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Hydrochemistry, a tool for understanding karst groundwater flows

Jacques MUDRY, Chrono-Environment laboratory
Universityof Franche-Comté, 16 Gray road - 25030 BESANCON - France
jacques.mudry@univ-fcomte.fr

ABSTRACT

Karst is a highly heterogeneous medium (i.e. properties vary from one point to another one),
and can be studied by variations of water chemical composition, which reflect in space and
time differences in origin (runoff on impervious media, diffuse seepage, inflows from
evaporites..) or residence time throughout the various aquifer compartments (soil, epikarst,
vadose and saturated zones. This natural background is supplemented by anthropogenic inputs
(domestic, urban or industrial wastes, leachates from agricultural soils and livestock
products.).

Any natural (cave, chiasm) or artificial (tunnel, mine) penetrable gallery is a means of
observation and sampling, at least of infiltration water, and sometimes of water from the
saturated zone.

Several cave sites in Europe provide examples for understanding the behavior of karst flows,
both through the vadose and the saturated zones.
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1 - Introduction: natural vs. man-constructed underground voids

As the easiest access point to permanent flows throughout the whole karst system was the
spring, which is the outlet of the saturated zone, the whole karst behavior (volume of reserves,
regulation of the dry seastndischarge.) has been assigned for decades to the saturated

zone. Speleological observations joint to examination of man-constructed tunnels, enabled to
observe, to sample and even to monitor groundwater flows, either in the vadose or in the
saturated zones.

Artificial galleries (Fig. 1A) display the advantage in a random sampling of water flows
without any bias due to the drainage pattern of cave network structure.

Conversely, a cave (Fig. 1Byovides a ‘natural’ sampling pattern in a hierarchical conduit
network. This means that the cave, being an active conduit (or at least a paleeoconduit), is
more subjected to enable sampling flows from different permeability contexts, whilst tunnels
are devoid of organized inner structure, and may miss for instance major fractures generally
well connected to cave conduits or pathways.

Nevertheless, both types of underground voids are complementary and enable studying flows
in the karst aquifer.

2 — Flow types

Depending on the gallery level and according to the piezometric groundwater level, different
flow components can be observed in caves:

e ‘vauclusian deep flooded shafts typically drain the saturated zone, below the base
level. They can be considered as representative of flow through the deep compartment
of the karst aquifer, as much in terms of hydrodynamics than in terms of physical,
chemical and isotopic contents. But of course, this terminal conduit is the unique


mailto:jacques.mudry@univ-fcomte.fr

collector that drains all flows merging towards the spring. This conduit does not drain
only ‘old’ or ‘pre-event’ water during low water periods, but also a mixture between
‘pre-event’ and ‘event’ waters during flood periods. This does not mean that all water
flowing in low waters can originate only from the low permeability blocks of the
saturated zone, a paf this ‘reserve’ water being permanently in transit through the
vadose zone;

e in the case of ‘jurassian’ springs, cave networks develop within the fluctuation zone
that separates vadose from saturated zones. This type of cave is very interesting,
enabling to observe both the saturated and unsaturated flows. Generally, the main
underground brook at the floor of the cave or in the deepest part of the cave, displays
the same mixture possibilities with infiltration water as the former case. But this cave
type enables also sampling dripping water, from lateral fractures (or at roof), and
from speleothems;

e caves entirely dug within the unsaturated karst can sample only this second flow type,
except in the case of hydraulic loading episodes, when flood water is evacuated via
dry caverns situated several, and sometimes even several tenths of meters above the
spring levé

¢ very shallow caves allow to encounter flows draining the epikarstic aquifer.

According to their situatiorvs. groundwater level, caves enable to sample saturated flows,
vadose flows or both, the nature of the unit drained being under control of the hydro-
meteorological events: water inflows through the unsaturated zone sample always infiltration
fluxes (more or less rapid), whilst water conduits through or at the surface of the saturated
zone can convey either reserve water, from the saturated zone or not, or a mixture of pre
event and event water in flood periods.

