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a b s t r a c t
Chemistry of karst groundwater is related to conditions prevailing within the karst underground as well as at the
land-surface within the recharge area. It is dominated by the dissolution of calcite and/or dolomite, which is
strongly triggered by the presence of high pCO2 in soils at the top of the bedrock. Dissolution (water mineralization) is clearly inﬂuenced by soil pCO2, i.e. by global changes such as land-use, agriculture practices and climate
change. However, the dissolution of carbonates is considered as a quite signiﬁcant carbon sink for the Earth Atmosphere. Assessing the evolution of carbonate water mineralization can thus help characterizing the evolution
of the carbon sink related to carbonate dissolution.
The main goal of the study is to check the presence of trends with a high statistical relevance in groundwater
quality data along the past 20 years. Causes potentially explaining the observed trends, such as land-use, agriculture practices and global warming are analyzed and discussed. The long term evolution of parameters related to
carbonate dissolution are discussed and extrapolated as they may have consequences for the Global Carbon
Cycle.
The analysis is based on three independent data-sets stretching over more than 20 years each, coming from more
than 40 sources. Statistical tests (Mann–Kendall trend test) indicate clear trends for compounds related to
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groundwater mineralization: increase in temperature (by about 0.5°C/25 years), decrease in pH, increase in bicarbonate (by about 5%), and positive or negative trends for major ions directly related to human practices.
Data and analysis suggest that carbonate dissolution is quickly increasing as a consequence of climate warming.
Considering the largely accepted fact that carbonate dissolution acts as carbon sink for the atmosphere, it can be
postulated that the observed increase could act as a negative feedback mechanism, tending to slow down the atmospheric increase in CO2.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
1.1. General background & relevance
From a general point of view, water chemistry of karst groundwater
is related to conditions prevailing within the karst underground as well
as at the land-surface within the recharge area (Tooth and Fairchild,
2003). Water mineralization in carbonate karst aquifers is dominated
by the dissolution of calcite and/or dolomite, which is strongly triggered
by the presence of high pCO2 in soils at the top of the bedrock (Atkinson,
1977, Schoeller, 1980). Parameters of Global Change such as land-use,
agriculture practices and climate change are known to inﬂuence the
soil CO2 production (Davidson and Janssens, 2006). For instance, the
dissolution of carbonates is expected to increase with a warming climate (more CO2 production in soils) or with an increasing ratio between meadowland (with a high soil pCO2) and forest (with a lower
soil pCO2). In opposite way, dissolution is expected to decrease in case
of increasing land occupation by forests or well ventilated soils related
to plowing.
Carbonate dissolution is not restricted to karst regions because carbonate minerals are present as clasts in other types of aquifers such as
in glacial deposits or as cement in many types of sandstones (e.g.
calcarenites) or in other clastic sedimentary rocks (breccia or conglomerates). Clearly more than 20% of all ﬂowing waters of emerged land, are
therefore concerned with carbonate dissolution.
If dissolution, i.e. water mineralization is clearly inﬂuenced by soil
pCO2, another perspective is to look at the potential effect of carbonate
dissolution on the Global Carbon Cycle. Several authors consider the dissolution of carbonates as a quite signiﬁcant carbon sink for the Earth Atmosphere (Gombert, 2002, Liu et al., 2011, Yang et al., 2012). Assessing
the evolution of carbonate water mineralization can thus help characterizing the evolution of the carbon sink related to carbonate
dissolution.

1.2. State of research (literature review)
The impact of global change on groundwater covers various aspects.
The ﬁrst aspect is groundwater recharge, which is concerned with any
variation of precipitation and temperature. Such changes are likely to
be very site-speciﬁc (Rosenzweig et al., 2007; Kundzewicz et al., 2007
and references therein). Most climate models providing predictions
until 2100 agree that the yearly precipitation average may increase in
Northern Europe and decrease in Southern Europe, and that the distribution throughout the year is about to see important changes (e.g.
Hartmann et al., 2014). These changes will consist in an increase in meteorological extremes: longer dry periods in summer, more frequent
and intense ﬂoods (Lehner et al., 2006). Predictions for Switzerland
are similar, as presented during the last national project on hydrology
and climate changes (CCHydro, FOEN, 2012). Among other changes, expected climate changes will surely impact the Swiss groundwater resources (see results of the NRP61 research Program, Björnsen Gurung
and Stählli, 2014).
The second aspect is water quality, which is a signiﬁcant issue for
water resources. It is constrained by three dominant aspects: 1) the
spreading or input of any contaminant in the aquifer, 2) temperature

