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Preface

The second edition of Eurokarst was held in Besangon, France, in July 2018 and involved
about 180 participants from 23 countries from all over Europe and the world. All five con-
tinents were represented at this event. Eurokarst is the largest event on this theme in Europe.

The aim of the Eurokarst conference series is to continue promoting advances in research
in the field of karst and carbonate reservoirs after more than 40 years of regular meetings.

Once again, the Eurokarst conference remains a platform where professionals, consultants,
researchers and students can meet to learn about new technologies and methods but also about
the practical challenges encountered in applications.

Knowing each other, sharing know-how and the latest scientific advances between the
various national and international communities are the major strengths of Eurokarst. Among
the current topics addressed during this event, and despite their recurrence, the understanding
of flows in karst and carbonate formations, the protection and management of water resources
are still relevant. In addition, some approaches are diversifying, particularly through the
development of new sensors or methodologies applied more specifically to karst.

Eurokarst is a collaboration generator as demonstrated by the “Karst Modelling Challenge”
(KMC) working group that was initiated by Pierre-Yves Jeannin at Eurokarst 2016 in
Neuchétel (Switzerland) with the aim of identifying the most effective approach for modelling
karst aquifers in different situations. Eight teams actually submitted models for the Phase 1
of the challenge, which was to model time series of spring flow. The special session dedicated
to the KMC was a great success, and the discussions initiated during this session continued
around poster communications (20% of the posters dedicated to this research group).

Eurokarst is also a training event, as demonstrated by the success of the workshops to
familiarize participants with numerical fluid transfer modelling and new tools for protecting
the resource. This day was dedicated to professionals in water resources management, as well
as researchers and students. These workshops were initiated during Eurokarst 2016 in
Neuchétel, and they met with great interest.

Finally, the frequency of this conference makes it possible to realize that the world of
research in this very specific environment is progressing. It is satisfying to see that young
researchers are as passionate as senior researchers. These young researchers were in the
spotlight during this edition by their presence in large numbers and by their professionalism.
Some of their works were highlighted by excellent presentations during the plenary sessions.
As in Eurokarst 2016, the IAH Commission on Karst Hydrology presented awards to three
of them. The choice was difficult and in no way detracts from the quality of the young
researchers on the side of these awards.

In 2018, for the second edition, Eurokarst conference included around 160 communications
covering a wide variety of topics in many fields related to karst. Among them, 27 are presented
in this book. These articles provide an overview of recent progresses made in karst research.
The articles are organized around five main topics:
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Karst landscape and geological control;
Surface and groundwater interactions;
Time series analysis;

Karst modelling;

Multidisciplinary regional studies.
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Detection and Characterization of Sinkholes
Through Integration of Field Surveys
and Semi-automated Techniques

M. Parise, L. Pisano, and V. Zumpano

Abstract

Sinkholes are among the most typical landforms of karst
terrains. They may originate from a simple downward
process, through dissolution of carbonate rocks, or
through rapid, sometimes catastrophic, collapse, due to
the presence of underground voids or cavities, from
where the instability may eventually reach the ground
surface. These two extremes imply a great variety in
vulnerability of man-made structures, and damage to the
population, which makes the analysis of sinkholes
extremely important to society. In this contribution, we
present an integrated workflow to detect, classify and
analyze sinkholes. The ultimate aim is to evaluate the
sinkhole susceptibility and hazard. The methodology used
will be illustrated by means of an example from the karst
of Apulia, south-eastern Italy.

Keywords
Sinkholes ¢ Karst  Susceptibility ¢ Automatic
mapping ¢ Apulia

Introduction

Different mechanisms are at the origin of the formation of
sinkholes, the most typical landforms of karst terrains
(Waltham et al. 2005; Beck 2007; Gutierrez et al. 2014):
some start at the ground surface, as the simple action of
dissolution, slowly acting in downward direction; others
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originate from underground, which lead to instability and to
the collapse of the cave roof (collapse sinkholes), or of the
overburden (cover-collapse sinkholes). The variety of
mechanisms implies also significant differences in terms of
velocity processes, with important effects concerning civil
protection issues and impacts on the built-up environment.

In regions as Apulia, the south-eastern sector of the
Italian peninsula, almost entirely built of soluble rocks, karst
is definitely the main morphogenetic agent. Along the
coastlines landforms are produced by the interaction
between karst and sea wave actions.

Identification of sinkholes, and full comprehension of the
relationships between the observed karst landforms and the
hydrogeological behavior of the carbonate rock mass, is a
great challenge in Apulia (Del Prete et al. 2010; Festa et al.
2012; Margiotta et al. 2012; Parise 2015a, b). Especially
when working over large areas, mapping sinkholes strongly
depends on the scale of the final cartographic product, and
the expertise of the operator as well. Changing the scale,
some features may become impossible to map, while others
can be shown in a quite different way. Subjectivity and karst
knowledge of the operator is also a crucial point, as maps
produced by several operators for a same area may be very
different.

In the last decades, sinkhole occurrence in Apulia has
become the main geological hazard, and many tens of
sinkholes related to karst caves and with known time of
occurrence have been documented (Parise and Vennari
2017). They represent only a small part of a high number of
karst features which characterize the different karst
sub-regions in Apulia.

In the attempt to find a semi-automatic methodology
which might integrate, but not substitute, the classical
mapping approach, we present in this contribution a com-
parison among three inventories produced for a sample area
in the karst of Apulia. The first inventory was produced by
the first author through intensive field mapping, while the
other two were obtained by applying a semi-automated
methodology.

C. Bertrand et al. (eds.), Eurokarst 2018, Besan¢on, Advances in Karst Science,

https://doi.org/10.1007/978-3-030-14015-1_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-14015-1_1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-14015-1_1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-14015-1_1&amp;domain=pdf
mailto:mario.parise@uniba.it
mailto:l.pisano@ba.irpi.cnr.it
mailto:v.zumpano@ba.irpi.cnr.it
https://doi.org/10.1007/978-3-030-14015-1_1

M. Parise et al.

Dataset and Methods
Available Data

The study area was selected in the municipality of Ceglie
Messapica (Brindisi province), in southern Apulia. It is an
entirely karst area, showing some of the most typical land-
scape in the region, which covers a territory of 47 km?
Choice of the area was dictated, beside the interesting karst
features and the more than 50 natural caves registered in the
municipality, by availability of some base data; namely,
these consisted of the Regional Technical Map (topographic
map, in scale 1:5000), aerial photographs from different
years (nominal scale 1:32,000), 8-mt Digital Terrain Model
(DTM) by Apulia Region, and 1-m resolution LiDAR DTM,
produced by the local municipality.

Manual Mapping

The first inventory was obtained through intensive field
mapping, by using the 1:5000 topographic map as base map;
the field work was integrated by analogical stereoscopic
analysis of the 1998 aerial photographs. As in many settings
in Apulia, land morphology is generally flat, and the use of
stereoscopic view is of great help to exaggerate the relief, in
order to identify slight features created in the topography by
karst processes. In the manual inventory, sinkholes were
discriminated by endorheic basins, these latter being defined
as terminal areas of confluence of two or more temporary
water courses (named /ame, in the local karst terminology;
see Parise et al. 2003). Endorheic basins are generally of
larger size with respect to sinkholes, but they show the same
shape (mostly, circular to sub-elliptical), and often are
located along the main lame. Morphologically, sinkholes
produced by collapse processes are generally more well
defined and recognizable, due to steeper margins and greater
depth. The distinction becomes more difficult when dealing
with sinkholes produced by solution processes and suffusion
(Gutierrez et al. 2014), showing more subtle boundaries.
Both sinkholes and endorheic basins may become partly or
totally flooded after heavy rainstorms, with water remaining
at the surface for hours or days, following the most signifi-
cant rainfall events. This implies that from a hydrogeological
standpoint the two features share the same behavior, acting
as sites of concentrated infiltration of the waters under-
ground, thus actively recharging the carbonate aquifer.
However, given the different processes at the origin of
sinkholes and endorheic basins, they were kept separated in
the manual inventory.

Automated Mapping Using Lidar DTM
and 8m-DTM

The sinkholes extraction through the semi-automatic map-
ping was performed by using the algorithm described by Zhu
et al. (2014) and by Wall et al. (2017). This algorithm is
based on the DTM exploitation in GIS environment and was
successfully used to map sinkholes (dolines) in karst envi-
ronment (Doctor and Young 2013; Wall et al. 2017).

We used the “Fill” tool available in ArcGIS software, that
in karst topography is applied for the recognition of topo-
graphically depressed areas (Doctor and Young 2013;
Jeanpert et al. 2016; Wall et al. 2017). This tool identifies the
depressions in the input raster, so that it is possible to obtain
a filled DTM that can be differentiated from the original to
produce a depth raster. The tool can be reiterated multiple
times in order to fill all the depressions with different depths
in the raster. We decided to choose z-limits fills of 2-m
intervals, starting from 2-m depth until we had redundancy
in the number of filled depressions (Kobal et al. 2015). After
obtaining the filled rasters for each z-limits, the difference
with the initial raster was determined, and using the Boolean
Logic the fill-differences were transformed into polygons
representing the sinkholes.

Before moving to the calculation of the morphometric
parameters, we decided to choose the shapefile polygons
map with the z-limit better representing the real situation in
the analyzed study area by using the expert opinion and field
activity, but also through careful comparison with the
manually mapped database (Fig. 1).

In order to make the process lighter and faster, we built a
tool by using the Model Builder in ArcGis software. Once
the model was set up, it required only the input DTM to
perform the analysis and to provide the sinkholes polygon
shapefile for the multiple z-limit.

In the case of automatic procedure, the identified features
include both sinkholes and endorheic basins, regardless of the
processes at the origin of these landforms. An overview of the
number of features in each database can be found in Table 1.

At this point, we set up another model to smooth the
polygons and calculate a series of morphometric parameters
(Table 2) useful to characterize the obtained database: area;
perimeter; CI (Circularity Index); nearest feature and its dis-
tance; length of the long and the short sinkhole axes (Kobal
etal. 2015); azimuth of the sinkhole long axis, elongation ratio
and shape (Basso et al. 2013). These parameters, well known
in the literature (Basso et al. 2013; Pepe and Parise 2014;
Kobal et al. 2015), are calculated for both the automatically
and the manually obtained databases, and only two of them
will be presented hereafter (Figs. 2 and 3).
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Fig. 1 Extract from the study area, showing the three datasets in different colors: green and red colors mark, respectively, the endorheic basins and
the sinkholes mapped manually; yellow color indicates the sinkholes identified through the Lidar analysis, and purple color those identified

through the 8m-DTM

Table 1 Summary table of the mapped features, according to the different used techniques

Mapping technique

Manual mapping

Automated mapping (8m-DTM)
Automated mapping (Lidar)

Number

131 (40 are endorheic basins)
192

523

Table 2 Summary table of the calculated morphometric parameters, the method used and the related reference

Parameter

Area and perimeter

Circularity Index (CI)

Nearest feature

Distance nearest feature
Shortest and longest axes length
Azimuth of the longest axis
Elongation Ratio (ER)

Shape

Method

Calculate Geometry tool, ArcMap, ESRI ArcGIS®

CI = 4nArea/Perimeter

Near tool in Proximity Toolset, ArcMap, ESRI ArcGIS®

Near tool in Proximity Toolset, ArcMap, ESRI ArcGIS®

Minimum bounding Geometry in Feature Toolset, ArcMap, ESRI ArcGIS®
Minimum Bounding Geometry in Feature Toolset, ArcMap, ESRI ArcGIS®
Ratio between the major and the minor axes

Circular: ER < 1.05;
Sub-circular 1.05 < ER < 1.21; Elliptical 1.21 < ER < 1.65;
Sub-elliptical 1.65 < ER < 1.8; Elongated ER > 1.8

References

De Carvalho et al. (2014)

(Kobal et al. 2015)
(Kobal et al. 2015)
(Basso et al. 2013)
(Basso et al. 2013)
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Fig. 2 Percentage of elements
mapped with different elongation
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This procedure was applied to the 8 x 8 m resolution
DTM and to 1 x 1 m Lidar DTM, giving different results in
the number of mapped sinkholes (Table 1), but also in their
shapes and the morphometric parameters (Figs. 2 and 3).

Finally we set up a last model to automatically clean the
maps from possible artefacts attributable to errors in the
DTM generation process, keeping only features significant
as sinkholes. Following the published literature (de Carvalho
et al. 2014; Bauer et al. 2015) the model was set up in order
to operate a selection of the obtained polygons, on the basis
of the diameter length and the CI. For the Lidar DTM, given
its high resolution we decided to pick only the polygons with
a diameter greater than, or equal to, 10 m, in order to
eliminate small features probably not significant as karst
forms (Kunaver 1983; Kobal et al. 2015). Furthermore, we
eliminated the polygons with CI < 0.1 in order to have
prevailing circular forms, and to decrease the number of
elongated ones, which are typically attributable to water
course segments.

For the 8m-DTM, we eliminated the polygons with a
diameter smaller than 25 m, and with CI < 0.1.

The obtained databases were finally compared with the
manually compiled inventory, and the differences were
analyzed highlighting the strengths and weakness of each
database.

en
50
2n
U
)
U
-
v
1-2

W Manual Endorheic Basin

Elongation ratio

2.2
Fighs

3-4 a5

un

Elongation Ratio Intervals

m Manual Sinkholes

m Automatic 8m-DEM

Results

On the one hand, looking at the morphometric parameters
considered, we evaluated that there is a certain degree of
agreement in the elongation ratio (Fig. 2), showing the range
1-2 as the most common for all the considered techniques.

On the other hand, concerning the orientation (Fig. 3),
there is a high heterogeneity in the data belonging to the
different inventories. For the LIDAR- and the DTM-derived
map, the highest count was found in the classes between 80°
and 180°. In the manual inventory, the elements were almost
homogeneously distributed in the entire 60-120° range
(Fig. 3).

Other differences were also found in the shape of the
sinkholes in the three inventories, and an example is reported
in Fig. 4. In fact, it was observed that very often the accu-
racy of the sinkholes depicted with the automatic mapping is
strictly connected with the DTM resolution, giving better
results using LiDAR (the highest resolution). Further, during
field observations the manual mapping was observed as the
most accurate in the delineation of the correct sinkhole
contouring.

Nevertheless, it is important to point out that some rele-
vant sinkholes verified in the field were not detected by
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Fig. 3 Orientation of the major axis of sinkholes and endorheic basins, with respect to the North, for a range of 180°

Fig. 4 Example of a sinkhole mapped by the different techniques. The
“manual mapping” (through aerial photo interpretation) is shown in red,
the automatic one obtained by using the Lidar DTM in yellow, and that

manual mapping but only by the automatic method. This
indicates the understandable fallibility of the human eye in
operating a complete scanning of the territory during
mapping, especially in difficult conditions such as in
areas with presence of a dense vegetational cover (Bauer
2015).

by the DTM in purple. The dashed line in the picture to the left marks
the boundary of the manual mapping

Conclusions

Overall the automated mapping can be considered an
effective method, as demonstrated by multiple authors (i.e.,
Pardo-Igtizquiza et al. 2013, 2016; Wall et al. 2017), but on
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the basis of the evidences presented here, it cannot be con-
sidered self-sufficient to compile accurate and reliable
sinkhole inventories. In fact, it was observed that automatic
mapping can detect a much larger number of features with
respect to the manual, this difference being commensurate
with the resolution of the input topographic data.

However, considering the evidence collected during the
field observations we can conclude that the automatic
mapping cannot disregard the expert validation via visual
interpretation and even better when it is carried out using
digital stereoscopy. In some cases the automatic tool can
overestimate the number of features counting morphological
convergences or artifacts.

An advantage of the automatic procedure by using
LiDAR is definitely the possibility to detect karst landforms
in forested areas, where the vegetation covers might hinder,
or completely mask, the presence of terrain features, making
very difficult their identification in the field (Parise et al.
2018). In these situations, the possibility to have a look at the
land without the canopy cover will certainly allow a better
depiction of the landforms.

Generally, low-resolution DTMs are more easy to acquire
as it is in our case study; moreover, one must take into
account that the results are not fully satisfactory, especially
in areas where depressions are of smaller dimensions.

On the other hand, applying the automatic mapping tool,
especially over large areas, before starting the expert-based
interpretation, could provide an important support in terms
of time, precision and gaps reduction. In conclusion, we
believe that integrating or better, anticipating, the manual
mapping with the automatic one could be the right com-
promise for karst sinkhole interpretation and mapping.
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Abstract

The Sierra de las Nieves karst system is a high-relief
Mediterranean karst that hosts important botanical diver-
sity, including the unique Spanish fir Abies pinsapo.
Vegetation is mainly controlled by the soil development
and climatic conditions. In turn, the soil is controlled by
lithology, fracturing, weathering and slope. There is also
positive of soil and vegetation feedback in the epikarst
development. This study focuses on the spatial variability
of vegetation in a karst massif and its relationship with the
main lithologies, karst depressions, fracturation density
and slope. Contingency analysis shows degrees of
association between the plant species studied and the
other parameters. Thus, plant species preferences have
been found for certain lithologies, degree of fracture
development, karst depressions of ground slope.
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Introduction

Only limited research has been carried out into the influence
of karstic terrain lithology on vegetation (Williams 2008;
Bakalowicz 2004, 2012). The spatial development of the
epikarst is influenced by the interaction of different factors
such as lithology, tectonic structure, density and orientation
of faults and joints, degree of weathering, slope, vegetation
and/or climatology (Klimchouk 2004). In addition, rainfall
seeping through fractures and organic material increases the
dissolution rate and fracture growth (Williams 1983; Ford
and Williams 2007). Other characteristics or concentrations
of different parameters related to chemical and microbial
properties of soil or climate and their influence on vegetation
have been analyzed by various authors (Bakalowicz 2004;
Efe 2014; Liang et al. 2015; Tonga et al. 2017; Shen et al.
2013 among others). Results obtained show specifically that
the chemical and microbial properties of the soil differed
significantly depending on the vegetation types analyzed (Lu
et al. 2014).

Factors such as topography, soil formation and vegetation
distribution have been studied by several authors (Atalay
1988, 1991, 1997; Barany-Kevei and Horvath 1996). The
development of soils and the successional evolution and
establishment of vegetation in karst terrains are primarily
conditioned by the physical and chemical properties of
limestones (Shen et al. 2013).

Liang et al. (2016) studied Arbuscular mycorrhizal fungi
that form an important part of plant growth and restoration in
degraded ecosystems. Thus, soil pH shows highest in the
shrub and lowest in the tussock, and the clay content is lower
and the silt and sand content is higher in the primary forest
than in the other three vegetation types. Liu et al. (2016)
study carbon sequestration potentials of karst vegetation.

1
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Both biotic and abiotic factors, such as climate, site condi-
tion, species composition, community structure and human
disturbance, largely influence vegetation carbon stocks (Liu
et al. 2016).

In this context, the availability of the above parameters
together with plant species mapping would enable us to
determine which factors influence the vegetation
distribution.

This paper is a first comprehensive approach to identifying
the relationship between vegetation and karst in Sierra de las
Nieves. To do this, vegetation maps, lithologies, fracture
density, karstic depressions and slope have been used. Geo-
statistical methods and ArcGIS tools have been used to
process the information. Contingency analysis has been used
to estimate the statistical significance between the plant
species and other parameters available in the study area.

Case Study
Geological Setting

The Sierra de las Nieves karst system is a high-relief
Mediterranean karst in Malaga province in southern Spain
(Fig. 1) with a surface area of 125 km?. The aquifer presents
a wide range of altitudes from the system base level at the
source of Rio Grande Spring (359 m a.s.l.) to the maximum
altitude on the Torrecilla peak (1919 m a.s.l.) as shown in

the digital elevation model in Fig. 2. From a geological
viewpoint, the Sierra de las Nieves aquifer is part of the
Nieves Unit, formed by a Triassic to early Miocene suc-
cession mainly composed of carbonate formations (Fig. 1).
From base to top, the Triassic series comprises dolostones,
alternating marls, marly limestones and micritic limestones.
The Jurassic—Paleogene sequence is dominated by cherty
limestones, nodular limestone, marly limestones and marls
(Martin-Algarra 1987).

The fractures and joints are taken from Pedrera et al.
(2015) to estimate the fracture density by geostatistical
methods (Fig. 3).

Previous Studies and Inventory of Vegetation

The vegetation database used is produced by of the Junta de
Andalucia, Consejeria de Medio Ambiente y Ordenacion del
Territorio (JA 2017).

Sierra de las Nieves displays a wide range of vegetation
of significant biological interest including Abies pinsapo,
Quercus alpestris, Juniperus Sabina, Berberis hispanica,
Ulex baeticus, Pinus halepensis, Pinus sylvestris and
Quercus faginea (Cabezudo-Artero et al. 1998). The main
plant associations or species mapped by JA (2017) are Abies
pinsapo (Figs. 4 and 8), Juniperus sabina (Figs. 5 and 8),
garrigue (Berberis hispanica, Ulex baeticus) (Figs. 6 and 8),
Quercus faginea, Quercus alpestris (Figs. 7 and 9), mixture
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IGME 2015)
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Fig. 2 Digital elevation model
of the Sierra de las Nieves karst
aquifer
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Fig. 3 Fractures and fracturing
density estimated by Ordinary
Kriging
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of Quercus ilex and Pinus genus (Fig. 9), Pinus genus and Following observations in the study area, a four-stage
high mountain scrub (Cenista spartoides, Juniperus comunis conceptual model of spatial vegetation development is pro-
and Berberis hispanica) (Fig. 9) and Quercus ilex (Fig. 9). posed (Fig. 10).
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Fig. 4 Abies pinsapo forest

Fig. 5 Quercus faginea and

Juniperus Sabina Juniperus sabina
(leopard skin)

Vegetation Mapping by Remote Sensing

Sierra de las Nieves shows a wide range of vegetation types:
needleleaved evergreen trees (Abies pinsapo, Pinus
halepensis or Pinus sylvestris), broadleaved deciduous trees
(Quercus alpestris, Quercus faginea and Quercus ilex) and

shrubland (Juniperus Sabina, Berberis hispanica, Ulex
baeticus, Cenista spartoides and Juniperus comunis)
(Cabezudo-Artero et al. 1998).

This study used spring and summer images for land-cover
classification. Two Level 1C Sentinel-2 scenes of the same
area in southeast Spain were downloaded (tile T30SUF). The
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Fig. 6 Garrigue (Berberis
hispanica, Ulex baeticus)

Fig. 7 Quercus alpestris

Quercus alpestris

images were acquired on July 23 and March 20, 2017, and
downloaded from the ESA Sentinels data hub. Both
Sentinel-2 scenes were cloud-free and were processed from
Top-Of-Atmosphere (TOA) Level 1C to Bottom-Of-
Atmosphere (BOA) Level 2A reflectance using Sentinel-2

Toolbox (Sen2Cor). The spatial resolution of the red-edge
and short-wave infrared (SWIR) bands was resampled to
10 m using the nearest-neighbor method to ensure integra-
tion with the 10-m visible and near-infrared (NIR) bands.
Normalized difference vegetation index (NDVI) (Rouse
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Fig. 8 Species mapped by JA
(2017)

Berberis hispanica + Ulex baeticus
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Fig. 9 Species mapped by JA
(2017)
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Fig. 10 a Early colonization of fractures, b the roots of shrubs and trees grow through joints. The diameter of the tree shown is approx. 50 cm,
¢ increased soil and development of shrubs, d increased depth and forest growth (Quercus ilex and Pinus genus is shown)

et al. 1974) was computed from Level 2A Sentinel 2 images
from the NIR (Band 8) and red band (Band 4).

NDV] = PNIR ~ PR
PNIR T PR

where pyr and pi are the reflectivity of the near-infrared
band and red band, respectively.

Two-step ISOCLUST (Ball and Hall 1965) unsupervised
classification approach was implemented in ArcGIS 10.4.1.
The summer scene was initially classified to delineate the
tree cover (needleleaved evergreen and broadleaved decid-
uous). The categories with scarce vegetation cover in sum-
mer, including shrublands, bare areas, and rainfed croplands,
were extracted from the spring image. Finally, the two
classifications were combined into a single map. The
resulting classification can be seen in Fig. 11.

Mediterranean landscapes are difficult to classify due to the
higher soil reflectance in the background of scarce vegetation
land cover (Rodriguez-Galiano et al. 2012). To increase the
separability between land-cover categories, information on
variations in the phenological state of vegetal cover can be
added by incorporating of multi-seasonal images. Several
studies have shown that a combination of multi-seasonal
images facilitates discrimination between certain land covers
(Lunetta and Balogh 1999; Oetter et al. 2001; Wolter et al.
1995; Yuan et al. 2005). In summer images, shrublands can be
confused with bare soils and outcrops. The inclusion of spring
images discriminates between bare areas and evergreen natural
vegetation. Additionally, shrublands, with a lower vegetation
cover fraction during summer drought periods, are usually
greener in springtime, allowing them to be differentiated from
bare areas.
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Fig. 11 Vegetation map from remote sensing images and category percentage in the study area

Methodology

The ArcGIS 10.4.1 toolbox was used to create a
100 m x 100 m grid and to merge the estimated shapes.
This means that every grid shows all the parameters used to
apply the contingency procedure.

The spatial distribution of fracture density (Fig. 3) was
estimated by mean ordinary kriging to obtain the most
probable value of a spatial estimation at any point (Journel
and Huijbregts 1978). There are two main reasons for
selecting this method: Ordinary kriging is easy to apply, and
the data display no trend at the modeling scale. An omni-
directional variogram was estimated to obtain the fracturing
density, and a spherical model was fitted with three struc-
tures. Experimental variograms can be used to detect and
model different scales of variability, characterized by dif-
ferent variogram structures with different ranges. The ranges
of use in the model were 130, 500 and 2300 m (Fig. 12).

In the next step, a contingency analysis was performed to
verify spatial relationships between pairs of variables. To do
this, a 100 m x 100 m grid was created to compare pairs of
variables within the cells and their relationship with other
parameters: lithology (the most representative) (Fig. 1),
fracturation density (Fig. 3), karst depressions (Fig. 13) and
slope (Fig. 14). Detailed soil information was not available.
A karts depressions map (Fig. 13) was estimated from a 5-m
digital elevation model Pardo-Iguzquiza (2015). The slope
that was mapped has been built with ArcGIS toolbox
(Fig. 14).

Association was defined by comparing pairs of variables:
vegetation (presence or absence) with lithologies, depres-
sions (presence or absence), 90th percentile of fracturation
density and slope.

A and B are two given variables. E is the cutoff factor for
the Chi-square (Spiegel 1998) calculation; it can be the
median or can represent 90th or another more demanding
percentile, e.g., 95th.
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Fig. 12 Experimental variogram (red crosses) and fitted model
(continuous black line)

Thus, the Chi-square statistic is calculated with the fol-
lowing equation:

> (N1 —NIE)> + (N2 — N2E)* + (N3 — N3E) + (N4 — N4E)’

X

N1E+ N2E + N3E + N4E

Value A < E A Value A > E A
Value B < E_B N1 N2
Value B > E_B N3 N4

N1 + N2 + N3 + N4 = N (number of pairs).

Chi-square (X°) with 1 degree of freedom shows associ-
ation with a confidence level:

X2 > 10.83, the confidence level is 99.9%

X’ > 7.88, the confidence level is 99.5%

X’ > 6.63, the confidence level is 99%

X° > 5.02, the confidence level is 97.7%

X° > 3.84, the confidence level is 95%

X > 2.71, the confidence level is 90%

X? > 1.32, the confidence level is 75%

X? > 0.45, the confidence level is 50%

There are other two possibilities: random relationship and
relationship rejected.

Results and Discussion

The results of the contingency analysis show different
degrees of affinity (Table 1). The red boxes indicate that the
hypothesis is rejected.

Abies pinsapo (Fig. 5), included in category 1 (Fig. 11),
shows the highest association with Nava Breccia, marly
limestones and calcschists and limestones with silex
(>99.9% confidence level) and with fracture density greater
than 97.7%. The association with marly limestones and
slope is lower than 50% and is random with depressions.
The association with dolostones and dolomitic marbles has
been rejected.

Pinus genus (Fig. 9) is found in small concentrations
close to the boundaries of study area and is included in
category 1 (Fig. 11). The best association is showed with

Fig. 13 Map of depressions
(from Pardo-Igtizquiza et al.
2015)

Depth of depression (m)

[ Limits of study area
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Fig. 14 Slope map of the Sierra
de las Nieves Karst aquifer

phyllite (99.5%), slope (97.7%), breccia (99%) and dolo-
stones (99%). Association with fracture density and
depressions has been rejected, and there is no overlap with
marly limestones.

Quercus ilex (Fig. 9) is found to be concentrated on Nava
Breccia Formation (>99.9%), limestones with silex (>95%)
and depressions (>75%). This species is included in category 1
(Fig. 11). Association with slope and dolostones is rejected,
and there is no overlap with phyllite, marly limestones or
fracturation density.

Pinus species also grows with Quercus ilex (Fig. 9) with
the largest forest area on the southern slope of Torrecilla
peak. These species are associated with dolostones (99.9%),
limestones with silex (99.9%), fracturation density (99%),
marly limestones (97.7%) and slope (75%). Breccia shows
random association, and the relationship with depressions is
rejected between them. There is no overlap with phyllite.

Quercus alpestris and Quercus faginea (Fig. 8) are
included in category 3 (Fig. 11). The growth in the high
areas of Sierra de las Nieves scattered throughout the most
fractured limestones outcrops with silex and marly lime-
stones. Some authors consider both species are quite similar.
These trees are found scattered at the highest altitudes of
Sierra de las Nieves where there is no enough soil for good
development. Association with fracturation density is
>99.9% and with marly limestones and limestones with silex
is >99.5%. Association with dolostones and dolomitic

o

marbles is essentially random and random in the case of
Nava Breccia, phyllite, slope and depressions.

Juniperus Sabina (Fig. 8) is found above altitude 1600 m
on limestones with silex (>97.7%) and marly limestone
(>50%) outcrops with fracturation density (>50%) and slope
(>50%). This species is included in category 3 (Fig. 11). The
association with dolostone, depressions and slope is random.
In contrast, breccia and phyllite show no overlap. A leopard
skin distribution can be observed in the landscape (Fig. 5).

Berberis hispanica and Ulex baeticus (Fig. 8) (included
in category 3, Fig. 11) are spiny plants growing on cal-
careous outcrops and are associated with other Mediter-
ranean shrubs as garrigue (phrygana) (Fig. 6). Other plants
found in these scrubland ecoregions include thyme, gorse
and Jerusalem sage. Association is best with dolostone
(>99.9%) and fracturation density (>50%) and is random
with marly limestone, phyllite, depressions and slope.
Association with breccia and limestone with silex has been
rejected.

High mountain scrub (Fig. 9) is composed of aromatic
plants including thyme, oregano, rosemary, bay, pennyroyal
or gum cistus. This association is included in category 3
(Fig. 11). This plant community grows on marly limestones
(>99.9%) and limestones with silex (>99.5%) and outcrops
showing high fracture density (>99.9%). The relationship
with dolostone and slope is random, and there is no overlap
with breccia, phyllite or depressions.
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Table 1 (A) Berberis hispanica + Ulex baeticus. (B) Abies pinsapo. (C) Juniperus sabina. (D) Quercus alpestris + Quercus faginea. (E) Pinus
species + Quercus ilex. (F) Pinus genus. (G) High mountain scrub. (H) Quercus ilex. (1) Fracturation density. (2) Nava breccia. (3) Dolostone and
dolomitic marble. (4) Marly limestones and calchists. (5) Limestone with silex. (6) Metapelites. (7) Phyllite. (8) Depression. (9) Slope

1 2 3 4 5 6 7 8 9
A 0. 31 8. 67 2 6 0 3
62 43 20 .9 12 .83 23 47
B 5. 55 16 30 97 9 0 1 1
72 .30 4.2 91 4 .53 .82 .30 .19
C 0. o 2. 0. 6. n n n 0
75 19 88 55 0 o) 0 .16
D 20 o 9. 7. 8. n n n 0
.33 23 95 24 ) o 0 12
E 6. 3. 14 5. 15 n n n 2
82 25 .0 59 7 0 o 0 S1
7. 7. n
‘I . -
G 11 o 5. 10 9. n n n 0
18 79 25 78 ) 0 0 .09
- 0. 44 40 o 4. n n --
01 3 7 83 0 0
Conclusions References

The main lithologies of the Sierra de las Nieves have been
analyzed together with fracture density, depressions and
slopes to determine the influence of these factors on the
distribution of the most significant plant species.

Ordinary kriging enabled a linear variable to be changed
to continuous. ArcGIS tools were used to overlap all the
information layers and generate a georeferenced table with
all the variables considered.

Contingency analysis enabled a relationship to be estab-
lished in statistical terms relationship between the vegetation
and the lithologies of the area and with fracturation density,
depressions and slope.

The lithology shows significant degrees of influence, but
dolostone and dolomitic marble present the strongest con-
trast. Of the non-lithological variables, the fracture density
shows the most difference in degrees of influence.

Additional work is needed to understand more fully the
relationship between vegetation and soil properties such as
pH, humidity, geochemical composition or total organic
carbon composition.

This study provides information which enhances our
knowledge of the biodiversity and geology in Sierra de las
Nieves.
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Dissolution Process: When Does

the Process Start

Silvana Magni

Abstract

Dissolution process is a complex phenomenon controlled
by several factors as like lithology, porosity, stress
orientation, environmental conditions and networks of
fractures. Then, fault zone and fractures play an important
role in fluid circulation and in dissolution, acting as
barriers or conduits. In fact, the fault zone has a high
permeability only in the early stages of the movement, but
shortly the process of recrystallization and reprecipitation
reduces the permeability greatly within them. Despite this,
traditionally (Cucchi and Forti in In Att. € Mem. Comm.
Grotte “E: Boegan” 87-93, 1988; Bini et al. in Varese
Lake and the Quaternary 6:3-14, 1993; Ferrarese and
Meneghel in Aspetti dell’influenza strutturale sulla mor-
fogenesi carsica del Montello (Treviso), 45-59, 1992), the
dissolution is associated with extensional structures such
as faults and joints believing that they are more favorable
to the water circulation. In this context, compressional
tectonic structures, as like stylolites, are never been taken
into consideration. In fact, the stylolites play an important
role in the fluid circulation (Alsharhan and Sadd in U.A E.,
Society for Sedimentary Geology Special Publicatio, 185—
207 2000; Raynaud in J Struct Geol, 973-980, 1992) and
in particular in the incipit of dissolution and then of the
karst. The focus of the research is to investigate the
starting point of the dissolution and the micromechanisms
that act in the fluid/rock system. To achieve this, we
performed: field work, labs analysis. The field work was
carried out in a karst area in the South Italy (Alte Murge).
Through a detailed structural analysis in the field and
using the method of Caine (Caine et al. in Geology 1025-
1028, 1996), we reconstructed the permeability of the fault
zone. Our attention was focused on faults, joints and
stylolites. To support the field observations we had carried
out, chemical and petrographic analysis (XRD, FTIR,
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SEM), that are helping us to characterize the porosity and
permeability near these structures. Recently, fluid/rock
interactions and their impact on carbonate rocks are
becoming very important as a consequence of a progres-
sive deterioration of the quantity and quality of the
groundwater due to increasing pollution phenomena. In
fact, the aquifers represent about 40% of the drinking
water resources and their importance will increase in
coming years.

Keywords
Dissolution ¢ Fluid/rock interaction * Permeability e
Stylolites

Introduction

Fault zones and fractures play an important role in fluid
circulation, acting as permeability barriers or conduits,
depending on the specific conditions (lithological and
structural in particular) and on the distribution of other
structures associated with them. The hydraulic potential of a
fault zone can be estimated by considering its thickness
(Caine et al. 1996; Aydin 2000) using the parameter Fa,
calculated as the ratio between the length of the damaged
zone and the length of damaged zone plus the length of the
fault gouge. For a better understanding of the role played by
fault zones on fluid circulation, it is useful to investigate the
structures associated with them, in particular stylolites and
secondary fractures too. It is often assumed that faults,
especially extensional faults, have sufficient permeability to
ensure fluid flow. In reality, their permeability is sufficiently
high only in the early stages of the movement (Piccini 1999)
because after a short period the deposition of minerals (e.g.,
calcite) by fluids fills the voids resulting in a dramatic
reduction in porosity/permeability.

Although different studies (Forti and Piccini 2007
Menichetti  1988; Menichetti and Galdenzi 1992;
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Fig. 1 Investigated area, in
South Italy (Alte Murge). On the
right side, the quarry where the
field research was carried out

Quinif et al. 2001; Shanov et al. 2015; Tognini 1994; Vigna
and Calandri 2001) have been conducted in several karst
areas on the relationship between tectonic (faults, folds and
joints) and Kkarstification, little or no consideration has been
given to the effective role of the compressional ones.

In this context, the stylolites play an important role. They
are complex column and socket interdigitation features (Park
and Schot 1968; Gratier et al. 2005) that form by variable
dissolution of material along planar surface: Water dissolves
the carbonate and leaves relict material, non-carbonate parti-
cles (NCP) (mostly clay minerals) along the indented stylolites
planes. Stylolites play an important role in fluid circulation
during carbonate deformation (Raynaud 1992). However,
stylolites may also play a role as nucleation sites for karst
porosity when deformation conditions change. There are few
previous studies that investigate the dissolution/precipitation
process along stylolites as sites of karst cavity formation
(Alsharhan and Sadd 2000) and their role in deformation and
permeability change (Renard et al. 2004; Koehn et al 2007,
2012; Ebner et al. 2009a). In fact, stylolites mostly form in a
compressional setting probably by migration of large volumes
of water that dissolves the carbonate and leaves NCP along the
indented stylolite planes. It is possible that new NCP material
influences the solution/precipitation process, providing start-
ing point of dissolution.

It is presently unclear whether stylolites are barriers or
conduits for fluid pathways in such cases, or whether they
possibly alternate barrier/conduit behavior depending on
local conditions.

