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Effect of Cave Ventilation
on Karst Water Chemographs
Pierre- Yves Jeannin, Arnauld Malard, Philipp Hauselmann
and Pierre-Xavier Meury

Abstract
The data briefly presented in this paper indicate that the degree of ventilation of
underground flow paths, inducing more or less degassing of the CO 2 dissolved in
water, can induce a significant variation in the water mineralization of a karst spring.
The presented data also provide indications about further conditions controlling time
variations of carbonate dissolution parameters: (1) variations in the mixing ratio of
two or several waters (from distinct subcatchment areas) with distinct chemistry; (2)
land use with distinct soils (i.e. pC0 2) in the catchment area, which is also often related
to the elevation of the various parts of the catchment area; (3) localized and quick
infiltration vs diffuse and slow infiltration through soils. It must be mentioned here
that both concentrations and fluxes of CO 2 within all parts of karst systems must be
considered in order to understand water chemographs. Both are mainly controlled by
soil CO 2 production and by water-recharge flux. Further models and dedicated field
data are required to better quantify CO 2 concentration and fluxes in karst systems.
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Introduction
c list of publications on the interpretation of the
riations of water hardness, calcium or electrical
,nductivity (EC) is very long (e.g. Ford and Williams
7; White 1988). In most cases, the authors "demon rate" that the observed variations are related to a one or
1other factor, e.g. the degree of karst development (e.g.
uster and White 1971; Bakalowicz and Mangin 1980;
rasso and Jeannin 2002, 2003) , the mixing of end1 mber groundwaters (e.g. Blavoux and Mudry 1983;
key and Krothe 1996; Lee and Krothe 2001), land use
g. Perrin et al. 2003a) or the ratio of point vs diffuse
charge (e.g. Worthington et al. 1992; Birk et al. 2006;
anion and Thraikill 1987).
In most karst systems, water mineralization is largely
llrninated by bicarbonates and calcium, sometimes with
agnesium. The dissolution process is almost completely
ontrolled by soil CO 2 when water flows through soils.
here is a significant literature on soil CO 2, but comparavely few that include field measurements of pC0 2 in soil
nd cave.
This paper presents data from the Milandre Underround Laboratory, giving an overview of parameters
ontrolling the mineralization of spring water and focus'lg on the role of cave ventilation .

14.1.1 The Milandre Underground

Laboratory
lilandre cave (total length of 10.5 km) is situated in
orth-western Switzerland (D Fig . 14.1), close to the
rench border at the eastern edge of the Jura Moun 1ins. The cave is developed in flat -lying Jurassic limetone beds. The main cave passage can be followed
rom the spring upwards for about 5 km of stream
assage developed 40- 70 m below ground. The cave
nds at breakdown below a large doline (MA point in
GFig. 14.1). An artificial shaft of 21 m was dug at this
ocation giving an easy access to the upstream part of
he cave.
The presence of a long and accessible underground
tream made the site attractive for academic research. A
1rge number of investigations on karst hydrology, hydrohemistry, particle transport and geophysics have thus
een conducted in Milandre during the past 30 years. In
he late 1980s, it was decided to build a motorway over
he cave and a large monitoring network was set up
ccordingly.

14.2

Conceptual Model

In this paper, we consider karst systems where water mineralization is dominated by the dissolution of carbonate
rocks (limestone or dolostone). This means that bicarbonate, calcium and magnesium ions are dominant. It
is well known that the dissolution of carbonate rocks is
mainly controlled by the concentration of CO 2 dissolved
in water and flowing through the karst. One part of this
CO 2 comes directly from the atmosphere, allowing for the
dissolution of about 60 mg/L of calcite in water. The main
part of dissolved CO 2 comes from the soils overlying karst
regions. Even thin soils are able to increase dissolved
CO 2 in waters. As a result, typical concentrations of dissolved calcite are found within a range of 100-400 mg/L.
Translated into EC of the water, this corresponds to
150-600 µS/cm (at 20 °C). The CO 2 concentration in soils
depends on many factors, but mainly on climate and vegetation, as sketched in D Fig. 14.2.
CO 2 produced in soils is transported by water, which
infiltrates below into the epikarst and the vadose zone.
Dissolved CO 2 in water equilibrates quickly with air CO 2
of karst voids (e.g. Atkinson 1977) . This equilibrium is
controlled by the respective water and air CO 2 concentrations and fluxes. In the case of strong cave ventilation, it can therefore be expected that air pC0 2 becomes
very low in some parts of the system (massive input of
air from outside), increasing the degassing of the CO 2
dissolved in water, and thus producing the precipitation
of calcite in the underground stream, with a decrease in
water mineralization at the karst spring.

