,
some conclusions can be deduced on the basis of the Korentan spring EC and T
data variability. The small variations of these values (range T = 2.7° C, range
EC = 67 nuS/cm) and the high memory effect of EC (53 days) and T (49 days)
show that the autogenic recharge is of much greater importance for the spring than
the concentrated recharge from the Cermelice sinking stream (Figs. 1 and 3). This
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explains the relatively very small portion (1.6 %) of highly vulnerable areas that
are mainly attributed to permanent sinking streams and swallow holes. The low
variability of T and EC values of the Korentan spring and also the results of P-EC
and P-T cross-correlation analyses (values of r,, functions around 0 indicate that
the correlations are not statistically significant) show that the contribution of the
sinking streams to its total recharge is minor (Fig. 4). For a comparison, the high
variability of T and EC values (range T = 21.8° C, range EC = 370 uS/cm) of the
nearby sinking Pivka River is pronounced in the Unica spring (range T = 10.5° C,
range EC = 190 uS/cm), indicating a direct and rapid connection from the
swallow hole to the spring reflecting the important contribution of the Pivka River
to the Unica spring recharge (Kovacic 2010). The variability of T and EC values of
the Unica spring is lower due to the important recharge from the other part of its
catchment where autogenic recharge dominates.

5 Conclusion

The study performed showed the usefulness of simultaneous auto- and cross-
correlation analyses of daily hydrological data sets for the purpose of validating
the assessment of water source vulnerability. The following analyses proved to be
especially useful for the aquifer and groundwater flow characterization: (i) auto-
correlation analyses of the spring’s Q, T, and EC; (ii) P-Q cross-correlation
analysis; (iii) Q-Q, EC-EC, and T-T cross-correlation analyses between swallow
holes and springs (not performed in this study, but in Kovaci¢ 2010); and (iv)
water budget calculation. These analyses reveal the degree of the aquifer’s storage
capacity, its karstification degree and functioning, and the reaction of the spring to
precipitation events.

Time series analyses proved to be mainly cost- and time-effective. However,
their applicability is limited because the results do not provide sufficient and
straightforward information on the hydrogeological functioning of the karst sys-
tem, nor clear information on the degree of vulnerability of the selected surface
areas. As such, time series analyses should not be a stand-alone method for ver-
ifying vulnerability results but could be a complementary technique to support the
validation of source vulnerability maps.

In the present study, the lower vulnerability of the outer part of the Korentan
spring corresponds to the results of the autocorrelation analysis of EC and T time
series of the spring that show sinking streams having very little influence on the
spring’s water and that the Korentan spring is mainly recharged by the diffuse
infiltration of precipitation water. On the other hand, the moderate vulnerability of
the major part of the Orehek aquifer corresponds to the low memory effect of the
Korentan spring. The validation demonstrated that the vulnerability assessment is,
at least for the studied test site, accurate.
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