Research Method

The process of dissolution along the stylolites was investi-
gated by conducting field research and laboratory analysis.
Field research was conducted in a karst area in Southern

Italy (Fig. 1), where we have conducted a detailed structural
analysis. Directly on the field, using the scanline method, we
focus our attention on the faults, joints and stylolites and we
simply separate the ones that show karst from the ones
without karst. The scanline method that I followed consists
using a scale on the floor and to measure systematically all
our interested structures, faults, joints and stylolites that
intersect the scale. We decided to indicate as karstified all of
these structures showing dissolution that mining for us the
presence of terra rossa (Fig. 2).

From the field results, it was clear that the dissolution is
more abundant along the stylolites rather than along joins
and faults.

Because of these results, we decide to focus our attention
on stylolites, and therefore on them, we carried out chemical
and petrographic analysis to characterize the role of NCP

Fig. 2 Structures karstified that show terra rossa, on the left of the
picture and structures not karstified
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Fig. 3 Example of variable
stylolite shapes; a sharp shape;

b seismogram type; ¢ rectangular
type; d wave-like type (according
to (Koehn et al. 2016)
classification). The shape changes
because of the homogeneity or
inhomogeneity of the matrix that
also influences the roughness
amplitude

into dissolution process and fluid circulation. We have per-
formed SEM, FTIR and XRD analysis.

XRD and FTIR analyses are until now the best method to
investigate clay minerals and were carried out on the matrix
and on NCP material.

SEM analysis was performed at very high resolution and
has helped to investigate the size and the distribution of NCP
and the host rock.

Furthermore, because of a wide variability in shape and in
composition too of the stylolites, we decided to investigate a
large number of samples, coming from different countries, to
achieve the widest coverage of existing types.

In addition to this, because of their extreme variability in
form, we are setting up a database (Fig. 3) for their classification.

Results
Field Work

The study area is affected by brittle deformation that
determines mechanical discontinuity. We analyzed faults,
joints, stylolites, and for each of them, we observed the
presence of dissolution (Figs. 2 and 4). The relationship

between these structures has allowed us to reconstruct the
structural setting of the entire area and to reconstruct
the permeability of the area (Caine et al. 1996) (Fig. 5). The
permeability (according to Caine et al. 1996) was estimated
by the value Fa that varies between 0 and 1; when Fa is
closer to 1, the fault system increases the capability to act as
hydraulic conductor. The data (Fig. 4) allow to observe that
the karst process is the most diffused, given parity of the
other conditions, along the stylolites, and this is consistent
with their genesis that involves the dissolution of soluble
material and enrichment of insoluble material, finer particle
sizes which are more easily eroded, resulting in “expansion”
of the vacuum. In situ we have seen, obviously at different
sites, various stages related to the process of dissolution
along a stylolite, from early stage until the formation of a
true cavity.

Laboratory Analysis

We analyzed 10 samples that came from different countries
(3 from Belgium, 2 from Italy, 3 from France and 2 from
Spain), and on them, we did optical analysis, SEM (Figs. 6
and 7), XRD and FTIR. Both optical analysis and SEM
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Fig. 5 Permeability reconstruction according to Caine, 1996. The
numbers from 1 to 4 indicate the 4 subfaults zone investigated. It is
clear how the faults zone investigated acts as a combination of conduits
and barriers

show that the porosity of the area containing stylolites is
always higher than the matrix of the samples. Despite the
great variety (Fig. 3) of shape and composition of analyzed
stylolites, we have found, from SEM, XRD and FTIR, some
common characters between them:

(a) the distribution of the pores/voids is highest into the sty-
lolites than in the matrix although this is carbonate-made
rocks with a general high porosity (Fig. 6);

(b) independently of the matrix composition, Al, Mg, Fe, K
are commonly present within the NCP. It means that a

process that forms stylolites accumulates insoluble
material into them and picks out soluble ones;
hematite, pyrite and dolomitization processes are also
very often found inside of the stylolites. The Ilatter
process is indicative of a significant increase in porosity
due to the Ca/Mg substitution;

kaolinite, montmorillonite and pyrophyllite are the most
common mineral found.

()

(d

The nature of stylolite formation (Ebner et al. 2009a), and
the inhomogeneous stress distribution surrounding geomet-
ric asperities (Zhou and Aydin 2010), results in a complex
internal structure (Fig. 6 and 7).

Discussions

Despite the constant presence of clay minerals (Fig. 6) in the
stylolites, we observed an high percentage of voids and
holes (Figs. 6 and 7) mostly in the contact between NCP and
the other grains. This means that the presence of clay min-
erals does not prevent the formation of voids. The distribu-
tion, size and shape of these voids and holes started to help
us to understand porosity and permeability networks around
and into the stylolites.

In addition, the presence of dissolution (Figs. 2 and 4)
was most abundant along the stylolites and not along faults
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(a)

A pym Field-Free 0.0 *

Fig. 6 SEM images of a sample from Belgium. The clayish minerals
are always present along the stylolite surface. a Overview of the
investigated area; the different distribution in porosity is already visible
at this scale; b into the stylolite there are a lot of voids and holes that

or joints. Even if along the joints the dissolution phenomena
have not been observed, we cannot exclude that along them
the process does not occur, since they are structures along
which water could through.

Conclusions

The preliminary results obtained by our study allow us to
affirm that the stylolites do not act only as barrier to fluid
flow, but they can impact fluid flow in a different way than
common thought.

In agreement with estimation on permeability accordingly
(Caine et al. 1996) (Fig. 5), the stylolites were the prefer-
ential site of dissolution and structures with a greater per-
meability too.

(b)

m Field-Free 0.0 *

00 kV 6.0 mm 0.40 nA 5.00 ys CBS

could be a possible pathway for water; ¢ the contact between NCP and
the other grains (calcite/dolomite/iron) into the feature; d evidence of
dolomitization process. This analysis was performed with EPOS and
NWO support

In summary, we can confirm that there is a link between
stylolites and karst, and this is the mean that is not hindered or
impeded by compressive tectonic structures, such as stylolites.

To summarize then:

— The shape of stylolites does not have a strong effect on
the dissolution phenomena.

— The clay mineral plays for sure a strong role on this
process but is still unclear how.

— There are some other compressional structures that must
to be investigated in this context.

This study is a preliminary investigation and is not
exhaustive on this subject. Several aspects concerning sty-
lolites are still unsolved, as like when they enhance or reduce
porosity and permeability in and around them, and should be
better investigated.
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Fig. 7 Despite the idea that in a compressional setting no dissolution
process is possible, along stylolite surface is quite common to observe
holes with recrystallization into them. The pictures show a geometry of
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Water Isotopes, Carbon Exports,
and Landscape Evolution in the Vadu
Crisului Karst Basin of Transylvania, Romania

Lee Florea, Ferenc L. Forray, and Sarah M. Banks

Abstract

The karst aquifer connecting meteoric recharge entering
Batranului Cave on the Zece Hotare karst plateau to
spring discharge arising from Vadu Crisului Cave along
the Crisul Repede River provides one glimpse into aquifer
processes and landscape evolution occurring in the
Padurea Craiului Mountains of Transylvania. One part
of this investigation looks at the stable isotopes of oxygen
(8'%0) and hydrogen (8°H) measured in samples of
precipitation, surface runoff, and spring water collected
between October 2016 and June 2017. The second part of
the investigation considers field chemistry, discrete
samples, and continuous monitoring data collected
between October 2016 and December 2017 and evaluates
dissolved inorganic carbon (DIC), particulate inorganic
carbon (PIC), total suspended sediments (TSS), and
dissolved organic carbon (DOC) in water entering and
emerging from the karst aquifer. Direct meteoric recharge
accounts for 4-13% of observed discharge; most recharge
enters the karst basin through infiltration into dolines and
epikarst on the karst plateau. The local meteoric water
line (8°H =7.50 - 8'®0 + 5.17) exhibits significant
variation and seasonally shifts between recycled conti-
nental moisture (Dex > 10%o) during the fall and winter
and marine-sourced moisture during the spring and
summer (Dey < 10%o). In contrast, samples from Batranu-
lui Cave and Vadu Crisului have a homogenous isotope
chemistry with a local water line of 8°H = 7.52 - 3'*0 +
6.00. The stability in water chemistry at Vadu Crisului is
also seen in most other analytes. Monitoring data,
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however, demonstrates significant perturbations driven
by storm events. The annual flux of DIC from this karst
basin is from 1.37 x 10° to 1.64 x 10° kg/year. The
annual flux of carbon increases by 12-22% when
considering added contributions of DOC. Storm events
do have a significant impact on mechanical and chemical
processes operating in the karst basin; the addition of PIC
and TSS flux increases landscape erosion rates by 1.1-
1.2% and 7.9-8.3%, respectively, above the denudation
rate computed by DIC alone (36.5-56.9 mm/ka). This
illustrates the contributions of mechanical erosion in karst
landscapes, particularly in high discharge conditions,
when the flux of suspended sediments outpaces dissolved
solutes.

Keywords

Particulate inorganic carbon ¢ Dissolved organic
carbon * Mass balance ¢ Total suspended
sediments ¢ Padurea Craiului * Moisture
sources

Introduction

This study comprises two interrelated investigations in the
Vadu Crisului karst basin of northwestern Romania:
(1) stable isotopes of oxygen and hydrogen in water to
evaluate sources of precipitation and partitioning of flow in
the aquifer, and (2) a mass balance approach to compute
chemical and mechanical weathering and, by distributing
this across the surface area of the basin, arrive at an
approximation of the landscape evolution in this region.
Both studies provide broader insight into the hydrogeology,
geochemistry, and mass transport within karst aquifers of
eastern Europe and are another node in our understanding of
the global carbon cycle. The water isotope data stem from a
graduate student thesis (Banks 2018) and have not been
previously published, but follow discussion threads from
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previous research in karst aquifers (Florea 2013). The geo-
chemical model behind the approach has been published
before (Florea et al. 2018) and uses field and lab measure-
ments of discharge, water quality, and hydrochemistry
combined with continuous monitoring data to develop
time-series measurements of solute and sediment flux. For
an in-depth discussion of the development of the geochem-
ical model, please read Florea (2015) for an example from
the karst of Kentucky, the USA. This paper is specific to the
study location in Romania, and thus focuses on the field
methodologies behind the data and the basin characteristics
that lead to the interpretations of these data. For an in-depth
discussion of the results of this study in the context of
landscape evolution rates in Europe and as part of the global
carbon cycle, please see the discussion in Florea et al.
(2018).

Isotopic Signature of Oxygen and Hydrogen

The stable isotopes of oxygen and hydrogen can be an
effective tracing technique in karst aquifers because of their
tendency to differentiate by kinetic fractionation, such as
Rayleigh distillation, according to atomic mass. The isotopic
signature of water is reported as:

0= (Rsample/Rstandard - 1) X 1000%07 (1)

where R is the ratio of heavy to light isotope—'30/'°O and
H/H. Values of 8'%0 and 8”H within a reservoir are guided
by atmospheric and hydrologic processes. So, while a linear
regression of the global variation of 3'*0 versus 8°H gives
the global meteoric water line (GMWL):

8'H = 8-3"0 + 10 (2)

(Craig 1961), local weather patterns produce precipitation
that align on a local meteoric water line (LMWL) that pro-
duce surface and groundwater on a local water line (LWL).
These regressions may quantify the influence that kinetic
effects upon local precipitation and along a flow path, such
as at Timavo Springs in Italy, where Doctor et al. (2006)
identified the timing and mode of recharge to a portion of the
classical karst of Slovenia.

The same isotope data can be used to quantify the
enrichment of *H during evaporation that exceeds the '*0
predicted by the GMWL, called deuterium excess, Dy, and
computed by:

Do = 8°H—8 .30 (3)

(Dansgaard 1964; Merlivat and Jouzel 1979). For pre-
cipitation on the GMWL, the theoretical D, = 10%o.
Additional contributions of recycled continental and marine

moisture can produce higher and lower values of Dy,
respectively (Gat and Matsui 1991). D., can help discrimi-
nate between contributing sources of moisture to local pre-
cipitation. For example, D, values change with the seasonal
monsoon, such as in the Tibet Plateau (Liu et al. 2008)
where D, values are lower in summer because of northward
movement of warm, moist air from the Indian Ocean and
values are higher in winter because of southward movement
of cool, dry continental air masses.

Hydrochemistry of Karst Springs

Calculated rates of dissolved and suspended load are fun-
damental requirements for a mass balance study in surface
water systems or groundwater aquifers. The flux at a set
point in time is computed using instantaneous measurements
of water discharge (Q) and the concentration of dissolved
solutes and suspended sediments (c); a time series of these
data {r =1, 2, 3, ..., N} can estimate the flux over a longer
time interval:

=N
Flux = Z Oc. 4)
=1

However, in karst aquifers, low-frequency sampling
misses the effects of high-frequency events of short duration.
Therefore, remotely deployed probes are used to fill in the
gaps for some hydrochemical parameters between field
campaigns.

The hydrographs and chemographs produced by these
probes are a basic tool for understanding the response of a
karst basin to hydrologic inputs (Dreiss 1982), and the shape
of the hydrograph or chemograph reveals some detail of
processes in the karst basin that transform the input signal
within the aquifer framework (Hobbs and Smart 1986).
Hydraulic driving forces, basin and aquifer characteristics,
land use, geochemical interactions, weathering processes,
and microbial respiration along the flow path all may greatly
influence the chemical character of spring flow in karst
(Scanlon 1989).

Geochemistry of Carbon in Epigenetic Karst
Aquifers

In epigenetic karst aquifers, meteoric waters convey dis-
solved solutes, including dissolved inorganic carbon (DIC),
dissolved organic carbon (DOC), particulate inorganic car-
bon (PIC), and total suspended sediments (TSS). This flux
may originate from discrete, allogenic waters conveyed by
sinking streams originating from beyond the area of car-
bonate exposure, or diffuse autogenic recharge through the
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epikarst in the carbonate exposure (White 1988; Ford and
Williams 2007; Palmer 2007). The discharge arising from
karst springs accumulates the DIC, DOC, and TSS along the
flow path in the karst basin and manifests as a signature
response of the aquifer. Carbon dioxide sourced from the
atmosphere or microbial respiration reacts with carbonate
bedrock by way of the carbonate equilibrium reaction,

H,0 + COyyq) + [(1 — x)Ca, xMg|COj3 (5,1

2+ 2+ -
A (1 - x)ca(aq) +)dvlg(ml) + ZHCO%(‘I‘I)

(5)

where the variable x represents the fraction of dolomite in a
karst aquifer. In Eq. 5, one mole of CO, in solution reacts
with one mole of carbonate bedrock to release two moles of
DIC and one mole of Ca** + Mg?* into solution (Dreybrodt
1988; White 1988; Dreybrodt et al. 2005; Ford and Williams
2007). Thus, a regression between [Ca®*] + [Mg?*] and the
concentration of DIC in a closed system would return a slope
of 0.5 (Florea 2015).

Groundwater chemistry in epigenetic karst aquifers is
dominantly influenced by the effects of Eq. 5; values of pH
are related strongly to the balance between PCO, and
[HCO5], and the specific conductivity (SpC) of the water is
directly proportional to each solute (Krawczyk and Ford
2006). Thus, the time-series SpC data from a probe at a karst
spring can be used to model the time variation of [Ca®*],
[Mg?*], and DIC using regressions based on the chemistry of
a set of discrete samples. Modeling other dissolved ions
using this method works to a lesser degree, if they are
influenced by similar processes of recharge or chemical
weathering.

Thus, it is possible to use regression models of dissolved
solutes and time-series values of SpC and Q to model the
DIC flux at a karst spring using Eq. 4 and partition the
DIC between the atmosphere/soil and carbonate bedrock.
However, this method overlooks the flux of inorganic carbon
via suspended sediment and bed load, which are mobilized
during events having high Q (Herman et al. 2008; Paylor
2016) when mechanical erosion may far outpace the rate of
chemical weathering in karst aquifers (Newson 1971; Cov-
ington et al. 2015). Direct measurements of turbidity using a
probe can provide one measurement of time-series PIC
values when calibrated against concentrations using alka-
linity titrations of unfiltered water and laboratory-weighed
TSS in discrete samples. This method also misses the con-
tributions of DOC to net carbon exports (Kolka et al. 2008),
which are leached from organic matter and transported into
groundwater by surface ponors or from direct seepage
through the epikarst. Direct measurements of fluorescent
dissolved organic matter (fDOM) using a probe can provide
one measurement of time-series DOC values when cali-
brated against concentrations measured in discrete samples.

Physical Setting

The Vadu Crisului karst basin is part of the Zece Hotare
karst plateau, a mixed pasture and mountain beech forest
landscape punctuated by deep dolines. The Zece Hotare is
one of several northwest sloping karst plateaus at elevations
of 500-700 m above sea level (a.s.l.) comprising 330 km? of
carbonate outcrop in the Padurea Craiului Mountains, a
northwest extension of the Bihor uplift (Papp et al. 2013).
The valley of the Crisul Repede River borders the mountains
to the north at elevations of 270-300 m a.s.l., and has
incised a defile between the towns of Suncuius and Vadu
Crisului (Fig. 1).

The Padurea Craiului Mountains include more than 680
caves (Onac 1996), including Romania’s longest cave,
Vantului Cave (~50km), and Vadu Crisului Cave
(VC) (N46.96193; E22.51079), which has ~3 km of map-
ped passages. Water emerges from VC at 305 m as.l.
(Goran 1982) in Lower Cretaceous limestone and has
formed a broad travertine terrace with a 10-m waterfall
overlooking the west bank of the Crisul Repede. Dye tracing
in the Padurea Craiului (Rusu 1981; Oraseanu and Iurkie-
wicz 2010) defines a karst basin of approximately 1250 ha
that also includes a hydrologic connection between VC and
Batranului Cave (PB) (N 46.93888; E 22.46566), the latter
located in the Pistireului Valley (4.25 km southwest of VC)
(Fig. 1). The entrance to PB is a ponor at 550 m a.s.l. (Goran
1982) at a fault between Lower Middle Jurassic calcareous
clastics and Upper Jurassic carbonates. Allogenic recharge
enters the ponor, cascades through the carbonates, and flows
down the axis of a syncline toward VC.

Northwest Romania is a continental humid climate with
temperatures on the Zece Hotare that vary from —6 to 25 °C
with peak temperatures in July and August. In 1982-1983,
annual precipitation measured 843 mm, with peak monthly
precipitation in May—June and variation from 800 to
1200 mm in the Padurea Craiului (Ordaseanu 1991). The
recharge from this rainfall turns into a variable Q at VC,
ranging from 27 L/s (November 1982) to 232 L/s (February
1983) (Oraseanu and Iurkiewicz 2010). Mean Q was greater
(110-360 L/s) from 1957 to 1974. The time of travel of dye
between PB and VC was 89 h, which translates to a velocity
of approximately 47.8 m/h (Viehmann et al. 1964).

Samples and Analytical Methods

The data in this study were collected between October 14,
2016 and September 20, 2017, for the water isotope samples,
and from October 14 to December 23, 2016 for all other data
that include continuous monitoring data from VC, weekly
field measurements and discrete samples at VC, and field
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Fig. 1 Map of the Vadu Crisului
karst basin in Transylvania,
Romania (inset). The dark gray
line is the approximate outline of
the karst basin based upon dye
trace data for the region. The
black arrow indicates the flow
direction between Batranului
Cave (PB) and Vadu Crisului
Cave (VC). Modified from
Florea et al. (2018)

Vadu V__V J\ 7 -=+= Fault
e Cl’1§]:.llulb, ! \ [-] Non-carbonate rock
‘/ a,re/\\lpuseni / [ f [ Train stop
’R‘o;')\ﬂ"s S i Q Cave entrance

Vadu Crisului

Cave (1081

measurements and discrete samples from PB collected every
two weeks. Analyses were conducted at Ball State Univer-
sity (BSU), Indiana University-Purdue University Indi-
anapolis (IUPUI), and Babes-Bolyai University (UBB).
Geochemical modeling was adapted from spreadsheets
available in Florea (2015) and included analyses in Aqua-
Chem to compute the saturation index with respect to calcite
(Slcal)-

Values of 5'%0 and 8*H were computed using Eq. 1 and
measured at the Babes-Bolyai University Stable Isotope
Laboratory in Cluj-Napoca (Romania) using a Picarro
L2130-i (typical precision <0.025%o for 5'%0 and < 0.1%o
for 8*H) and vaporizer and following the method described
by Wassenaar et al. (2013, 2018). The reproducibility of the
measurement was ~0.08 and 0.20%. for 8'®0 and &°H,
respectively. Internal laboratory standards used for calibra-
tion were normalized to the VSMOW-SLAP scale.

Continuous monitoring included two calibrated probes
collecting data every 15 min. An In Situ Aqua Troll 200
deployed in the underground stream of VC collected values
of water level, SpC, and temperature. An adjacent YSI
EXO2 measured turbidity and fDOM. pH values were not
measured on the EXO2 as the probe failed and no replace-
ment was available. Short gaps in data coverage from
instrument maintenance were interpolated from bounding
data. Regression models were applied to correct for instru-
ment drift between calibrations, when appropriate.

Field measurements include pH, SpC, and temperature
collected using a calibrated YSI ProPlus probe. At VC,
measurements were carried out in the underground stream.

At PB, samples and measurements were taken at the ponor
where the surface stream sinks. Instantaneous Q was mea-
sured by determining stream depth and velocity in incre-
mental segments using a Global Water handheld flowmeter.
A HACH digital titrator using 1.6 N H,SO, supplied titra-
tions for alkalinity to an accuracy of approximately 4%;
concentrations of carbonate species were determined by the
inflection point method. Titrations were used to measure the
concentration of DIC (using a filtered sample) and total
inorganic carbon (TIC—using an unfiltered sample). The
difference between TIC and DIC quantifies the additional
contributions of PIC to alkalinity (Paylor 2016).

Discrete samples were filtered to 0.45 pum and keptat4 °C.
Principal ions (60 mL HDPE bottles with a 6 N HNO;
preservative for cations) were measured using a Dionex ICS
1100 AS-DV for SO?[, Cl™, and a PerkinElmer Optima 7000
DV-OES for Ca®*, Li*, K*, Mg**, Na* at IUPUL Total
nitrogen (TN) (40 mL septum-capped glass vials) and DOC
were analyzed on a TOC-L Shimadzu TOC analyzer at BSU.
Concentrations of TSS were measured at UBB by the pre—
post-dry mass of a 0.45 pum filter used to process 1 L of raw
water sample.

Analytical Results

Sample data are summarized in Table 1. Water temperatures at
VC during the study were very stable; they cooled from 10.3 to
10.1 °C as winter approached with marked drops coinciding
with significant rainfalls centered on November 07, 2016 and
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0.03
0.02
0.02
0.02

Mg

Cations (mmol/L)
Li
0.02
0.02
0.02
0.02
0.02

0.52
0.37
0.17
0.16
0.20

Ca

DOC
(mmol/L)
0.10

0.07

0.03

0.03

0.03

(mmol/L)

NO,
0.001
0.003

0.23
—-0.08
0.02
0.00
0.06

PIC
(mmol/L)

DICg;
(mmol/L)
1.06

0.89

0.27

0.21

0.21

DIC,¢
(mmol/L)
28
1
27

0.8
0.29
0.21
0.

1.

10/14/16
10/29/16
11/11/2016
11/20/16
12/23/16

Table 1 (continued)
Pestera Batranului

LF101416B
TT102916A
LF111116B
LF112016A
LF122316B

November 13, 2016. In contrast, the water temperatures at PB
cooled from 9.8 to 0.1 °C over the course of the study. Values
of SpC (435475 pS/cm) and pH (6.8-7.0) are very stable at
VC; they are inversely proportional to measured Q (94—
276 L/s). Values of field SpC (43-129 pS/cm) and pH (5.9-
7.4) at PB reflect meteoric runoff from noncarbonate terrane
with lower values in cold temperatures. Discharge measure-
ments comprise 4-13% of the total emerging from VC (8-
22 L/s) during each measurement period.

Concentrations of TSS measured at VC (0.27-3.8 mg/L)
are directly proportional to measured Q and indicate a sus-
pended sediment load of 38-882 mg/s emerging from the
karst basin. The PIC portion of this sediment at VC (0.09—
0.32 mmol/L) is directly proportional to TSS. The remaining
carbon emerged from VC as DIC (3.8—4.2 mmol/L) or DOC
(0.33-0.36 mmol/L). At PB, the TSS concentrations are
higher (0.93-5.3 mg/L); however, the suspended sediment
load (7.8-117 mg/s) is a fraction of what emerged from the
aquifer at VC during that same time. The PIC concentrations at
PB vary over two orders of magnitude (0.002-0.23 mmol/L),
but having values of DIC (0.21-1.1 mmol/L) and DOC (0.03—
0.1 mmol/L) significantly lower than at VC; the PIC repre-
sents a larger fraction of carbon flux into the aquifer.

Solute concentrations are quite stable at VC with charge
balance errors of <3.3% except for samples in the second half
of December 2016. Those two samples returned anomalously
high measurements of all cations on December 18 and
anomalously low Ca measurements for December 23. Solute
concentrations are more variable at PB with charge balance
errors up to 17%. Except for [Mg?*], which decreases from
PB to VC (0.02-0.006 mmol/L), solutes increase in con-
centration from PB to VC as a result of water—rock interac-
tions: [Ca®*], 0.28-2.0 mmol/L; [Na*], 0.05-0.08 mmol/L;
[K*], 0.02-0.03 mmol/L; [CI7], 0.05-0.08 mmol/L; TN,
0.002-0.009 mmol/L; and [SO;], 0.04-0.06 mmol/L.
Expectedly, values of Sl increase from PB (—2.0 &+ 0.5) to
VC (=0.21 £ 0.02) and are directly proportional to SpC, a
sign of water—rock interactions with carbonates.

Results for 3'®0 and 8%H, along with computed values of
D.x computed using Eq. 3, are presented in Table 2. The
isotopic signature of PB ranges from —10.26 to —9.56%o for
3'%0, from —68.50 to —63.35%o for 8°H, and from 12.43 to
13.94%0 D.x. The isotopic signature of VC has a similarly
narrow range from —10.43 to —10.00%o for 8'*0, from
—70.43 to —67.85%o for 62H, and from 11.37 to 13.44%o for
D.. We exclude the November 20, 2016, sample from VC
and consider it an outlier, but cannot dismiss the influence of
a specific storm event. In contrast to the surface and
groundwater, the isotopic signature of precipitation ranges
from —15.68 to —3.05%o for §'°0 and from —112.80 to
—17.97%o for 5°H. D, values of precipitation range from
2.66 to 17.14%eo.
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Table 2 Isotopic data of surface Sample date 3180 (%o) SD (%o) 32H (%o) SD (%) Dey (%o)

water, groundwater, and

precipitation collected from the Batranului Cave 10/14/2016 —10.06 0.03 —68.05 0.08 12.43

vadu crisului Karst basin 10/29/2016 -9.96 0.02 -66.26  0.09 13.42
11/11/2016 —9.80 0.04 —65.51 0.05 12.89
11/20/2016 —9.98 0.02 —66.80 0.06 13.04
12/23/2016 —10.09 0.02 —67.86 0.16 12.86
2/12/2017 —10.22 0.03 —68.34 0.09 13.42
3/9/2017 —10.26 0.01 —68.49 0.13 13.59
4/9/2017 —10.26 0.04 —68.50 0.19 13.58
5/6/2017 —10.13 0.04 —67.10 0.21 13.94
6/12/2017 —9.85 0.00 —65.78 0.04 13.02
7/8/2017 —10.03 0.04 —67.30 0.13 12.94
8/18/2017 -9.56 0.04 —63.55 0.15 12.93
9/20/2017 —9.63 0.02 —63.80 0.23 13.24

Vadu Crisului Cave 10/14/2016 —10.28 0.01 —69.48 0.10 12.76
10/23/2016 —10.09 0.02 —68.59 0.08 12.13
10/27/2016 —10.09 0.03 —68.27 0.05 12.45
11/2/2016 —10.07 0.04 —68.69 0.09 11.87
11/11/2016 —10.00 0.01 —67.85 0.06 12.15
11/20/2016 —8.09 0.02 —62.96 0.07 1.76
12/4/2016 —10.06 0.02 —69.11 0.07 11.37
12/18/2016 —10.09 0.03 —68.81 0.01 11.91
12/23/2016 —10.12 0.02 —69.14 0.07 11.82
2/12/2017 —10.23 0.04 —69.27 0.18 12.57
3/9/2017 —10.31 0.05 —69.48 0.22 13.00
4/9/2017 —10.41 0.01 —70.02 0.03 13.26
5/6/2017 —10.43 0.04 —70.00 0.14 13.44
6/12/2017 —10.34 0.02 —69.96 0.10 12.76
7/8/2017 —10.40 0.01 —70.43 0.19 12.77
8/18/2017 —10.38 0.01 —=70.01 0.04 13.03
9/20/2017 —10.37 0.03 —69.87 0.08 13.09
Precipitation 10/26/2016 —9.82 0.04 —64.96 0.09 13.60

11/9/2016 —15.68 0.01 —112.80 0.15 12.64
11/12/2016 —11.42 0.02 —79.69 0.12 11.67
11/27/2016 -9.93 0.02 —62.30 0.13 17.14
2/23/2017 —8.13 0.02 —59.05 0.15 5.88
2/22/2017 —8.09 0.01 —58.84 0.06 5.99
3/18/2017 —14.25 0.03 —-111.34 0.10 2.66
5/16/2017 —=3.05 0.03 -17.97 0.20 6.43
6/7/2017 —10.40 0.03 —70.61 0.15 12.59
6/8/2017 —10.43 0.03 —70.44 0.13 13.00

Samples are normalized to the VSMOW-SLAP scale
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Moisture Sources

Isotopic values of 5'%0 and 8°H, and the derivative value of
D.y, were collated by site and compared to other sets of
regional measurements and the GMWL (Fig. 2). Time-series
plots of these data are presented in Fig. 3.

Precipitation at VC follows LMWL of &°H = 7.50
(£0.45) - 3'%0 + 5.17(% 4.96) [R* = 0.96] (Fig. 2), which
lies between the Romania GNIP data (IAEA/WMO 2018)
and a more arid vapor source—the Mediterranean meteoric
water line (MMWL) of 8°H = 8.32 - 8'®0 + 15.37 pub-
lished by Giustini et al. (2016).

PB and VC follow a combined LWL of &°H = 7.52
(& 0.20) - 3'%0 + 6.00(% 2.27) [R* = 0.97] (Fig. 2). Other
regional LWLs have only slight differences and include
&"H = 7.9 - 5'%0 + 8.14 for the Apuseni Mountains (Bojar
et al. 2009), 8°H = 7.9 - 3'®0 + 8.14 for Scarisoara Cave
(Persoiu et al. 2007), and 8°H = 7.87 - 8'®0 + 11.72 for
Rosia Montana (Cozma et al. 2017).

3'®0 and &8%H of precipitation are modulated (Fig. 3).
Precipitation isotopes are not time-weighted by rainfall
amount, and no simultaneous evapotranspiration was com-
puted. It is thus not possible to apportion 8'%0 and 3°H data
to specific events where surface runoff results in aquifer
recharge (Florea 2013).

The Dy values in this study suggest that: (1) fall precip-
itation may strongly contribute to recharge—D,. values are
akin to surface and groundwater values at that time, and
(2) precipitation D.x may cycle between a continental mois-
ture source in the fall and winter (Do, > 10%o) and marine
moisture in the spring and summer (Dx < 10%0) (Fig. 3).
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Fig. 2 Relationship between GMWL (solid line; Craig 1961) and the
local meteoric water line (LMWL, dash dot line) constructed based on
8180 and 82H values of rain water collected at Vadu Crisului (VC,
dotted line). Also plotted are the stream data from both caves (squares),
GNIP data (IAEA/WMO 2018) for Romania (crosses), and Mediter-
ranean Meteoric water line MMWL (dashed line; Giustini et al. 2016).
Samples are normalized to the VSMOW-SLAP scale

Derivative Values

A set of rating curves and regression models were used to
convert continuous monitoring data (Fig. 4) to a time series
of concentration and measurements of flux. The following
are applied and presented in Figs. 5, 6 and 7:

Concentrations of dissolved solutes are directly propor-
tional to measured SpC, most clearly visible with DIC and
[Ca®*]. The x-intercepts for DIC and [Ca**], SpC = 14 and
18 uS/em, respectively, are typical of meteoric recharge.
Correlation coefficients are strong for DIC = 0.99 and [Ca’
*1=0.99 and TN = 0.94, and weak for [Mg>*] = 0.66,
[Na'] = 0.69, [K"]=0.77, [CI']=0.05, and [SO; | =
0.74. Values of Sl.; from AquaChem are proportional to
measured SpC as a logarithmic function.

Measured Q is linearly proportional to water level over
the range of measurements. Modeled Q using the probe data
ranges from 79 to 1153 L/s and has a mean Q of 198 L/s.

The concentration of TSS is proportional to turbidity as a
second-order polynomial. Modeled values of TSS flux, when
combined with Q, range from 28 to 2.75 X 10° mg/s, and a
modeled PIC flux comprising a linear fraction (4.0-
3.9 x 10* mg/s).

The proportionality between the concentration of DOC and
fDOM values is weakly linear; the modeled DOC flux, when
combined with Q, ranges from 322 to 4.62 x 10° mg/s.

Geochemical Modeling

The derivative rating curves and regression models form the
basis of the geochemical model are presented in detail within
Florea et al. (2018) and available as a supplementary online
archive that accompanies that paper. In brief:

Replicate models account for potential error based upon

manufacturer recommendations and method accuracy
(T £ 0.1 °C, water level & 0.1%, SpC % [0.5% + 1
S/cm], fDOM =+ 1%, turbidity + 2%, Q £ 5%, DIC/

PIC =+ 4%), the 5.4% average charge balance for dissolved
solutes, and the weak correlation between DOC and {DOM
(£32%).

Modeled solute relationships combine with the SpC
from the probe to provide concentrations for each solute at
every time interval. These modeled solute concentrations
and temperatures from the probe were used to compute
Sl for each time interval using the carbonate equilibrium
reactions.

Apportioning DIC between atmosphere and bedrock is
quantified by comparing the molar ratio of modeled [Ca®
*1 + [Mg**] to DIC concentration having a value of 0.53. In
this geochemical model, DIC contributions from the atmo-
sphere are 89% as large as contributions from bedrock.
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o

Fig. 3 Time-series variation of
5'%0, 8%H, and Dex values from
October 2016 to October 2017 for
precipitation (black circles and
solid black line), Vadu Crisului
Cave (gray squares and solid gray
line), and Batranului Cave (black
triangles and dashed black line)
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Fig. 4 Continuous monitoring

data obtained at Vadu Crisului

Cave. Modified from Fig. 5 of
Florea et al. (2018)
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Contributions from dolomite are calculated by the molar
ratio of 2[Mg**1/([Ca**] + [Mg>*]). Ignoring atmospheric
deposition and clastic weathering, modeled results suggest
that 0.5% of [Ca”*] and [Mg®*] may result from dolomite.

The modeled values of Sl., were used to compute the
approximate pH of the original solution (7.17 £ 0.001) to
within 5% of the field measurements.

The modeled PCO, in solution (0.61 £+ 0.01 mmol/L) is
a significant fraction of the DIC and was derived using
Henry’s Law and the temperature-dependent pKcoo, pKj,
pK,, and pK. (Garrels and Christ 1965; Plummer and
Blusenberg 1982; Ford and Williams 2007).

The modeled values of Q, [HCO; ] , and PCO, combine
using the equation,

10/31/16

fDOM (RFU)

10.4

10.3

10.2

T(°C)

10.1

11/30/16 12/30/16

t

DICflux = [ Q-[CO,Jdt+ [ Q-[HCO;]|ds, (6)
oo |

to give the molar DIC flux at VC.

The modeled atmospheric DIC flux during this study
ranges from 2.62 x 10* to 3.14 x 10* kg in the geochem-
ical model—9.61 x 10* to 1.15 x 10°kg of CO,.
Adding DOC flux increases the carbon flux from 12
to 22% (2.94 x 10°-3.83 x 10* kg)—1.08 x 10° to
1.40 x 10° kg of CO,. Partitioning the lithospheric DIC
flux using the average densities of calcite (2710 kg/m?) and
dolomite (2850 kg/m3) results in one measure of the flux of
carbonate bedrock through the karst basin during the period
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Fig. 5 Regression curves 0.5
relating the measurements of (a)
a PIC from titration data to values 0.4

of TSS measured in the lab, b the =
calculated Slcal compared to the = 03

SpC values measured in the field, g/

¢ lab-determined concentrations = 0.2

of [HCOj; ] (black circles and
solid line). Modified from Fig. 3
of Florea et al. (2018), which
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of study from 87.7 to 109.4 m>. Distributing the bedrock
flux across the area of carbonate exposure and the entire
Vadu Crisului karst basin results in modeled landscape
evolution rates, based upon DIC alone, that range from 36.5
to 56.9 mm/ka. Including PIC modestly increases these rates
from 1.1 to 1.2% (36.5-57.6 mm/ka). The addition of all
TSS (2760 kg/m® for non-PIC contributions) produces rates
that are 7.9-8.3% larger (39.4-61.6 mm/ka). Values of
temperature and modeled pH have a limited impact on
derivative products owing to their narrow range of values.

Synthesis

Groundwater flow in the karst aquifers of the Padurea
Craiului Mountains of northwest Romania is guided by
geologic structures. Flow systems have a strongly concave
profile, ponors with allogenic recharge cascade steeply
through caves toward the regional water table and include
extensive near horizontal galleries connected to springs.

200 250

SpC (uS/cm)

300 350 400 450 500

Autogenic recharge through the epikarst and dolines con-
tributes to base flow of springs. Gravity flow dominates the
regime with phreatic loops in lower galleries that modulate
storm pulses.