3 - Interest of hydrochemical methods

Along its cycle, water passes through different media (Fig. 2, from Hunkeler & Mudry 2007).
From atmosphere where rainfalls leach marine and continental aerosols, through soil where it
leaches C@and organic acids, and then through epikarst where carbonic acid is neutralized
by carbonate dissolution, and below, through vadose and finally saturated zones where
minerals dissolve with a slower kinetics, water acquires a chemical composition enabling to
use it as a an environmental tracing. Environmental, also called natural tracing is based on
interpretation of contrasts (in space), and/or variations (in time) of physical (temperature,
turbidity, electrical conductivity, pH, Redox potential...), chemical (major and minor ions,

natural organic matter...), isotopic (oxygen, hydrogen, carbon, nitrogen, sulfur, strontium...)

or biological (bacteria, viruses, protozoa...) composition of water.

Water content carries a composite message which reflects its story through the different media
that interpretation and deconvolution assignable to a compartment of the hyadnosyste

4 — Case study of the Sierra del Rey—L os Tajos kar st aquifer (Southern Spain, Fig. 3)

Each sector of the Sierra del Réps Tajos aquifer has a different pattern of hydrological
functioning. Los Tajos sector presents a high degree of functional karstification in its
unsaturated zone, as shown by the variability of hydrochemical responses of the overflow
springs when precipitation events occur (Fig. 4, Mudarra et al, 2011; Mudarra 2012). The
karst draining here favors rapid infiltration and the flow of rainwater toward the springs,
which provokes a rapid decrease in electrical conductivity. On the contrary, the main Auta



spring, which is responsible for draining the saturated zone, responds to rainfall more slowly
and with a time lag. This is due to the existence of a low degree of functional karstification in
the saturated zone, with slow drainage and a high natural regulation capacity. Both the
saturated and unsaturated zones patrticipate in the hydrological functioning of the Los Tajos
system, but almost totally independently of each other. On the other hand, the Sierra del Rey
springs respond to precipitation with rapid, severe hydrochemical variations) Wvitkay. In

this case, the springs drain a sector of the aquifer with a high degree of functional
karstification, both in the saturated and in the unsaturated zones, and both are of similar
participation in the hydrogeological functioning of the system.

5— Case studies of accessesto the unsaturated zone: Nerja cave (Southern Spain) and
LSBB gallery (Southern France)

Nerja cave is a shallow cave situated in the South-Spanish Mediterranean coast. Completely
ubicated in the epikarst, this cave is a privileged site for sampling infiltration water below
speleothems. Despite the thin limestone cover (only 35 m), a significant lag (Fig. 5) is
observed after the rainfall: 8 months in normal period, falling to 2 months in exceptionally
rainy period.

The LSBB is a previous military 4-km gallery intersecting vadose vertical water fldas be

the Vaucluse plateau. Several water inflows are intersected and enable sampling (Emblanch et
al.,, 2011). Figure 6 displays the variability of magnesium, indicating residence time in this
vadose zone, and Total Organic Carbon, characteristic of short transits thraugh th
unsaturated zone. Indeed, magnesium having slow dissolution kinetics separates water fallen
several months ago (springs A and B) from water fallen several hours or days befogs (spr

C, D and GAS). And Organic Carbon separates water infiltrated a very short time ago (springs
C and GAS).

6 — Case study of the En Versenne-Fourbanne kar st network (Eastern France)

The Fourbanne karst system (Charmoille, 2005, Gilli et al. 2012) includes (Fig. 7A) the Verne
and Luxiol swallow holes, diffuse infiltration, and the passageways of the Fontenotte cave,
which plunge into the saturated zone and lead to the karstic Fourbanne spring. The water’s

path was traced using fluorescein at the Verne loss, and this traced water has beehisample
Verne, Fontenotte, and Fourbanne. Nitrate concentrations of the traced mass appear in Figure
7B. Verne and Fontenotte display the same nitrate concentrations (as well as magnesium
concentrations), showing the absence of mixing of other water with the water from the
swallow holes (pinpoint infiltration), between the swallow holes and the underground river.
At the Fourbanne spring, on the other hand, this localized infiltrated water is mixed with
water of different composition (diffuse infiltration and/or saturated zone), with a higher
magnesium concentration - larger residence time in the same limestone - and a lower nitrate
concentration, less influenced by leaching from agricultural land (Fig. 7B).

7 — Conclusion

Underground cavities, cave networks as well as man-constructed tunnels are exceptional
structures enabling sampling of water inflows. Understanding the karst behavior requires the
knowledge of interaction between rapid flow in conduits and slow flow in microfissured
blocks. Hydrochemistry appears as a very powerful tool to separate these origins.
Hydrogeologists and cavers must work together in this task in the future.