14.3

Data and Observations

The Milandre Underground Laboratory provides data
supporting the previous conceptual model.

14.3.1 Soil and Epikarst pC0 2
Soil CO 2 was measured at various places within the
catchment area of the Milandre Underground Laboratory (D Figs. 14.1 and 14.3) . Holes were drilled in the soil
and epikarst to depths ranging between 1 an..<l 15 m. Sections in drill holes were isolated with clay plugs. Each
section was connected to the top of the drill hole with a
thin aluminium pipe. Measurements were taken once
a month by pumping a small volume of air from each
section. The CO 2 concentration of the pumped air was
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Fig. 14.1 Map of the cave network and the catchment area of the Milandre underground stream. Three main tributaries (MA, AF, Bure)
feed the cave with nearly equivalent subcatchment areas. Saivu is the perennial spring located at the downstream end of the cave

measured with a Draeger X-am 5600 using an infrared
sensor. Two drill holes are located in pastures ("forages"
10 and 11, DFig. 14.3), three in forest ("forages" 12, 13
and 16), two in cultivated land ("forages" 14 and 15) and
five in the epikarst (1, 2, 4, 5 and 7) . All measurement
sites are located close to "MA'.' point in DFig. 14.1 .
In almost all locations, pC0 2 increases with depth
(DFig. 14.3), confirming previous measurement taken by

Perrin (2003). Time variations are visible in all station
maximum values in soils are observed between Augu I
and October and minimum values between Januar
and April. Values in pastures range between 1 and 3
in winter, and 3-5 % in summer with significant vari
tions from one measurement location to another. Val
ues in forest soils are around 0.5 % in winter and 2-3
in summer. In cultivated land, maximal values ran
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a Fig. 14.2

Conceptual model showing the controls on CO 2 in a karst system. Soil is generally the main source of CO 2, including a large
spectrum oftime and space possible variations, depending on bioclimatical parameters. Soil CO2 concentration is a key factor for carbonate
dissolution, i.e. for water mineralization. CO2 flux depends not only on soil CO 2 concentration but also on the water flow regime. Both aspects
ijre linked, but not directly correlated

between 3 and 4 % and minimum values between 1 and
2 %, with a lower spatial heterogeneity than in forest
and pastures.

The average value of pC0 2 is nearly 2 % (vol.), with a
winter average around 1 % and a summer average around
2.8%.
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CO 2 partial pressure in epikarst varies st~ongly
between drill holes. The ones with low values (Ep1 1, 2,
5 and 7) show quick and strong variations, which could
be related to some ventilation of the hole. This could
partially explain the somehow lower values measured in
the epikarst compared to soil (at least for pastures). Epi
4 shows smoother values displaying annual cycles similar
to soil values observed in cultivated land (although Epi 4
is located in a forest) .

D Figures 14.4 and 14.5 indicate that variations 1

pC0 2 in the cave are clearly correlated with dischar
peaks of the cave stream: Green arrows in DFig. 14 4
show that every discharge peak is followed by a p
of pC02" Peaks of pC0 2 occur a few hours after th
start of the recharge increase (D Fig. 14.5). High valu
observed in December are clearly correlated with th
highest discharge rates (D Fig. 14.4) . Both figu res indl
cate that the size and duration of pC0 2 peaks tend I
be positively correlated with the size of the dischar
peaks.

14.3.2 Cave pC0 2

Cave pC0 2 was measured at various locations given in

14.3.3 Water Mineralization

D Fig. 14.1. Continuous measurements were taken using

a CORA-infrared CO 2 measurement device described
by Liltscher and Ziegler (2012) (precision within 3 % of
the measured value). Hand measurements were taken
for comparison using a Draeger X-am 5600 instrument
with an infrared sensor for CO 2. Figure 14.6 shows pC0 2
variations from May to December 2011 for one location
along the main cave passage (DFig. 14.1) . The observed
pC0 2 starts with a slight decrease followed by a slight
increase. In the middle of October, as well as in November two significant decreases of pC0 2 are visible, fol lowed by a series of high values in December.