The proportion of allogenic to autogenic recharge, and
thus the transfer of sediments and organic matter, varies for
each karst basin. The geochemistry of springs and, therefore,
the flux of solutes depend upon the proportion of allogenic
recharge and water—rock interactions along the flow path.
We consider what the data from the Vadu Crisului karst
basin reveal about moisture sources, carbon flux, and the rate
of landscape evolution in the karst landscapes of this part of
Eastern Europe, subject to the modeled range resulting from
analytical error and the following limitations of the method:

e extrapolating to significantly longer time scales (Gardner
et al. 1987),

e estimating the proportion of the landscape participating
in the hydrochemical processes,



42

L. Florea et al.

Fig. 6 Rating curves developed
to relate lab measurements of
DOC versus continuous
monitoring data of fDOM (a) lab
measurements of TSS versus
continuous monitoring data of
turbidity (b) and field
measurements of Q versus
continuous monitoring data of
water level (c). Reprinted with
permission from Fig. 4 of Florea
et al. (2018)

Fig. 7 Modeled time-series data
combined rating curves in Fig. 4
with continuous monitoring data
from Fig. 5 to compute flux using
Eq. 4. Error bars are based upon
the resolution of the measurement
method and the R? value in the
regressions from Fig. 4.
Reprinted with permission from
Fig. 6 of Florea et al. (2018)
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e generalizing solute flux in an aquifer to the surface area
of the landscape (Priesnitz 1974),

e and disregarding changes in climate, hydraulic gradient,
and conduit morphology.

Mean monthly values of Q in the modeled data (Octo-
ber = 150 L/s, November = 256 L/s, December = 159 L/s)
are greater than data from 1982-1983, a drought year, and
like data from 1957 to 1974, years having higher than
average rainfall (Spinoni et al. 2015). Modeled Q also
includes more than one significant storm event having peak
Q = 1153 L/s that is near the peak Q = 1270 L/s published
by Ordseanu and Jurkiewicz (2010). Thus, models of carbon
flux have the appropriate order of magnitude although the
data span 10 weeks from what is typically the drier season.
Results are presented as a range accounting for analytical
error and that cover expected inter-annual variation.

Isotopic Signal

Isotopic measurements in this study do not provide the
spatial or temporal density needed to quantify the translation
of rainfall to runoff and from runoff to spring discharge.
However, two distinct events in the time series of 820, §°H,
and D., (Fig. 3) lend some insight. The first occurs in
November 2016, following two periods of significant rain-
fall, when 8'®0 and 8°H values become more depleted
(—15.68 and —112.80%o, respectively) alongside a dip in Dex
between higher values (11.67%o). The second occurs in
March 2017 and includes depleted 3'0 and 3°H values of
—14.25 and —111.34%o, respectively, alongside the lowest
D,y value of the study period (2.66%o0) within a broader
period of lower D.y.

The first event follows an ‘amount effect’ associated with
the progression of long-lived storm tracks and cloud rainout
where the progressive removal of the heavier isotope from
condensation through kinetic processes (Dansgaard 1964)
generates negative isotopic shifts in precipitation (Clark and
Fritz 1997). Interestingly, the isotopically depleted precipi-
tation only translates to a small depletion in the isotopic
values at PB and VC (Fig. 3) which is consistent with only
minor changes in water chemistry (Table 1). Thus, the sig-
nificant increase in water level seen in Fig. 4 from these
storms may represent a transient storm pulse of water
arriving from PB with minimal lasting impact on aquifer
chemistry.

The second event is more consistent with a ‘continent
effect” where depleted isotopic shifts in precipitation are
related to increased distance from an oceanic moisture
source (Clark and Fritz 1997). The sinusoidal pattern pre-
cipitation D, in the study data (Fig. 3) illustrates this pro-
cess and connects to weather patterns, and thus moisture

sources that contribute to rainfall. Contributions from drier,
inland, higher latitude climates to initial vapor formation can
result in increased precipitation D.,—seen in the data from
late summer through early winter (October: 13.60%o,
November: 11.67-12.64%0, December: 17.14%o, and June:
12.59-13.00%o, Table 2). During these times, the position of
the jet stream over eastern Europe sets up synoptic weather
patterns that usher in arctic air and weather from the
northeast—56% of days in 2015 (Banks 2018). In contrast,
lower D, values occur in winter and spring precipitation
(February: 5.88-5.99%0, March: 2.66%o, and May: 6.43%o,
Table 2) when westerlies sweep in Atlantic moisture from
the west—44% of days in 2015 (Banks 2018).

In samples from PB and VC, almost all isotopic variation
is muted and 3'®0 and 8H values (Fig. 3) are similar at both
sites during the cold season (December—March). From
spring through fall, the differences increase. The isotopic
values at PB become more enriched in '®0 and *H, most
probably due to partial evaporation of the surface water that
sink at PB, encompassing 4-13% of discharge at VC.
Recharge through the epikarst comprises significantly more
aquifer discharge and is not subject to that evaporative
fractionation.

More specifically, we can consider three sources for aquifer
water, the ponor at PB, autogenic recharge, and aquifer stor-
age. The water that is sinking at PB has a transit time of about
89 h (Viehmann et al. 1964) and an average 3'%0 = —9.99

£ 0.23%o. Autogenic recharge infiltrating through the lime-

stone massif would have an isotopic value like precipitation if
the infiltration rate is high. Because isotopic values at VC are
quite stable, it is likely that autogenic infiltration becomes part
of aquifer storage in the epikarst. Oraseanu and Jurkiewicz
(1987) approximated aquifer storage to be 0.27-
0.48 x 10° m® based upon measurements at VC. This stored
water, including the epikarst and providing baseflow to VC,
would have homogeneous isotope values close to the average
3'%0 = —10.23 + 0.15%o of the samples.

Hydrochemical Behavior

In the Vadu Crisului karst basin, allogenic recharge from
noncarbonates at PB composes 4—13% of the discharge from
the aquifer (Table 1); the proportion is likely higher, but
unmeasured, during storm events. Each storm event trans-
lates to a measurable change in water level at VC. Increased
autogenic recharge from cumulative precipitation results in
an increase in base flow.

The geochemistry of waters emerging from VC is rela-
tively stable; autogenic recharge clearly controls long-term
aquifer water chemistry. Storm events produce measurable
changes in SpC and temperature, though the effects are
clearly buffered by mixing within the aquifer. DIC, [Ca®*],



a4

L. Florea et al.

and [K*] at VC from this study are like the average for
regional springs (Valenas and Iurkiewicz 1980-1981).
Limited dolomite along the flowpath results in [Mg**] lower
than other regional springs. Reduced atmospheric deposition
since earlier campaigns (OGHE 2017) results in lower [C] ]
and [SO; "] than in earlier studies.

Carbon Flux

The geochemical model in this study suggests that 47% of
DIC that emerged from the Vadu Crisului karst basin during
this 10-week study is sourced directly to the atmosphere.
Thus, there was a net export of 2.94 x 10%to 3.83 x 10* kg
of atmospheric carbon from the Vadu Crisului karst basin
comprising DIC (78-88%) and DOC (12-22%). This is
equivalent to 1.08 x 10° to 1.40 x 10° kg of CO,. The
model predicts that during similar years, 1.67 x 10° to
2.19 x 10° k/year of atmospheric carbon will emerge
annually from the Vadu Crisului karst basin, translating to
5.63 x 10° to 7.33 x 10° kg/year of CO,.

Landscape Evolution

The remaining 53% of modeled DIC in solution, 2.85 x 10*
t0 3.56 x 10%, is sourced directly to the bedrock. Computing
denudation rates requires this DIC to be distributed across
the participating landscape. Including the entire basin may
overestimate the surface area over which geochemical
reactions occur. Using the carbonate outcrop (~ 80% of the
basin) ignores interactions between meteoric recharge and
bedrock in the noncarbonate fraction of the basin. Thus, both
areas are included to provide low and high estimates, 87.7—
109.4 m® of dissolved bedrock.

When distributed over the surface area of the basin, the
bedrock DIC data translate to landscape erosion rates of 36.5—
56.9 mm/ka, well within the wide range of published rates for
locations in Europe (2-98 mm/ka) that vary according to
location, method, and basin characteristics. Adding the
modeled PIC and TSS flux modestly increases the bedrock
removed by 1.0-1.4 m® and 5.9-7.7 m?, respectively. TSS,
which increases as the square of Q in this dataset, is not
proportional to DIC flux, which is linear with Q over the range

Fig. 8 DIC flux (open circles), 3.00E+08
PIC (open squares), and TSS
(open triangles) versus Q for each
15-min time interval as computed
in the geochemical model. X-axis 3 00E+07
error bars based upon field P
uncertainty in measuring E
discharge. Y-axis error bars based @
upon uncertainties for analytical %
measurements. Reprinted with g 3.00E+06
permission from Fig. 8 of Florea =
=
et al. (2018) =
7))
(4
~ 3.00E+05
Q
L
A
J
o
a
3.00E+04
3.00E+03
50,000

500,000

Q (L/15-min)
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of measurements (Fig. 8). Therefore, more suspended than
dissolved solids may emerge from the spring during high Q,
the product of mechanical erosion. Like results from Cheddar
Gorge spring, England (Newson 1971) and Blowing Cave in
Kentucky, USA (Paylor 2016), TSS from storm events cause
mechanical erosion that may exceed the rate of chemical
erosion in karst aquifers (Covington et al. 2015).
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Geological Setting of the Paiolive Karst
(Ardeche, South of France): Consequences
on its Genesis and Vertical Development

Céline Baral, Michel Séranne, and Séverin Pistre

Abstract

A combined geological-geomorphological analysis of the
Paiolive area, Ardéche, southern France, allows to discuss
the extension, origin and chronology of the karst that
affects late Jurassic limestone. Results point to
paleo-surface abandonment, river incision and karst
formation resulting from a late Miocene and
pre-Messinian uplift of the area. The epigene karst does
not extend below the present-day base level.

Keywords
Karst * Incision * Paleo-surface * Base level
Geomorphology

Introduction

Intensely karstified landscapes of Ardéche (southern France)
attract many tourists, rising seasonal problems of water
supply. Underground water resources, especially karstic
reservoirs, provide most of the supply for the region, such as
the Paiolive Kkarst, located between the Chassezac and La
Baume rivers. This karst constitutes a strategic aquifer of this
area; however, its geometry and vertical development are
poorly known.

This preliminary study of the geological setting of the
Paiolive karst (Fig. la, b) aims at testing a combined geo-
logical and geomorphological approach, in order to docu-
ment the karst extension and to improve the understanding
of its formation. This will, in turn, bring important con-
straints on its hydrological modeling with water resource
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objectives, which is not the scope of this contribution.
Although karsts related to the incision of the Mesozoic
carbonate platform by the Ardéche river (Ardéche canyon,
Fig. 1a) have been analyzed (Mocochain et al. 2006a, b;
Tassy et al. 2013), karsts of the upper reaches of the area,
along the Cevennes margin, are much less investigated
(Bakalowicz 2008). The proximity of both areas could argue
for a common origin of their respective karst networks;
however, our results point to significant differences in the
genesis of rivers and karst incisions, as well as an original
development of the Paiolive karst.

We first analyze the structural framework and geological
cross sections, in order to localize the karstic massif in rela-
tion with the tectonic structures resulting from regional
geodynamics. Lithostratigraphic analysis is used to distin-
guish reservoir and seal formations, and to date some geo-
dynamic events, crucial for the karst formation. Then,
geomorphological analyses of Paiolive and surrounding
areas, correlated with sedimentological observations of
residual deposits, lead to (i) identify paleo-surfaces and their
subsequent deformations; (ii) determine the upstream sources
and (iii) constrain the downstream position of each
paleo-surface. Finally, the numerous available speleological
data (Chabaud and Lhomme 2016) are plotted with respect to
the paleo-surfaces and present-day base level and analyzed as
first-order approximation of the karst vertical development.

Lithostratigraphy and Structural Analyses

The Paiolive karstic aquifer develops in Late Jurassic
(Kimmeridgian—Tithonian) to Early Cretaceous (Berriasian)
limestones. It rests on Early to Middle Jurassic alternating
marls and marly limestones which constitute the aquifer
substratum. It is covered and sealed by Valanginian marls
and limestones (Elmi et al. 1989).

Earlier structural studies across the Ardéche margin,
along strike 15 km further north (Bonijoly et al. 1996) and
several exploration borehole data, provide the base for the
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Fig. 1 a Geological setting of the study area (white frame). b Geolog-
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geological cross section (Fig. 2) and of all analyzed elevation profiles
are indicated; bold lines indicate the profiles shown in this contribution
(Figs. 3 and 4)
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Fig. 2 Geological cross section of the studied area locating the karstic massif in relation with the tectonic structures. Note that Late Jurassic to
Early Cretaceous formations are slightly dipping SE and that Neocomian was overlying Jurassic—Early Cretaceous limestones

geological cross section (Fig. 2). It shows that Late Jurassic
to Early Cretaceous formations are slightly dipping SE.
These are affected by low-amplitude anticline flexures ori-
ented NE-SW, responding to a post-deposition reactivation
of basement faults (Séguret et al. 1997). To the southeast, the
studied reservoir is sealed at depth against the Hauterivian
marly formation, across a listric fault bounding the tilted
block of La Serre. This fault is a splay of the Cevennes fault
reactivated as an extensional fault during the Oligocene
rifting and formation of the Alées rift basin (Fig. 1a) (Sanchis
and Séranne 2000). Structural and stratigraphic restoration of
the Neocomian formation (the marly seal) indicates that it
was overlying and thus preserving Jurassic—Early Creta-
ceous limestones from epigene Karstification, prior to its
erosional denudation.

Geomorphology

We use the base level concept as defined by Wheeler (1964);
it is a theoretical, dynamic surface, which undulates around
the topographic surface and is linked downstream to a still
water surface (lake or sea). Where and when base level
surface is below topography, rocks located between the two
surfaces are unstable and prone to erosion, weathering or
karstification. Where and when base level surface lies above

topography, sediments may be deposited and preserved.
Where and when the two surfaces meet, there is neither
erosion nor deposition: It corresponds to sediment bypass.
As a first-order approximation, base level surface can
therefore be correlated with a steady-state, physical, topo-
graphic surface, which combines erosional, bypass and
depositional surfaces. Epigene karst formation depends on
base level variations in space and time and occurs when base
level drops below topography, leading to carbonate disso-
lution in limestone areas. Base level drop also leads to river
network incision and abandonment of surfaces, which may
be covered with residual fluvial sediments. Such
paleo-surfaces can be interpolated across present-day land-
scape, and they characterize paleo-base levels. In cross
sections, base level surface can be assigned to an upstream—
downstream profile. The methodology is based on the
analysis of such profiles extracted from Google Earth
application and displayed with a highly exaggerated vertical
scale. This implies that only variations (not the values) of
slopes are relevant in the analysis. Profiles display concave
upward segments topping relative highs, which can be cor-
related downstream in a consistent way as an almost
asymptotic curve, and interpreted as sections across
paleo-surfaces. We have investigated 5 parallel elevations
profiles trending NE-SW and 7 profiles trending NW-SE,
Figs. 3 and 4 represent three of such orthogonal profiles.
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Fig. 3 Elevation profile trending NW-SE showing the interpreted
paleo- and present-day base level surfaces. The colors on the
topographic surface show the lithologies with the same code as in the

geological cross section (Fig. 2). In section, the paleo-surface shows an
concave upward upstream—downstream profile with an upstream in the
Cévennes Paleozoic basement
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Geology and occurrence of residual sediments are plotted on
the profiles, in order to map the paleo-surface.

The present-day base level is plotted as the surface
interpolated between local topographic lows, such as the
intersection of the elevation profile with the Chassezac and
La Baume rivers, and it is compared with the paleo-surface.
Smaller extension, linear, fluvial terraces found close to
present-day river network have not been distinguished from
present-day base level. The entrance elevation and vertical
development of karst cavities (Chabaud and Lhomme 2016)
are also plotted on the profiles.

A distinctive paleo-surface intersects different lithologies
(Fig. 3): Its upstream lies in the Cévennes Paleozoic base-
ment and it cuts the gently SE-dipping monocline of Triassic
to Valanginian sequences, while downstream it is located
against the tilted block of La Serre, which forced the river to
flow northeastward, i.e., normal to the section. This
paleo-surface presents an almost asymptotic profile as seen
in a NW-SE section, while it displays a corrugated geometry
across orthogonal profiles, with a succession of SE-trending
ridges and gullies (Fig. 4). Paleo-valleys are characterized
by the presence of residual sediments deposited in the gul-
lies, which are mapped across the study area (Elmi et al.
1989), as well as south of it (Clerc 2009). In the Paiolive
karst, detrital elements include allochthonous pebbles and

gullies, i.e., the paleo-valleys. Anchor points (red dots) correspond to
occurrences of residual sediments found on the paleo-surface. The
paleo-surface is slightly tilted to the SW and river incision is deeper in
the NE than in the SW, as a sign of surface uplift and bending

boulders of quartz, schists, hematite lateritic crust fragments
and distinctive granites boulders that can be correlated with
the late Variscan intrusive (Fig. 1a). Detrital allochthonous
sediments indicate the source and confirm the presence of a
paleo-Chassezac river, which drained the Paleozoic Ceven-
nes basement, including late Variscan granite exposed in the
watershed.

The interpretation of the paleo-surface on the NE-SW
profiles (Fig. 4) is constrained by (i) the crossing with NW—
SE profiles, (ii) relative highs and (iii) presence of detrital
fluvial sediments found in perched valleys. The interpreted
paleo-surface shows a general southwestward tilt, opposite
to the NE-flowing present-day Chassezac river. This
paleo-surface is cut by a more significant incision of La
Baume and La Planche rivers (>150 m) to the NE, than the
Chassezac river (<80 m) to the SW (Fig. 4).

Discussion

The paleo-surface has been deeply incised by the Chassezac
and La Baume rivers, as well as all their tributaries, in
response to the lowering of the base level. Consequently, the
karstic network has sunk into the carbonate massif exposed
at that time, or shortly after, depending on the rates of karstic
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Fig. 5 Schematic 3D diagrams illustrating the geological setting and  differential uplift produced bending of the area, which induced
the genesis of the Paiolive karst: a Oligocene—Lower to Middle abandonment of the paleo-surface, incision of the river network and
Miocene: formation of a paleo-surface linking the Cévennes Paleozoic  Karstification of the carbonate uplifted plateaus

basement high to La Serre tilted bloc. b Late Miocene (pre-Messinian):
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incision. No evidence of epigene karstification below the
present base level has been found in the speleological record
(Chabaud and Lhomme 2016), which provides the lower
boundary and vertical extension of the epigene karstic
aquifer.

Datation of this paleo-surface is a key point of this study,
but it is poorly constrained. However, it can be noted that:
(1) the downstream paleo-surface onlaps onto the tilted bloc
of La Serre, formed during Oligocene rifting (Sanchis and
Séranne 2000), and (ii) the river network belongs to the
Rhone river drainage that flows to the Northwest Mediter-
ranean, which was formed during the Oligocene—Aquitanian
rifting of the Gulf of Lion (Séranne 1999). This suggests that
the paleo-surface was developed after Oligocene—Aquitanian
rifting. The age of the paleo-surface abandonment must be
discussed in the light of the origin of base level lowering.
Surface abandonment, rivers incision and karstification
could result from upstream regressive incision of the
Ardeche river during the Messinian salinity crisis in the
Mediterranean Sea, followed by the Pliocene transgression
(Pliocene Rias, Fig. 1a) well documented some 20 km
downstream of the study area (Mocochain et al. 2006b).
Alternatively, it could be related to the Late Miocene uplift
(Serravallian—Tortonian) referenced in neighboring areas of
Languedoc (Séranne et al. 2002). The NE-SW elevation
profiles (Fig. 4) show a southwestward tilting of the
paleo-surface and a long wave, low-amplitude (=100 m)
up-warping in the eastern part of the study area. The
observed increasing amount of incision in a downstream
direction contradicts an upstream, regressive, erosional
process, as expected in response to sea-level drop. Our
observations favor a tectonic origin (uplift) rather than a base
level lowering by desiccation of the Mediterranean Sea
during Messinian. Finally, this provides the youngest
boundary for the paleo-surface abandonment, which was
formed after the Aquitanian and before the Serravallian—
Tortonian.

Conclusion

As a result of the Oligocene—Aquitanian rifting of the Gulf
of Lion, a fluvial drainage network was established, flowing
toward the Mediterranean Sea, which led to the formation of
an erosional/depositional paleo-surface in the Paiolive area
(Fig. 5a). During the Serravallian-Tortonian interval, a dif-
ferential uplift led to a long wave, low-amplitude uplift and
bending in the north-east of the study area. This event

induced river network incision, abandonment of the
paleo-surface and karstic network sinking into the Late
Jurassic carbonate massif (Fig. 5b). Such karstification
therefore predates the canyon incision of the lower reaches
of the Ardeéche and the related karst formation in the
Ardéche plateau (Fig. la).

Such preliminary geological and geomorphological
combined study sheds new light on the extension, genesis
and chronology of an epigene karst, which bring constraints
on its future hydrological modeling.
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From Jovan Cvijic to Alain Mangin or How
a Karst Landscape Was Transformed
into a Complex Karst Hydrosystem

Michel Bakalowicz

Abstract

Until the 1970s, karst was considered by a variety of
approaches, often not easily reconcilable. As a place of
exploration, it was regarded as a set of pipes through
which man and water could pass. Because it is generally
an arid surface landscape, it was seen as a combination of
forms resulting essentially from climatic actions. As a
groundwater reservoir discharging to often spectacular
springs, it was considered as a fractured or fissured
aquifer medium, in which cavities play a negligible role.
The approach to karst proposed by Alain Mangin was
very innovative, because it was based on a hydrogeolog-
ical and functional view of karst, and no longer on a
geological and geomorphological view, which did not
make it possible to prioritize the forms or phenomena
involved, but simply to draw up a catalogue that had
previously been interpreted in terms of either geological
context or climate context. Mangin’s scientific contribu-
tion to the knowledge and study of karst and its aquifers is
analyzed and placed within the broader framework of
karst studies.

Keywords
Karst » Hydrogeology * Epistemology ¢ History of
science * Alain Mangin

Introduction

Originally, in the nineteenth century, the study of karst was
the work of hydrologists, Austrian civil engineers in charge
of draining the hinterland of Trieste, the Karst, to allow the
development of a food-producing agriculture (e.g., see von
Mojsisowics 1880). Austrian hydrogeologists together with
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Grund (1903), involved in the development and enhance-
ment of the Karst region in Slovenia, considered karst as an
aquifer, capable of storing water at depth. But in this type of
aquifer, underground cavities were only considered as local
phenomena, without any real hydrogeological function.

At the same time, the first works on the Karst and
neighboring regions (Cvijic 1918; Penck 1904), relying
mainly on speleological explorations and the study of their
surface morphology, favored a very different conception,
which was reinforced by Martel’s conception (1905, 1921).
According to them, caves play an essential, if not unique,
role in the underground flow in karst; this led them to deny
karst its role as an aquifer. This approach, taken to its
extreme, led Martel to reject the French term “sources” to
karst springs and to always associate their permanent flow
during the low-water season with surface flows feeding
swallow holes rather than with the existence of real under-
ground reserves. Moreover, Martel (1921) did not fail to
mock groundwater, Grundwasser in German, as “Grund
wasser,” considering that it was a myth. Following this,
some geomorphologists have gone so far as to use mecha-
nisms that have never been verified, such as the absence of
evapotranspiration (Nicod 1972, concerning the Vaucluse
catchment area) or occult inputs, such as underground con-
densation (Trombe 1952, pp. 116-117).

Is Karst an Aquifer?

These two resolutely opposed conceptions constituted a
form of “karstoschizophrenia” (Bakalowicz 2006) which led
the two communities to work without real exchanges
between them. They have served as a reference, explicit or
not, for those who, since then, have sought to understand the
processes of establishing karst landscapes (karstification) in
the hope of inferring the mechanisms of groundwater flow
within it (karst hydrogeology). This concept, which can be
described as “speleocentric,” has led, among other things, to

55

C. Bertrand et al. (eds.), Eurokarst 2018, Besan¢on, Advances in Karst Science,

https://doi.org/10.1007/978-3-030-14015-1_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-14015-1_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-14015-1_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-14015-1_6&amp;domain=pdf
mailto:michel.bakalowicz@gmail.com
https://doi.org/10.1007/978-3-030-14015-1_6

56

M. Bakalowicz

the study of caves as geomorphological and geological
objects (see, for instance, the work of Renault 1967a, b,
1968).

While recognizing the originality of surface karst land-
scapes, the other conception has made karst a common
aquifer, comparable to any fissured aquifer; in these aquifers,
voids would be distributed according to the geological
structure, responsible for discontinuities favoring under-
ground flows: This is the structural design, initially devel-
oped by Kiraly (1969) in Neuchatel, Switzerland, used again
and supported by Drogue (1974). A detailed analysis of the
fracture field should provide a good representation of the
organization of the voids and, therefore, of the hydraulic
properties of the reservoir (cf. Razack 1978). According to
this approach, it becomes possible to define a representative
elementary volume (REV) of the reservoir, as for porous
aquifers. The REV is the minimum volume below which the
permeability may be considered constant, whatever the
volume, lower than the REV considered (Long et al. 1982).
This is the basis for modeling the structure of voids and the
functioning of the aquifer. The interest of this structural
approach to karst is to be able to model the structure and
functioning of a karst aquifer using grid models. It provided
hydrogeology with both an overall model of the organization
of karst aquifer voids, allowing all observations to be placed
back into this set, and methods for studying the structure and
interpreting hydrodynamical data. In this design, the con-
siderable heterogeneity observed in hydrological data,
including transmissivity and groundwater chemical compo-
sition values, is associated with the notion of observational
scale.

The Karst Aquifer According to Mangin

This approach is flawed by a number of field observations.
This is where Mangin comes in with his first work on the
functioning of karst springs in the Pyrenees (Fontestorbes,
Le Baget, Aliou), which is the starting point of his Ph.D.
Mangin (1974a, b, 1975) was the first to show that the
heterogeneity of the karst, for the organization of voids as
for its hydrological functioning, exists whatever the level of
scale of observation, unlike other aquifers, for which there is
always a higher level of scale for which the aquifer appears
homogeneous, in its functioning and in the distribution of its
voids occupied by groundwater. It comes to introduce the
notion of the karst system, comparable to that of the catch-
ment area for surface waters, i.e., as a hydrogeological entity
whose spring is the outlet (Mangin 1974c, 1978, 1994).
Subsequently, Long et al. (1982) indirectly showed that
Mangin’s approach was correct. These authors showed that
the REV does not necessarily exist, since it only makes
sense in a fractured massif if the flow is associated with a

constant gradient and straight flow lines in a homogeneous
anisotropic medium.

This new approach made it possible to avoid a priori the
difficulty posed by this supposed relationship between
homogeneity and the appropriate level of observation scale.
But above all, it provides on the one hand a well-defined
object of study, the karst system, without any hypothesis a
priori imposing a model of structure and/or functioning, and
on the other hand a scientific approach allowing an objective
analysis of the functioning. This approach refers directly to
system analysis (Mangin 1982, 1994), using its concepts and
tools; it has now become a classic in Earth Sciences. Many
hydrogeological studies now refer explicitly to it.

This approach is comprehensive: It analyzes the func-
tioning of a system as a whole, in order to deduce its
structure, i.e., the organization responsible for the observed
functioning, and the evolution of this structure as a result of
this functioning. It is based on a reference object, the karst
system, and uses all the tools at its disposal to analyze its
functioning, with explicit reference to a multidisciplinary
approach. This heterogeneity has been demonstrated both
hydrodynamically, through geochemistry (Bakalowicz
1979) and water isotopes (Bakalowicz et al. 1974) or the
dynamics of underground aquatic populations (Rouch 1984,
1986).

Karst springs in the Pyrenees have been systematically
studied; their catchment areas constitute investigation
catchment areas, i.e., reference karst systems. All the studies,
subsequently carried out using the same methods on karst in
the same region, i.e., in the same geological and geomor-
phological context, and in other regions of France and other
countries, have contributed to demonstrating the represen-
tativeness of these reference karst systems: Alongside their
own characteristics, linked to their geological and paleoen-
vironmental history, they all possess common characteristics
that distinguish them from other aquifers.

On the basis of these foundations established in the
1970s, Mangin then focused his work on several directions.
First, he adapted tools used in other disciplines to karst
hydrogeology, including a diversified arsenal of statistical
methods for analyzing the collected data, such as multidi-
mensional analyses, simple and cross-correlation and spec-
tral analyses (Mangin 1981a, b) and wavelet analyses (Labat
et al. 1999). At the same time, thanks to the theses he
supervised, Mangin considerably increased his knowledge of
karst systems developed and operating under very different
environmental conditions. This allowed him to deepen his
initial analysis of the hydrological functioning of karst by
showing how karst evolution acts, and what the drivers and
framework for its application are. In accordance with the
system analysis to which he referred from the beginning to
replace concepts and methods, Mangin distinguished the
three aspects of the karst system, as for any dynamic system:
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(1) architecture, i.e., the geological and morphological
framework within which it is embedded; (2) the Kkarst
structure, the morphological set developed by the karstifi-
cation process, consisting of the conduits and associated
underground and surface landforms; and (3) the present
functioning of the system, which takes into account the
framework in which it has developed and evolved. Thus, he
introduced the concept of potential for karstification (Man-
gin 1978) and proposed a functional classification of karst
aquifers based on the results of the spring hydrograph
analysis (Mangin 1974b).

Finally, partly based on the multidisciplinary approach he
had advocated, Mangin “entered” the initial black box of the
karst system. Thus, he showed the existence of a discon-
tinuous perched discontinuously saturated zone associated
with what he called the epikarst (Mangin 1975; Bakalowicz
2012), storage areas in the saturated zone that he called the
annex-to-drain systems or ADS (Mangin 1969, 1975). As
shown by spatial analyses of groundwater levels and tracing
tests, ADS are the site of complex hydraulic exchanges with
the conduit organization; they are most often separated from
each other by very low permeability zones that give them
relative hydraulic independence, which reflects a high
degree of fragmentation of the saturated zone. The analysis
of abandoned karst structures and the sediments they contain
confirms the validity of Mangin’s initial hydrodynamic
interpretation (work on the Niaux—Lombrives—Sabart cave
system by Sorriaux 1982; on the Languedoc karst by Camus
2003).

Among the innovative approaches introduced by Mangin,
the one concerning the protection of the underground envi-
ronment, and in particular prehistoric parietal works, should
be retained. Indeed, Mangin showed the great complexity of
the mechanisms of infiltration in the karst, which range from
direct, rapid and concentrated infiltration, from privileged
absorption points (swallow holes, dolines), to slow to very
slow infiltration fed by storage in the epikarst. It is this slow
infiltration that generally drips in caves, building spe-
leothems and washing the walls. In the 1970s, at the request
of the Ministry of Culture, the Moulis team was mobilized to
determine the causes of the alteration of the parietal works in
the cave of Niaux, in the French Pyrenees (Andrieux 1983;
Mangin 1988). A methodology was developed and proposed
(Mangin and Bakalowicz 1989; Mangin et al. 1991), which
subsequently led to systematic work for the protection of
prehistorical caves and other caves with remarkable spe-
leothems (Bourges et al. 2001, 2016). Finally, through the
practice of speleology, Alain Mangin had discovered the
beauty and originality of the underground world and its
speleothems, which he showed with the photographic sup-
port of Patrick Cabrol (Cabrol and Mangin 2000).

Summary and Conclusions

However, it is to be regretted that Mangin was not able to
disseminate his work more effectively. For him, research was
first and foremost an intellectual game, which satisfied him. As
the problem was never completely solved, he had to continue
working, which limited his ability to write. The refusal to make
any mathematical model to simulate the functioning of karst
systems was part of this same conception: For him a model was
a caricature, therefore always far from reality.

To summarize, the main consequences and contributions
of Alain Mangin’s work on karst are as follows:

1. criticism of existing tools used in hydrology and adap-
tation to karst hydrology (hydrograph analysis; classified
flow curve);

2. the implementation of statistical data analysis tools
(multidimensional analyses; time series analyses);

3. a multidisciplinary methodological approach,
accepted and implemented by all;

4. the integration of field observations (speleological data;
analysis of particular phenomena) to propose an organi-
zation of voids and flows (ADS);

5. the proposition of a conceptual, functional and structural
model, progressively complexified by taking into account
the evolution and the different possible drivers of kars-
tification, such as hydrothermal deep karst.

now

The reader can be informed of Alain Mangin’s biography
(Bakalowicz 2018).
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The Shallow Subsurface of Karst Systems:
Review and Directions

Romane Berthelin and Andreas Hartmann

Abstract

The shallow subsurface of karst systems (soil and
epikarst) plays an important role in karst recharge
processes. However, only a little research that directly
characterized this zone has been conducted. In this paper,
we review previous studies that focus on the soil and
epikarst recharge processes, in particular on diffuse
recharge processes. The literature is categorized by
processes, methods and controlling factors, summarized
in an overview table, and discussed in detail. Finally, new
directions to advance research toward a better under-
standing of the hydrological dynamics in the karstic
shallow subsurface are derived.

Keywords
Soil « Epikarst * Recharge processes * Review

Introduction

Karst systems represent 10-15% of land surface in the world
and 25% of the global population fully or partially depends
on water from karst aquifers (Ford and Williams 2013).
However, the strong morphologic heterogeneities of karst
systems (porous matrix, fractures, and conduits) cause dif-
ficulties in their characterization and development for water
supply. In the context of climate change, growing popula-
tions and land use changes, groundwater resources avail-
ability is increasingly threatened, both in term of water
quantity and quality (Wada et al. 2010). Understanding the
recharge processes that renew karstic groundwater resources
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and their vulnerability to external changes is still a challenge
for water management and protection.

As observed in different studies (Aquilina et al. 2006;
Trcek 2007; Aley and Kirkland 2012), the superficial
weathered part of carbonate rock, named the epikarst, plays
an important role in karstic recharge functioning and water
quality. Because of its high porosity and fracturing, the
epikarst can store the water before redistributing it via larger
fractures leading to fast transfer of water to the deeper parts
of the unsaturated zone.

Despite the importance of the soil above the karst and
epikarst for karst water resources, previous research mostly
focused on karst groundwater. Only a few studies that
directly characterized the shallow subsurface processes of
karst systems have been conducted. This paper reviews
previous efforts to characterize the soil and epikarst pro-
cesses occurring during diffused recharge. The localized
recharge through sinkholes and stream losses is not con-
sidered here. Experimental approaches to investigate soil and
epikarst processes are categorized and new directions to
advance research toward a better understanding of the
hydrological dynamics in the karstic shallow subsurface are
presented and discussed.

The Shallow Subsurface of Karst Systems

The shallow subsurface of karst systems consists of the
upper part of the unsaturated zone, including the soil and the
epikarst (Williams 1983). It appears as an essential interface
between the biosphere and the karst system (Bakalowicz
2003). The shallow subsurface characteristics control vari-
ous shallow subsurface processes as for example infiltration,
storage (Fig. 1) and transport processes.

The epikarst, also referred as the subcutaneous zone, is
the superficial weathered part of carbonate rock. It is con-
sidered as the main karstic zone where carbonate rock dis-
solution takes place (Williams 1983, 2008a, b). The soil and
the shallow epikarst are a source of acidity, because of the
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fast infiltration

- =

slow percolation

Fig. 1 Conceptual scheme of the shallow subsurface of karst systems and its dominant processes

P = Precipitation; AET = Actual Evapotranspiration

transformation of organic matter in CO,. Entering into
cracks and fractures, the acid water dissolves the carbonate
rock and enlarges them rapidly (Dreybrodt 1990; Benavente
et al. 2010). Thereby, the epikarst shows a high porosity at
its surface that decreases with depth (Williams 1983) with a
rather irregular interface between the soil and the rock. The
thickness of the shallow subsurface can be variable
depending the lithology and geomorphology evolution. In
general, its thickness is estimated to be from several tens of
centimeters to up to 15 m (Klimchouk 2004).

The heterogeneity of the epikarst leads to various infil-
tration pathways and hydrological processes. Water infiltrate
into the soil and/or the epikarst where it is exposed to
evapotranspiration. According to Perrin et al. (2003) and
Charlier et al. (2012) the soil cover plays an important role in
the velocity of infiltration and in mixing. Below, at the

modified from Williams (1983)—

interface between soil and bedrock and depending on the
permeability of the rock, water can flow along the rock
surface and be redistributed to enlarged fractures (Fu et al.
2015). The importance of storage and lateral redistribution
within the epikarst was highlighted by Kirdly (1975) using
numerical simulation. He showed the need to take into
account a subsurface layer acting as a perched aquifer to
represent appropriately karst aquifer. This perched aquifer
evolves due to the difference of porosity between the epi-
karst and the non-weathered rock (Williams 2004). It can
store the water for days to several months (Klimchouk
1995). Different processes can append during a rainfall
event. Lateral flow can occur through the perched aquifers
and lead subsurface water flow toward enlarged fissures or
fractures to form fast vertical percolation. At the same time,
cracks and rock porosity allow slow and diffuse vertical
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percolation to the rest of the unsaturated zone (Bakalowicz
2003; White 2002). In addition, in case of outcrops without
soil cover, direct infiltration into the deeper karst system can
take place (Bakalowicz 2003).

Processes Controlling Factors

Different factors control the hydrodynamic processes that we
introduced in the previous subsection. Table 1 provides an
overview of recent literature that identified controlling

Table 1 Literature summary of studies about the shallow subsurface of karst systems, classified in function of

factors and the applied monitoring methods, classified
according to the affected epikarstic processes. Below, we
will discuss how the identified controlling factors affect the
karst shallow subsurface processes.