increase, 3) the dissolution of solids along the ﬂow path. This study
mainly deals with this last point.
Dissolution in carbonate aquifers is mainly controlled by the amount
of dissolved CO2 present in inﬁltration water (e.g. Atkinson, 1977,
Schoeller, 1980). These authors noticed a direct relationship between
soil pCO2 and dissolved CaCO3 in groundwater. Therefore the mineralization of water sampled at a spring seems to depend directly on the
amount of dissolved CO2 in inﬁltration water crossing the soil covering
the recharge area of the aquifer.
Chemical reactions related to carbonate dissolution are well known
(e.g. White, 1988; Dreybrodt, 1999) and can be summarized by Eq. (1):
2þ
CaCO3 ðsÞ þ CO2 ðgÞ þ H2 O↔2HCO−
3 þ Ca

ð1Þ

As described by Eq. 1, an increase of the CO2 concentration in the
water in contact with limestone (left part of the equation) results in a
larger calcite under-saturation, and then in an increase in limestone dissolution. Factors limiting carbonate dissolution are thus CO2 or water
availability. However, for a given amount of available water, CO2 (in
soils) will be the only limiting factor. Liu et al. (2007) and later on
Yang et al. (2012) showed that the relationship between soil pCO2
and water mineralization is very direct at all time-scales (day-eventyear), at least for inﬁltration water (epikarst). They clearly indicate
that groundwater electrical conductivity (mineralization) is largely controlled by soil-pCO2, with spikes corresponding to recharge events.
Soil pCO2 is mainly controlled by plant roots and microorganisms
respiration as well as by organic matter decomposition. Depending on
climate, season and nature of soils, it can vary between 0.0004 and
0.13 atm (Amundson and Davidson, 1990). Organic matter decomposition in soils is mostly positively correlated to temperature, with a decomposition rate increasing by a factor between 2 and 3 for a 10 °C
temperature increase (Davidson and Janssens, 2006, and references
therein; Raich and Schlesinger, 1992). Yang et al. (2012) present data
showing a clear correlation between soil CO2 and soil temperature. Additionally, most authors agree on the correlation between temperature
and plant root respiration (Jenkinson et al., 1991; Lloyd and Taylor,
1994) even if it remains difﬁcult to quantify how the respiration evolves
with the temperature increase.
In the non-carbonate context, most soil CO2 diffuses to the atmosphere (“soil respiration”) and represents a storage of CO2 with a rather
low residence time depending on soil characteristics (porosity, permeability, CO2 production…). In carbonate rocks, a signiﬁcant part of soilCO2 is dissolved in inﬁltration water, produces acidic water, and dissolves the carbonate rock (Brook et al., 1983, Jassal et al., 2004, Liu
et al., 2007). Water mineralization increases accordingly. This can be
considered as a CO2 sink for at least two reasons: 1) the amount of dissolved CO2 in water is strongly increased compared to that of a water in
non-carbonate rocks, and 2) the presence of more HCO−
3 ions in water
can be utilized by photosynthesis of aquatic organisms, and can be
ﬁxed as organic matter, when groundwater comes back to surface (Liu
et al., 2010, Sun et al., 2011).
Valentini et al. (2000) studied carbon emissions from forests across
Europe in the frame of the program EUROFLUX, and conclude that
some forests act as net carbon sinks, whereas other forests are a source
of CO2 to the atmosphere. The presence or absence of carbonates in the
bedrock (e.g. limestone, dolostone) under such forests seems to play a
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signiﬁcant role on the measured ﬂuxes. This highlights the complexity
of the processes controlling CO2 in soils and the difﬁcult task of the scientist trying to assess CO2 production in an area concentrating multiple
rock types, vegetation types, soil types and/or land uses.
Zeng et al. (2012) assessed the carbon sink of a glaciated karst system in the Swiss Alps. In this context the intensity of the groundwater
recharge dominates over the low pCO2 and water mineralization of
the water. The melting of glaciers in carbonate area is therefore expected to increase the carbon sink for the atmosphere and tend to
slow down the atmospheric CO2 increase.
1.3. Gaps in knowledge
If the relationships between the parameters of Global Change, soil
pCO2, carbonate dissolution, water mineralization and the Global Carbon Cycle could be sketched, the quantiﬁcation and the rates of changes
are poorly known so far. Data can hardly be found in the literature
showing a clear hydro-chemical evolution of groundwater at the decade
scale. Groundwater monitoring programs over several decades are obviously not common or not analyzed with this respect. Younger et al.
(2002) simulated Ca2 + concentrations for two karst springs in
Germany and Great Britain and estimated an increase of about 5% between 1995 and 2045 due the elevation of atmospheric CO2. However,
soil CO2 was not considered in this study and data are sufﬁcient to really
support this assessment.
Soil CO2 was intensively investigated along the past two or three decades. However, most studies were dedicated to the assessment of the
exchange of this gas with the atmosphere. Many of them provide values
of soil CO2 emission ﬂux, but very few provide pCO2 values, which are at
least as important as the CO2 production ﬂux for carbonate dissolution.
Unfortunately pCO2 values cannot be derived from ﬂuxes because those
are inﬂuenced by several other factors such as the amount of seeping
water, the temperature, the soil permeability, the soil humidity, the
amount of organic matter decomposition in the deeper parts of the
soil, etc. It is therefore very difﬁcult to quantify the effect of Global
Change on soil pCO2.
Carbonate dissolution is considered as a carbon sink in the whole
carbon-cycle, but its role on atmospheric CO2 evolution is only very approximately quantiﬁed and needs to be better investigated (Gombert,
2002, Liu et al., 2011, Yang et al., 2012). In the 1980ies silicate
weathering was even considered as a more efﬁcient sink of CO2 than
carbonate dissolution (Berner et al., 1983). This subject is still the
focus of a few more recent publications (Gaillardet et al., 1999,
Elderﬁeld, 2010).
1.4. Goals and objectives of the present study
The main goal of the study is to check the presence and the relevance
of trends in groundwater quality data during the past 20 years and – if
any –, to discuss their potential relationship with global change. In
order to validate/invalidate trends evidenced in the main data-set,
three further independent sets of data are used. Causes potentially
explaining the observed trends, such as land-use, agriculture practices
and global warming are analyzed and discussed. The long term evolution of parameters related to carbonate dissolution are discussed and
extrapolated as they may have consequences for the Global Carbon
Cycle.
2. Available data
Three independent datasets have been used for the study. The ﬁrst
set (data set #1) encloses a sampling made in the frame of the impact
assessment of the A16 Freeway construction in the Ajoie region, located
in Northern Switzerland, in the front area of the Jura Mountains (see Fig.
1). 40 groundwater sources (springs and wells mainly emerging from
karst aquifers) have been sampled every 3 months for the period