Water mineralization is dominated by bicarbonate a
calcium ions (D Table 14.1). EC is therefore a good ind
cator of the parameters of carbonate dissolution.
At catchment scale, the spring EC (DFig. 14
Saivu curve) displays a· general cycle with a min
mum EC in June and July, then a progressive incr
until the middle of October. The value remains qui
high until the middle of November. In Novem
EC decreases strongly until the beginning of Dec m
ber. From the beginning of December on inten 1
flood events are characterized by higher EC valu
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a Fig. 14.4 EC at Saivu spring (light green), at Milandine amont (MA, dark green), pC0 2 in cave air (red) and discharge rate of the underground stream (blue) . Each discharge peak is followed by an EC and a pC0 2 variation (green arrows)
In summary, besides a strong decrease in November, EC
presents an annual cycle with a minimum in July
(520 µS/cm) and a maximum in December (550 µS/cm).
mall variations (- 15 µSiem) appear to be associated
with discharge peaks. A closer look (D Fig. 14.5) indicates that every discharge peak is followed by a sharp EC
decrease (green boxes on top of the EC curve). The intenity of the decrease (- 15 µS/cm) does not depend on the
intensity of the DP, but their duration does: stronger DPs
produce shorter EC decreases. Main DPs are followed by
.i short and sharp EC increase (green boxes below the EC
curve in D Fig. 14.5). They are also followed by a smooth
.ind longer increase in EC (graded green bands on top of
the curve).
We suggest the following interpretation: The sharp
EC increases and decreases clearly result from "tributary mixing'' as described by Perrin et al. (2007) . Smooth

increases after the main DPs seem to result from the
pC0 2 increase observed in cave air, which reduces the
degassing of water along the cave stream.

14.3.4 Cave Ventilation

The curve of EC at Saivu spring (DFig. 14.4) shows a
clear change in conditions between the 8 November
and the 5 December where a significant decrease in EC
occurs without any change in stream discharge rate. EC
at the upstream end of the cave does not present the
same decrease. Cave draft was measured along the main
passage of the cave stream, as well as pC0 2 (D Fig. 14.6).
During most of the measurement period, cave draft was
"positive", i.e. flowing from the upper entrance (MA)
towards the lower one (Bame). Some "negative" events
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14.4 .3 Effect of Annual Soil pC0 2 Variations
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Measurements of soil pC0 2 show that this parameter fol lows an annual cycle with a high value in late summer
and a low value in late winter. A similar cycle is observed
in EC curves with a lag. In Milandre, the maximal EC
values are usually observed in December of even January,
and minimal values in June or July. In fact, CO 2 is transferred into the cave by water, which takes 3- 6 months
since its infiltration into soils to reach the cave.
Two further parameters should be taken into con sideration when analysing spring water chemistry. These
were not presented in the present paper, but were also
studied in the Milandre test site. They are briefly men tioned hereafter.
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EC of the water at Saivu spring (green) , discharge rate of the underground stream (blue) and cave air pC0 2 in the cave (red) for
two small and two moderate events. Conductivity: Every discharge peak (DP) is followed by a sharp decrease in EC (green boxes on top of the
curve). The larger DP peaks are followed by a short increase in EC (green boxes below the curve), as well as by a smooth increase (thin graded

green boxes) . CO 2 : Every DP is followed by a peak of CO 2 concentration

are evidenced in D Fig . 14.6 (red boxes), showing that all
of them are correlated with a clear decrease in difference between EC measured at the upstream and down stream ends of the cave (green curve) . The main EC
decrease at Saivu spring corresponds to a period ohime
with a strong draft entering the cave at its downstream
end and bringing air with very low pC0 2 along the cave
stream.

14.4

Interpretation and Discussion

The values presented here as well as values from the literature make it possible to sketch the effect of various
processes and conditions for controlling spring water
mineralization and CO 2 flux.
14.4 .1 Effect of Cave Ventilation

Data presented in D Fig. 14.6 clearly suggest that, in some
circumstances, changes in cave ventilation are responsible for significant degassing of CO 2 in karst conduits and
thus significant decrease in water mineralization . Observation of calcite deposition in the cave stream bed tends
to confirm this hypothesis although it was not established
that deposition took place in conditions corresponding to
the described situation.