Methods used to study the karst shallow subsurface can
be classified in different categories: (1) hydrological methods
using water balance or springs discharge; (2) hydrochemical
methods using major ions analyses and physio-chemical
parameters; (3) isotopic methods using for example isotopes
of water or carbon as natural tracer; (4) artificial tracer tests;
and (5) geophysical methods. Most of the studies were

the investigated

processes—“n.d.” = not defined

Investigated Methods/Monitoring Scale
processes
Evapotranspiration ~ Energy balance measurements Plot scale
processes (1700 ha)
Evapotranspiration ~ — GIS analysis on aerial photos, land use  Plot scale
processes maps hydrological behavior analysis (139 km?
Recharge dynamics using numerical model rectangle)
(infiltration) (HYDRUS-2D)
— Soil physical and hydraulic
parameters measurements
Recharge dynamics Compilation of studies involving Regional
recharge assessment in 51 carbonate scale
aquifers in SW Mediterranean
— Continuous monitoring of an epikarst Epikarst
spring’s discharge, pH, electrical spring—
conductivity, temperature hillslope
— Rainfall monitoring scale
Monitoring of rainfall, soil and karst Cave site
water hydrochemistry analyses scale
— Major elements and dissolved organic  Epikarst
Carbon (DOC) from soil seepage spring—
— Major ions measurements, DOC, hillslope
isotopes from an epikarstic spring scale
— Discharge monitoring
Recharge dynamics Natural tracer analyses (stables isotopes, Spring
Storage DOC) catchment
scale
Storage — Discharge rate measurements Catchment
— Weekly rainfall and spring water scale
stable isotopes sampling
— High time resolution flood events
water stable isotopes sampling
— Modeling
Combination of time-lapse seismic n.d.

refraction with hydrologic and
petrophysical models

Gravity measurements

Caves sites
scale

Location and climate of the
studied site

Edwards Plateau in Texas
(US)—Arid climate

Alta Murgia, Apulia Region
(southeast Italy)—
Mediterranean climate

Betic Cordillera (southern
Spain)}—Mediterranean
climate

Maolan Karst Forest National
Reserve (southwest of China)
—Subtropical monsoon
climate

Crag cave (southwest Ireland)
—Mild and wet climate

Lascaux (western France)—
Oceanic climate

Hubelj spring Catchment
(southwest Slovenia)—
Continental climate

Milandre karst aquifer
(Switzerland)—Oceanic
climate with a high mountain
influence

n.d.

Lamalou and Gourneyras
karst system (southern
France)—Mediterranean
climate

Identified
controlling factors

Soil depth and
vegetation

Land use (stone
shattering)
Vegetation

Soil cover and
vegetation
Degree of
karstification

Rainfall
characteristics
Epikarst
characteristics as
shape, size, and
fractures

Soil matrix and
macropores

Rainfall
characteristics
Epikarst water
saturation

Epikarst saturation
conditions

Soil architecture
(porosity, fractures
and soil crust,
lithology)

Porosity,
permeability
Rainfall input

Lithology

References

Heilman et al.
(2012)

Canora et al.
(2008)

Martos-Rosillo
et al. (2015)

Jiang et al.
(2008)

Tooth and
Fairchild
(2003)

Houillon et al.
(2017)

Trcek (2007)

Perrin et al.
(2003)

Galibert (2015)

Champollion
et al. (2017)

(continued)
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Table 1 (continued)

Investigated Methods/Monitoring Scale
processes
— Meteorological monitoring Cave site
— Rainfall and cave drip water stable scale
isotopes and geochemistry
measurements
— Soil moisture, T and EC
measurements
Storage — Tracer experiments Cave site
Percolation — Monitoring of rainfall and irrigation,  scale
Transport discharge, OC, turbidity EC, T, Cl—,
processes Br—, fecal bacteria, uranine
Transport — GIS treatment (DEM, Groundwater Regional
processes temperature) scale
— Modeling nitrate concentrations
Long-term tracer tests Gallery cave
site scale
Transport — Dissolved organic carbon Spring
processes (DOC) monitoring from the water of  catchment
Infiltration soil cover, rock matrix and epikarstic ~ scale
processes spring
— Modeling
General epikarst Rainfall simulations on a trench Plot scale
behavior excavation under different moisture (80 m
conditions trench, 4 m
depth)
Time lag lengths computation based on  Epikarst
flow discharge series of hillslope spring—
springs using correlation and spectral cave scale
analyses
General epikarst Karst spring and rainwater monitoring Catchments
behavior (stable isotopes and Cl, Br ) during scale
high discharge events
Tracer tests (fluorescein) and wells 4 studies
monitoring compilation

— Major ions measurement and carbon
13 isotope at epikarstic springs—
Temperature and Pcq, air caves
monitoring

(local scale)

Caves sites
scales

Location and climate of the
studied site

Kosciuszko National Park,
New South Wales (Australia)
—Montane climate

Vers-chez-le-Brandt cave,
Jura (France)—Oceanic
climate with a high mountain
influence

Murgia, Apulia Region
(southeast Italy)—
Mediterranean climate

Postojnska Jama
(southwestern Slovenia)—
Oceanic climate

Fertans, Jura (France)—
Oceanic climate with a high
mountain influence

Mulian catchment (southwest
China)—Subtropical climate

Jinfo Mountain Nature
Reserve (southwest China)—
Subtropical humid monsoon
climate

South of France (north of
Montpellier)—Mediterranean
climate

Arkansas—England and
Missouri

Lascaux and Cussac (western
France)—Oceanic climate

Identified
controlling factors

Rainfall
characteristics
Antecedent
moisture conditions

Rainfall
characteristics

n.d.

Preceding
hydrological
conditions
Geologic
heterogeneities

Soil cover
State of hydraulic
conductivity

Rainfall intensity
Antecedent
moisture conditions
Epikarst
topography
Shallow subsurface
thickness

Degree of
karstification
Epikarst
topography
Antecedent
moisture conditions

n.d.

General epikarst
characteristics—
thickness

Climate condition

References

Tadros et al.
(2016)

Pronk et al.
(2008)

Fidelibus et al.
(2016)

Kogovsek and
Petric (2014)

Charlier et al.
(2012)

Fu et al. (2015)

Zhang et al.
(2013)

Aquilina et al.
(2006)

Aley and
Kirkland
(2012)

Peyraube et al.
(2013)

conducted on a local scale, which allows a good character-
ization of the hydrological processes of the shallow sub-
surface of karst (e.g., Fu et al. 2015; Canora et al. 2008).
Only few studies were conducted at the catchment scale
(e.g., Charlier et al. 2012; Tréek 2007), some at the regional
scale, by comparing different systems (e.g., Aquilina et al.
2006; Martos-Rosillo et al. 2015), or by studying a system
having a regional dimension (e.g., Fidelibus et al. 2016).
Concerning the studies’ climate conditions, a big part of

them was conducted in temperate climates (continental,
oceanic or Mediterranean) and some of them in a subtropical
climate. To our present knowledge, only one was done under
arid climatic conditions (Heilman et al. 2012).

From this review, the controlling factors of the karst
shallow subsurface hydrodynamic identified are: (1) climate
conditions, (2) antecedent moisture conditions, (3) soil
properties and vegetation, (4) rock properties and karstifi-
cation, and (5) topography and thickness.



The Shallow Subsurface of Karst Systems: Review and Directions

65

Climatic Factors

Climatic factors are identified to control the hydrodynamic
in the shallow subsurface of karst. Tadros et al. (2016)
analyzed drip water composition in caves fed by fracture
flow from an epikarst reservoir in a region dominated by EIl
Nifio—Southern  Oscillation (ENSO). It appears that
depending on the phase (El Nifio or La Nifia), the dissolution
and precipitation conditions can change, and so flow path-
way too. Similarly in Zhang et al. (2013), the temperature
variation, according to the altitude, influences the hydro-
chemistry composition of the epikarst water. This affects
dissolution and precipitation conditions and karstic weath-
ering occurs. Indeed, temperature and CO, as well are
important parameters in karstification processes. In Peyraube
et al. (2013), they demonstrated that the epikarst air Pco,
which determines the water aggressiveness against carbonate
rock, shows annual variations. Lower values are found in
winter in comparison with summer.

Temperatures, but also precipitation input, can have an
influence on the shallow subsurface processes. Galibert
(2015) used geophysics and modeling to quantify water
storage and residence time at shallow depth in carbonate
rocks. They concluded that during the winter season, the
residence times are shorter in response to the increase in the
effective rainfall. From a contaminant transport point of
view, Pronk et al. 2008 found that rainfall conditions can
have an impact on transport processes. Indeed, an augmen-
tation of freshly infiltrated water contributing to deep per-
colation is observed with increasing rainfall intensity and
duration. This water can transport considerable amounts of
sediments and contaminants originating from the land sur-
face and soil. In Jiang et al. (2008), the reaction of the
epikarst to different rainfall amount and intensity have been
studied and rainfall was identified to play the most important
role in the variation of the epikarst spring. This confirms
Klimchouk (2004)’s conclusion: climatic factors, as precip-
itation characteristics and temperature, have an important
impact on karstification and karst processes.

Antecedent Moisture Conditions

Fu et al. (2015) experimentation confirms that the rainfall
intensity has an influence on the epikarst reaction, as well as
the antecedent moisture conditions. They simulated different
rainfall events with varying intensities on a soil-epikarst
trench excavation at southwest China, under different
moisture conditions. They observed that a threshold rainfall
depth has to be exceeded to initiate runoff, which depends on
antecedent soil moisture conditions. Dry antecedent

conditions allow a higher percentage of water to be stored in
the epikarst but decrease subsurface flow. In comparison,
under wet antecedent conditions a larger fraction of the
infiltrating water reaches the subsurface trough concentrated
pathways. An influence of antecedent hydraulic conditions
was also observed by Houillon et al. (2017). In their study,
which was conducted at Lascaux Cave, the contribution of
different types of water according to the rainy solicitation
and water saturation of the epikarst was recorded using
natural tracers. Also using natural al tracers, Tréek (2007)
concluded that epiflow, diffuse flow, and storage depend on
the soil and epikarst zone water saturation. According to
these observations, in case of small water storage volume,
most of the water is stored in the base of the epikarst zone
and the water slowly seeps through little-fractured rock. In
case of large water storage volume, one part of the water
could rapidly drain through large fractures, the remained
water is stored and diffuse recharge process is restored.
Charlier et al. (2012) also highlighted the importance of the
initial groundwater storage. They interpreted it as the state of
hydraulic connectivity in the unsaturated zone, which leads
to the variation of the recharge area of the karst system.
According to the hydrological conditions, they also identi-
fied that the soil cover plays an important role in mixing and
transfer for the recharge water.

Soil Properties and Vegetation

Perrin et al. (2003) also highlighted the mixing function of
soil. They show that the soil architecture (porosity, fractures
and soil crust, lithology) induces various flow pathways.
Under unsaturated conditions, storage occurs within the soil
matrix with limited flow rate, but when recharge takes place
a part of fresh water can flow through the soil macropores
and the matrix water becomes mobile and mixes with the
infiltrating water. Tooth and Fairchild (2003) confirm that
the flow pathways in the soil influence karst recharge pro-
cesses. In their experiment that was conducted at a karst cave
in southwest Ireland, a significant contrast of hydrogeo-
chemistry composition between soil matrix flow and
well-connected macropore flow was observed. During dry
periods, soil matrix flow seems to dominate karst water
infiltration while soil macropores flow are more important
during wet periods.

The vegetation can influence recharge processes in karst
system, too. Canora et al. (2008) studied the impact of land
use evolution due to intensive agriculture on recharge in a
karstic area in southeast Italy. It appears that the modifica-
tion of soil by shattering the rock does not always induce
important changes in infiltration rate, at least in the short



66

R. Berthelin and A. Hartmann

time. However, the shattered stone practice coupled with
intensive agriculture reduces considerably the infiltration
rate. The vegetation is, in this case, the main factor affecting
the recharge processes. In Heilman et al. (2012), increasing
density of woody plants does not necessarily lead to
increased water consumption by the plant. This is probably
due to the constraints imposed by shallow soil with limited
water storage capacity.

The general importance of soil and vegetation cover in
karst systems is confirmed by other studies, too.
Martos-Rosillo et al. (2015) concluded by reviewing 51
carbonate aquifers recharge assessment in the south of Spain
that the difference in the development of the vegetal
cover-soil—epikarst system is one of the explanations for
varying infiltration coefficients. Fu et al. (2015) demon-
strated in their experiments that less than 30% of the water
was retained by soil and vegetation and more than 70% of
the water was redistributed by the epikarst attributing a
secondary but still important role to the soil and vegetation.

Rock Properties and Karstification

As the epikarst plays an important role in redistributing the
water, its rock properties and karstification are considered as
factors controlling the shallow subsurface flow processes.
Another factor that controlled the variable infiltration coef-
ficients found by Martos-Rosillo et al. (2015) is the differ-
ence between the degrees of karstification of each studies
system. Depending on the rock properties, such as the dis-
tribution of small and large fractures, preferential flow
pathways can be induced. In Zhang et al. (2013), a quick
response of the system to a rainfall event was found to be a
consequence of water flow from large fractures and conduits,
while a slow response of the system originated from small
fractures. Similar to the flow dynamics, the rock properties
can also affect the storage capacity. For example, Cham-
pollion et al. (2017) compared epikarst storage in dolomite
and limestone. Because dolomite presents a higher matrix
porosity, its reservoir capacity can be more important com-
pared to limestone. In addition, fractures in dolomite filled
by residual sand caused by mechanic alteration allow a more
efficient storage of water. In Galibert (2015), numerical
simulations to estimate water storage and residence time in
the epikarst show that the epikarst must be divided into two
layers with different seismic properties: a high permeability
upper layer and a second deeper layer with low permeability.
Kogovsek and Petric (2014) used tracer tests to observe that
the majority of the tracer is not rapidly infiltrated through
high permeability part of the vadose zone but can be stored
within the less permeable parts of the epikarst for several
years to be gradually flushed out.

Topography and Thickness

A last important factor is the interface between the
soil/epikarst and the less weathered carbonate rock below as
it can strongly influence the water flow distribution (see also
the previous subsection). Fu et al. (2015) observed subsur-
face runoff along this interface, triggered by a contrast
between soil and rock permeability, and the (subsurface)
topography as well. They notice that the epikarst topography
can present a stronger control than the surface topography
itself. The thickness of the shallow subsurface can also
strongly influence water processes and so the groundwater
vulnerability. The thick epikarst zone presents a higher
abundance of slow-flow components than thinner epikarst
zone, which often shows fast-flow components due to a
higher proportion of large fractures (Zhang et al. 2013). Aley
and Kirkland (2012) highlighted that in case of potential
pollution, the shallow subsurface of karst has to be consid-
ered. For example, an artificial tracer test should be done
from the surface or the top of the epikarst rather than through
a well, even more when a thick soil and epikarst zone as to
be expected.

Synthesis and Conclusions

Our review showed that the shallow subsurface of karst
systems plays an important role for karstic recharge pro-
cesses. Improving the knowledge about these processes and
their controlling factors will contribute to a better water
resources management as recharge is an important indicator
for sustainable groundwater development.

Although by far not complete, the literature summary in
Table 1 shows that various methods have been applied to
study soil and epikarst processes from the plot to the regional
scale. However, few studies apply these to a larger scale, and
most of them use information acquired from the outlet of the
system (epikarst springs measurements, flow discharge, drip
cave hydrochemistry analyses...). Only a few studies (e.g.,
Heilman et al. 2012) apply schemes that monitor the pro-
cesses directly at the surface of karst systems. Furthermore,
only a few studies consider more than one study site (e.g.,
Martos-Rosillo et al. 2015) and studies that systematically
compare the shallow subsurface dynamics of different karst
systems, to our knowledge, have rarely been conducted.

From this present state, the following questions arise:

— How to study recharge processes at a larger scale?

— How to characterize the spatial variability of the
soil/epikarst geometry (depth, hydraulic properties...)?

— How to quantify the processes occurring in the shallow
subsurface of karst?
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Experimental work in hydrological systems other than
karst systems (Sprenger et al. 2015; Martini et al. 2015;
Dorigo et al. 2011) has shown that monitoring shallow
subsurface processes by soil moisture networks with a high
spatial resolution provides important information to under-
stand evapotranspiration and recharge processes. We believe
that such approaches, added to the traditional methods to
explore karst systems (Goldscheider and Drew 2007), will
provide promising directions to better understand the storage
and flow dynamics of the soil and epikarst. Supported with
environmental tracer information such as water isotopic
composition, this will allow understanding temporal and
spatial variations of karstic recharge.

Systematically applied at different karst systems, such
approach will also provide new insights into factors that
control the importance of different soil and epikarst pro-
cesses. That way, spatially transferrable methods to quantify
groundwater recharge can be developed. These methods can
support present water management and, if integrated into
simulation models, provide more accurate predictions of
future karst water availability. Although our study did not
address the aspect of modeling the shallow subsurface of
karst systems or the aspect of water quality of karst water
resources, we hope that this overview provides some helpful
directions for future research on the soil and epikarst pro-
cesses in karstic regions.

Acknowledgements This work was funded by the Emmy
Noether-Programme of the German Research Foundation (DFG; grant
number HA 8113/1-1).

References

Aley, TJ., and S.L. Kirkland. 2012. ‘Down but Not Straight down:
Significance of Lateral Flow in the Vadose Zone of Karst Terrains’.
Carbonates and Evaporites 27 (2): 193-98. https://doi.org/10.1007/
s13146-012-0106-5.

Aquilina, L., B. Ladouche, and N. Dorfliger. 2006. ‘Water Storage and
Transfer in the Epikarst of Karstic Systems during High Flow
Periods’. Journal of Hydrology 327 (3): 472-85. https://doi.org/10.
1016/j.jhydrol.2005.11.054.

Bakalowicz, M. 2003. ‘The Epikarst, the Skin of the Karst’.

Benavente, J., I. Vadillo, F. Carrasco, A. Soler, C. Lifian, and F. Moral.
2010. ‘Air Carbon Dioxide Contents in the Vadose Zone of a
Mediterranean Karst’. Vadose Zone Journal 9 (1): 126-36. https://
doi.org/10.2136/vzj2009.0027.

Canora, F., M. D. Fidelibus, A. Sciortino, and G. Spilotro. 2008.
‘Variation of Infiltration Rate through Karstic Surfaces Due to Land
Use Changes: A Case Study in Murgia (SE-Italy)’. Engineering
Geology, Engineering and environmental problems in karst, 99 (3):
210-27. https://doi.org/10.1016/j.enggeo.2007.11.018.

Champollion, C., S. Devile, J. Chéry, E. Doerflinger, N. Le Moigne, R.
Bayer, and P. Vernant. 2017. ‘Estimating Epikarst Water Storage by
Time-Lapse Surface to Depth Gravity Measurements’. Hydrol.
Earth Syst. Sci. Discuss. 2017 (August): 1-27. https://doi.org/10.
5194/hess-2016-355.

Charlier, J.B., C. Bertrand, and J. Mudry. 2012. ‘Conceptual Hydro-
geological Model of Flow and Transport of Dissolved Organic
Carbon in a Small Jura Karst System’. Journal of Hydrology 460—
461 (August): 52-64. https://doi.org/10.1016/j.jhydrol.2012.06.043.

Dorigo, W.P. Oevelen, W. Wagner, M. Drusch, S. Mecklenburg, A.
Robock, and T. Jackson. 2011. ‘A New International Network for in
Situ Soil Moisture Data’. Eos, Transactions American Geophysical
Union 92 (17): 141-42. https://doi.org/10.1029/201 IEO170001.

Dreybrodt, W. 1990. ‘The Role of Dissolution Kinetics in the
Development of Karst Aquifers in Limestone: A Model Simulation
of Karst Evolution’. The Journal of Geology 98 (5): 639-55.

Fidelibus M.D., G. Balacco, A. Gioia, V. Iacobellis, and G. Spilotro.
2016. ‘Mass Transport Triggered by Heavy Rainfall: The Role of
Endorheic Basins and Epikarst in a Regional Karst Aquifer’.
Hydrological Processes 31 (2): 394-408. https://doi.org/10.1002/
hyp.11037.

Ford, D., and P.D. Williams. 2013. Karst Hydrogeology and Geomor-
phology. John Wiley & Sons.

Fu,Z. Y., H. S. Chen, W. Zhang, Q. X. Xu, S. Wang, and K. L. Wang.
2015. ‘Subsurface Flow in a Soil-Mantled Subtropical Dolomite
Karst Slope: A Field Rainfall Simulation Study’. Geomorphology
250 (December): 1-14. https://doi.org/10.1016/j.geomorph.2015.
08.012.

Galibert P.Y. 2015. ‘Quantitative Estimation of Water Storage and
Residence Time in the Epikarst with Time-lapse Refraction
Seismic’. Geophysical Prospecting 64 (2): 431-44. https://doi.org/
10.1111/1365-2478.12272.

Goldscheider, N., and D. Drew. 2007. Methods in Karst Hydrogeology:
IAH: International Contributions to Hydrogeology, 26. CRC Press.

Heilman J.L., M.E. Litvak, K.J.Mclnnes, J.F. Kjelgaard, R.H. Kamps,
and S. Schwinning. 2012. ‘Water-storage Capacity Controls Energy
Partitioning and Water Use in Karst Ecosystems on the Edwards
Plateau, Texas’. Ecohydrology 7 (1): 127-38. https://doi.org/10.
1002/eco.1327.

Houillon, N., R. Lastennet, A. Denis, and P. Malaurent. 2017.
‘Hydrochemical and Hydrodynamic Behavior of the Epikarst at
the Lascaux Cave (Montignac, France)’. In EuroKarst 2016,
Neuchdtel, edited by Philippe Renard and Catherine Bertrand,
319-26. Advances in Karst Science. Springer International
Publishing.

Jiang, G.H, F. Guo, J.C. Wu, HJ. Li, and H.L. Sun. 2008. ‘The
Threshold Value of Epikarst Runoff in Forest Karst Mountain
Area’. Environmental Geology 55 (1): 87-93. https://doi.org/10.
1007/s00254-007-0967-4.

Kiraly, L. 1975. ‘Rapport sur 1’état actuel des connaissances dans le
domaine des caracteres physiques des roches karstiques’. Hydro-
geology of karstic terrains (Hydrogéologie des terrains karstiques)
International Union of geological sciences, no. 3: 53-67.

Klimchouk, A. 1995. ‘Karst Morphogenesis in the Epikarstic Zone’.
Cave and Karst Science 21 (January): 45-50.

. 2004. ‘Towards Defining, Delimiting and Classifying Epikarst:
Its Origin, Processes and Variants of Geomorphic Evolution’.

Kogovsek, J., and M. Petric. 2014. ‘Solute Transport Processes in a
Karst Vadose Zone Characterized by Long-Term Tracer Tests (the
Cave System of Postojnska Jama, Slovenia)’. Journal of Hydrology
519 (November): 1205-13. https://doi.org/10.1016/j.jhydrol.2014.
08.047.

Martini, E., U. Wollschlager, S. Kogler, T. Beherns, P. Dietrich, F.
Reinstorf, K. Schmidt, M. Weiler, U. Werban, and S. Zacharias.
2015. ‘Spatial and Temporal Dynamics of Hillslope-Scale Soil
Moisture Patterns: Characteristic States and Transition Mecha-
nisms’, 2015, Vadose Zone Journal edition.

Martos-Rosillo, S., A. Gonzalez-Ramoén, P. Jiménez-Gavilan, B.
Andreo, J. J. Duran, and E. Mancera. 2015. ‘Review on Ground-
water Recharge in Carbonate Aquifers from SW Mediterranean



http://dx.doi.org/10.1007/s13146-012-0106-5
http://dx.doi.org/10.1007/s13146-012-0106-5
http://dx.doi.org/10.1016/j.jhydrol.2005.11.054
http://dx.doi.org/10.1016/j.jhydrol.2005.11.054
http://dx.doi.org/10.2136/vzj2009.0027
http://dx.doi.org/10.2136/vzj2009.0027
http://dx.doi.org/10.1016/j.enggeo.2007.11.018
http://dx.doi.org/10.5194/hess-2016-355
http://dx.doi.org/10.5194/hess-2016-355
http://dx.doi.org/10.1016/j.jhydrol.2012.06.043
http://dx.doi.org/10.1029/2011EO170001
http://dx.doi.org/10.1002/hyp.11037
http://dx.doi.org/10.1002/hyp.11037
http://dx.doi.org/10.1016/j.geomorph.2015.08.012
http://dx.doi.org/10.1016/j.geomorph.2015.08.012
http://dx.doi.org/10.1111/1365-2478.12272
http://dx.doi.org/10.1111/1365-2478.12272
http://dx.doi.org/10.1002/eco.1327
http://dx.doi.org/10.1002/eco.1327
http://dx.doi.org/10.1007/s00254-007-0967-4
http://dx.doi.org/10.1007/s00254-007-0967-4
http://dx.doi.org/10.1016/j.jhydrol.2014.08.047
http://dx.doi.org/10.1016/j.jhydrol.2014.08.047

68

R. Berthelin and A. Hartmann

(Betic Cordillera, S Spain)’. Environmental Earth Sciences 74 (12):
7571-81. https://doi.org/10.1007/s12665-015-4673-3.

Perrin, J., P.Y. Jeannin, and F. Zwahlen. 2003. ‘Epikarst Storage in a
Karst Aquifer: A Conceptual Model Based on Isotopic Data,
Milandre Test Site, Switzerland’. Journal of Hydrology 279 (1):
106-24. https://doi.org/10.1016/S0022-1694(03)00171-9.

Peyraube, N., R. Lastennet, A. Denis, and P. Malaurent. 2013.
‘Estimation of Epikarst Air PCO2 Using Measurements of Water
A13CTDIC, Cave Air PCO2 and A13CCO2’. Geochimica et
Cosmochimica Acta 118 (October): 1-17. https://doi.org/10.1016/j.
gca.2013.03.046.

Pronk M., N. Goldscheider, J. Zopfi, and F. Zwahlen. 2008. ‘Perco-
lation and Particle Transport in the Unsaturated Zone of a Karst
Aquifer’. Groundwater 47 (3): 361-69. https://doi.org/10.1111/j.
1745-6584.2008.00509.x.

Sprenger, M., THM Volkmann, T. Blume, and M. Weiler. 2015.
‘Estimating flow and Transport Parameters in the Unsaturated Zone
with Pore Water Stable Isotopes’, 2015, Hydrology and Earth
System Sciences edition.

Tadros, C. V., P. C. Treble, A. Baker, I. Fairchild, S. Hankin, R. Roach,
M. Markowska, and J. McDonald. 2016. ‘ENSO-Cave Drip Water
Hydrochemical Relationship: A 7-Year Dataset from South-Eastern
Australia’. Hydrol. Earth Syst. Sci. 20 (11): 4625-40. https://doi.
org/10.5194/hess-20-4625-2016.

Tooth, A.F., and IJ. Fairchild. 2003. ‘Soil and Karst Aquifer
Hydrological Controls on the Geochemical Evolution of
Speleothem-Forming Drip Waters, Crag Cave, Southwest Ireland’.

Journal of Hydrology 273 (1): 51-68. https://doi.org/10.1016/
S0022-1694(02)00349-9.

Tréek, B. 2007. ‘How Can the Epikarst Zone Influence the Karst
Aquifer Hydraulic Behaviour?” Environmental Geology 51 (5):
761-65. https://doi.org/10.1007/s00254-006-0387-x.

Wada Y., P. H. van Beek Ludovicus, C.M. van Kempen, J.W.T.M.
Reckman, S. Vasak, and M.F.P. Bierkens. 2010. ‘Global Depletion
of Groundwater Resources’. Geophysical Research Letters 37 (20).
https://doi.org/10.1029/2010GL044571.

White, W. 2002. ‘Karst Hydrology: Recent Developments and Open
Questions’. Engineering Geology 65 (August): 85—-105. https://doi.
org/10.1016/S0013-7952(01)00116-8.

Williams, P.W. 1983. ‘The Role of the Subscutaneous Zone in Karst
Hydrology’, 1983, Journal of Hydrology edition.

Williams, P.W. 2004. ‘The Epikarst: Evolution of Understanding’. In
Epikarst, 11-15.

. 2008a. ‘The Role of the Epikarst in Karst and Cave
Hydrogeology: A Review’. International Journal of Speleology
37 (1). http://dx.doi.org/10.5038/1827-806X.37.1.1.

Williams, P.W. 2008b. ‘The Role of the Epikarst in Karst and Cave
Hydrogeology: A Review’. International Journal of Speleology 37
(1). http://dx.doi.org/10.5038/1827-806X.37.1.1.

Zhang, Z., Xi Chen, X. Chen, and P. Shi. 2013. ‘Quantifying Time
Lag of Epikarst-Spring Hydrograph Response to Rainfall
Using Correlation and Spectral Analyses’. Hydrogeology
Journal 21 (7): 1619-31. https://doi.org/10.1007/s10040-013-
1041-9.



http://dx.doi.org/10.1007/s12665-015-4673-3
http://dx.doi.org/10.1016/S0022-1694(03)00171-9
http://dx.doi.org/10.1016/j.gca.2013.03.046
http://dx.doi.org/10.1016/j.gca.2013.03.046
http://dx.doi.org/10.1111/j.1745-6584.2008.00509.x
http://dx.doi.org/10.1111/j.1745-6584.2008.00509.x
http://dx.doi.org/10.5194/hess-20-4625-2016
http://dx.doi.org/10.5194/hess-20-4625-2016
http://dx.doi.org/10.1016/S0022-1694(02)00349-9
http://dx.doi.org/10.1016/S0022-1694(02)00349-9
http://dx.doi.org/10.1007/s00254-006-0387-x
http://dx.doi.org/10.1029/2010GL044571
http://dx.doi.org/10.1016/S0013-7952(01)00116-8
http://dx.doi.org/10.1016/S0013-7952(01)00116-8
http://dx.doi.org/10.5038/1827-806X.37.1.1
http://dx.doi.org/10.5038/1827-806X.37.1.1
http://dx.doi.org/10.1007/s10040-013-1041-9
http://dx.doi.org/10.1007/s10040-013-1041-9

l‘)

Check for
updates

Use of Chlorophyll-a Monitoring

to Determine Karst-River Relationships:
A Case Study in the Karstic Limestones
of Ouche Valley, Burgundy (France)

Thierry Gaillard, Nevila Jozja, James Morris, and Christophe Brossard

Abstract

The study of groundwater—river relationships is a chal-
lenge for water supply management. In order to provide
an indicator for Inversac (Estavelle) events in a karstic
aquifer, the water and sanitation department of Dijon
Metropole tested a chlorophyll-a probe in addition to
pressure and temperature probes. The field tests were
performed in karstic Bathonian limestones near a canal,
where eutrophication occurs in summer. The study site,
called Crucifix site, was chosen based on tracer tests
showing a probable infiltration of surface water. The
Crucifix site gave the opportunity to study simultaneously
a karst system in a natural spring alimented by a karstic
conduit, and in a nearby well used for drinking water
supply. The survey was performed during one week, with
a pumping test lasting 24 h at the beginning of the survey.
The results indicated that temperature and water level
monitoring were not able to detect unambiguously inflow
of surface water. In contrast, the chlorophyll-a probe
allowed to detect reliably surface water inflow, because
chlorophyll-a is naturally absent in groundwater. This
form of monitoring is therefore a promising tool for water
supply management and its implementation should be
generalized for karstic springs influenced by surface
water.
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Introduction

Over 20% of the world’s population depends on karstic
aquifers for drinking water (Ford and Williams 2007). In
Europe, 21% of the surface is covered by carbonate rock
outcrops (Chen et al. 2017). Karst aquifers are more sus-
ceptible to climate change than other groundwater resources
(Yuan 1997; Loaiciga et al. 2000) and require increased
protection and a thorough understanding of their properties
and functioning. Adapted hydrogeological investigations
(Bakalowicz 2005), tracer tests (Golscheider et al. 2008;
Dewaide et al. 2016), hydrochemical surveys (Hunkeler and
Mudry 2007) and time series analyses (Mangin 1984; Padilla
and Pudillo-Bosch 1995) are typically used to study karst
aquifers.

Understanding the relationship between karst discharge
zones and surface water is important because numerous
drinking water plants are supplied by karstic springs near
rivers, lakes or marine basins. Depending on water levels,
the spring network (conduit or fissures) can either act as a
sink where surface water can infiltrate, or as a spring where
groundwater is discharged to the surface [termed “Estavelle”
or “Inversac” in reference to Languedoc, France (Géze
1987)]. In this paper, the term Estavelle is used to describe a
drain hole which can either act as a discharging spring at
high groundwater level, or as a sinkhole that contributes to
recharge a karst aquifer at low groundwater and/or high
surface water level conditions. Estavelles represent a major
contamination risk for karstic groundwater resources, they
should therefore be identified and qualified in order to
manage drinking water supply. We will call in the following
“Estavelle events” all interactions between surface water and
underground karst aquifers through Estavelles.

Basically, the different chemical compositions of surface
and groundwater could be used to identify Estavelle events
in hydrochemical surveys, e.g. in coastal environments
(Bonacci et al. 1995). However, surface and groundwater
have often similar characteristics, necessitating the use of
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very specific parameters for differentiation. On the other
hand, standard probes for continuous monitoring are limited
to a restricted number of physico-chemical parameters
(typically pH, conductivity, temperature, dissolved oxygen).
These limitations were encountered in the karstic aquifers in
Burgundy, where Callovian springs give rise to streams,
which disappear in sink holes and feed the Bathonian karstic
aquifer. Solar irradiation and microbial organisms can affect
the chemistry of rivers and lakes through photosynthesis,
leading to diurnal variations in conductivity, pH and water
temperature (Montety et al. 2011). Such variations could
potentially be used to identify the presence of surface water
in karst aquifers. However, diurnal variations in surface
water can be affected by meteorological events (Hess and
White 1993) and daily peaks may be masked after infiltra-
tion into the karst due to the inertia of the system (Huang
1967). Algae, which contain chlorophyll-a, develop only in
surface waters exposed to sunlight. Chlorophyll-a is there-
fore absent in groundwater could thus be used to discrimi-
nate between surface and groundwater and to detect
Estavelle events. To our knowledge, chlorophyll has so far
not been used as tracer in karstic investigations, except in
illuminated areas of caves where prehistoric paintings were
endangered by algae growth (Mulec and Kosi 2009). In
surface water, chlorophyll is particularly interesting as an
indicator for eutrophication (OECD 1982) or groundwater-
dependent ecosystems (Eamus et al. 2015). Chlorophyll
fluorescence is therefore a very useful tool to detect a large
variety of stressors in karstic aquifers.

This paper presents an applied research project designed
to test the feasibility of chlorophyll tracing for the identifi-
cation of Estavelle events and to compare the results with
more classical survey methods. In order to evaluate the risk
of Estavelle events in its karstic drinking water resources,
Dijon Metropole has tested different approaches based on
classical hydrogeological investigations such as tracer tests,
water level monitoring and chemicals analyses. The present
study is based on continuous monitoring using a tempera-
ture—pressure probe associated with a fluorescence sensor
(Valeport) and a logging/telemetry system (Hydreka). The
installation of the equipment at the Crucifix spring was
realized by hydrogeologists of Dijon Metropole and
CPGF-HORIZON.

Chlorophyll represents an interesting parameter to iden-
tify river—karst interactions along the River Ouche.
Chlorophyll-a is not easy to quantify using indirect methods
such as temperature or nitrogen concentrations (Kotak et al.
1995). Direct methods are based on photometry, fluores-
cence or high-performance liquid chromatography (HPLC).
Due to failures in laboratory analyses using water collected

by samplers in the past, this new study using in situ moni-
toring was implemented in the Crucifix karstic system. After
detailing some principles of fluorescent measurement tech-
niques in Section “TraceFLO Probe Development”, the
TraceFLO probe is briefly described in Section “Description
of TraceFLO probe”. The test site, the TraceFLO system
implementation and principal results are then described in
Section “Geological Setting and Field Test”.

Principles of Fluorescent Measurement
Techniques

Principles of Fluorescent Spectroscopy

Fluorescent spectroscopy can be used to provide real-time
in situ characterization of fluorescent substances (natural or
artificial tracers). Fluorescent substances absorb light at
specific wavelengths (excitation) and re-emit at longer
wavelengths (emission). The usefulness of fluorescence is
being constantly improved by advances in optical technol-
ogy (Smart et al. 1998; Pellerin et al. 2012).

Chlorophyll fluorescence is one of the most popular
techniques utilized in aquatic systems because a great deal of
information can be collected at a relatively low cost: light
energy absorbed by chlorophyll molecules can (i) drive
photosynthesis; (i) be re-emitted as heat; or (iii) be
re-emitted as light (fluorescence). The total amount of
chlorophyll fluorescence is very small in comparison with
the total light absorbed (Falkowski and Raven 2007).

TraceFLO Probe Development

Description of TraceFLO Probe

In situ chlorophyll fluorometers date back to 1981 (Aiken
1981). Though refinements have been made (LEDs replace
to incandescent lamps), the basic concept is unchanged.
Photosynthetic cells (algae) are irradiated with an excitation
beam (typically a 470-nm LED passed through an absorption
bandpass filter to remove long wavelength emissions). This
light is absorbed by various pigments (chlorophyll-a, b,
carotenoids etc.) in the cell and the excitation energy passes
down the photosynthetic chain to the reaction centres which
always contain chlorophyll-a. Some of this excitation energy
is lost as fluorescence (peak around 700 nm) which passes
through an excitation filter (dielectric bandpass filter with
additional absorption bandpass filter) and onto a photode-
tector (silicon photodiode). The photon energy is converted
into a photocurrent which is then converted into a voltage
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Table 1 Technical specifications  parformance

Excitation
Detection
Dynamic range
Instrument detection limit
Linearity
Response time
Physical
Materials
Depth rating
Dimensions
Weight
Operating temp

using a transimpedence amplifier. Synchronous detection
methods are used to remove DC components in order to
enhance ambient light rejection enabling use in daylight. The
signal is digitized and output in serial mode to a suitable
logger/device.

Technical specifications of the TraceFLO probe are
described in Table 1 (see www.valeport.co.uk/Products/
Optical-Sensors for details).