1989–2011. Water analyses have been performed in the certiﬁed laboratory of the canton Jura. The second set comes from data loggers, also
installed for the impact assessment of the A16 Freeway, but managed
by a private environmental ofﬁce. The third dataset comes from other
studies in the neighboring area without direct relation with the freeway.
The three datasets were thus collected by completely independent
groups of people and instrumentation. Main locations cited in this
paper are shown in Fig. 1.
Meteorological data at the nearby station (Fahy, FAH) are provided
by Météosuisse. Climatic parameters (temperature, precipitation, and
sunshine duration) are recorded at 10 min time step and considered
over the period 1990–2015. These data are further analyzed as evidences for attesting meteorological changes over the considered period.
2.1. Dataset #1: trimester data of 40 groundwater sources in Ajoie
A series of 16 parameters (discharge rate, temperature and electrical
conductivity, all major ions, as well as pH, turbidity, oxydizability to
KMnO4, DOC/TOC and NH+
4 ) have been determined from 31 springs
and 9 wells in Ajoie region (Switzerland) sampled every 3 months.
Data presented in this paper cover the time period ranging between 1/
1/1989 and 31/12/2011, i.e. 4 × 23 years = 92 samples for each source,
i.e. 3680 samples. Sampling campaigns for certain sources already
started in 1984.
Samples with an ionic balance beyond ± 5% have been removed
from the dataset (mostly because one or several ions were not measured). The total number of remaining samples is 3382.
Sampling and analyses protocols are brieﬂy described here below for
the different parameters:
– pH was measured in laboratory shortly after sampling using a
METROHM probe, which was systematically calibrated with certiﬁed reference solutions.
– Oxydizability was measured by titration.
– DOC/TOC was measured in laboratory with a calibrated instrument
(the instrument was changed in 2002 for a more sensitive one).
– NH+
4 was measured by colorimetry and spectrophotometry using
usual standards (instrumentation was changed in 2002, but not
the standards).
2−
−
– Major ions (Mg2+, Na+, K+, Ca2+, NO−
3 , SO4 , NO2, Cl ) were measured by ionic chromatography (instrumentation was changed in
2008 for a more sensitive one, but standards remained unchanged).
– HCO−
3 was determined from the measurement of carbonate hardness, which is measured by titration.
– Temperature was measured in the ﬁeld with a calibrated thermometer WTW from Gerber Instrument Company.
– Conductivity (corrected at 20 °C) was measured with a calibrated
conductometer WTW from Gerber Instrument Company.