A more quantitative analysis of the relationship
between EC decrease and pC0 2 decrease would be
interesting. However, the relationship is quite complex
because it depends on the respective CO 2 concentrations
in both air and water, on the respective fluxes of air and
water, as well as on the contact surface area between air
and water. The exchange takes place all along the cave
stream, which is progressively invaded from its down stream end by air with a low pC0 2 • This study will imply
to develop some modelling and probably to add one or
two measurement stations of pC0 2 along the cave stream.
14.4 .2 Effect of Tributary Mixing

Along the flow path of the underground stream, the main
tributaries (D Fig. 14.1) do not react simultaneously after
a storm event. Because each of them has a different mineralization, the ratio of their respective contributions
changes along the duration of the floo_d event. As a result,
the chemograph observed at the spring shows sharp variations, which simply result from the mixing of this timevariable ratio. This process is described by Perrin et al.
(2007) . Data presented in D Figs. 14.4 and 14.5 clearly
show that this mixing process takes place for every discharge peak with a similar amplitude of -15 µSiem and
with a duration, which is inversely proportional to the
intensity of the discharge peak.

14.4 .4 Effect of Land Use and Elevation

Measurements of soil pC0 2 show significant differences
between forest, pastures and cultivated land. This induces
different water mineralization in the respective subcatchment areas of the Milandre cave system (D Fig . 14.1).
Tributaries with more forest in their drainage basins have
a lower mineralization than those with more pastures
and cultivated land. Perrin et al. (2003a) demonstrated
this with more details.
Land use is highly correlated with elevation, and
many papers showed that soil pC0 2 strongly depends on
elevation. In steep areas, the contrast in soil pC0 2 within
a single karstic catchment area can therefore be quite
extreme with high elevation areas of bare limestone pavement with no CO 2 enrichment in soils, i.e. with water
mineralization of about 60 mg/L, and lower areas with
agriculture and pastures, and milder climate leading to
soil pC0 2 of several per cent. The proportion of water
reaching the spring must vary quite significantly along
the year, leading to strong differences in spring water
mineralization.

14.4.S Effect of Concentrated Infiltration

The Milandre karst system is completely recharged
by diffuse infiltration and is therefore not adequate to
study the effect of purely concentrated recharge. However, some quick flow component does exist"and could
be measured for some intense storm events (Perrin et al.
2003b). Considering data published from other karst
systems, it is very obvious that concentrated recharge
must be taken into account for explaining spring chemographs. It is why it is included as dark blue arrows in the
sketch of D Fig. 14.2. Concentrated recharge is expected
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Cave pC0 2, air draft and difference in EC between the upstream and downstream ends of the underground stream. Red boxes
show periods of time when cave draft Is negative, i.e. when air comes from the lower entrance of the cave, bringing outside air, with a low
pC02 along the cave stream

to bring "fresh water" into the karstic system in signifi cant amounts. However, it is not clear in which condi tions this water really contains less dissolved CO 2 than
soil water. We can guess that it will be the case at least
during very intense storm events. One can also expect
swallow holes to bring organic matter directly into karst,
which could be degraded and produce CO 2 within the
underground.

14.S

Conclusion

The data briefly presented in this paper indicate that
the degree of ventilation of underground flow paths is
a parameter, which must be taken into account in the
interpretation of spring chemographs. The degree of ven tilation induces more or less degassing of dissolved CO 2
in water, what can induce a measurable variation in the
water mineralization of a karst spring. In the observation
period of time (year 2011), a decrease in water minerali zation (measured with water EC) of more than 100 µS/
cm (i.e. nearly 50 mg/L of dissolved calcite) is measured
in November. This decrease is directly correlated with
the ventilation of the underground stream passage with
outside air (with a low pC0 2). It is therefore almost certain that the CO2 -degassing of stream water (and corresponding calcite precipitation) is the main reason for

this significant mineralization decrease. This change in
water chemistry is by far the most significant along the
observed time series.
The data presented also clearly show that tributary
mixing (Perrin et al. 2007) produces systematic peaks
(negative) in EC curves.
The data further show that annual cycles of soil
pC0 2 produce annual variations of water mineralization (amplitude of - 50 µSiem) . A lag of 3-6 months is
observed between soil pC0 2 and EC variations. This is
related to the storage of water in the soil, epikarst and
unsaturated zone.
The data discussed also provide indications that at
least two further conditions may lead to time variations
of carbonate dissolution parameters: (1) localized and
quick infiltration versus diffuse and slow infiltration
through soils and (2) land use and elevation, leading to
contrasted CO 2 concentrations in the respective soils of
the catchment area.
Finally, it must be recalled here that both concentrations and fluxes of CO 2 within all parts of karst systems
must be considered in order to understand water chemographs, which are mainly controlled by soil CO 2 production and by recharge (water) flux.
Further models and field data are required to
better quantify CO 2 concentration and fluxes in karst
systems.
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