Laboratory Calibration

A gold-standard chlorophyll-a unit is calibrated in 3 solu-
tions for each of 2 different gain settings (Chl-a derived from
algae containing no chlorophyll-b diluted in 90%
acetone/10% RO water) with spectroscopic evaluation of
concentration (Fig. 1). As chlorophyll is both temperature
and light sensitive, the temperature-sensitive sensors are

Fig. 1 Calibration curve with

fitted points showing linearity 20

18
16
14
12

10

Gold Standard reading (ug/l)

Chlorophyll-a

470 nm

696 nm

0-800 pg/l, 2 gain settings: 0—-40 pg/l, 0-800 ng/l
0.025 ng/l (3 x SD in RO water)

0.99 R

0.03-2 s

Titanium with glass window

6000 m

40 mm @ x 179.5 mm (including connector)
0.5 kg

35 °C max

temperature-stabilized prior to immersion in the calibration
solution. The LED is then turned on for a brief period only,
to perform the calibration, as excessive exposure to light will
cause photo-degradation of the solution. The 6 spectro-
scopically verified chlorophyll-a solutions (typically 5, 10,
20, and 100, 200, 400 pg/l) are stored in the dark at —20 °C
in a freezer (Fig. 2).

As the chlorophyll scale factor is derived using a pure
chlorophyll-a solution, the absorption spectra will be much
narrower than that encountered in an in situ assemblage of
phytoplankton where other chlorophylls and accessory pig-
ments enhance spectral absorption efficiency. If quantitative
results are required, it is recommended that the user performs
a field characterization of the instrument where it will be
used to derive a scale factor (comparing the instrument
output with either a known concentration of phytoplankton

Calibration plot Hyperion Chlorophyll a SN 61952

R?=0,9995

6 8 10 12 14 16 18 20
Sensor reading (ug/!)
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Fig. 2 Geological cross section of Ouche valley near Crucifix karst

or the chlorophyll-a concentration derived using HPLC
techniques). For monitoring of events, qualitative results are
sufficient and a field calibration is not required.

Geological Setting and Field Test
Geological Setting of the Ouche Valley

Dijon is situated between two geological domains separated
by a major fault system: the plain to the SE is a tectonic
graben filled with clastic sediments of mainly Miocene age
(Bresse plain), which is delimited to the NW by a plateau
with outcropping Jurassic limestones (cote de Bourgogne).

The Ouche river drains many karstic springs from Bajo-
cian and Bathonian limestones. The river discharge increases
downstream, except near Pont-de-Pany, where the river loses
water. The Ouche river comes along with a canal (Canal de
Bourgogne) built during the eighteenth and nineteenth cen-
turies. The canal is fed by the Ouche river and karst springs
diverted directly into the canal. The presence of the canal
modifies considerably the hydrology of the valley and the
underlying karst aquifer. Interactions occur all along the
valley through Estavelles, acting as a discharging springs or
sinking points depending on the hydrologic gradient
between the karst and the canal locks.

The water for Dijon Metropole and many villages water is
supplied by karstic springs from the Ouche valley; the pro-
tection of the karstic resources is therefore of fundamental

500 m Velars [
L ]

importance for the city water services and its delegated
manager, Suez Eau France.

Several drinking water resources in the Ouche Valley
(Morcueil spring, Crucifix spring, Plombiéres well, Gorgets
well field) are thought to be in exchange with surface water
(the Ouche River and Burgundy Canal) as indicated by
tracer tests (Corbier 2000).

Characterization of this karst-river relationship is chal-
lenging because surface and karstic water have very similar
physico-chemical characteristics and because the karstic
aquifer is dependent on meteorological conditions and water
resource management. Previous studies used major (Na, CI,
S04, Ca, Mg) and minor elements (Sr, Bo, Ba) in combi-
nation with continuous monitoring of pH, conductivity,
dissolved oxygen and temperature of both river and spring
waters (Corbier 2000; Gaillard and Bernard 2015). In the
case of water sampling, the variations of physico-chemical
parameters are often buffered during transport (pH and
temperature) and the calco-carbonic equilibrium fluctuates
with photosynthesis.

Study Site and Tracer Tests

Dijon Metropole decided to monitor the Crucifix karstic
system in order to test whether chlorophyll-a probes can be
used to detect Estavelle events (Fig. 3). Karstic water was
sampled in a large-diameter well in the Comblanchien
limestone (Bathonian). This well is located near the major
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Fig. 3 Location of Crucifix karstic system

conduit that feeds the Crucifix spring. The Canal de Bour-
gogne runs between the karst and Ouche river. The spring
and the well are located 45 and 56 m from the canal,
respectively.

The Crucifix well was constructed for drinking water
supply following a geophysical survey (CPGF 1969). This
new well was necessary because the spring used until then
for water supply was too close and situated below a new
highway, the A38 built between 1971 and 1973 (Fig. 3). The
primary question was how canal water might influence the
quality of the karst water. During summer, eutrophication
occurs in the canal and chlorophyll-a could potentially be
used as a biological tracer. At the same time, chlorophyll-a
in the Ouche river is very low, below the detection limit of
1 pg/l (Gaillard and Bernard 2015). The Crucifix site is thus
a good candidate to test chlorophyll-a monitoring in surface
and groundwater, and the site was therefore equipped with
TraceFLO systems during summer 2017.

Field Implementation

The field equipment included pressure probes for water level
monitoring, temperature sensors, and TraceFLO optical
sensors for chlorophyll-a concentrations. The pressure/
temperature sensors were programmed to sample once
every 30 s. The atmospheric pressure was measured at the
same rate in order to correct the water levels. The TraceFLO
sensors were programmed to sample every six minutes.

The monitoring equipment was installed in summer 2017.
The TraceFLO sensors in the well and the spring were
located in complete darkness. In the canal, the sensor was
installed at 1.5 m depth on the southern bank, beneath shady
trees. All water reference levels were provided by a certified
surveyor.

During the survey, a pumping test was performed in the
well in order to test the relationship between the canal and
karst system. A step drawdown well-pumping test was
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performed between 09:00 on 24/7/17 and 14:00 on 25/7/17
(pump rates 56, 99 and 141 m>/h for 1 h) followed by a
steady state pumping test (120 m*/h for 24 h). After 14:00
on 25/7/17, the pump rate was maintained at 40 m*/h during
2 h per day to maintain the water supply.

Results and Interpretation

The water levels are the first main results to interpret. Fig-
ure 4 shows that the water level in the well is 20 cm above
the water levels in the canal and in the spring. The canal
water level controls the system and the variations observed
in the canal are also visible in the karst. The step drawdown
test revealed a minor drawdown in the well of only 1 cm at a
pumping rate of 50 m’/h, with level stabilization within
2 min (4 measurements). This specific drawdown discharge
indicates an important well supply by a karstic conduit. The
connection with a conduit was also suspected following
reinterpretation of previous tracer surveys (Gaillard and
Bernard 2015). The water levels in the canal and the spring
were much closer (average difference between spring and
canal = 3.2 cm; maximum positive difference = +10.4 cm;
maximum negative difference = —5.6 cm). The absolute
accuracy of levelling is about 5 cm, signifying that the water
levels in the canal and spring were identical within error
limits.

Analysing the temperature plots (Fig. 4b), the diurnal
variation for surface water was 21.5-25.5 °C with a daily
maximum at approximately 16:00. In the well, the water
temperature was relatively constant, with variations of 0.1 °
C on 25/7/17 at 12:00. The spring water temperature varied
between 11.8 and 13 °C. Estavelle phenomena or solar
radiation on the building could explain such variations. For
example, the variations due to solar radiation occurred dur-
ing the last days (27-31) of July with a typical trend: a slow
increase following sunrise and a rapid decline following
sunset. At 16:00 on 26/7/17, the temperature increased with
a different trend, 26 h after the end of the pumping test. This
variation could be due both to air temperature (24 °C) and
canal inflow (the water temperature signal is degraded).
Temperature monitoring is therefore not an ideal parameter
for identifying river inflow due to a variety of competing
factors.

The chlorophyll-a data are more significant. The diurnal
signal in surface water varied between 3 and 45 pg/l (mean
8 ng/l). In the karstic system, the background level in water
was equal to the sensor’s minimum detection limit
(0.025 pg/l). However, two pronounced peaks were
observed: first on 25/7/17 in the well, followed by a more
significant peak in the spring (3 pg/l on 26/7/17), note the
logarithmic scale in Fig. 4). These two events were

correlated with temperature variations. These data thus
indicate that at a very low hydraulic gradient, transfers
occurred from the canal to the karst conduit of the Crucifix
spring. The well, thought to be fed by an annex system of the
conduit or by a parallel conduit, was less contaminated than
the spring, where the chlorophyll-a concentrations were
closer to those in the canal. The end of the monitoring did
not present the same behaviour, suggesting that the
exchanges were also influenced by other parameters, which,
however, have not yet been clearly identified (boundary
conditions of the system, delay from the canal to the karst,
chlorophyll conservation in the karst etc.).

Conclusions

The presence of Estavelles in the Ouche valley connecting
surface hydrology and karst was originally proposed by
Curtel in 1911. Dijon Metropole and Suez Eau France
attempted to identify Estavelle events using continuous
physico-chemical surveys and discontinuous chlorophyll-a
analyses, however without conclusive results. The Crucifix
field test presented here indicates that Estavelle interactions
may occur between the canal and the karst at low hydraulic
gradient. The results demonstrate that the spring drains a
major conduit, whereas the well is connected to an annex
system of the conduit or to another conduit. The continuous
chlorophyll-a monitoring technique provides new perspec-
tives for Estavelle studies and explains the past failures
based on classical methods. Estavelle events are complex
and cannot be characterized by simple physico-chemical
monitoring. In contrast, chlorophyll-a concentrations in
surface waters are two orders of magnitudes greater than in
groundwater and, as shown by the present study, offer
therefore the possibility to monitor surface infiltration in
karst aquifers. Another contribution of this study are new
insights into spring catchment delineation. Each tracer
injection was drained by a karstic unit and appeared in
downstream springs due to Estavelle interactions with the
canal. Consequently, the delineation of each karstic unit
could be considered with a groundwater basin and an Esta-
velle phenomena.

The experiment presented here is the first step of an
applied groundwater research programme. In future, we plan
to combine continuous chlorophyll-a monitoring by probes
with automatic water samplers, in order complete the probe
data with laboratory analyses of all forms of phytoplankton
(chlorophyll-a and chlorophyll-b). Future applications of
chlorophyll-a monitoring by optical probes may also include
non-karstic environments, e.g. to identify surface infiltration
during groundwater pumping in porous aquifers near rivers
or abandoned quarries.
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Karst—River Interaction, Elaboration
of an Indicator of the Karst Hydrological
Conditions Applied to the Céze River

(Gard, France)

Hervé Chapuis, Jordan Ré-Bahuaud, Joél Jolivet, Frédéric Paran,

and Didier Graillot

Abstract

In the interest of creating a point of reference allowing to
know the hydrological conditions of the karst system and
for the purpose of using it as a parameter in a modeling
procedure, a Hydric Indicator of the Karst (HIK) was
established from the knowledge acquired on the func-
tioning of the karstic hydrosystem of the Ceéze. This
indicator makes it possible to identify and qualify if at a
specific moment “t” the karst is more able to contribute to
the flow of the river or on the contrary to infiltrate
precipitation water. The HIK is constructed from the data
collected at the Ussel spring and the MétéoFrance rain
gauge at the karst plateau of Méjannes-le-Clap (Gard,
France). Chronic rainfall and discharge measurements
from the source include two hydrological cycles. The
discharge of the spring is calculated from the recordings
of water amounts from autonomous water level probes.
These water levels are converted into discharge through a
calibration curve drawn for this study. For rain events
with at least 4 mm of precipitation, ten parameters on
rainfall characteristics and the flow rate of the Ussel
spring are analyzed to obtain the HIK. In total, 74 events
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were analyzed. Finally, this indicator is a relevant entry
for the simulation of flow variations in the river within its
karst canyon. It is also a relevant tool for institutions
which monitor the condition of the karst aquifer and thus
can be a useful tool for the management of the aquifer.
Our goal was to develop an approach, with which we can
calculate and predict, what will be the response at karst
spring, if we know current discharge of the Ussel spring
and expected amount of rainfall.

Keywords
Karst » Hydrological indicator * Spring discharges *
Ceze River

Introduction

Karst aquifer studies arouse a great interest given the fact
that they represent important freshwater resources. Accord-
ing to (Ford and Williams 1989/2007), the karst rocks cover
7-10% of the Earth’s surface and supply drinking water to
about 25% of the world’s population and most of studies
mention larger areas underlain by carbonate rocks from 15 to
20% (WoKAM 2017; White 1988; Ford and Williams
2007). Karst systems are characterized by the underground
flows (Bakalowicz 2005). In order to understand the
underground flows, many models integrate data of karst
system (Kiraly 1998; Jourde et al. 2007; Johannet 2011;
Fleury et al. 2011; Bailly-Comte et al. 2010 and
Bailly-Comte et al. 2012), but this work focuses to elaborate
an indicator which represents the hydrological condition of
the karst. The results of this work can give perspectives for
future modeling of the karst system.

The interactions between the karst system and the river, in
terms of flow quantities, vary during a hydrological cycle.
Identification of responses of karst aquifers is very important
to protect people from flooding and for sustainable devel-
opment of groundwater management.
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Hydrogeological Context of the Studied Area

Located in a large karstic area in the South of France
between the Ardéche and the Céze Rivers, both tributaries of
the Rhone River (Fig. 1), the study area is the subject of a
multidisciplinary study which aims to characterize exchan-
ges between aquifer and Ceze river (Ré-Bahuaud et al.
2015). This study area is an attempt to meet a territorial
policy, in order to obtain a sustainable management of
streams and aquifers. In this location, the Mediterranean
climate induces a period of drought in summer and high
flood in autumn. The karst area is a calcareous plateau
incised by the Céze River. Sometimes, during drought per-
iod the Céze River may dry up and the water from the river
infiltrates into the calcareous aquifer (Chapuis et al. 2017).

This calcareous plateau is geologically and hydrogeologi-
cally well studied, including by borehole investigations,
karstic network investigations and especially previous
groundwater tracing (Jolivet 2013; Pouzancre 1971). The
size of the recharge area is about 200 km?, amount of the
outflow can be estimated to 2 m*/s for the minima flow
during dry period and can rise to 200 m’/s in winter so that
average is not relevant. Highest discharge of studied springs
is about 2 m>/s (Maranade spring). Geological studies sug-
gest interactions between river and Lower Cretaceous for-
mations, Barremian and Lower Aptian (so called Urgonian)
formations which is a highly karstified calcareous geological
unit. Whether on the Ceze right bank, some springs may dry
up during drought period. The interactions between the karst
system and the river, in terms of flow quantities, vary during
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a hydrological cycle. In this karst system, water sinking is
caused by contacts between specific formations and fault
thrust zones.

Hydrological Indicator of the Karst

The construction of the approach is based on the observation
of the different parameters recorded at karst springs and
rainfall events, for settings that might range from exhausted
to saturated. Following the design of this indicator, the aim
of the study is the construction of the model with the help of
this hydrological indicator. The information about the water
balance in karst aquifer can then be used for anticipating the
accentuated or attenuated shape of a river or spring hydro-
graph after a rainfall event.

Though many data may be available, for a simplified and
manageable job it is imperative to have a well-adapted time
step. Representative data set of the karst hydrosystem is
required to design a reliable model. For this reason, the
Ussel spring data were selected, as a tracer data showing that
they probably represent a large karst basin. Precipitation data
from M¢jannes-le-Clap Plateau also represent as well as the
Me¢jannes-le-Clap precipitation data from MeteoFrance that
represent an uninterrupted longterm data set.

These data were subjected to an event-related analysis. In
fact, within these two time-related data sets, we analyzed the
hydrological response of the spring for a rainfall event with
at least 4 mm of precipitation. Selection of such intensive
rainfall events enables identification of event that affects
spring discharge. If the analysis comprises events of such a
weak intensity, it is to clearly mark the distinction between
rainfall events that affect spring flow, and those that are too
weak and thus are buffered by the karst network and also
capped by evapotranspiration. Depending on initial condi-
tions, rain events which have less than 4 mm of precipitation
have no influence on springs discharge and are not signifi-
cant since there are buffered by the karst network. Such
rainfall and flow rate data provide several parameters for
each event:

volume of precipitated water (in mm),

intensity of precipitation (mm per 1, 2, 5 h and per 10 h),

maximum intensity of precipitation,

center of gravity of the rainfall hydrograph (in mm/h),

cumulative rainfall several days before a remarkable

rainfall event (mm in 3d, 15d and 30d),

initial stage at the spring (in L/s),

e total water volume transiting through the spring during
one high water event,

e total water volume transiting through the spring during

one high water event less base volume (m>),

e center of gravity of the spring hydrograph (m®)
e maximum flow rate transiting through the spring (m?/s).

These parameters are obtained by the analysis of the
hydrological response at the rainfall events. The flow rate
parameter of the Ussel spring results from the stage recorded
with an autonomous probe. This database is converted in
flow rate thanks to a tare curve.

A total of 74 events have been analyzed from 2013 to
2015.

HIK is given by the correlation curve of precipitation
versus Ussel spring discharge.

Construction of the Hydrological Indicator

The hydric conditions of karst system are divided in three
ranges corresponding to the colors green, yellow and black
in Fig. 2.

This study was done using manual iteration (without
computer assistance) and comparing the evolution of ten
parameters, previously described.

The first range = HIK 1 (hydric indicator of
karst) = initial flow rate of Ussel spring is lower than
220 L/s.

The second range (consider as the period of transition
between HIK 1 and HIK 3) = HIK 2 = initial flow rate of
Ussel spring is ranging from 220 to 350 L/s.

The third range = HIK 3 = initial flow rate of Ussel
spring is higher than 350 L/s (in high level water period
before one rain event).

Results Obtained with HIK

Figure 2 shows the peak flow transiting through Ussel spring
(ordinate) in terms of maximum hourly rainfall over the
M¢jannes-le-Clap plateau (abscissa). The three colorful
points in Fig. 2, green, yellow and black, are the third
variable integrated from all described parameters. This third
parameter called “HIK” calculates the karst-system water
balance. An example on Fig. 2 shows the initial flow rate
before the rain event begins. According to spring discharge,
HIK is divided to three classes and represented with afore-
mentioned colors. From HIK 1 to HIK 3, this parameter
represents a karst network passing from a drying-up stage to
a saturated stage. The result shown in Fig. 2 shows that the
Ussel spring behaves differently according to rainfall inten-
sity, as shown by the green, yellow and black points. In fact,
HIK 1 represents the group of events, where the maximum
flow rate of the spring does not increase strongly, even
though the rainfall is strong. Even though the green points
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follow an exponential curve, only more than 60 mm of rain
in one hour increases the spring flow (1.7 m®/s), which
normally does not exceed 0.5 m*/s (current measurements of
the Ussel spring discharge should confirm the exponential
shape of the curve). Distribution of events, belonging to
class HIK 3 (black points) shows a more-or-less linear curve
where the maximum flow rate of Ussel spring increases by
about 1 m*/s for an amplification of 10 mm of precipitation
in one hour.

Presented results enable qualitative expression of hydro-
logical conditions of the karst system, and we can design an
indicator for the water balance of karst. After construction of
the indicator, we can predict the reaction of the Ussel spring,
if its initial discharge and predicted amount of the rain (by
MeteoFrance) are known.

HIK 1

system unsaturated; black dots represent a saturated karstic system;
some dots (events) are in the middle of green or black cloud represent
intermediate (unsaturated) hydrological conditions

Conclusion

The creation of karst spring database in response to the
precipitation events gives many possibilities for interpreta-
tion of hydrological conditions of the karst system and its
response to rainfall event.

In our case, this database allows to identify the hydro-
logical conditions of studied karst system. This information
is important because it’s the crucial parameter which deter-
mines the groundwater dynamics in the karst system. The
proposed methodology can be very useful and applied in
further studies or in other karst systems under the same
availability of data.

Precipitation

HIK 2

HIK 3

River water flow
with

Modelisation : o s
karstic contribution

Fig. 3 Example of modeling possible with this hydric indicator of karst (HIK)
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Indeed, hydrological indicator is needed to integrate rel-
evant data into a groundwater model. In that case, this could
be possible to use also this approach for other karst systems
with well measured water level (discharges) of springs and
rain precipitation. This indicator can be integrated in a
hydrological model in order to provide a relevant parameter
on the interactions between the karst system and the river.
The hydrological indicator of the karst informs the model if
the karst system has a less restitution of the infiltrated water
(HIK 1) or conversely the karst system is saturated and
restitutes the infiltrated water by the karstic springs, see
Fig. 3.

In Fig. 3 (left side), initial hydrological conditions in
aquifer given by HIK and spring hydrograph for the same
event will be marked.

In the middle and right side: the modeling process which
provides river water flows with the contribution of the karst.

After determining the flow rate ranges corresponding to
the hydric conditions of the karstic system, this indicator can
be a useful tool to determine the hydrological conditions of
the hydrosystem and prevent of exploitation risks of the
aquifer if there is pumping in low water period.
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Dynamics and Fluxes of Nutrients in Surface
and Groundwaters in a Cultivated Karstic
Basin in the Jura Mountains

Jean-Baptiste Charlier, Aurélien Vallet, Didier Tourenne,

and Guillaume Hévin

Abstract

This study aims at characterizing spatiotemporal variabil-
ity of the fate of nutrients in the karst basin of the Loue
River in the French Jura Mountains. The long-term
temporal analysis (40 years) shows that the NO; increase
from 1970s to the 1990s followed by a no-trend period in
2000s. The changes are linked to the usage of mineral
fertilizers. The short-term analysis shows that the degree
of aquifer saturation at the beginning of the hydrological
cycle is a key factor to assess NO3; mobilization during
the recharge events. Contrary to nitrate, the PO,4 concen-
trations are disconnected from agricultural practices and
are probably the consequence of point-source contami-
nations from domestic wastewater. Annual loads were
estimated on 5 sub-basins in order to characterize the
spatial variability of water contamination. Difference in
fluxes for each sub-basin highlighted the most impacted
reaches, providing information on hydrological units
where anthropogenic pressure is highest. A correlation of
NO;3-N loads with the surface area of main crops using
highest level of fertilization and tillage (field crops,
temporary grasslands) is proposed, highlighting the
environmental impact of most intensive agricultural
practices (inventoried in a small area covering less than
10% of the whole basin). This study illustrates complex
interactions between agricultural practice and hydrolog-
ical function and gives first insight into the fate of
nutrients in karst environment.
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Introduction

Excess nitrogen (N) and phosphorous (P) in surface water
and groundwater cause chronic changes in aquatic ecosys-
tems. Despite some studies in the last decade (Mabhler et al.
2008; Huebsch et al. 2014; Lorette et al. 2018), the case of
karst basins is generally poorly documented in the literature.
Morphological and hydrological properties of karst aquifers
can limit retention and remediation, and favor fast transfers
at the outlet. Environmental consequences of anthropogenic
pressures are then likely to be intensified in karst basins.

Rivers in the Jura massif (Eastern France) are fed mainly
by karst springs that drain the plateau. That context favors
complex karst-river interactions, making difficult the
understanding of hydrological behavior of basins (Dorfliger
et al. 2004; Charlier et al. 2014). Although population and
agricultural activity are relatively moderate compared to
other intensive cultivated territories in France, the water
contamination seems to be promoted by the vulnerability of
the karst environment.

The Loue River in the Jura massif is important for tour-
ism, fishing, and drinking water supply (Besancon for
example) and has become an observatory for the fate of
nutrients in karst basins. The aim of this paper is to present
first results about the characterization of dynamics and fluxes
of nutrients in waters and to investigate the relationships
between agricultural practice and water contamination.
Based on a monitoring network surveying nutrient concen-
trations and water flow, a temporal analysis of concentra-
tions at short (1 year, daily frequency) and long term
(40 years, monthly to seasonal frequency) as well as (2) a
spatial analysis of fluxes at the sub-basin scale in relation to
agricultural practices has been carried out.
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Site and Data Available

The study site is the Loue—Lison basin (1100 km?) in the
French Jura Mountains (Fig. 1a). The climate is temperate
and displays a strong influence of mountainous areas in the
eastern border. Precipitation averages 1400-1700 mm/year.
The recharge area is characterized by a carbonate plateau of
Jurassic limestones cross cut by 150 m deep valleys
(Fig. 1b). Loue and Lison rivers are mainly fed by ground-
water originating from several karst aquifers (Charlier et al.
2014). Two main springs located in the upstream zone, the
Loue and Lison springs with a mean annual discharge Qean
of about 9 and 7.5 m?/s, respectively, generate more than 1/3
of the river flows at the basin outlet (Qpean = 47 m3/s). In
addition, numerous lateral karst springs contribute to the
surface flows. Surface runoff is usually limited to small
marly areas in the downstream zone of the basin. The Loue
spring is partly recharged by losses from the Doubs River

that lead to dry up some river reaches during low-water
periods in summer.

On the overall basin, land use is dominated by forest
(49%) and permanent grassland (36%) for dairy cows (milk
and cheese production) (Fig. 1c). However, at the sub-basin
scale, a spatial variation is observed with an increase in land
uses that use mineral fertilizers in the downstream area: cereal
and field crops (up to 6%), as well as temporary grassland (up
to 13%). There are four main application periods of fertil-
ization over a year (including both mineral and organic fer-
tilizers). Applications in March—April represent about 2/3 of
the total applied amount for crops and grasslands. A second
application period occurs between May and July after the first
hay cut. In September—October, composted or evolved
manures are spread mostly before autumnal crops. In the
same time, manure and slury pits are emptied before the cold
season for application in grasslands. In winter, composted
and evolved manures are spread on grasslands.

(b) [ :

® Spring

Marl, clay

-f--- Groundwater flows
= Hydrographic network

Cereal / field crop
® Temporary grassland
Permanent grassland

= Forest

—1— Limestone, dolomite
B Monitoring station
[ catchment boundaries

® Urban area
Other

Fig. 1 a Location of Loue-Lison basin in the French Jura Mountains on the World Karst map (Karst aquifers in blue color—Chen et al. 2017),

b hydrogeological map with the location of the 5 monitoring stations, ¢ land use map for the 5 sub-basins
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Daily precipitation and discharge are recorded by
Météo-France and DREAL (Direction Régionale de I’Envi-
ronnement, de ’Aménagement et du Logement) Burgundy
Franche-Comté, respectively. Three data sets for NO; and
PO, concentrations are used in this study (Fig. 2).
Long-term data set (occasional analysis from 1970 to 2002)
and mid-term data set (daily to biweekly analysis 2003—
2012) of the Loue River at Chenecey-Buillon (CHE station)
were provided by the Water Agency and the City of
Besangon, respectively. Recent data set (daily to biweekly
analysis from 2015 to 2017) was also collected from the
QUARSTIC network (QUAlity of Rivers and Survey of
nutrients in Franche-Comté; Charlier et al. 2018) at five
monitoring stations (Fig. 1b): ARC station on the losing
reach of the Doubs River at Ar¢on, OUH station at the Loue
Spring at Ouhans, NAN station at the Lison Spring at
Nans-sous-Sainte-Anne, VUI station on the Loue River,
CHE station on the Loue River at the basin outlet. Agro-
nomic data are provided by the Agricultural Association of
the Doubs Department (CIA25-90). Spatial data of land uses
are extracted from the land register (RPG 2014 database). In
addition, temporal data of annual delivery amount of mineral
fertilizers are estimated from data from the Union of Fer-
tilizer Industries in Doubs department where the study site is
located.

Results and Discussion
Evolution of Nutrient in Waters

At Multi-annual Scale
Figure 3 compares the annual evolution of the mean con-
centration of NO5 and PO, at the basin outlet (CHE station)
with the evolution of the delivery amount of mineral fertil-
izers (differencing those containing N and P). Standard
deviation of concentrations indicates high intra-annual
variations. Regarding the NO; global evolution, the
increase from 3 to 7 mg L™" in the 1970s to 1990s period is
concomitant with the increase in delivery of mineral fertil-
izers. In the 2000s, NOj3 stops to increase when a significant
decrease in delivery of fertilizers is observed. An unusual
peak in 2003-2004 hydrological cycle appears after the
extreme dry period in spring and summer 2003. No clear
evolution is visible in POy, but two years (1982 and 2012)
show high concentrations in waters (mean concentra-
tion >0.2 mg L") without link with fertilizer amount.
Indeed, contrary to NOj3, no relationships are observed with
the delivery amount of fertilizers although fertilizer con-
taining P shows a strong decrease since the 1980s.
Globally, changes to the annual NO;3 concentration may
be explained partly by the intensity of crop mineral
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Fig. 2 Hydrological (quarterly precipitation P and discharge Q) and nutrient (punctual records) time series in the Loue River at Chenecey-Buillon
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Fig. 3 Mean annual concentration (blue circles) of NO5 (left) and PO4
(right) at the CHE station plotted in parallel with the delivery amount of
mineral fertilizer (red squares) containing N (left) and P (right) in the

fertilization. As mineral fertilization is limited in grasslands
by the cheese production (Comté) industry (cooperative
union) as part of their quality insurance policy, the general
NO; evolution observed at the basin outlet is probably the
consequence of agricultural changes in only a small part of
the cultivated fields used for cereals, field crops, and tem-
porary grasslands, which represent less than 10% of the total
area.

The PO, evolution in water is very different from NOj;
but is also different from global phosphorous trends at a
larger scale. Indeed, phosphorus concentrations and loads
strongly declined in main European rivers during the 1990s
(Bouza-Deafio et al. 2008; Ludwig et al. 2009; Floury et al.
2012; Aguilera et al. 2015). But in our case, the severe
decrease in mineral fertilization containing P is not followed
by a decrease in PO, in water. Thus, following annual
phosphorous budget given by Mainstone and Parr (2002)
who showed that most of phosphorous origin is from
wastewater treatment plants (WWTP), we hypothesis that
the main origin of phosphorous contamination of the Loue
River has a domestic origin. These results are coherent with
some regional characterizations showing that the NO;
dynamic in water was found to be a multifaceted process
including agricultural practices, whereas that of PO, seemed
to depend more on local impacts, such as urban and indus-
trial activities (Aguilera et al. 2015).

At the Annual Scale

Two contrasted hydrological cycles have been selected to
illustrate the infra-annual dynamic of NO;5 and PO, (Fig. 4).
First, 2003-2004 (Fig. 4, left) has been chosen, because in
September 2003 the highest NO; peak at the CHE station
was recorded (37 mg L") since the beginning of monitoring
in 1970s (Fig. 2). The intra-annual NO3 evolution shows a
rapid and strong increase during first autumn recharge
events, followed by a progressive decrease during winter,
spring and summer to reach concentrations of few mg L™" at

15

PO, in water (mg L)
Delivery of mineral fertiliser
with P (106.kg yr")

0

1975 1985 1995 2005 2015

Doubs Department. Only years having more than 5 analyses are plotted;
bars indicated s.d.

the end of the cycle. Despite high recharge events
throughout the year, main peaks are recorded during autumn.
This pattern is observed every year (Fig. 2) but with various
decreasing slopes and peak intensities.

Second, 20162017 (right) is a mean year in terms of
nutrient’s concentrations. In that case, the intra-annual evo-
Iution of NO5 at CHE station shows a similar behavior with
highest values in autumn—winter, but NO; during recharge
reaches a value of 11 mg L™". The comparison with the four
other stations in the Loue basin is interesting because the
pattern is globally similar. However, some differences are
observed. While the intensity of NOj peak is similar for all
stations of the Loue-Lison River (OUH, VUI, NAN, CHE),
it is twofold lower for the ARC station in the Doubs River,
in the losing reach feeding partly the Loue Spring. More-
over, the dynamics during spring and summer shows con-
trasting behavior along the river. The annual decrease is
higher for ARC and especially VUI stations where concen-
trations reach the limit of quantification (0.5 mg L™"). This
NO; depletion over several weeks during periods of
low-water levels is probably linked to a NO5; consumption in
favor of a biomass production (algal development) within
these river reaches. This hypothesis is supported by a con-
comitant COT increase in the river as mentioned by Charlier
et al. (2018). The progressive summer decrease is shorter at
NAN station where we observe an earlier increase in con-
centrations from June, leading to NO; concentrations in the
Lison Spring higher than other stations until September.

The PO, dynamics at the intra-annual scale does not show
a clear annual pattern. Although, PO, peaks occur con-
comitantly to NO; peaks, as observed during winter 2003—
2004 (Fig. 4, bottom left), PO, shows erratic daily peak
intensities throughout the year. Peaks frequently exceed
0.2 mg L™ and in some periods 0.5 mg L™" (as in 2016—
2017; Fig. 4—bottom right). The peak occurrence and
intensity is not strictly related to high-water periods and
many peaks occur during the low-water period, after rainfall
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Fig. 4 Hydrological and
nutrient’s time series for two

Hydrological cycle 2003-2004

Hydrological cycle 2016-2017

hydrological cycles: 2003-2004
(left) during which the highest
nitrate concentration is observed

at CHE station since 1970, and
20162017 (right) for which data
from 5 stations over the basins are

available. For more readability, y-
scales for NO3z and PO, are not
the same for both hydrological
cycles. Labels of stations referred
to the map in Fig. 1b

i

09/2003

01/2004

events that have a too low intensity to generate a flood.
Apart from these periods, PO, is generally very low, close to
the limit of quantification at 0.02 mg L™'. The comparison
with other stations over the basin (Fig. 4 bottom right)
shows that the peak occurrence varies according to the river
reaches, but the concentration remains in the same range
between 0.2 and 0.8 mg L.

As the highest NO3 concentrations are generally observed
during the autumn recharge events, we ask whether the
antecedent hydrological conditions may explain the temporal
variability of NO;. The relationship between the annual NO;
peak concentration and the minimum discharge recorded at
the beginning of the hydrological cycle (as an indicator of
the initial groundwater storage) has been plotted from 2002
to 2016 (Fig. 5). Data show that the lower the minimum
discharge, the higher the following NO; peak. The rela-
tionship between these two variables can be fitted by a
power-law function (R2 = 0.76). This result means that the
duration of the low-water period during summer is a key
factor to explain nitrate mobilization in waters. As timing
and amount of organic and mineral fertilizers are almost
constant over the last decade, three hypotheses can be for-
mulated to explain this relationship. First, driest periods are
generally associated with lower agricultural yields, leading
to a high amount of N in soil (Bloor and Bardgett 2012).
This residual N that was not consumed by plants can be
leached by infiltration waters in post-harvest periods. Sec-
ond, first precipitations after a warm period may favor

= LA 3 o 3 s e
05/2004 09{2004 09/2016 01/2017 05/2017 09/2017

mineralization of organic materials in soils, leading to
enhance NO; leaching, as proposed by Mudarra et al.
(2012). Third, a progressive desaturation of the karst aqui-
fers during the summer may promote NOj storage in the
soil/epikarst or aquifer which leaches during the first
recharge events.
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Fig. 5 Relationships between the minimum discharge and the NO;
peak at the beginning of the high-water period (from 2002 to 2016)
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Other studies carried out in the Jura Mountains (Pronk
et al. 2009; Cholet et al. 2019), showed fast NOj5 increase in
springs after rainfall events. Such response was attributed as
the consequence of a mobilization of NO; stored in the
soil/epikarst by Huebsch et al. (2014). Finally, these new
results show that the degree of aquifer desaturation is a key
factor to assess the intensity of NO3 mobilization during the
main recharge events.

Spatial Distribution of N and P Load

Annual Loads

Annual loads of nitrate—nitrogen NO3;—N and of phosphate—
phosphorous PO4,—P during the 2016-2017 hydrological
cycle were estimated for each sub-basin. The annual load was
calculated adding up daily loads estimated from discharge
and concentration data sets. For intermediate sub-basins
(delimited by two successive stations in a river reach) loads
were estimated making the difference of annual loads
between the downstream and the upstream stations. Annual
loads expressed by surface unit are presented in Fig. 6.

Fig. 6 Annual loads of NO3;-N
(left) and PO4—P (right) for the 5
sub-basins of the Loue—Lison
during the 2016-2017
hydrological cycle
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Regarding NO3;—N, the downstream sub-basin of the
Loue River (CHE station) has the highest loads (about
17 kg ha™' year™"). This is about 1.5 times more than the
intermediate and upstream sub-basins (including the both
Loue and Lison Springs at OUH and NAN stations,
respectively) and about 7 times more than the Doubs River
in the losing reach (ARC). Regarding PO4—P, the down-
stream sub-basin (CHE station) is also the one with the
highest loads (about 0.5 kg ha™! yearfl), but in that case,
the Lison Spring (NAN station) recorded also high PO4—P
loads. This is due to high PO, peaks recorded in summer
(see green stars in Fig. 4—bottom right).

Impact of Agricultural Practices

In accordance with our first results highlighting a water
contamination related to fertilization, we expect to describe
the spatial variability of annual NOs—N loads with agricul-
ture. Figure 7 presents the annual NO;—N loads at the
sub-basin scale as a function of the main crops using fer-
tilizers (expressed as a percentage of the total sub-basin

PO,-P load (kg hatyr?)
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Fig. 7 NO3-N loads during the 2016-2017 hydrological cycle versus
surface of the main crops using fertilizers at sub-basin scale; R refer to
a power-law fit

area). The key land uses selected were those grouping cereal
and field crops (yellow circle), and temporary grasslands
(orange square). The combination of both was also tested
(gray triangle). Good relationships were found for all three
variables, but we should note that the temporary grassland
seems to explain a little bit better the NOs;—N variability than
cereals and field crops (2 = 0.89 vs. 0.76). The low number
of stations (5 sub-basins) is not sufficient to characterize
significantly the relationship and to conduct a thorough
analysis differentiating the impact of cultural practices.
However, it should be noticed that temporary grasslands
cover twofold higher surface than cereal and field crops (7%
against 3%), suggesting a probably high impact of those
ones on the water quality of the Loue River. This result
highlights the potential role of temporary grasslands (and
cereals and field crops) in NO; leaching compared to per-
manent grasslands, which cover more than 1/3 of the surface
basin (and for which no relationships was found with NO;—
N loads). This is coherent with observations at the field scale
showing that grassland renovation (tillage) favors NO;
leaching (Francis et al. 1995; Seidel et al. 2009).