References

CARRASCOF., ANDREOB., LINAN C. & MUDRY J.- 2006 - Contribution of stable isotopes to
understanding the unsaturated zone of a carbonate aquifer (Nerja Cave, southern Spain).
Comptes Rendus Geoscience 338: 1203-1212.

CDS 25 (Doubs Departement Speleology Conesjtt 1991 - Inventaire spéléologique du
Département du Doubs (in French)

CHARMOILLE A. - 2005- Tracage hydrochimique des interactions hydrauliques et mécaniques
entre les volumes perméables et peu perméables au sein des aquiféres fracturés carbonatés.
Ph D, University of Franche-Comté, Besancon (in French). http://tel.archives-ouvertes.fr/
index.php?halsid=824ffb077cc3dd33ab06ccacfffe723c&view_this_doc=tel-
00011213&version=1

EMBLANCH C., GARRY B., PERINEAU A. & DANQUIGNY C. - 2011-Utilisation du magnésium
et du carbone organique total dans l'estimation du volume d'eau écoulé avant l'arrivée des
eaux d'infiltration "directe" en période de crue. - Proc. H2Karst, 9th Conference on
Limestone Hydrogeology, Besancon (France) 1-3 sep. 2011, p. 149-142 (in French).

GiLLl E.,MANGAN C., MUDRY J. - 2012 - Hydrogeology : Objectives, Methods, Applications
320 Pages - Science Publishers - CRC (Taylor & Francis group)

HAaDADOU R.,JOSIENJ.P.LEDOUX E.,MUDRY J.,TAKLA G.,VAN DER MERWEN. & YOUNGER
P.—2003- Expertise internationale du dossier d'arrét définitif des travaux des concessions
de Gardanne (13). Report Geoderis, 65 p. (in French)

HUNKELER D. & MuDRY J. — 2007 - Hydrochemical methoddMethods in Karst
Hydrogeology. Goldscheider, N. & Drew, D. (Eds.)nternational Contributions to
Hydrogeology 26: 93-121, Taylor & Francis, London

MUDARRA M — 2012 - Importancia relativa de la zona no saturada y zona saturada en el
funcionamiento hidrogeofico de los acuiferos carbonaticos. Caso de la Alta Cadena,
sierra de Enmedio y area de Los Tajos (provincia de Malaga). PhD Thesis, University of
Malaga (in Spanish)

MUDARRA M., ANDREOB. & MUDRY J.— 2011 - Monitoring groundwater in a discharge area
of complex karst aquifer to assess the role of saturated and unsaturated zones.
Environmental Earth Science. Springer-VerlagDOI 10.1007/s12665-011-1032-x




Figure 1: naturals man-constructed gallery
A: Example of natural cave network: the Gour cave, Jura Mountains, Eastern France
(after CDS 25, 1991)
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B: Example of man-constructed gallery : the Galerie de la Mer, Gardanne, Southern France
(after Hadadou et al. 2003)
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Figure 2: Factors influencing the hydrochemical parameters (Hunkeler & Mudry, 2007)
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Figure 3: Sketches of the hydrogeological functioning of the systems drained by the springs
(after Mudarra et al. 2011, and Mudarra 2012)
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Figure 4: Box plots showing mean, maximum, minimum, percentiles 05, 25, 75 and 95 for
electrical conductivity (EC), Temperature, Alkalinity, Mg2+, pCO, , TOC and NOs for each
spring (Mudarra et al., 2011)
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Figure 5: Fluxes of 180 stored through the unsaturated zone of the Nerja Cave (Southern
Spain, after Carrasco et al, 2006) 1: normal flow, 2: rapid flow
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Figure 6: concentrations of Magnesium (residence time tracer) and Total Organic Carbon
(soil tracer) in the Low Noise Underground Laboratory (LSBB Rustrel, France, after
Emblanch et al. 2011)
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Figure 7: 3 monitoring spots in the Fourbanne karst hydrosystem. (after Charmoille, 2005)
A: organization 1: swallow hole; 2 vadose conduits down to the saturated zone (cave); 3:

outlet

Spring (Fourbanne)

SN
NN

2uoz ha;e.lmes

B: Dilution of nitrates from swallow holes by water from diffuse infiltration
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