Conclusion

Short- and long-term monitoring of NO3 and PO, concen-
tration in surface water and groundwater in the Loue basin
(Jura Mountains) provides information on the evolution of
the impact of anthropic activities at different time scales. The
long-term NOj trend is related with the use of mineral fer-
tilizers, while the short-term trend involves a more complex
interaction between agricultural practices and hydrological

function. The changes in PO4 are partly disconnected from
agricultural practices and illustrate more probably
point-source contaminations from domestic wastewater. The
estimation of annual loads for each sub-basin showed the
most impacted reaches. Contrasted flux gives information on
hydrological units where anthropogenic pressure is the
highest. Regarding nitrates, a link with agricultural practices
is proposed, highlighting the role of the main crops using
fertilizers on the spatial variability of water contamination.
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The CO, Dynamics in the Continuum
Atmosphere-Soil-Epikarst and Its Impact
on the Karstification Potential of Water:
A Case Study of the Lascaux Cave Site
(Montignac, France)

Nicolas Houillon, Roland Lastennet, Alain Denis,

and Philippe Malaurent

Abstract

The aim of this work was to understand the dynamics of
CO, in the atmosphere-soil-epikarst continuum of the
Lascaux Cave site and to evaluate its impact on the
hydrogeochemical signal of epikarstic waters. For these
purposes, PCO,, 613Cco2 and associated hydroclimatic
parameters were recorded at different depths in soil and
epikarst. In parallel, hydrogeochemistry of an epikarstic
emergence (SASI1 spring) located in the entrance of the
cave (6 m depth) was studied. PCO, recorded in the soils
underlines the seasonality and different levels of biogenic
production according to the pedological facies and the
physicochemical properties (higher in the calcisol than in
the brunisol). CO, efflux measurements show a seasonal
evolution with maximum value (25 g m2d!) in sum-
mer and minimum in winter (6 g m > d~"). It decreases
during rain events because of the soil moisture increases
which limits CO, diffusivity. In the same way, seasonal
processes of CO, accumulation (winter and spring) and
CO, emission to the atmosphere (summer and autumn)
are observed under the effect of soil moisture seasonal
variations. These processes explain the very variable CO,
concentrations (0.6-6%) and 813CCO2 values (—22.1 to
—24.5%o) in the superficial epikarst (0-3 m depth). This
CO, accumulation explains the presence of higher CO,
contents in the epikarst than in the main production area:
the soil. At deeper level exists a differentiated CO, stock
slightly variable (4—6%) with stable 513CCO2 values from
—22.7 to —21.7%o. Inter-annual variability of CO, con-
tents is influenced by the synchronicity or not of intense
production and high soil moisture. A conceptual scheme
of CO, cycle is produced as a conclusion. The compar-
ison with the evolution of water chemistry at the
epikarstic emergence brings elements for understanding
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the acquisition of the karstification potential. Indeed, the
seasonal evolution of the calcic carbonated mineralization
of water is very well explained by the evolution of the
CO, contents in the epikarst (PCO, at saturation with
respect to calcite similar to the PCO, of the air of the
epikarst). In addition, the presence of two different CO,
compartments in the epikarst makes it possible to explain
the variability of the chemical marking of water at the
outlet depending on the flow conditions (transmissible
and capacitive zones).

Keywords
Carbon dioxide ¢ Continuous monitoring * Epikarst ¢
Hydrogeochemistry * Lascaux

Introduction and Problematics

Expectations regarding the karst studies are based in part on
understanding the acquisition of water chemistry under soil
and epikarst air conditions. The comprehension of this
mechanism could lead to a better appreciation of water
chemistry entering into karstic aquifers and to evaluate the
potential impact of climate change. Few studies have been
conducted on CO, in unsaturated zone of karst (Atkinson
1977; Mattey et al. 2016). Our study aims to clarify the CO,
dynamics in the continuum atmosphere-soil-epikarst in order
to evaluate its impact on water calco-carbonic equilibrium.
One of the most important objectives is to highlight the
mechanisms responsible of higher CO, partial pressure in
water than in the soil considered as the production area. In
this continuum takes place the Lascaux Cave where flows
are observed with an underground epikarstic emergence.
This system is an ideal place to compare the hydrogeo-
chemical behaviour of epikarstic water to epikarst air con-
ditions. A continuous measuring device is implemented
in situ to record epikarst air CO, contents at different depths
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and coupled with regular water measurements to study the
hydrogeochemical signal of that epikarstic emergence.

Site and Methods Backgrounds
Study Site Description

The Lascaux Cave is located in the north-east edge of the
Aquitaine Basin in Dordogne 200 km east of Bordeaux
(Fig. 1). The hill of Lascaux is a promontory of the Upper
Cretaceous sandy bioclastic limestone. It is bordered to the
West by the Vézere river valley which constitutes the local
base level. The climate of Dordogne is predominantly
oceanic with some continental influences. Average rainfall
rate is about 880 mm per year. Air temperature, on the
average, at the site of Lascaux is about 12.6 °C. With
regards to the geological background, the hill is mostly
constituted of a succession of Coniacian sandy bioclastic
limestone from the middle and upper Coniacian, in which
the karstic network including the Cave is developed. The site
of Lascaux is characterized by a remarkable geomorphology
composed of limestone projection notched by depressions of
around 20 m deep that contain regolith resulting from ghost
rock weathering. Different types of soil are present with
rendosol, brunisol and calcisol according to Bruxelles et al.
(2014). In terms of hydrogeological background, Lascaux
Cave is located in an active karstic system hosting different
types of water flows. An epikarstic emergence is located at
shallow depth (6 m) in the airlock of the cave (the SAS 1
spring). This part of the cave intersects the interface between
the fractured calcarenite of the epikarst and the transmission
zone composed of more massive calcarenite. These epi-
karstic flows usually begin in late autumn (November) and
end in late spring (June). Water is almost supersaturated with
respect to calcite (Houillon et al. 2017).

Materials and Methods

In situ Air Measurements and Grab Sampling
in Soils and Epikarst

The external atmosphere monitoring system is composed of
one weather station located above the cave entrance. PCO,
measurements are manually performed in soils at 0.30 m of
depth with Driger IR CO, sensor (X-am 3000, precision
0.05%). CO, efflux from calcisol is measured by a soil flux
chamber especially designed for our application (PCO,,
atmospheric pressure and temperature measurements). Data
recorded allow the calculation of CO, flux with a precision
of 5%. In addition, an experimental zone was set up with

four boreholes. These boreholes are positioned near the cave
to determine the carbon dioxide dynamics in the epikarst. In
situ Vaisala IR CO, sensors (GMP 221, 0.01% precision) are
installed to record every minute the CO, partial pressure
(PCO,) at 1, 2, 3 and 8 m, depth respectively in the bore-
holes FC1, FC2, FC3 and FC4 (Fig. 1). CO, sensors are
protected from water with a PTFE membrane. Soil moisture
is recorded at 0.25 and 0.50 m of depth using ML3 Theta
Probe (Delta-T, precision 1%). Air grab samples are also
performed in these four boreholes to measure the 613CCO2
and determine the CO, origins and the mixing ratio with the
external atmosphere. The samples were sent to the LAB/ISO
(BRGM) and analysed with a gas chromatograph coupled
with a mass spectrometer (Gas Bench with Delta +XP;
reproducibility of 0.03%o).

Geochemical Monitoring of the Epikarstic
Emergence (SAS1 Spring)

Water samples were collected from the epikarstic emergence
in the cave weekly from January 2015 to July 2017. Tem-
perature and pH were measured in situ using a WTW model
3430 equipped with sentix 950 probe (precision 0.04 for
pH, & 0.3 °C for temperature). Bicarbonate concentration
was measured at the time of sampling by digital titration
using 1.6 N H,SO, with a HACH alkalinity meter (precision
2.44 mg/L). Water samples were collected in 60 mL. HDPE
bottles and were kept at 3 °C until the analysis. Cation
samples were preserved with nitric acid. Major element
concentrations were measured using ICS 1500 and ICS 1100
ion chromatographs (Dionex). The analysis indicated that for
the major ions, the charge balance errors of all water samples
are of <5%. Other samples were collected in 120-ml glass
bottles sealed and kept refrigerated until analysis of
8"*Cemrp. The analysis was performed by an Infra-Red
Isotopes Spectrometer (Delta Ray Thermo Fisher, repro-
ducibility of 0.05%o) coupled with auto sampler. Calcite
saturation indices (Slcalcite), the CO, partial pressure at
equilibrium with the atmosphere (PCO,eq) and the CO,
partial pressure at saturation with respect to the calcite
(PCO,sat) were calculated using Peyraube et al. (2012).

Soils and Epikarst CO, Dynamics
Soil CO, Production and Efflux

Soil PCO, manual measurements show typical seasonal
evolution under temperature effect (Houillon 2016). PCO,
are important from spring to late summer (1-3.65%) due to
strong biogenic production and lower during autumn and
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Fig. 1 Location of the Lascaux Cave in the north-east edge of the
Aquitaine Basin (a), in the city of Montignac (Dordogne, France).
Geological map of the sedimentary formations constituting the karstic

80 90m

system of Lascaux (b). Simplified geological cross section of the cave
and its geological environment (c). Four boreholes equipped for
monitoring the epikarstic air PCO,

Table 1 PCO, statistics for 12 measurement campaigns (every month from March 2013 to March 2014) of 25 points in each type of soil

Soil types/PCO, Average (%) o (%) Max (%) Min (%)
Brunisol 0.41 0.15 1.86 0.10
Calcisol 1.18 0.67 3.56 0.11

winter (0.1-1%). Moreover, measures highlight significant
differences according to the type of soils investigated as
presented in Table 1. Indeed, PCO, are higher in the calcisol
than in the brunisol (1.18% against 0.41% in average).
This is explained by a lower biogenic production in the
brunisol because of the physicochemical properties of this
acidic soil.

Then soil CO, efflux from calcisol was measured con-
tinuously. Values range from 6 to 25 g m > d~' with mini-
mum in winter and maximum in summer. This seasonal
trend is consistent with numerous studies. Nevertheless, the
comparison between soil efflux (b) and moisture (a) under
rain effect (Fig. 2) underlines an important mechanism for
the CO, dynamics in soil.
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Fig. 2 Evolution of calcisol
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Indeed, CO, efflux varies greatly with the soil moisture
with high CO, efflux (15-22 g m 2 d™") when soil is dry
and low CO, efflux (8-11 g m > d™") when soil is wet. It is
explained by the effect of soil moisture on CO, diffusivity as
shown by Maier et al. (2011). During rain events, infiltration
water fills the porosity and acts as a “lid” which limits CO,
exchanges between soil and atmosphere.

Spatiotemporal CO, Variations in Epikarst

PCO, were recorded in FC1, FC2, FC3 and FC4 during the
study period (August 2014 to September 2017). The time
series data are presented in Fig. 3 with the soil moisture and
rainfall (a) and epikarstic air PCO, (b). Time periods of CO,
accumulation (A), stabilization (S) and emission to the
atmosphere (E) are also shown (c).

PCO, values range from 0.8% during late autumn to
6.8% during late spring. Average PCO, generally increase
with depth because of the increase in the distance with near
atmosphere. Nevertheless, two different dynamics are
observed with depth: from 0 to 3 m (FC1, FC2 and FC3) and
at 8 m (FC4). The first is explained by the connection degree
between the shallow epikarst and the atmosphere. Three
different periods are highlighted: CO, stabilization in winter
(efflux similar to production), CO, accumulation in spring
(efflux lower than production) and CO, emission in summer
and autumn (efflux higher than production). During spring,
the CO, diffusivity is reduced by the constitution of a water
stock at the interface between soil and epikarstic limestone.
The synchronicity of this water stock with the period of
strong CO, production leads to CO, accumulation

I L I ¥ 1
6/14/16 6/24/16 T/4/16

(production in a closed system). Without strong CO, pro-
duction, CO, efflux and production are similar and CO,
contents remain stable. Finally, if the soil is dry and pro-
duction is low, efflux is predominant and the CO, is emitted
to the atmosphere. At 8 m of depth, another dynamics is
observed. PCO, are weakly variable (3.2—6%). The seasonal
trend, PCO, increasing during summer and decreasing dur-
ing autumn and winter, is controlled by advection transfer
from the shallow epikarst under the thermic gradient effect.
Moreover, we assume that the annual time variation of the
different periods (A, S and E) is responsible of PCO, vari-
ation at this timescale. That is why CO, levels are higher in
2015 and 2016 than in 2017. Indeed, the accumulation
periods (A) are longer in 2015 and 2016 than in 2017 with,
respectively, 4 and 5 months against 2 months. All these
mechanisms are consistent with the 813Cco2 variations with
depth (Table 2).

Indeed, 8"*Cco, is variable (—22.3 to —24.6%o) until 3 m
of depth highlighting the succession of accumulation and
emission phases in the shallow epikarst. It is more stable at
8 m (—22.7 to —21.7%o) because of the isolation of this
compartment. 8'° Cco, enrichment at 8 m of depth probably
results from fractionation caused by diffusion transfer since
the shallower production area. To summarize, two concep-
tual schemes of the CO, dynamics (accumulation and
draining phases) are presented in Fig. 4.

Impacts on Epikarstic Water Chemistry

Annual hydrological conditions were very different during the
study period, with 170 m® discharged in 2015, 490 m® in
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Table 2 813CCO2 values for 2 Locations/Values
campaigns of grab sampling in
four epikarstic boreholes FC1 (1 m)

FC2 (2 m)

FC3 (3 m)

FC4 (8 m)

2016 and 160 m® in 2017. Table 3 presents the statistical
values for each point of CO, measurements in the epikarst and
at the SAS1 spring. Annual PCO,sat averages are different
according to the hydrological cycle but coincident with epi-
karstic air PCO, annual changes. Coefficient of variation of
PCOgsat is 8, 18 and 12%, respectively, for 2015, 2016 and
2017 cycles. Varied flow conditions during 2016 cycle lead to
high dispersion of PCO,sat at the epikarst outlet.

Air PCO?2 recorded in the epikarstic boreholes FC1, FC2
and FC4 and water PCO,sat are presented in Fig. 5a. SAS 1
spring discharge is also shown Fig. 5b.

PCOgsat values vary from 2.4 to 6.3% during the study
period. The seasonal variation of this parameter is well

8/1/15

12/1/15 4/1/16 8/1/16 12/1/16 4117 8/1/17

05/04/15 (%o) 02/23/2016 (%o)

242 -223
244 -225
246 224
-22.7 -21.7

explained by the deep epikarst air PCO, evolution (FC4)
for the cycle 2015. Water was stored and equilibrated in
the deep epikarst. Differently, PCO,sat are more variable
for the two other cycles. Low PCOssat values, similar to
shallow epikarst air PCO,, are observed during floods
(high epikarst water saturation). It significates that water
stored and equilibrated in the shallow epikarst is trans-
ferred through fissures and fractures directly to the outlet.
Conversely during low water conditions, higher PCO,sat
values than epikarstic air PCO, are observed. The partici-
pation of water coming from high CO, concentrated
capacitive zones of the epikarst could explain these
observations.
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Table 3 Statistical values of

Points/Values 2015

epikarstic air PCO, and SAS1

spring PCO,sat Average
FC1 (air PCO,) 2.87
FC2 (air PCO,) 4.10
FC3 (air PCO,) 4.72
FC4 (air PCO,) 4.74
SAS1 (PCO,sat) 4.42

Conclusions and Perspectives

Epikarstic air monitoring at the Lascaux site specify the CO,
dynamics in the upper layer of the vadose zone. The analysis
of soil moisture and CO, efflux time series data highlights
the important role of soil water content on soil and shallow
epikarst PCO,. In the shallow epikarst, PCO, raised highest
values of 6.3% when the soil diffusivity is lowered by the
soil water stock at the interface between soil and epikarst.
Accumulation (production higher than efflux) and emission
(production lower than efflux) conditions are demonstrated
as predominant mechanisms of the CO, dynamics in these
compartments. In the deep epikarst, a stable stock of CO,

(high PCO, and enriched is 613Cco2) resulting from a

2016 2017

Cv (%) Average Cv (%) Average Cv (%)

17 2.63 31 2.15 22

14 4.18 23 3.53 17
3.13 17 2.69 21
4.05 10 4.13 9
4.07 18 3.55 12

long-time CO, accumulation is observed. Global PCO,
annual variations were explained by the duration of the
period of strong CO, production and high soil water content
(accumulation process). The comparison with PCO,sat val-
ues of SAS1 spring permits to better understand the acqui-
sition of the Kkarstification potential of infiltration water.
Indeed, the air PCO, evolution explained most of the annual
and seasonal PCOssat variations. Finally, it allowed to
determine the epikarstic compartments where water acquires
its chemistry depending on flow modalities. This method
therefore allows the record of the climatic conditions impact
on the geochemical signal of the infiltrations in the karstic
systems. It will be useful for the estimation of the global
warming impact on karstification through the evolution of
rainfall and temperature spatial and temporal distribution.
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Abstract

The analysis of natural responses (hydrodynamic,
hydrothermal and hydrochemical) of karst springs is a
well-established approach to provide insights into the
hydrogeological functioning of the aquifers that they
drain. However, a suitable monitoring program of these
responses is often difficult to launch in poorly accessible
streambed springs, due to the mixing between surface
water and groundwater, in addition to topographic
impediments. This work describes the installation proce-
dure of the measurement equipment and the preliminary
hydrogeological dataset collected at the Charco del Moro
spring (Southern Spain) during one hydrological year
(2016/17). This outlet emerges 5 m below water surface,
at the bottom of a partially flooded 20-200-m-deep and
2-km-long gorge, eroded by the Guadiaro River stream-
flow. It is considered the largest discharge point in the
region, draining groundwater from northern nearby
carbonate outcrops, although its catchment area is not
established yet. Continuous (hourly) monitoring of elec-
trical conductivity, water temperature, turbidity and water
level (discharge) reflects a high degree of heterogeneity in
the duality of groundwater flow and storage dynamics,
which is typical of karst conduit flow systems.
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Introduction

Karst aquifers provide good quality water for drinking supplies
and ecosystems, and they also constitute a key strategic
resource against threats such as climate change or population
growth (Hartmann et al. 2014). Since an adequate knowledge
about the functioning of karst systems is required for global and
especially for regional water governance strategies, researchers
and institutions have applied several karst-specific approaches,
many of which are based fundamentally on the qualitative
analyses of the natural responses of karst aquifers—hydrody-
namic, water temperature, hydrochemistry, etc. (Ford and
Williams 2007; Goldscheider and Drew 2007). However,
suitable monitoring of natural responses in poorly accessible
streambed springs is often difficult to establish due to the
interaction and mixing between surface water and groundwater
flowing through carbonate aquifers. In such setups, an
acceptable knowledge of the hydrological settings prior to the
placement of the pertinent facilities and devices is essential to
effectively obtain single and/or continuous records of the nat-
ural responses during different hydrological conditions.

This work provides insights into the monitoring strategies
of natural responses from karst springs located at
non-friendly settings, concretely at a poorly accessible
streambed outflow point (named as Charco del Moro spring)
and located at the bottom of a fluviokarstic gorge in
Southern Spain (Fig. 1). Recording data series of water level
(up- and downstream from the spring), electrical conduc-
tivity, water temperature and turbidity during one year have
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been coupled and analyzed to obtain a preliminary under- duality of groundwater flow and storage dynamics has been
standing on the hydrogeological functioning of the karst deduced from the relationships between the recorded
system. In addition, the degree of heterogeneity in the hydrogeological variables.
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Site Description

Charco del Moro spring is located 85 km WSW from the
city of Malaga, in the SW edge of Ronda Mountain Range
(Fig. 1). It is an outflowing cave placed at 223 m ASL, at the
bottom of a partially flooded gorge (named as Las Buitreras
Gorge), 20-200 m deep and 2 km long, eroded by the
Guadiaro River streamflow. The terrain in this zone is rough,
sometimes very steep, with altitudes ranging from 200 to
1300 m ASL (Sierra de Libar). The prevailing climate is
temperate Mediterranean, with a marked seasonal pattern in
the distribution of rainfalls (mainly in autumn and winter).
Climate conditions are also characterized by a dry season
(very often up to 3—4 months), practically without rain, in
summer. The mean historic annual precipitation and tem-
perature values are close to 1200 mm and to 17 °C,
respectively (Senciales 2007). The research period involved
in this work (October 2016 to September 2017) can be
considered dry and slightly warmed, with a total amount of
rainfall and average air temperature of 806 mm and 17.3 °C,
recorded in a meteorological station located at 335 m ASL;
3.3 km upstream from the gorge (Fig. 1).

Geologically, the pilot site and the northern carbonate
reliefs are situated within the westernmost region of the
External Zone of the Betic Cordillera; it consists of 450—
500-m-thick Jurassic dolostones and limestones (Fig. 2),
which present Upper Triassic clays, dolomitic beds and
evaporite rocks (mainly gypsum) at the bottom, and Lower
Cretaceous—Tertiary marly limestones and marls at the top
(Martin-Algarra 1987). Neogene clays and sandstones
Flysch rocks also outcrop in the area. In general, the spatial
distribution and orientation of the main topographic features
are strongly controlled by kilometric NE-SW folds and/or
reverse faults. Anticline cores mainly occupied by Jurassic
dolostones and limestones constitute the upland areas, while
Cretaceous—Miocene marls appear in flanks and in the syn-
clinal cores, defining the axes of the valleys. The previous
structural control on the relief excludes Las Buitreras Gorge,
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characterized by the existence of an NNE-SSW anticlino-
rium dome, plunging southward, in whose core Jurassic
limestones are exposed (Fig. 2). Outcrops of Flysch sand-
stones and clays are also represented in the region, over-
thrusting previous geological formations. The entire
structure was affected by more recent strike—slip faults
(NW-SE) which configure the geological structure of the
area (Fig. 1).

Charco del Moro spring is considered the largest dis-
charge point in the region, draining groundwater from the
nearby northern carbonate outcrops (confirmed by tracer
experiments, Andreo et al. 2004), although its catchment
area is not well defined yet. In fact, the spring corresponds to
a Vauclusian type cave with three outlets (located ~5 m
under the water) distributed 30 m along the left margin of
the Guadiaro riverbed, on the south edge of Las Buitreras
Gorge, where Jurassic limestones are bordered by low per-
meability materials (Cretaceous—Tertiary marls). The outlets,
3, 0.9 and 0.3 m high, are fed by a 45° steep karst conduit
with at least 120 m of development (Fig. 3b), determined by
speleological explorations.

Field Equipment Installation and Methods

Given the morphological characteristics of the study site,
several hydrological and hydrogeological explorations in
Las Buitreras Gorge were carried out at different hydrody-
namic conditions before designing and installing the mea-
surement infrastructure. The main difficulty found was
introducing the recording probes deep enough in the
outflowing cave for preventing disturbances by mixing of
ground and runoff waters, thereby obtaining an accurate
monitoring of the natural responses of the spring. A stainless
steel box (1.2 m long, 0.8 m wide and 0.6 m high) was
purposely designed and forged, and the different probes were
fixed to it (Fig. 3a). The box was subsequently put within
the 0.9-m-high outlet with the support of scuba divers.
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Two car jacks screwed at the upper side of the case act as
mooring structure to the cave walls. A 25-m-long flexible
PVC pipe attached to the rocks protects the connection
cables, whereas other metallic housing box laid on the
poorly accessible gorge ledge contains the data loggers and
the batteries (Fig. 3b).

From October 2016 to September 2017, hourly records of
water-level variations in the Guadiaro River were recorded
using two ODYSSEY® Depth & Temperature Data Recor-
ders (0-5m range and ~1 mm accuracy), installed
upstream and downstream from Charco del Moro spring
(Figs. 1 and 4). Each probe was vertically installed and the
corresponding vent tube was encapsulated inside flexible
PVC pipe for protection, which were later screwed to the
gorge wall (Fig. 4). Water-level variations were afterward
transformed into continuous records of discharge by

applying the corresponding rating curve, whose accuracy
was checked from seven individual discharge flow mea-
surements (ETRELEC® Salinomadd and OTT® C2 flow
meters), taken at both river locations. The discharge rate of
the spring was calculated as the difference between the
upstream and downstream data series, subsequently with
statistical correction, whereas the mean annual discharge
value of the spring was inferred through the mathematical
integration of the resulting hydrograph. The performance of
the upstream and downstream water-level devices is peri-
odically verified during the data downloading tasks.
Electrical conductivity (EC) and temperature (T) of the
water drained by the spring were also hourly recorded using
an OTT® EcoLog-800 data logger (accuracy of +1 pS/cm
for EC and £0.1 °C for T) with 30 m of cable length.
Probe housing was previously fixed to the stainless steel box
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(Fig. 3a). An ALBILIA-SARL® GGUN-FL30 field fluorom-
eter (accuracy of £0.01 NTU) was also attached to the same
structure in order to obtain records of water turbidity
(measurement each 15 min.). A water pump for groundwater

sampling routine completes the field equipment. The pump
was coupled to a HACH® Sigma SD 900 autosampler (sited
at the gorge ledge). An auxiliary electronic synchronizer,
specifically developed for this purpose, carried out the
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coordination of both instruments. All these devices and
probes are annually checked and recalibrated at low flow
conditions.

Results

Figure 5 shows the temporal evolution of the outflow rate,
EC, T and turbidity of the water drained by Charco del Moro
spring from October 2016 to September 2017, jointly with
the rainfall and the air temperature recorded in the area during
the same control period. This figure also displays the
hydrographs inferred for the Guadiaro streamflow, both up-
and downstream from the spring. During the monitoring
period, relatively quick flow variations in response to the
main recharge events (from 1.2 to 8.3 m>/s) were detected in
the spring, with a mean time lag of 3 days between the center
of gravity of precipitation and the discharge peaks (Fig. 5).

The annual averaged discharge rate was 1.85 m’/s.
Contribution of water runoff generated at the head basin of
Guadiaro River to the total streamflow rate occurred only
during the rainfall period (from November 2016-May
2017); the rest of the year, the base flow of the river is
exclusively supported by the groundwater drained through
the spring. Regarding the temporal evolution of the
physicochemical parameters (Fig. 5), relatively rapid and
sharp falls of up to 200 puS/cm in EC were recorded during
each recharge event. The magnitude of dilutions varied
depending on the quantity and intensity of rainfall. After
each dilution, mineralization progressively rose until become
almost steady around 500 pS/cm, during summer months,
being this trend interrupted by springtime precipitations,
which caused new dilutions. Significant water temperature
falls (up to 0.7 °C) slight lagged were recorded in Charco
del Moro spring following main autumn and winter rainfall
episodes, within a general seasonal pattern influenced by air
temperature changes. When rainfalls were significantly
intense, main EC and water T decreases were preceded by
more mineralized and slightly warmer groundwater as
shown in detail in Fig. 5. On the other hand, the turbidity
values underwent quick rises during all recharge events,
proportionally to the intensity and magnitude of precipitation
episodes. Even limited amounts of rainfall provoked slight
increases in this parameter.

Discussion

Reaching a reliable knowledge about the characteristics and
behavior of karst aquifers (water resources, structure,
dynamic, etc.) demands the implementation of suitable
monitoring strategies. Nevertheless, the hydrogeological
heterogeneity and the complexity of karst media lead to

challenges in collecting sufficient information about karst
system properties (spatial and temporal). Furthermore,
complex setting or poorly accessible areas where observa-
tion points are located, such as the site exemplified in this
work, often impose constraints on reliable field measure-
ments and equipment installation, requiring an adequate and
inventive combination of electronic data logger/probes and
supplementary facilities for acceptable monitoring results.
This effort has been done in numerous but singular karst
spring worldwide as, i.e., Barton spring (Barker 1996),
Vaucluse spring (Lastennet 1995), given the significance of
these outlets, as strategic monitoring points not only for
assessing the behavior of karst aquifers, but also for
achieving effectiveness in groundwater management for
water supply and environmental purposes.

In the case presented here, joint analysis of the data
recorded in Charco del Moro spring during one hydrological
year has meant a significant improvement in understanding
the behavior of the pilot system, also allowing a preliminary
estimation of water resources to be inferred. Thus, quick
variations in discharge rate following recharge events reflect
the existence of a highly developed karst network, which
enables fast flows and short transit time of water within the
system, from recharge areas to the spring. This is in agree-
ment with the observed changes in EC and in T, whose
values were generally lower after recharge episodes (Fig. 5)
and higher at recession conditions. However, the increases in
these parameters recorded before dilutions (i.e., February
2017, Fig. 5) could be caused by a “piston-flow” effect,
where water recently recharged pushed groundwater previ-
ously stored in the saturated zone, with greater residence
time. This provoked mobilization, toward the spring, of
groundwater with higher mineralization and temperature
values, suggesting the existence of ascending flows from the
saturated zone. Later, recently infiltrated water coming from
the surface rapidly arrived to the spring via karst conduits,
leading to the mixing of both types of water.

The high development of karst conduits also favored
quick and sharp variations in turbidity during recharge
events. Nevertheless, unlike the other physicochemical
variables, each rainfall episode was always accompanied by
increases in turbidity signal, regardless of whether the epi-
sode caused “piston-flow” or dilution conditions. According
to Pronk et al. (2006, 2009), the first turbidity peak (recorded
before dilutions) would be due to the mobilization of sedi-
ments in the conduits, by increasing flow velocities and
turbulences as a result of rises in the hydraulic head. This
mobilization of particles could reach the flows within the
saturated zone, since the peaks of turbidity and the maxi-
mum values of EC and T attributed to the “piston-flow”
pulse coincided on time. The arrival of freshly infiltrated
water at the spring, bringing sediments from the surface and
diluting the water previously stored in the aquifer, could be
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attributed to a second type of turbidity peak. This would be
in accordance with field evidences and with previous work
(Andreo et al. 2004), which confirm the significant contri-
bution of the allogenic component from non-karst areas
(Flysch sandstones and clays outcrops) to the total recharge
of the system. Additional methodologies using both natural
and artificial tracers will be shortly applied in order to
confirm these statements.

The short period of record and the fact that the results
obtained during the monitoring period are not illustrative of
the average meteorological conditions (considered as dry
and slightly warmed) reduce the reliability of the interpre-
tation of the system functioning. This is especially evident
for the hydrodynamic response. Both upstream and down-
stream rating curves and, consequently the final discharge
rate of the spring, might be further optimized if field
hydrodynamic data were available in higher resolution,
undertaken specially during high flow conditions. Anyway,
it will be necessary to wait for the field equipment good
functioning under other hydrodynamic scenarios.

Conclusions

The adaptation and installation of field equipment for con-
tinuously monitoring the natural responses of a poorly
accessible streambed spring located at a fluviokarstic gorge
in Southern Spain have provided a one-year record
(2016/17), which allows performing a preliminary assess-
ment of the hydrogeological behavior of the related karst
system. Charco del Moro spring responds to precipitation
events with sharp and fast increases in discharge rate and
decreases in water mineralization and temperature; the last
one presenting a seasonal pattern influenced by changes in
air temperature. This hydrogeological behavior indicates that
the system drained by the spring has a well-developed
functional karstification, typical of conduit flow systems,
with rapid drainage and a low capacity to attenuate the input
signal. The thermal response and the mineralized water
drained by the spring during piston-flow events indicate the
existence of ascending regional groundwater flows, with
longest residence time throughout the system. This
groundwater flow coming from the saturated zone and the
recently infiltrated water circulate through the karst network,
and they converge at the spring. The degree of heterogeneity
in the duality of groundwater movement and storage
dynamics were also denoted by the increases in turbidity
signal due to (1) the infiltration of surface water through
sinkholes (provoking dilutions) and (2) remobilization of
particles in conduits by risings of the hydraulic head and—
subsequently—the flow velocities.

Further efforts are necessary to determine the hydrogeo-
logical functioning of the system, especially in order to
precise the hydrodynamic response of the spring, given the
significance of this outlet as one of the largest discharge
points in Andalusia. This is a crucial aspect that would be
considered for the evaluation and management of water
resources stored in the nearby carbonate aquifers, since they
have direct consequences for water supplying in the region.
The monitoring infrastructure could be used for preservation
of groundwater-dependent ecosystems and hydrological
management in an area particularly affected by environ-
mental changes and impacts.
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Optimization of High-Resolution Monitoring
of Nutrients and TOC in Karst Waters Using
a Partial Least-Squares Regression Model
of a UV-Visible Spectrometer

Aurélien Vallet, Fanny Moiroux, and Jean-Baptiste Charlier

Abstract

For a cost-effective survey of water quality in aquifers
with a fast chemical response, such as karst aquifers,
continuous high-resolution monitoring by an automatic
sensor is relevant. We tested the suitability of the s::can
UV-visible spectrometer for continuous measuring in a
karst environment of the parameters proposed by the
probe manufacturer (NO3 and total organic carbon TOC)
as well as other parameters, such as total phosphorus
(TP). The spectrometer was installed at the Loue Spring
(French Jura Mountains), where water was also sampled
for chemical analysis of NO;, TOC, and TP at a
frequency of 1 to 4 days. A calibration model was
developed based on the partial least-squares regression
(PLSR) method, applied to the absorption spectra. Our
method showed good results. For NO3, both the factory
calibration (R?>yar, = 0.98) and our calibration model
(R*yaL = 0.99) are very good. For TOC, except for a
slight underestimation of some peaks, the low and high
values are better reproduced by our model developed
(R*yaL = 0.63, or 0.23 with the factory calibration).
For TP, despite a higher background noise, the overall
dynamics are well simulated (R*yaL = 0.56). Finally, our
results showed that processing the raw data of the
spectrum measured by the spectrometer optimizes the
high-frequency monitoring of water quality and provides
a better prediction of some parameters, as well as giving
promising results for the calibration of non-programmed
parameters.
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Abbreviations

MSC Multiple Scatter Correction

NCS Non-Compensated Spectrum
PLSR Partial Least-Square Regression
R? Coefficient of determination
RMSE  Root-Mean-Square Error

TP Total Phosphorus

TOC Total Organic Carbon

Ist Der.  First derivative of the raw spectra
Introduction

Degradation of groundwater quality is a major concern in terms
of environmental impact and public health problems. Anthro-
pogenic pressure is growing in karst basins, due to agricultural
pressure and sewage effluents that contribute excess nutrients to
groundwater (e.g. Huebsch et al. 2013, 2014). For the efficient
surveying of water quality in such an environment, the
implementation of continuous high-resolution monitoring with
an automatic sensor is relevant. Karst aquifers are well known
for rapidly transferring infiltration water toward springs and
rivers, limiting the self-purification role of the aquifer and
generating fast mobilization or dilution of nutrients (Charlier
et al., submitted in this issue).

The s::can UV-visible spectrometer allows reliable mon-
itoring of certain nutrient parameters, coupled with limited
maintenance (Rieger et al. 2008; Bende-Michl et al. 2010;
Huebsch et al. 2015; Tournebize et al. 2015). A global fac-
tory calibration for several parameters, including nitrate
(NO3), total organic carbon (TOC), turbidity, and lumines-
cent dissolved oxygen (LDO), designed by the manufacturer
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on the basis of a surface water dataset, is programmed by
default into the spectrometer. However, not the whole range
of chemical characteristics of the surface water dataset is
supplied by the probe manufacturer, and its representative-
ness for the karst domain is questionable. In fact, it is well
known that turbidity in karst water may be high after a
rainfall event, and this parameter is known to perturb data
acquisition when using optical probes. A local correction
proposed by the manufacturer can be applied to the global
calibration results, which is based on a linear correction
(rather than a new calibration) of the measurements.

Several studies have developed local calibration methods
of the s::can Spectrolyser in different environments (Rieger
et al. 2004; Van den Broeke 2007; Etheridge et al. 2014;
Grayson and Holden 2016), but few were carried out in a karst
environment (Perfler et al. 2002; Huebsch et al. 2015). In
addition, some studies were interested in calibrating parame-
ters not provided by the manufacturer, such as total Kjeldahl
nitrogen (NH,), total suspended solids, dissolved organic
carbon, total phosphorus (TP), and PO, (Etheridge et al. 2014).

The purpose of our study was to test whether spec-
troscopy is suitable for measuring the NO; and TOC
parameters proposed by the manufacturer as well as a
parameter not proposed (TP), in karst waters. To this end, we
developed a calibration model applied to the spectra as
measured by the probe, based on the partial least-squares

regression method (PLSR) and incorporating pre-processing
for turbidity influence compensation and wavelength selec-
tion. Our aims were to: (1) evaluate the relevance of the
factory calibration, comparing factory results with those
obtained by our approach; (2) assess whether the use of
wavelength selection and turbidity correction improves cal-
ibration performance; and (3) evaluate the suitability of our
model for predicting non-programmed factory parameters.
Our work was based on 11 months of daily nutrient moni-
toring in the Loue Spring of the French Jura Mountains.

Materials and Methods
Study Site and Measurements

Site Description

The spectrometer was installed in the Loue Spring, in the
French Jura Mountains (Fig. 1a). The recharge area of about
200 km? is underlain by Jurassic limestone (Fig. 1b).
Moreover, the Loue Spring is partly recharged by river
losses from the Doubs River, leading to drying up of the
river during low-water periods in summer (Charlier et al.
2014). The precipitation averages 1700 mm per year, and
the mean annual discharge of the spring was about 9 m>/s
over the past three decades
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Fig. 1 a Location of the Loue Spring in the French Jura Mountains on the World Karst map (Karst aquifers in blue—Chen et al. 2017),
b Hydrogeological map, ¢ Photo of the monitoring station in the spring, and d Spectrophotometer probe (s::can Messtechnik GmbH)
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Land use is dominated by permanent grazing for dairy cows
(60%) and forest (30%). The main application of fertilizer
occurs in March—April, and other applications are between
May and July after the first hay cut. In September—October,
before the cold season, manure and slurry pits are emptied for
spreading on grassland, and in winter, composted manure is
spread as well. The Doubs River losses thus contribute some
nutrients of agricultural origin, but also from the wastewater
treatment plants of Pontarlier (about 50,000 inhabitants).

Spectrometer Probe

The s::can Spectrolyser  (Fig. 1d) is a submersible UV—
visible spectrophotometer that measures the entire absorption
spectrum in water between 220 and 732.5 nm with a 2.5 nm
interval, i.e., a spectrum of 206 variables (Fig. 2). The raw
absorption “fingerprint” of the water can be converted into
nutrient elements as well as turbidity and dissolved oxygen.
A measuring cycle lasts between 20 and 60 s, allowing a high
measurement frequency and the detection of rapid changes in
water chemistry. A self-cleaning system allows the instru-
ment to be installed in turbid water with little maintenance.
Probe sensitivity can be adapted according to the environ-
mental context, from ultra-pure water to concentrated
industrial discharge, by selecting a suitable optical path
length (Rieger et al. 2004) from 2 to 35 mm. In the case of
natural water with low turbidity, an optical path length of
35 mm is recommended (Huebsch et al. 2015). Thanks to the
default global calibrations, the spectrometer allows the direct
measurement of several pre-selected parameters by the
manufacturer, from their absorbance spectra.

Data Acquisition

The time step of spectrometer measurements was fixed at
15 min, from 3 May 2016 to 10 April 2017, i.e., almost
33,000 spectrum measurements. The automatic self-cleaning
system was programmed to activate every 5 min, for a
cleaning cycle of 30 s with a minimum of 10 s between
cleaning and measurement, to avoid any influence of
cleaning on the measurement.

An automatic water sampler installed at the Loue Spring
for the QUARSTIC network project (Charlier and Vallet
2016) was used during the same period for comparing the
NOj;, TOC and TP probe measurements with laboratory
analyses. The optical window of the spectrometer was
placed directly next to the inlet of the water sampler. Water
bottles were pre-acidified with sulfuric acid in order to
maintain a pH = 2 for 1-week sample preservation. Water
was sampled (1) at a daily rate from 4 May to 25 July 2016
and from 28 October 2016 to 20 February 2017, and (2) at a
4-day rate from 29 July to 27 October 2016 and from 24
February to 10 April 2017. A total of 215 samples were
analyzed at the QUALIO Laboratory (Besancon, France)
over these periods.

Calibration Models

Model Provided by the Manufacturer

A global calibration of the UV-visible spectrometer is pro-
posed by default by the manufacturer. This is based on the
partial least-squares regression (PLSR) method (presented
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hereafter), of hundreds of datasets of spectra and chemical
analyses measured in different surface waters (rivers, lakes,
etc.) (Van den Broeke 2007). This global factory calibration
allows the automatic conversion of absorbance spectra data
into chemical concentrations for the default parameters
supplied by the manufacturer. A local calibration of the
global factory model is recommended and can be carried out
by users in order to improve the model performance. Such
local calibration requires on-site measurements of chemical
analysis and spectrum data. The local calibration proposed
by the manufacturer consists in a linear adjustment of the
outputs from the global calibration model, in order to min-
imize the errors between locally measured data on site and
the default results. The local calibration does not provide a
new PLSR model based on in situ measurements.

The Newly Developed Model

The local calibration model developed in this study was
based on partial least-squares regression (PLSR), a statistical
method combining multiple linear regression and principal
component analysis (PCA). The PLSR model seeks—for a
new space and based on PCA—to project the observed
variables X and the predicted variables Y (latent variable
approach), where the multidimensional direction in the
X space explains the maximum multidimensional variance
direction in the Y space. A multiple linear model is then
evaluated in this new space between X and Y. The PLSR
model is particularly suited to an X matrix with more vari-
ables than observations and/or multicollinear variables. For
such cases, standard regression models are not suitable. In
fact, PLSR can easily treat a large data matrix, extracting the
relevant part of the information and producing reliable and
complex models. For these reasons, this method is com-
monly used in spectrometry (Leardi et al. 1998; Rieger et al.
2004, 2006, 2008; Etheridge et al. 2014).

Turbidity Compensation
Turbidity due to suspended matter causes scattering of light
and shading, and thus influences absorption measurements
over the entire spectrum (Fig. 2). It requires compensation
for determining a reliable estimate of dissolved substances,
such as nutrients (Langergraber et al. 2002; Van den Broeke
2007). The importance of the dispersion phenomenon
depends on the size of the suspended particles. This cor-
rection has been implemented for karst waters, which are
well known to be largely impacted by turbidity especially
after storms. Two methods of turbidity compensation were
tested for this study:

Multiple Scatter Correction (MSC, using Andrea Can-
dolfi’s algorithm, ©1997 for ChemoAC, FABI, Vrije

Universiteit Brussel). Each spectrum is shifted and rotated so
that it fits linearly as closely as possible to the mean data
spectrum. The correction depends on the mean spectrum of
the training set.

First derivative of the raw spectra, which was success-
fully implemented by Etheridge et al. (2014).

Selection of Variables in a Partial Least-Squares
Regression Model

The PLSR model was initially considered to be almost
insensitive to noise, for which reason it was commonly
thought that no feature selection at all is required (Leardi
et al. 2004). Today, however, it is widely recognized that a
feature selection can be highly beneficial when only spec-
trum variables with predictor information are considered for
the model. The selection of variables improves the predictive
ability of the model by reducing model overfitting, and will
help producing a reliable parsimonious model.

For this study, the PLS genetic algorithm (GA-PLS)
(Leardi et al. 1998; Leardi 2000) was used for selecting the
variables. This algorithm was especially designed for typi-
cally multicollinear spectral data, in such a way that the final
model is composed as much as possible of contiguous
wavelengths.

Calibration Strategy

Our calibration strategy simulates operational water quality
monitoring by a field-based spectrometric probe, routinely
checked by repeated analyses of water samples for the
continuous improvement and verification of the calibration
model performance. To this end, the time series was split
into a calibration dataset and a validation dataset, which are
alternately assigned throughout the time series. Both cali-
bration and validation intervals are thus spread over the
entire variation range. This approach is different to the usual
partitioning of a time series dataset into two successive
periods (a calibration period followed by a validation per-
iod), as the purpose of the calibration was not to produce a
predictive model, but to produce a calibration model for
operational monitoring.

In addition, because of the limited 1-year measurement
period, the calibration strategy had to account for various
nutrient dynamics in water during low- and high-water
periods. Thus, the successive assignment of calibration or
validation datasets was based on sorted concentration time
series, retaining a representativeness of the whole concen-
tration range obtained for each parameter, and both cali-
bration and validation datasets were spread over the entire
variation range. In order to have enough data for calibrating
the model, 75% of the dataset was assigned for calibration
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and 25% for validation. Outliers in laboratory analyses
and/or spectra absorbance were manually removed from the
dataset.

A determination coefficient (R2) was used for assessing
model performance on the calibration datasets, and model
performance on the validation datasets was assessed by the
root-mean-square error (RMSE). RMSE criteria range
between 0 and +00, with O signifying a perfect fit, whereas
R? ranges between 0 and 1, with 1 signifying a perfect fit.

Results and Discussion
Performance of Local Calibration Models

Results of the calibration models proposed in this study are
presented in Table 1. For the three tested parameters, a
selection of variables does not significantly improve the
performance of local calibration and its implementation
appears irrelevant for NO; and TP.

Concerning turbidity compensation, contrasted results
were obtained depending upon the parameters. For NOs, the
results obtained with turbidity compensation did not
improve significantly the PLSR model based on a
non-compensated spectrum (NCS), in relation to the local-
ization domain of wavelength in the UV spectrum that is less
impacted by turbidity (Fig. 2).

For TOC, similar results were obtained with a good
performance of the model in the non-compensated spectrum.
The model obtained from compensation using MSC gave

similar results as that using the first derivative of the raw
spectrum, but did not improve significantly the performance
from a non-compensated spectrum.

For TP, in contrast to the previous parameters, the results
were globally fair to worse, with R?>car ranging from to 0.72
to 049. The best model corresponds to
turbidity-compensated raw spectra using MSC without a
selection of variables. This result is somewhat surprising as
it contradicts those of Etheridge et al. (2014), who men-
tioned that absorption in the visual wavelengths is important
for the prediction of TP, phosphorus-bearing particles being
detectable in that range. A different environmental context
may explain this difference.

Comparison with Manufacturer Global and Local
Calibration

Figure 3 presents the results of the calibrated models,
comparing the evolution of the pre-configured parameters
provided by the manufacturer (NO3 and TOC) as well as that
of the non-programmed parameter TP. The quality of the
factory calibration (black curve) differs according to the
parameters. Nitrate is correctly simulated (R*yaL = 0.98)
unlike TOC (R%*ysL = 0.23), for which the baseline is
overestimated and many peaks are underestimated. The
model developed in this study (dashed red curve) shows
equal performance for surveying NO3 (R*yaL = 0.99), but
proves much more efficient for TOC (R%yaL = 0.63). Except

Table 1 Results of the model calibration: non-compensated spectrum (NCS), turbidity-compensated spectrum using Multiple Scatter Correction
(MSC), and turbidity-compensated spectrum using the 1st derivative (Ist Der.); CAL and VAL stand for calibration and validation dataset,
respectively; R> and RMSE are the computed performance indicators of determination coefficient and root mean

Method NO; TOC TP
Cal. Val. Cal. Val. Cal. Val.
RicaL RAyaL RMSE RicaL RiyaL RMSE RicaL R:yaL RMSE
(n.d.) (n.d.) (mg/L) (n.d.) (n.d.) (mg/L) (n.d.) (n.d.) (1073 mg/L)
Without variable selection
NCS 0.99 0.99 0.14 0.86 0.55 0.35 0.49 0.53 6.85
MSC 0.98 0.85 0.66 0.75 0.56 0.37 0.72 0.56 6.82
Ist Der. 0.99 0.99 0.16 0.74 0.59 0.34 0.64 0.42 8.79
With variable selection
NCS 0.99 0.99 0.15 0.82 0.50 0.36 0.58 0.57 6.60
MSC 0.96 0.89 0.54 0.76 0.62 0.32 Not possible
Ist Der. 0.99 0.99 0.13 0.84 0.63 0.32 0.52 0.36 9.21
Manufacturer calibration model
Local / 0.98 0.25 / 0.23 0.44 / / /

square error, respectively; the best model for each parameter is in bold-underlined, and models with performances differing from the best model by

less than 0.1 for R? and less than 25% for RMSE are in bold
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Fig. 3 Comparison of the NO3 and TOC parameters of the calibration
model used in standard mode (black curves) with the one proposed in
this study (dashed red curve), and evaluation of our model for a
non-programmed factory parameter (TP) for the whole period (left) and

for a slight underestimation of some peaks, both low and
high values are well reproduced.

Results for the TP survey (R*yaL = 0.56) show that—
despite higher background noise—the overall dynamics are
well simulated. Except for some peaks that are not detected
by the calibration model, the main contamination events are
properly simulated.

Conclusions

Monitoring water quality during storm events with an s::can
UV-visible spectrometer allows a high measurement fre-
quency and the detection of rapid changes in water chem-
istry, coupled with limited maintenance. We tested the

for a zoom-period of Oct.—Nov. 2016 (right). The best model tested in
this study for each parameter matches with models in bold-underlined
on Fig. 2

suitability of spectroscopy for measuring karst water
parameters proposed by the manufacturer (NO3 and TOC) as
well as non-programmed parameters (TP). The fieldwork
took place in the Loue Spring of the French Jura Mountains.

Our test results are very positive: Using the raw spectrum
data measured by the spectrometer improved the
high-frequency monitoring of water quality. In the case of
TOC, the preconfigured parameters were well predicted.
Moreover, the promising results obtained for TP allow us to
consider the calibration for new parameters.

As a next step, it will be relevant to optimize the probe
calibration by assessing the minimum sampling frequency
required for maintaining good performance and by adapting
the calibration to specific hydrological conditions, such as
storm events and drought periods.
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Analysis of the Flow Recessions of the Main
Outlet of the Dyr Karst (Tebessa—Algeria)

Mohammed Laid Hemila and Bilel Djoulah

Abstract

In this paper, we present the results of a characterization
study of the hydraulic behavior of the Maastrichtian karst
system of the Dyr perched syncline that is situated in the
northern of the Algerian territory and constitutes the north
horst of the Tebessa—Morsott subsidence basin. We
applied the method of analysis of the flow recession
curves of the main outlet, with particular reference to the
decreasing part of the unitarian hydrogram. Therefore, we
will analyze: the recession, during which the infiltration
influences the draining of the reservoir, and drying up,
which starts at the moment when the infiltration discharge
becomes zero. According to the Maillet model, the
drainage of the saturated karst sub-system will be
described and the various physical and structural param-
eters of its flow will be determined. The application of
this method on the flood hydrograms of the Ain Zerga
spring, over a period of nine hydrological cycles
(2002/2003 to 2010/2011), revealed us that this karst
system is characterized by a very complex structure and
hydraulic behavior. This complexity is certainly due to
the hierarchy of voids and the considerable irregularity of
the temporal distribution of water inflow from precipita-
tion. The functioning of the system is always marked by
slow infiltration, despite the irregular change of the
climatic conditions. The duration of water infiltration for
recharging the saturated zone is 6—12 days. The saturated
zone is characterized by rather rapid draining, probably
due to strong karstification. Its groundwater reserves are
quite important, and its flow regime is influenced by
losses upstream of the main outlet and the intensity of
pumping in deep wells installed in this sub-system.
According to the Mangin’s classification, the
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Maastrichtian aquifer system of Dyr is effectively a karst
aquifer (K < 0.5) with a complex internal structure.
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Introduction

The Tebessa region, located in northeastern Algeria, is
characterized by an autochthonous group of carbonate for-
mations of Paleogene—Upper Cretaceous age. At the
northern border of the Tebessa—Morsott subsidence basin,
and over an area of 162 km®, a karst landscape composed of
two karst systems is well marked by a synclinal structure
called Dyr perched syncline (Fig. 1). The Maastrichtian is
the most important karst aquifer system. It is drained by the
Ain Zerga spring, which has a very irregular discharge from
a few liters per second at low water to a few cubic meters per
second during exceptional floods (4.23 m’/s recorded on
February 17, 1974). Furthermore, during well digging
upstream of the outlet, a total loss of the injected water was
observed and a drill bit disappeared in an underground void.
These observations confirm a well-developed karstification
of the system. Consistently, the pumping tests performed on
these wells revealed a high hydraulic potential.

In order to identify the hydraulic behavior of this Maas-
trichtian karstic aquifer system, we have applied the approach
proposed by (Mangin 1970a, b). This ancient method of
analysis was developed specifically for karst aquifers and
allows to get preliminary information on the functioning of the
aquifer system. In this context, we have limited our task to the
processing of basic data using the theoretical concepts of these
methods of the functional approach. It is an exploratory study,
which will be completed in the future with more recent
approaches, in particular, those proposed by Fiorillo (2014);
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Kovacs (2003); Kovacs et al. (2005); Kovacs and Perrochet
(2008); Kovacs et al. (2015). Among the results obtained from
this preliminary work, we will present here the results of the
application of recession curves, which allowed us to charac-
terize the behavior of the unsaturated and the saturated zones.

Materials and Methods
Principle of Method

The method of analyzing recession curves, as described by
Mangin (1970a, b) and refined by Marsaud (1996), consists

Eocene limestones with flintstones

Maastrichtian limestone with Inocerames

/4 Pendage

+ 255 Lambert’s kilometric coordinates
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in studying the portion of the unitarian hydrogram of floods,
of the flow at an outlet, ranging from the peak of flood to the
end of drying up. It is thus a treatment of the descent of the
hydrogram from a model which, in the case of karst aquifer,
takes into account the flow related to the infiltration into the
unsaturated zone. The model integrates two reservoirs
drained through a main outlet. The first reservoir represents
the unsaturated zone, which is drained by the infiltration
discharge (g;), while the second, type Maillet, corresponds to
the saturated zone drained with a discharge Q. We can
distinguish:

The recession, during which infiltration (g;) influences the
draining of the reservoir, and
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Drying up, which starts at the moment when the infil-
tration discharge (¢g;) becomes zero.

The global expression used for the analytical description
of the model is:

0(1) = (t) +¥(1) (1)

The model which describes the draining of the saturated
zone is defined by the following relation:

¢(t) = Qroe™” (2)

with o being the drying coefficient in (1/d). It defines how
the drying up will be realized and informs us about the
extent of the saturated zone and the losses of loads that affect
its flow, Qgo being the discharge at the moment #,. It can be
determined by the extrapolation of the straight line of drying
up to the ordinate axis.

The model used to describe the infiltration function is a
homographic function given by the relation:

(1—mnt)
(1 +er)

(1) = q0 (3)
with g, being the infiltration discharge at time #) (gp = OQmax
— Qro), € being the coefficient of heterogeneity of flow,
describing the concavity of the curve according to different
modes of infiltration: slow, fast, delayed, and varying
between two ranges, the first (0.00-0.01) indicating a slow
infiltration and the second (1-10) translating a very rapid
recession (¢ = Qrp — Q,), n being the coefficient of the
infiltration speed which is equal to 1/¢;, #; corresponding to
the moment when the infiltration ceases; it is assimilated to
the average speed of infiltration. It varies between 0 and 1;
when 7 tends to 1, it reflects a rapid infiltration with a very
short duration. The drying coefficient («) allows to calculate
the dynamic volume corresponding to the volume of water in
movement at the time of drying up, both above and below
the outlet. It is calculated by the following expression:

! C
Wa= [ Qe ™dt = Qi (4)
0

with W, being the dynamic volume corresponding to the
volume of water in movement at the time of drying up, Q;
being discharge at the moment when the drying becomes
effective, #; being the moment when the infiltration ceases,
C being a constant equal grip 86,400.

In order to compare the karst systems, Mangin recom-
mended a classification diagram to determine the functioning
of the karst aquifer system (Fig. 5). This classification is
based on the calculation of two coefficients: the coefficient k,
which translates the ability of the saturated zone of the karst
to store the precipitation and restore it gradually over time,
that is to say, its regulating power. It is equal to the ratio

between the maximum dynamic volume obtained over a
long period (Wy, expressed in m°®) and the average annual
volume transit over the same period (W, expressed in m’/
year) defined as follows: W, = 86400nQ,, where Q,, is the
average discharge of the observation period in m*/s and n is
the number of days in the cycle. The calculation expression
of k is:

_ de
Wi

K

(5)

where k is in accordance with an average residence time
expressed in years. Depending on the coefficient k, the
regulating power of the aquifer will be defined. In the case of
a karst aquifer, this coefficient k is less than six months
(0.5 year), whereas a value close to 0 is indicative for an
almost unregulated system. The coefficient “7” characterizing
the infiltration delays varies between O and 1. It is equal to
the value of the homographic function two days after the
flood peak. A high value >0.5 indicates a slow or complex
infiltration, contributing to a better regulation of the flow.
A value of i between 0.25 and 0.5 indicates a system where
the delay in infiltration is important. However, a low value
of less than 0.25 is the sign of rapid water transit toward the
saturated zone through a developed drainage network.
According to the classification diagram of Mangin, five
domains of karst systems can be distinguished (Fig. 5):

A first domain with k < 0.5 and i > 0.5: This is a domain
of complex karst systems of large size with many
subsystems.

A second domain with k < 0.5 and 0.25 < i < 0.5: This
corresponds to a system with more developed conduits
upstream than downstream and with alimentation delays due
to slow infiltration through poorly karstified rocks or to the
presence of a snow cover.

A third domain with k < 0.1 and 0 < i < 0.25: This is a
domain of systems with rapid infiltration and large conduits
downstream. The unsaturated zome is well developed,
whereas the saturated zone is negligible.

A fourth domain with 0.1 <k < 0.5 and 0.1 <i < 0.25:
This is a domain of systems with well-developed unsatu-
rated and saturated zones.

A fifth domain with k > 0.5 and i < 1: These values are
typical for non-karstified porous and fissured aquifers.

Methodology of Data Processing and Analysis

As a technical procedure for the application of the
recession curve analysis method, we adopted a two-step
approach:

The first step is the short-term analysis of the flows
chronicles of Ain Zerga spring, monitored by us during
390 days from April 01, 2010, to April 24, 2011, and
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The second step is the long-term analysis of the discharge
chronicles of the spring, registered by the services of the
national agency of water resources (A.N.R.H) over eight
hydrological cycles (2002/2003 to 2009/2010).

The processing of all available data was done using the
software Excel.

Results and Discussion
Short-Term Analysis

The flow rate chronicle of the Ain Zerga from April 1, 2010,
to April 24th, 2011, included three floods (Fig. 2), the most
important of which was that of March 07 to April 24, 2011.
It was generated mainly by the melting of a snow cover that
fell on March 4, 2011, on the high altitudes of Dyr with a
thickness exceeding 90 cm. The three corresponding reces-
sion curves are represented in Fig. 3. The calculation of the
characteristic parameters of the functioning of the infiltration
sub-system and the flow in saturated zone give the results
listed in Table 1. The analysis of the values of the coefficient
of heterogeneity of flow (¢) revealed a slow infiltration
within the unsaturated zone of the system. Its slight increase,
at the level of the third flood from March 07, 2011, to April
24, 2011, to a value of 0.052, can only be due to an

Fig. 2 Flow hydrogram of the 1 21 41 61
Ain Zerga spring relative period 0 4
from April 01, 2010, till April 24,
2011
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important water recharge from snow melt at the beginning of
the spring season. The calculated values of the speed infil-
tration coefficient () are close (0.1-0.2). This slow infiltra-
tion took about nine days to recharge the saturated zone.
The graphical analysis of the straight lines representative
of drying ups, according to that of the exponential function,
and the calculations of the hydrological characteristics,
according to the fundamental equation of the recession,
showed that the saturated zone was characterized by a vari-
ation in the drying up coefficient (o) between 0.01 and 0.05,
yielding an average dynamic volume of 354,233 m>. This
value is indicative for relatively important water reserves in
the saturated zone. The coefficient 7, characterizing the delay
of infiltration, has an average value of 0.745. This value
indicates a slow infiltration contributing to the better regu-
lation of the flow in the saturated zone of this karst aquifer.

Long-Term Analysis

In order to better understand the functioning and flow of the
Maastrichtian aquifer system of Dyr and to compare it with
other karst systems described by the classification diagram
of Mangin, we have analyzed the flow hydrographs of the
outlet (Ain Zerga spring) over eight hydrological cycles
(2002/2003 to 2009/2010).
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(a) Analysis of recession from April 18, 2010 till July 12, 2010
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(c) Analysis of recession from Mars 07, 2011, till April 24, 2011
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Fig. 3 Analysis of the recession curves of the flow Ain Zerga spring relative to the observation period from April 01, 2010, till April 24, 2011
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Table 1 Summary table of analysis of the recession curves of the flow Ain Zerga spring relating to the observation period from 01/04/2010 to

24/04/2011

Period of recession Oro (m3/s) 0; (m3/s) qo0 (m3/s)
18/04 to 12/07/2010 0.067 0.057 0.09
07/11/2010 to 31/01/2011 0.074 0.06 0.185
07/03 to 24/04/2011 0.232 0.180 0.123

Average values

The application of the recession curve analysis allowed us
to select seven flood hydrograms, where the observed and
calculated recession curves were in good agreement
(Fig. 4). The calculations of the various characteristic
parameters of the functioning of infiltration sub-system and
the flow of saturated karst sub-system gave the results shown
in Table 2. These selected recession curves demonstrated the
persistence of slow infiltration through the unsaturated zone
despite the irregular change in climatic conditions in the
region during the study period. The climate of the study area
is semiarid with very cold and rainy winters and very hot and
dry summers. The daily rainfall regime is very irregular,
whereas average annual snowfall at high altitudes above
1400 m above sea level does not exceed ten days, followed
by a rapid snow melt of only a few days. A variability of the
coefficient of flow heterogeneity (¢) was observed from one
flood to another but at the limit of the first fork (0.001-0.01).
This slow infiltration is thus confirmed by the low values of
the infiltration speed coefficient (7 < 0.167) corresponding
to approximately 6-12 days for recharging the saturated
zone. The large variability of these parameters can only be
explained by the complexity of the aquifer system probably
related to the hierarchy of voids and to the considerable
irregularity of the spatiotemporal distribution of the precip-
itations. The drying coefficient («), reflecting the intensity of
the draining of the saturated zone, has a rather strong
average value equal to 0.016, signifying a rather rapid
draining due to strong karstification. The calculated dynamic
volume fluctuates between 241,300 and 545,600 m>
(Table 2) and testifies the presence of important water
reserves. According to these observations, we can admit that
this sub-system of the saturated karst is in the flow influ-
enced regime. The big losses upstream of the main outlet and
the intensification of pumping at the deep wells implanted
approximately 1.7-2.5 km upstream of the Ain Zerga spring
are undoubtedly the main cause of this situation. The delays

4D H £ o W, (10°m®) i
10 0.1 0.01 0.01 0.4925 0.784
12 0.083 0.014 0.02 0.2592 0.811
6 0.166 0.052 0.05 0.3110 0.64
0.116 0.025 0.026 0.3542 0.745
in the infiltration expressed by the coefficient “/” are high

with values between 0.651 and 0.825, indicating that our
karst system is large and complex, with slow but constant
infiltration through the unsaturated zone. The inflow of
external water has a notable effect on the regulation of the
flow at the outlet.

Classification of the Karst System

The calculations of coefficients k and i, characterizing the
regulating power and the infiltration delays, respectively,
yield the following values: The coefficient k equals
0.36 year (about 131 days), and the average coefficient
i equals 0.74. The postponement of their values on the
Mangin classification diagram indicates that the Maas-
trichtian karst aquifer system of Dyr belongs to the first
domain, i.e., the Maastrichtian aquifer is indeed a karst
aquifer (K < 0.5) of complex geometry with numerous
subsystems (Fig. 5).

Conclusions

The application of the method of analysis of the recession
curves on the Ain Zerga discharge over a period of nine
hydrological cycles allowed us to highlight the complex
nature of the Maastrichtian karst system of the Dyr syncline
with its numerous subsystems. This complexity is probably
due to the hierarchy of the voids and the considerable
irregularity of the temporal distribution of precipitation. The
functioning of the unsaturated zone is always marked by slow
infiltration. The infiltrated water reaches the saturated zone
after six to twelve days. The saturated zone is characterized
by a rather rapid draining, probably due to a well-developed
karstification of this zone. Its groundwater reserves are quite
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(a) Analysis of recession from December 13, 2005, till January 19, 2006
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Fig. 4 Example of analysis of the selected recession curves of the Ain Zerga spring flow relative an observation period of eight hydrological

cycles (2002/2003 to 2009/2010)
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Table 2 Summary table of analysis of the recession curves selected of the flow Ain Zerga spring relating to the observation period from

2002/2003 to 2009/2010

Hydrological Period of recession Oro (m3/s) 0; (m3/s) q0 (m3/s) (D) 7 £ o W, (106 m?) |

cycles

2005/2006 13/12/2005 to 0.085 0.0729 0.0506 6 0.167 0.0121 0.0261 0.2413 0.651
19/01/2006

2005/2006 23/02/2006 to 0.085 0.078 0.0353 7 0.143 0.007 0.0128 0.5265 0.704
14/04/2006

2006/2007 18/12/2006 to 0.093 0.084 0.0448 6 0.167 0.009 0.0193 0.376 0.655
01/02/2007

2007/2008 01/04/2008 to 0.046 0.041 0.0499 12 0.083 0.005 0.011 0.322 0.825
05/07/2008

2008/2009 03/10/2008 to 0.088 0.0783 0.0499 8 0.125 0.0102 0.0124 0.5456 0.735
03/12/2008

2009/2010 20/09/2009 to 0.064 0.0532 0.1124 11 0.091 0.0114 0.018  0.2554 0.800
13/12/2009

2009/2010 18/04/2010 to 0.0631 0.0524 0.0997 11 0.091 0.0107 0.015 0.3018 0.801
01/07/2010

Minimum values 0.083 0.005 0.011 0.2413 0.651

Average values 0.123 0.009 0.016  0.3669 0.738

Maximum values (W max) 0.167 0.0121 0.0261 0.5456 0.825

Average annual volume of transit over the observation period (W, in 10® m*/year) 1.492 /
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Fig. 5 Classification, according to the Mangin diagram, of the Dyr
Maastrichtian karst system from the analysis of recession curves of the
Ain Zerga spring flow of relative to the observation period of eight
(08) hydrological cycles (2002/2003 to 2009/2010)

important, and its flow regime is influenced by the losses
upstream of the main outlet and by intense pumping in deep
wells within the saturated zone. According to Mangin’s

classification diagram, the Maastrichtian karstic aquifer sys-
tem of Dyr belongs to the first domain, i.e., the Maastrichtian
aquifer is indeed a karst aquifer (K < 0.5) of complex
geometry and numerous subsystems.
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Limits in Using Multiresolution Analysis
to Forecast Turbidity by Neural Networks.
Case Study on the Yport Basin,

Normandie-France
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and Emmanuel Hauchard

Abstract

Approximately, 25% of the world population drinking
water depends on karst aquifers. Nevertheless, due to
their poor filtration properties, karst aquifers are very
sensitive to pollution and specifically to turbidity. As
physical  processes involved in  transport  of
solid/suspended particles (advection, diffusion, deposit...)
are complicated and badly known in underground con-
ditions, a black-box modeling approach using neural
networks is promising. Despite the well-known ability of
universal approximation of multilayer perceptron, it
appears difficult to efficiently take into account hydro-
logical conditions of the basin. Indeed, these conditions
depend both on the initial state of the basin (schematically
wet or dry: long timescale component), and on the
intensity of rainfall, usually associated to short timescale
component. In this context, the present paper addresses
the application of the multiresolution analysis to decom-
pose the turbidity on several timescales in order to better
consider various phenomena at various timescales (flow
in thin or wide fissures for example). Because of
“boundary effects”, usually neglected by authors, a
specific adaptation was shown as necessary that dimin-
ishes the quality of results for real-time forecasting.
Decomposing turbidity using multiresolution analysis
adds thus questionable improvements.
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Introduction

25% of the world population drinking water comes from
karst aquifers. The comprehension and the protection of
these aquifers appear thus as crucial. In Normandie
(North-West of France), the highly karstified chalk aquifer is
the principal exploited aquifer. For example, the Yport
pumping well, fed by a karst aquifer, provides half of Le
Havre conurbation (236,000 inhabitants) tap water. Due to
the Kkarstification, connections between surface water and
underground water induce turbidity occurrences that
decrease the water quality. It is thus very important for
groundwater managers to be able to predict the occurrence of
turbidity events. Processes involved in the karst aquifer
make the turbidity difficult to model because of the nonlin-
earity of the rainfall/turbidity relation, and the multiplicity of
variables and phenomena. In this context, the aim of this
work is to predict turbidity peaks and threshold overtaking in
order to help managers to decrease the impact of turbidity on
water treatment. Because of the lack of accurate physical
description of the karst system (for example, no rating curve
is available at the place of pumping), neural network models
are chosen to achieve prediction as black-box models.

In previous works, the prediction of turbidity at 12-h lead
time was studied using two kinds of neural network archi-
tectures: the classical multilayer perceptron and the so-called
two-branches model. This previous work highlighted that
the two-branches model was better to predict 100 NTU
threshold surpassing.

In this context, the present chapter is devoted to designing a
turbidity predictor using neural network models. To this end, it
addresses the application of the multiresolution analysis to
decompose the turbidity on several timescales in order to better
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consider various phenomena at various timescales. A focus is
done on limitations of the multiresolution analysis in the
context of real-time prediction. The identified limitations are
discussed in order to adapt the feed-forward model. For this
reason, it appears that results are not as much improved using
multiresolution analysis as it is claimed in the literature.

The chapter is organized as follows: after the introduc-
tion, the first part focuses on the estimation of turbidity by
machine learning; in the second part, the area of interest is
presented: the Yport pumping well in Normandie (France).
Then, the Materials and methods section presents neural
networks modeling and multiresolution analysis; results are
finally presented and discussed in Sect. IV.

Estimating Turbidity Using Machine Learning

Turbidity is the cloudiness of a fluid caused by suspended
particles. The unit of turbidity is the Nephelometer Turbidity
Unit (or NTU). Water is considered as drinkable when tur-
bidity is inferior to 1 NTU (French public Health code:
sections R. 1321-2, R. 1321-3, R. 1321-7 et R. 1321-38).

At present, physical modeling of turbidity cannot be
successfully performed due to the lack of knowledge about
physical properties of underground circulations. For this
reason, statistical approaches in the framework of systemic
modeling are valuable. First, one can note the study of
discharge-turbidity relation, called sediment-rating curve,
thanks to several tools and strategies: SVM (Kisi et al. 2012),
also multilinear regression (Rajaee et al. 2009), correlation
analysis (Massei et al. 2006), and finally neural networks
(Rajaee et al. 2009), (Houria et al. 2014). Because of their
flexibility, neural networks were applied to various kinds of
relations: sediment-rating curve, chemistry—turbidity relation
(conductivity, temperature, pH, ammonium concentra-
tion...). Neural networks were proved better than other
methods by Darras et al. (2014), Dreyfus (2005). When
discharge measurements are not available, rainfall-turbidity
relation could be investigated using a rainfall-runoff model
(Beaudeau et al. 2001). In synthesis, it appears that modeling
the direct relation between rainfall and turbidity is little
published, and for the best of our knowledge, except Savary
et al. (2017), no work addresses the modeling of processes
occurring at short time-steps (e.g., 1 h).

Yport Pumping Well Site of Study

The Seine Maritime Regional Context and Yport
Pumping Well

The Yport basin is localized in Normandie in the Pays de
Caux at the west of the Seine Maritime department, France

Annouville
'y

Mannevillette
A

Fig. 1 Yport alimentation basin and rain gauge localizations

(Fig. 1). The yearly mean temperature of this region is
between 10 and 12 °C. The yearly mean rainfall is between
600 and 1100 mm. The climate is both continental and
oceanic. In 2012, the alimentation basin area was estimated
at 320 km* (SAFEGE 2012).

The Yport pumping well is exploited by the Communauté
d’Agglomeération Havraise (CODAH) to supply Le Havre
inhabitants. The implementation of the Yport water station
was motivated by the Yport Fountain localized on the tidal
zone of Yport beach. With a flow rate estimation of its outlet
spring between 1.5 m*/s (Hole and Roux 1978) and 2.8 m?/s
(Gaillard et al. 2012), the alimentation basin of the Yport
Spring appears valuable for tap water exploitation. The
Yport pumping well was thus implanted in 1994 directly in a
major karst drain.

Turbidity, Water Production, and Uncertainty

At Yport Plant, turbidity is measured with a nephelometer
considered as well calibrated. Thus, the estimation of
uncertainty is the one given by the manufacturer: 2% for
turbidity between O NTU and 40 NTU and 5% for turbidity
superior to 40 NTU. When turbidity exceeds the threshold of
100 NTU, water must decant longer. This diminishes the
output flow of 30-20%. Being able to anticipate the 100
NTU threshold thus would allow to anticipate by: (i) stock-
ing more water, (ii) implementing the chain of quality con-
trol and treatment.
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Then, following operational needs, prediction of turbidity
peaks, and of 100 NTU threshold overtaking are presented in
this paper. The necessary anticipation time should be at least
12-h lead time, or, if possible 24-h lead time.

Database

The database provided by the CODAH consists in hourly
rainfall coming from six rain gauges located in the alimen-
tation basin since 2009, and hourly turbidity, measured in
the karst drain of Yport, since 1993. Thanks to the database,
an event is selected if the cumulative mean rainfall reaches
more than 3.5 mm in a sliding time-window of 24 h. Fol-
lowing this method, 22 events were selected: 12 events
without turbidity peak and 10 events with turbidity peak
(Table 1). We consider that an event presents a turbidity
peak when the maximum of the turbidity reaches at least 50
NTU. Selecting events thanks to the rainfall amount is better
than selecting them using only turbidity peaks, because in
this case the model can learn the two configurations: (i) a
rainfall event triggers a turbidity peak, and (ii) a rainfall
event do not trigger any turbidity peak.

Split of the Database for Neural Network
Modeling

When designing a model using a neural network, it is nec-
essary to split the database in several subsets: training set,
stop set (usually called validation set in the literature), and
test set. Depending on the test set, model design stage has its
own splitting and consequently a different database and a
different resulting model.

Table 1 Simple statistics of

. Events without turbidity peak
events in the database

Event  Duration Max
(hours)

1 288 7
4 384 10
5 336 8
8 360 27
9 384 9
12 456 12
13 576 13
14 384 14
15 600 15
19 504 19
20 576 20
21 600 48

Variables
First branch

Output neuron

Hiddeln layer

k
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Fig. 2 Two-branches model, based on the multilayer perceptron

Materials and Methods
Neural Network Modeling

Multilayer Perceptron and Two-Branches Model
The multilayer perceptron is the most known model in
hydrology because of its properties of universal approxi-
mation (Hornik et al. 1989) and parsimony (Barron 1993).
Nevertheless, in order to better manage the role of evapo-
transpiration that is important for turbidity, another model,
based on multilayer perceptron, was preferred in this study:
the two-branches model Johannet et al. (2008), Savary et al.
(2017). It is shown in Fig. 2. The two-branches model
implements a presupposed role of the evapotranspiration: the
first branch implements the rainfall-runoff relation, while the
second branch implements the role of evapotranspiration that
takes water in the rainfall-runoff relation.

Events with turbidity peak(s)

Min Cumul  Event  Duration Max Min Cumul
(hours)

1 15.9 2 624 302 1.54 413
0.9 14.1 3 1008 135 0 26.7
1.5 17.5 6 720 245 1.5 42.0
1 22.5 7 744 85 0.1 19.2
1.0 20.2 10 576 256 0.9 249
0.8 28.7 11 744 308 0.9 54.8
0.9 30.8 16 648 405 0.8 53.8
0.9 233 17 744 157 0.5 50.7
0.9 31.7 18 744 87 2.2 42.8
1.5 30.3 22 623 53 0.8 442
0.9 40.8

0.9 48.5
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Feed-Forward Versus Recurrent Model

The feed-forward model is fed by only exogenous inputs.
Specifically, added to exogenous variables (e.g., rainfall,
temperature, evapotranspiration...), this model receives
variables of the measured output, here the turbidity, at pre-
vious time-steps (k — 1, ...). In automatic control, this
information can be considered as providing the state of the
system. The feed-forward model can be mathematically
explained as:

k—1

— k k—m+1
0 -

k—r
S AN AR |

W) (1)

where y* is the estimated turbidity, gyy is the nonlinear
function implemented by the neural network, & is the discrete
time-step, u” is the vector of exogenous variables (rainfall,
evapotranspiration, etc.), r is the order of the model, m is the
width of the sliding time-window of exogenous variables,
w is the matrix of parameters, y{‘) is the measured (or
observed) turbidity.

When turbidity measurements are corrupted by noise, the
measured turbidity can be replaced by turbidity estimations
calculated by the model itself, at previous time-steps. The
advantage of this model is that it takes better into account the
dynamics of the system. Nevertheless, it is generally less
effective because its feedback is corrupted by noise Artigue
et al. (2012), Dreyfus (2005).

With the same notations, the recurrent model can be
stated mathematically as:

)’k(uk7 w) = g (y

k—1

yk(ukaW) =gaw( .. k=l

k—r
Sy U PR

Bias Variance and Regularization Methods

Using neural networks, database is usually divided into three
sets: a training set, a stop set, and a test set. The training set
is used to calculate parameters through a training procedure
that minimizes the mean quadratic error calculated on output
neurons. In this study, the Levenberg-Marquardt training
rule was chosen Dreyfus (2005). The training is stopped
thanks to the stop set, and the model quality is measured on
the remaining part of the database: the test set, which is
separate from the previous sets. The stop set is chosen as
proposed in Toukourou et al. (2011). The model’s ability to
be efficient on the test set is called generalization.
Depending on the complexity of the model, overfitting can
occur; this major issue in neural network modeling is called
bias-variance trade-off (Geman et al. 1992). This trap can be

avoided using regularization methods (Kong-A-Siou et al.
2012) and rigorous model selection.

Model Selection

Kong-A-Siou et al. (2011, 2012) showed that overfitting can
be avoided thanks to a rigorous model selection. This consist
in choosing not only the number of neurons in the hidden
layers but also the order of the model and the dimension of
input variables vectors using cross-validation. By this way,
numerous combinations of variables are tried, and the one
minimizing the variance is chosen. Also, it is necessary to
choose the initialization of the parameters. This can be done
thanks to cross-validation in general case. Nevertheless, it
was shown by Darras et al. (2014) that a more robust model
could be designed using an ensemble strategy. Ten models
are thus trained and the maximum of the output, at each
time-step, is taken. The model design is thus made as the
following: first the hidden neurons number, then the number
of input variables (selecting m), and lastly the order (r).

Multiresolution Analysis

Multiresolution analysis belongs to wavelet analysis. It is a
tool used for analyzing distribution of frequencies in a sig-
nal, localized in time. To be short, multiresolution analysis
allows creating several signals, called components, each one
describing the content of the original signal for a range of
frequencies, or, in another word, for different “timescales”.
In the present case, turbidity events contain 1024 samples
and are decomposed in 10 components of 1024 samples. The
component 1 includes high frequency and the component 10
low frequency information. The interest of this decomposi-
tion is that the different behaviors can be separated in dif-
ferent signals depending on their temporal scale.

As the length of the chapter is limited, we propose to
interested readers to refer to Labat et al. (2000), Johannet
et al. (2012) for a presentation of the technics.

Generally, neural networks and multiresolution analysis
are used jointly to provide prediction of discharges.
Numerous papers present how the multiresolution, used as
pretreatment before prediction, helps to improve signifi-
cantly the results. Nevertheless, three important issues have
never been addressed: (i) the necessity to dispose of a really
independent test set (not affected by training data during the
low-frequency decomposition), (ii) the necessity to design
decomposition using a causal filter, and (iii) the consequence
of boundary effects inherent to the decomposition: boundary
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Fig. 3 Prediction strategy. The proposed strategy uses four models in
conjunction: three models for the prediction of each one of the
components D1, D2, D3, and one additional model for the prediction of

effects imply a modification of the signal near its beginning
and near its end. Thus, when the real-time (simulated on past
events) prediction is performed, the user is always at the end
of the signal: the used value of components is thus different
from the value used during training because decomposition
used during training is done on the whole training database.
This drawback is principally concerning the feed-forward
models: those that are known to work very well in the lit-
erature. It is thus necessary to evaluate the influence of the
boundary effect on the quality of prediction of both kinds of
models: feed-forward and recurrent.

For this reason, we propose in this work to design several
two-branches predictors, each one receiving the full rainfall
and predicting one particular component of the turbidity, or
the addition of several components. Two strategies of pre-
diction are possible: (i) design ten models, one for each
component and detail, (ii) design only necessary models in
order to diminish the complexity of the whole model and to
maximize the quality of generalization. After an analysis of
the information included in different components (by con-
tinuous wavelets), the global architecture shown in Fig. 3
was proved more efficient (Savary 2018).

Table 2 Nash criteria (R?) for several events in test

Two-branches

Prediction
of Sum
D4-D10

1

: Sum of D, to D,
I

Prediction
of D1, D2,
D3

the signal composed by the sum of the components D4 to D10. Finally,
the prediction is the sum of the outputs of the four models

Quality Criteria

In order to assess the performance of models, we propose to
use the Nash—Sutcliffe efficiency, or R? (Nash and Sutcliffe
1970), which is the most commonly used criterion in
hydrology. The closer to 1 the R?, the better the fit.

Results

After a rigorous design to maximize the generalization,
results of different strategies are evaluated on several test
events. As shown in Table 2 and Fig. 4, it appears that
adding multiresolution analysis to feed-forward model
degrades the performances because of the boundary effects.
This effect was never cited in the literature because the
wavelet decompositions were not realized in simulated
real-time prediction, but on the whole past recorded data,
using all the past and the future data (that are not available in
prediction situation). There was thus no boundary effect at
the instant of prediction. It appears also that the multireso-
lution improves a little recurrent models.

Using multiresolution

Event in Feed-forward Recurrent Model with all details Model with grouped details
test recurrent gz ot Feed-forward Recurrent Feed-forward Recurrent
recurrent feed-forward recurrent feed-forward

R? T2 0.93 0.63 0.84 0.52 0.94 0.75

R? T10 0.56 0.65 0.50 0.59 0.19 0.69

R? T11 0.91 0.46 0.85 0.24 0.86 0.39

R% T16 0.75 X 0.47 0.42 0.45 0.34

R? T22 0.89 0.65 0.76 0.44 0.87 0.71
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Fig. 4 Illustration of 12-h lead time predictions on the event 11: (top) Two-branches model, (bottom) Prediction using multiresolution as shown

in Fig. 3 (grouped components)

Conclusion

Karst water is a valuable source of drinkable water, but karst
aquifers are very sensitive to pollution transport and
specifically to turbidity. The goal of this study was thus to
improve the prediction of turbidity karst groundwater.
Neural networks were chosen because of their ability to
predict efficiently using a database without having infor-
mation about physical processes. Suggested by a wide range
of papers in the hydrological literature, the multiresolution
analysis was used in conjunction with neural networks
modeling in order to better express the information over
various timescale components. After having designed mod-
els and compared the performances of models using

multiresolution and the classical ones, it appeared that
multiresolution  degraded the performance of the
feed-forward models while it improved slightly the recurrent
models. The explanation concerns the boundary effects that,
for the best of our knowledge, are never cited in the litera-
ture. This negative results open research to find others
strategies in order to counterbalance the boundary effects
and provide improved models for karst water managers.
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A Parsimonious Distributed Model
for Rainfall-Discharge Simulation
in the Karst Modelling Challenge (KMC)
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Abstract

KARSTFLOW is a parsimonious mathematical model for
simulating transient water flow in karst aquifers. It is
described here and adapted to rainfall-discharge simula-
tion in karst modelling as a contribution to the Karst
Modelling Challenge (KMC). The model is designed and
intended for applications in which data are scarce and a
parsimonious approach is thus required to model the
system to ensure that the level of complexity of the model
is commensurate with the amount, type and quality of the
available data. Parsimony also requires the simplest
model (least assumptions and minimum number of
predictor variables) that is consistent with the data, which
in this and similar cases are the functional dualities of the
karst system: duality in recharge (diffuse and preferen-
tial), duality in flow (slow flow across the rock matrix via
fractures and fast flow along conduits) and duality in
discharge (slow flow and fast flow after recharge events).
The methodology, which is completely general and can
be used for similar aquifers, is illustrated by application to
the karst aquifer in the Milandre groundwater catchment
in Switzerland. This case study shows how the recharge
model plays a very significant role in the results. In
general, the results are acceptable with a Nash—Sutcliffe
statistic value of 72%.
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Introduction

This work is part of the Karst Modelling Challenge (KMC),
a comparison exercise in which different water flow simu-
lation methods for karst aquifers are applied to the same data
set to evaluate the advantages and disadvantages of each
methodology. In particular, this work deals with the first part
of the challenge which is the simulation of discharge based
only on meteorological data; no other data or information
can be included. The challenge is coordinated by Jean-Yves
Jeannin from the Swiss Institute for Speleology and Karst
Studies.

The complexity of karst systems (Kiraly 2003) makes the
mathematical modelling of water flow in a karst aquifer very
challenging. Karst systems are highly heterogeneous and
anisotropic due to large networks of karst conduits that have
developed from networks of fractures enlarged by dissolu-
tion in a preferential and hierarchical manner. In addition,
many of the hydrogeological parameters of karst aquifers,
such as porosity and permeability, are scale-dependent so
their values increase as the area to be modelled increases.
A first approach to studying these aquifers is to use the
hydrographs of the karst springs which provide important
global information on the karst system. In this sense, the
most basic model is one that relates an input signal (rainfall
or preferably infiltration and recharge or effective rainfall) to
an output signal (discharge at the karst springs). Tradition-
ally, this type of systems approach has been modelled by
convolution procedures (Padilla and Pulido-Bosch 1995),
i.e. ‘black-box’ models. However, process-based models are
arguably more suitable because they are more able to
reproduce the karst hydrology. Process-based models
include many types of both distributed karst simulation
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models and lumped karst simulation models (Hartmann et al.
2014). The lumped models are especially suited to dealing
with the first task of the Karst Modelling Challenge
(KMC) which is hydrological ‘rainfall-discharge’ modelling.
In this paper, we present a parsimonious distributed model
(the KARSTFLOW conceptual model) which delivers the
same insights into the conceptual karst system as the lumped
models, but by virtue of being a distributed model has
several advantages over the latter.

Methodology

The conceptual KARSTFLOW model comprises two
sub-models: the recharge model and the flow model
(Fig. 1a, b). The recharge model requires the calculation of
the potential evapo-transpiration time series using a proce-
dure such as the Thornthwaite method (Pardo-Iguzquiza
et al. 2012), which uses only mean air temperature, or the
Eagleman (1967) method, which uses air temperature and
relative humidity (Chang et al. 2015). The recharge (or
effective rainfall) time series can be calculated for each cell
of the spatial distributed model by using geostatistical
interpolation of rainfall and temperature from data recorded
at meteorological stations and secondary variables such as
altitude from a digital elevation model (Pardo-Iguzquiza
et al. 2012). However, in the work reported here, rainfall and
temperature are considered constant over the study area and
a water balance approach (Pardo-Iglizquiza et al. 2012), in
which the total discharge is equated to the total recharge over
a long period of time, is used to estimate the recharge. Once
the recharge time series has been calculated, the flow model
is applied to the study area. The area of interest is discretized
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Mellal s R T L T T T T
! Actual :
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Fig. 1 a Potential evapo-transpiration model and b flow model that are
required for the KARSTFLOW conceptual model

into square cells with a horizontal resolution of Ax. It is
assumed that there is a vadose zone from the top of the
aquifer to the water table and thus there is also a vertical
resolution of Az. The result is a discrete three-dimensional
model of the aquifer comprising voxels of dimension
(Ax+Ax+Az). The parsimonious KARSTFLOW conceptual
model is then applied to this three-dimensional model as
shown in Fig. 2. A high porosity could be assigned to the
upper part of the vadose zone to simulate the epikarst. The
recharge (a in Fig. 2) enters the system and travels as a
vertical gravity flow described by the one-dimensional
Richards equation (Richards 1943) along each column of
voxels (b in Fig. 2). The one-dimensional vertical flow is
coupled with a two-dimensional Darcy flow model (c in
Fig. 2) that routes the water from the saturated zone to the
spring output where the spring discharge (d in Fig. 2) is
simulated by a drain. The quick-flow term (e in Fig. 2)
allows the recharge to concentrate at preferential zones. The
quick-flow term is an instantaneous recharge that does not
go through the vadose zone. The coupling of one-
dimensional vertical flow along each column of voxels and
the corresponding cell of the two-dimensional saturated flow
is done through the recharge term (Pardo-Iglizquiza et al.
2017). Both the 1D Richards equation and the 2D Darcy
flow equation are solved by using finite difference approxi-
mations; the former is solved by an implicit finite difference
method while the latter is solved by an iterative method
using the Crank—Nicolson approach (Wang and Anderson
1982). The Dupuit approximation is used for the flow of

A
l

Epikarst
Vadose
zone

Saturated
zone

= D

Fig. 2 Parsimonious KARSTFLOW conceptual model is a
three-dimensional model of voxels with epikarst, vadose zone and
saturated zone. The effective rainfall a enters the system and travels as a
vertical gravity flow described by the one-dimensional Richards
equation along each column of voxels; b the one-dimensional vertical
flow is coupled with a two-dimensional Darcy flow ¢ Model that routes
the water from the saturated zone to the spring output where the spring
discharge d is simulated by a drain. The quick-flow term e allows the
recharge to concentrate at preferential zones
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water from the phreatic zone to the karst spring. More details
about the KARSTFLOW model can be found in
Pardo-Iglizquiza et al. (2017).

Case Study
Experimental Data and Model Parameters

The study area is located in the Milandre test site in the
Swiss Jura (Jeannin 1998; Perrin et al. 2003). The discharge
point considered in this study is the Saivu-Bame spring and
the recharge is autogenic from rainfall. The model domain
has a surface of 14.7 km? and there are three meteorological
stations at Maira, Mormont and Fahy (Fig. 3). Rainfall was
recorded at the three locations while temperature was
recorded only at Fahy station. Rainfall data from all three
stations were used to estimate the mean areal rainfall, but
only the Fahy rainfall data (and temperature) were used to
calculate the recharge. The reasons for this are that discharge
is more highly correlated with the Fahy rainfall time series
than it is for the other stations (or for the aggregated time
series) and that the temperature data are only available at the
Fahy station. Figure 3a also shows the area, the limits
and the discretization of the aquifer. Figure 3b shows the
numerical matrix used in the mathematical model. A code
number greater than O denotes the aquifer zone. A code
number greater than 1 denotes a preferential recharge area.
Code numbers of 2 and 5 denote a drain to simulate the karst

Fig. 3 a Mathematical model of (a)

the Milandre test site (blue 261000
rectangle) with the karstic ® Rain gauges
cat?hmént (red polygpn), th? 260000 & KirskaitinG Saivi
main discharge at Saivu spring,
and the Maira, Mormont and 259000 -
Fahy meteorological stations.
The XY coordinates correspond 258000
to the Swiss coordinate grid E . e
b Numerical matrix that defines £ 257000 Maira
the case study: 0: no flow zone; 1: 5
aquifer zone; 2, 3, 5: preferential 5 256000 -
recharge zone; 2, 5: drain zone, 4: S
karst spring > 255000
Mormont
254000 @
253000 Fahy
@
252000
562000 563000 564000 565000 566000 567000 568000 569000 570000
X coordinate (m)

spring located in a cell with a code number of 4. The area
and the vadose zone of the model are shown in Table 1. All
required parameters (Table 1) were estimated by calibration,
including the area of the catchment, the thickness of the
vadose zone and areas of preferential recharge.

Recharge Evaluation

The Fahy daily rainfall and mean daily temperature used to
calculate the recharge are shown in Fig. 4a, b. The period of
the time series is from day 33,871 (24 September 1992) to
day 34,787 (29 March 1995). Thus, there are two complete
years, 1993 and 1994, plus several months from 1992 and
1995, giving a total of 917 days. Figure 5a shows the
potential evapo-transpiration calculated using the Thornth-
waite method and Fig. 5b shows the recharge, or effective
rainfall, calculated wusing a water balance approach
(Pardo-Igtizquiza et al. 2012). This is the autogenic water that
enters the aquifer and ultimately discharges through the karst
spring. Thus, over a long period of time, the total recharge
must equal the total discharge. To ensure this condition, the
recharge time series is calibrated by using only the total
amount of recharge and thus there is no guarantee that, for
shorter periods of time, the recharge would equal the dis-
charge which may result in discrepancies between the mea-
sured and the simulated discharge peaks as shown below. In
any case, the recharge time series is the input data to the flow
model described in the methodology section.
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Table 1 Parameters of the mathematical model. The voxel discretization and time step are specified and the remaining four parameters are

calibrated

Voxel discretization (Ax, Ay, Az)

Time step

Specific yield (saturated zone)
Hydraulic conductivity (saturated zone)
Vertical saturated hydraulic conductivity
Drain conductance

Aquifer surface

Thickness of vadose zone

(100, 100, 1 m)
0.001 days
0.001

0.104 m/day
9.6 m/day

400/ (Ax.Ay)
14.7 km®

Transient (<60 m)

(a) (b)
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Fig. 4 a Discharge at Saivu spring (red line) and daily rainfall at Fahy station (black line) and b mean daily temperature at Fahy station. The
period of the time series is from day 33,871 (24 September 1992) to day 34,787 (29 March 1995)
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Fig. 5 a Potential evapo-transpiration calculated by the Thornthwaite method and b recharge, or effective rainfall, entering the aquifer
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Calibration and Validation

The first 100 days were used for calibration and the selected
calibration parameters are given in Table 1. Using these
parameters and the catchment basin shown in Fig. 3, the
model was run for the 917 days, and the simulated discharge
shown in Fig. 6 was obtained. The simulation was per-
formed with a time step of 0.001 days and the daily values
shown in Fig. 6 were obtained by averaging the 1000 values
within each day. This high temporal resolution in the sim-
ulation allows the simulated discharge to be compared with
the original measured discharge as shown in Fig. 7. Note,
that in Fig. 6, the daily ‘measured’ discharge is, in fact, the
average of the values measured within each day. The orig-
inal discharge data are shown in Fig. 7 for two time intervals
(between days 1 and 150 in Fig. 7a and between days 450
and 600 in Fig. 7b). For all cases, the statistics used for
checking the quality of the simulation were the mean error,
the root mean squared error and the Nash—Sutcliffe statistic.

For the daily data in Fig. 6, the mean error (ME) is
defined as:

1 N

N (@ -on),

i=1

ME =

the root mean squared error (RMSE) is:

RMSE =

LS 0 - opy
N = i i

3000
Measured
Simulated

2500
Mean measured discharge = 291 1/s
ME=-a4|fs
RMSE= 17215

2000 Nash=72%

1500 | ’
|

- |

500 [

Spring discharge (1/s)
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Fig. 6 Measured discharge at Saivu spring (black line) and KARST-
FLOW simulated discharge (blue line). Discharge data and simulated
data were averaged for the simulation step of one day

and the Nash—Sutcliffe statistic (Nash) is given by

T Q?")2>_
Shi(er -0y’

where Q; is the simulated discharge for the ith day. Q7" is the

measured discharge for the ith day. Q™ is the mean measured
discharge.

A good simulation requires the mean error to be close to
zero, the root mean square error to be as small as possible
and the Nash—Sutcliffe statistic to be as close to 100% as
possible. As can be seen in Fig. 6, the values of these three
statistics are —44 1/s for the mean error, 172 I/s for the root
mean square error and the Nash—Sutcliffe statistic is 72%.
Sometimes the peaks of the discharge are overestimated as,
for example, for the peaks a, b and c in Fig. 7a, and the large
discharge peaks are underestimated as for peaks d, e and f in
Fig. 7a. There is an acceptable agreement between measured
and simulated recession curves as, for example, g in Fig. 7a.

Nash(%) = 100 (1

Discussion

Although the mean areal rainfall was estimated using the
data from all three rainfall stations, the Fahy rainfall data
were preferred because this time series is more highly cor-
related with the discharge time series than it is for the other
stations or for the aggregated time series. A good estimation
of rainfall is essential in order to have a good estimation of
recharge. Even good flow-routing methods may perform
badly if the rainfall is not estimated with an acceptable level
of accuracy. In addition, there are several methods for cal-
culating recharge as there are different methods for esti-
mating potential evapo-transpiration and a water balance
equation in the soil in order to calculate diffuse recharge.
Also, the areas, and percentage, of preferential recharge are
parameters of the model. The differences introduced by the
recharge calculation methods can be significant as shown in
Fig. 8, which compares the recharge using two different
methods for calculating evapo-transpiration: the Thornth-
waite and Eaglman (1967) methods. It is outside the scope of
this paper to study which of these methods is more reliable
for the study area. The main differences are in the recharge
pulses marked a and b in Fig. 8. If the KARSTFLOW
procedure is repeated with the new recharge time series, the
new results shown in Fig. 9 are obtained. Clearly, the defi-
ciencies in the comparison of measured and simulated dis-
charges shown in Fig. 6, most notably discharge pulses a
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Fig. 7 Raw measured discharge (blue line) and simulated discharge (red line) at the same time positions. a Detail between days 0 and 150 and

b Detail between days 450 and 600
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Fig. 8 Recharge calculated using two different methods based on
potential evapo-transpiration calculated by the Thornthwaite method
and the Eagleman (1967) method. The main differences can be seen in
the recharge pulses in a and b that will have consequences for the
spring flow simulation

and b, have been corrected. The mean error has decreased
considerably although the root mean squared error and the
Nash-Sutcliffe statistic have not changed. The simulation
results could be improved by spending more time on the
calibration of both the recharge and the flow models.

Conclusions

A procedure (KARSTFLOW) has been described for simu-
lating the rainfall-discharge flow in a karst aquifer by
hydrological modelling for cases in which data are scarce.
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Fig. 9 Measured discharge at Saivu spring (black line) and KARST-
FLOW simulated discharge (blue line). Discharge data and simulated
data were averaged for the simulation step of one day. The difference
between this Figure and Fig. 6 is that a different recharge time series
has been used. With this new data, the peaks a and b that are not
reproduced in Fig. 6 are now adequately reproduced

The methodology was applied to the Milandre catchment as
part of the Karst Modelling Challenge (KMC) exercise. Only
three time series were used: one for rainfall, one for tem-
perature and one for discharge. Better results could be
expected as more data become available. In particular, a
more representative estimation of rainfall would potentially
enhance the modelling results. The same can be said with
respect to recharge. There are different methods for recharge
evaluation and a good assessment of recharge will have a
strong impact on the results.
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The main advantage of the model, with respect to
black-box or grey-box models used in the KMC exercise, is
its immediate suitability for distributed simulation. Overall,
the main structure of the measured discharge is captured by
the simulation as shown in Figs. 6 and 9.
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Simplified VarKarst Semi-distributed Model
Applied to Joint Simulations of Discharge
and Piezometric Variations in Villanueva Del
Rosario Karst System (Malaga, Southern

Spain)

Javier Martin-Arias, Andreas Hartmann, Mathias Mudarra,
Pedro Martinez-Santos, and Bartolomé Andreo

Abstract

Numerical modeling provides well-established tools for
advancing in water management. In this study, a simpli-
fied version of the semi-distributed VarKarst approach
has been developed to reduce modeling routine and,
therefore, the time of calculation needed for jointly
simulating spring discharge and piezometric head varia-
tions in the same karst system located in southern Spain.
Simulated spring outflows were compared with spring
flow data derived from a previous application of the
original VarKarst. Scatter correlation of spring flows
yields Kling-Gupta efficiency (KGE) and a Pearson’s
coefficient (R*) of 0.90 and 0.89, respectively. The
modified approach includes new equations that consider
the distance between sea level and the basement of the
aquifer, from which the piezometric-level variations were
calculated. The KGE, RZ, and the root-mean-squared error
results obtained of groundwater level were 0.79, 0.85, and
3.07 m, respectively. We conclude that the simplified
VarKarst numerical code can provide realistic hydrody-
namic results in the karst system, as original VarKarst,
concerning both discharge and groundwater level
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dynamics. This capacity of simulation could help to
reduce uncertainty in model routines.

Keywords
Karst (carbonate) aquifer ¢ Semi-distributed
modeling * VarKarst * Hydrodynamic simulation

Introduction

Karst aquifers constitute valuable groundwater resources in
many regions in the world (COST 1995). They provide
good-quality water for drinking purposes and ecosystems,
and they also constitute a key strategic resource against
threats such as climate change or population growth (Hart-
mann et al. 2014). Adequate management of karst systems is
required for regional water governance strategies; therefore,
researchers have developed and applied several numerical
modeling approaches. Nevertheless, the existence of specific
karst pathways that are neither fully observable nor accu-
rately measurable resists simplifications when flow and
transport processes are numerically simulated. Moreover,
inherent heterogeneity introduces additional nonlinearities
and thresholds into the relation between rainfall and the
hydrodynamic response, such as overflow discharge through
ephemeral springs and the rapid variations in piezometric
levels.

Spatially distributed models use discrete approximations
of continuous phenomena, like aquifers, to provide efficient
hydrogeological simulations for large study areas. However,
distributed models are still difficult to implement because of
the lack of available data. In contrast, lumped karst models
have shown adaptability and strength in simulating karst
behavior and processes under different contexts and scales
(e.g., Hartmann et al. 2015), since data requirements for
model inputs are less rigorous. But most of the lumped
models have been applied to rainfall-runoff simulations, and

145

C. Bertrand et al. (eds.), Eurokarst 2018, Besan¢on, Advances in Karst Science,

https://doi.org/10.1007/978-3-030-14015-1_17


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-14015-1_17&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-14015-1_17&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-14015-1_17&amp;domain=pdf
mailto:j.martin@uma.es
https://doi.org/10.1007/978-3-030-14015-1_17

146

J. Martin-Arias et al.

karst processes and scaling are difficult to represent
(Ladouche et al. 2014; Jiménez-Martinez et al. 2016).

The VarKarst model (Hartmann et al. 2013) is structured
as a set of formulas and parameters used for modeling the
hydrogeological and hydrochemical behavior of the aquifer,
with rainfall, potential evapotranspiration, and chemical data
as inputs. This model routine has a significant number of
equations to make all the calculations needed. To optimize
the modeling procedure of the original VarKarst code
(0VK), a simplified version (sVK) of the VarKarst model
has been applied to jointly simulate spring discharge and
piezometric head variations in a tectonically complex and
mountainous karst system located at southern Spain. oVK
was already applied in the pilot site (Hartmann et al. 2014).
The simultaneous application and calibration of both Var-
Karst routines confirm the reduction in the time of calcula-
tion, with similar modeled springflow results from oVK. The
introduction of new equations to calculate water level in
sVK has not disturbed the springflow calculated data sig-
nificantly. Nevertheless, a small loss of accuracy in the
simulation of springflow, compared to observed data, has
been detected. The new version of the model provides more

SGOIDDI} 382[500

reliable quantitative information on the dynamics of the karst
system and on its water resources availability.

Study Area

The pilot site of application is the Villanueva del Rosario
karst system, located approximately 30 km north of the city
of Malaga, southern Spain (Fig. 1). The topography is rug-
ged, with altitudes ranging from 700 to 1640 m ASL. The
region has a temperate Mediterranean climate, with rainfall
mainly in autumn, winter and, to a lesser extent, in spring-
time. The historic mean annual precipitation and air tem-
perature values are 760 mm and 14 °C, respectively
(Mudarra 2012).

The geology consists of 400—-450-m-thick Jurassic dolo-
stones and limestones (Fig. 1), which are enveloped by
Upper Triassic clays and evaporite rocks (mainly gypsum) at
the bottom, and by lower Cretaceous-Paleogene marly
limestones and marls on the top (Martin-Algarra 1987). The
structure is formed by ENE-WSW oriented folds, from
which overthrusts have developed toward the S—SE (Fig. 1).

387500
i

[4] Gauging station
River and stream

—— A4 Fault, inverse fault

Legend

4097500
1

A Anticline ."*
Rain gauge station
namerenatea | Qustemary |
Marls and silexites |'|'13I"“a"!||r = = Vva. del Rosario
Clays and Lt recharge area
Sandstones (Flysch) |Cretaceous- Borehole
Marls and Tertiary 7
marly-limestones
[ | Limestones .
[ Dolostones PUEReSS \""""'-».;

[ Clays and evaporites |Triassic

4095000
1

4092500
1

P e
382500

380000

Portugayt

Fig. 1 Geological map of Villanueva del Rosario karst system in southern Spain
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The system is surrounded by outcrops of Flysch-type clays
and sandstones. The entire structure has been affected by
more subsequent fractures, mainly running in NW-SE.

The Villanueva del Rosario hydrogeological system has a
recharge area of around 14 km” (Mudarra et al. 2014), largely
contained by low permeability materials (Triassic and Flysch
clays and Cretaceous-Paleogene marls). Dye tracing and
hydraulic head patterns indicate that the aquifer is uncon-
tained to the southwest border. Recharge occurs by direct
infiltration of precipitation (eventually concentrated), while
discharge occurs mainly through Villanueva del Rosario
spring (260 1/s annual mean discharge rate) situated at 770 m
ASL (Fig. 1). The spring is clearly karstic based on highly
variable flows in response to recharge (Mudarra et al. 2014).
The Villanueva del Rosario karst system constitutes the sole
source of drinking water for a nearby urbanized area. Water
supply is currently satisfied by water piping from the spring.
There is a borehole located 1160 m eastward from the spring
(Fig. 1), but it has not ever been used. Mean static piezo-
metric altitude in the borehole is 779 m ASL.

Methodology

Original (oVK) and Simplified VarKarst Codes
(sVK)

VarKarst model (Hartmann et al. 2013) considers the vari-
ability of soil and epikarst depths, fractions of concentrated
and diffuse recharge to the groundwater, epikarst hydrody-
namics, and groundwater hydrodynamics (Fig. 2). Soil,
epikarst, and groundwater systems are represented by a set
of N compartments with varying properties.

Some equations from the original VarKarst model have
been used to create the simplified VarKarst code. The model

Precipitation | P E, 1+ Evaporation

Epikarst

diffuse r¢charge R,

ater flow Q,

— Villanueva del
Rosario spring

imN-1 i=N

i=1 in2 =,

Fig. 2 Structure of both VarKarst models (Hartmann et al. 2014)

routine also was reduced caused by the simplification of the
algorithm and the elimination of hydrochemical information.
These aspects imply the reduction in the convergence time.
Furthermore, the model parameters were identified by
automatic calibration using predefined parameter ranges
(Table 1).

In accordance with the reservoir model, groundwater
level in each compartment, V., ; (m), was calculated by:
Viw,i(1)

=—"" 1+ Ah

hw,i
S 1000 # Py

where V,,, () is the volume of water in the groundwater
compartment (mm), P,, is the limestone porosity (a
dimensional), and Ak (m) is the distance between sea level
and the basement of the aquifer in the borehole (Adinehvand
et al. 2017; Brenner et al. 2018).

Calibration and Evaluation Strategy

A three-year record (hydrological years 2006/2007-
2008/2009) of spring discharge and a set of 16 instanta-
neous water levels within 2006/2007 hydrogeological year
were used for calibration. Discharge data recorded at the
gauging station of Villanueva del Rosario spring (Fig. 1)
were provided by the Andalusian Water Agency, whereas
piezometric records were taken for research purposes with a
water-level probe in the borehole located east of the spring
(Fig. 1).

For calibrations using springflow- and piezometric-level
variations, a differential Evolution Adaptive Metropolis
(DREAM) Markov chain Monte Carlo (MCMC) has been
applied, providing global optima of parameter values needed
(Table 1) in sVK simulation (Vrugt et al. 2008, 2009). The
results of Table 1 reflect that, in the simplified VarKarst
calibration routine, in comparison with oVK, similar values
of the model parameters are obtained. This manifests that the
simplification made in the sVK routine does not change the
modeling results significantly. The present study does not
perform model evaluation with an independent validation
data set.

For the optimized parameter set, the coefficient of deter-
mination (R2), KGE, and RMSE (only for groundwater
level) have been calculated to evaluate the results of the
calibration procedure.

Results

Results of the calibration of Villanueva del Rosario spring-
flow are displayed in Figs. 3 and 4.
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Table 1 Simplified VarKarst
model parameters, descriptions,
and ranges for calibration and
uncertainty analysis routine,
calibration results and oVK
model calibration results for the
pilot site

Fig. 3 Correlation of

a simplified VarKarst modeled
springflow versus observed data.
b Simplified (sVK) versus
Original VarKarst (0VK) codes
results and ¢ oVK results versus
observed data

The calibration procedure reaches high performance
concerning spring discharge, with a modified version of the
KGE value of 0.90 between sVK results and observed data.

Parameter

P
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Description

Effective porosity of limestones

Distance between the sea level
and the bottom of the borehole

Soil and epikarst variability
constant

Epikarst mean storage
coefficient

Mean soil storage capacity
Mean epikarst storage capacity

Recharge separation variability
constant

Groundwater separation
variability constant

Conduit mean storage coefficient

(32 3000

2500

2000

1500

Simplified VarKarst result

SPRING FLOW (I/s)

Y =0.9505*X + 3.799
R2=0.82

500+
1000+
1500
2000+
2500+

Observed data

(c) 3000

Unit Parameter Calibrated Normal
range (lower— value VarKarst
upper)

% 0-0.01 0.01 -

m 700-800 781.2 -

- 0-3 0.12 0.35

day™'  1-50 1 1.06

mm 0-500 147.1 207.9

mm 0-500 480.5 387

- 0-3 2.93 1.14

- 0-3 1.67 0.8

day™'  1-20 8.27 8.2

(b) 3000
0 i SPRING FLOW (l/s)
= | Y=0.9628"X - 10.228
% 2500 R2 =089
o 3
2
]
X
@
=
ge]
o
=
a
E
w
‘ ) I cl: I o

] o o

o n o

() N O

Original VarKarst results

2500 15 0

2000

1500+

Original VarKarst results

Y =0.983"X - 14.941

SPRING FLOW (I/s)

.86

D
o
o
o

2000+
2500
3000

Observed data

In addition, coefficients of determination (R*) obtained also
prove good correlations between sVK and observed Vil-
lanueva del Rosario springflow, with 0.82 (Fig. 3a), and
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Fig. 4 Time series of observed and simulated Villanueva del Rosario
springflow by original (0VK) and simplified VarKarst models (sVK)

0.89 between both VarKarst codes (Fig. 3b). High R’
coefficients are related to similar springflow evolutions
during the calibrate period (Fig. 4).

Results of the water-level calibration in a borehole close
to Villanueva del Rosario spring are displayed in Fig. 5.

The calibration routine has caused a good
groundwater-level correlation between sVK model and
observed data, with a KGE coefficient of 0.79. Furthermore,
simulated time series has an R* coefficient of 0.85 (Fig. 5a)
and a root-mean-squared error (RMSE) coefficient of 3.07 m
in relation to the observed water table (Fig. 5b).

Discussion

A simplified version of VarKarst model (sVK) has been
developed in Villanueva del Rosario karst system, where
original VarKarst model (0VK) has already applied (Hart-
mann et al. 2014). This new version provides slightly dif-
ferent results compared to the original VarKarst model

Fig. 5 a Correlation of

(a)

(Fig. 4), caused by the change of the statistic coefficient
applied in the calibration routine. In the sVK model of
Villanueva del Rosario system, root-mean-squared error
(RMSE) has been used for springflow and piezometric-level
calibration, while Kling-Gupta efficiency (KGE) parameter
was applied for discharge calibration in the oVK. Simplified
VarKarst model parameters values (Table 1) have been
similar to oVK parameters results in Villanueva del Rosario
system (Hartmann et al. 2014), verifying all equations pro-
gramed in the sVK code and the simplification of the pro-
gram routine. Furthermore, oVK was used in other karst
system located at southern Spain (Hartmann et al. 2013),
with similar results of the calibration parameter values
obtained in this study.

Piezometric-level correlation was also satisfactory
(Fig. 5a). Water-level evolution was correctly modeled,
including the trends during the calibration period (Fig. 5b).
The original model is not enabled to simulate groundwater
levels, which is the novelty of the simplified model that we
present in this study. Nevertheless, the RMSE coefficient
shows that the modeled groundwater level is overestimated,
but it shows adequate performance in reflecting its dynam-
ics. A probable cause for the systematic overestimation of
the calculated water level may be the quite narrow ranges of
the effective porosity parameter Pg,,, and the assumption of a
constant effective porosity throughout the aquifer, when the
value of this parameter commonly decrease with depth. In
other chalk areas where this linear relation was applied, the
assumption of a constant porosity could account for the
overestimation of high levels and an underestimation of low
levels (Brenner et al. 2018).

In the calibration routine, a good model performance
without a split-sample test should be handled with care.
However, these preliminary results give some reasons to
believe that the simplified VarKarst model can achieve a
simultaneous reproduction of observed discharges and water

(b)
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levels. Indeed, further evaluation using split-sample testing
and sensitivity analysis is necessary before the model can be
used for prediction.

Conclusions

The simplified VarKarst has been developed to optimize the
model performance from the original version, reaching
acceptable reliability in the simulation of the outflow and
water level of a mountainous karst system. This kind of
approach is not very common in semi-distributed ground-
water models due to the heterogeneity of carbonates aqui-
fers. Groundwater levels were simulated by translating the
modeled groundwater storage into groundwater levels
assuming a constant effective porosity. The calibration pro-
cedure was satisfactory, with acceptable values of the
coefficients used.

Those results show that semi-distributed process-based
modeling can be a valuable tool for simulating and pre-
dicting groundwater frequencies in highly heterogeneous
carbonate aquifers where information is too limited for the
application of distributed models. This might help decision
makers in the karst regions to study the best water man-
agement strategies under possible future changes.
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