2+
. As usually observed in
In average dominant ions are HCO−
3 and Ca
karst regions the range of variability is quite large for most sampling
points. The applied sampling frequency (1 sample every 3 months) is
too large in this dataset to interpret short-term variations.

2.2. Dataset #2: continuous data of a cave stream in Ajoie
One among the sampled hydrogeological systems was measured
with a datalogger since 1989 with a 15 min frequency. The measurement station is located in a gated cave named “Milandre” (Perrin
et al., 2003), preventing any uncontrolled change in the measurement
device. Water level, temperature and electrical conductivity were the
measured parameters. Data presented in this paper cover the time period 1989–2011.
Along the measurement period, manual readings have been made
monthly of all three parameters. Level is read on a ﬁxed scale. Water
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Fig. 1. Situation of the main sampling sites that constitute the datasets.

temperature was measured since 1989 with the same mercury thermometer, which remained on-site (in the cave). Water electrical conductivity was measured with a WTW instrument, which was regularly
calibrated using reference solutions. The instrument was changed several times along the measurement period, but no signiﬁcant shift from
one instrument to the other was observed, what is not surprising considering the calibration procedure.
Dataloggers and probes were provided by a Swiss Company specialized in this type of instrumentation (Madd). Four successive instruments have been installed on the site. Minor deviations were
observed between manual data and values from the logger at the
same time. These have been corrected along the applied data validation
procedure.
Pressure measurements were transformed into discharge rates
using usual formulae for the weir installed at the measurement station.
A series of discharge rate measurement by salt dissolution were made
all along the measurement period for checking the validity of the used
relation.
Estimated max errors on the continuous data are ± 0.1 °C
for temperature, ± 8% for discharge rate and ± 15 μS/cm (at 20 °C)
for electrical conductivity. Estimated average errors are about half
of that. Measurements were unfortunately stopped between October
1998 and June 2001. During one part of this period the same
parameters were measured with other instrumentation within the
framework of a PhD study (Perrin, 2003) and could be included.
Unfortunately calibration standards were not the same, leading to
a clear shift of the values during this time period. Temperature is
the parameter for which the shift is the most visible (difference of
about 0.5 °C).
Data processed for the present paper are hourly average data from
the 15 min dataset.

2.3. Dataset #3: national monitoring networks in French and Swiss Jura
Mountains
A series of data available from the Swiss Federal Ofﬁce for the Environment FOEN and the French Ministry for Water and Environment collected in the surrounding regions of the Jura Mountains have been
analyzed (see Fig. 1). Several monitored karst springs or rivers of the
Doubs department (France) mostly in the frame of the WFD
(European Water Frame Directive) have been considered. If long-time
series do exist for discharge, physicochemical data are of much lower
quality, with many gaps in the data. For most of the springs (Cusancin,
Dessoubre, Beaumette, Doubs, Bief de Bran), the only parameter
which can really be used for the analysis is the water electrical conductivity (corrected at 25 °C) for which data are available over a period of
time of more than 20 years. For three stations, Loue at Chenecey, Loue
at Mouthier and Arcier spring, the number of available analyses for
major ions was sufﬁcient to look at potential trends. Loue at Chenecey
station is a surface stream, 30 km downstream from the well-known
Loue karst spring (Loue at Mouthier) — one of the largest in France.
The last station (Arcier) is a signiﬁcant karst spring supplying the city
of Besançon in fresh water (110,000 inhabitants).
In Switzerland the National Groundwater Monitoring Program
NAQUA (supervised by the FOEN) provided trimester data for 4 stations
in the Jura Mountains over a period of time of 10 to 15 years (HEL, DEL,
B-D and ABB, see Fig. 1). The measured parameters that are considered
in the study are: water temperature, electrical conductivity (corrected
2−
and
at 25 °C), pH (ﬁeld and laboratory measurements), HCO−
3 , SO4
−
Cl .
In addition to these 4 Swiss stations, measurements of the electrical
conductivity at the Areuse spring are also presented. The dataset consists in various monitoring campaigns over the period 1955–2008.
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As this dataset is shorter than the two previous ones, statistically signiﬁcant trends may not be seen. However if trends detected in this
dataset are in the same direction and order of magnitude as the ones detected in the two others sets, it would be a relevant indication for
attesting a general phenomenon.
3. Data analysis
Monotonic upward or downward trends were investigated in the
time series (datasets #1 and #3) by applying the Mann–Kendall (MK)
test (Mann, 1945, Kendall, 1975). This non-parametric test assesses if
no trend is present (null hypothesis H0 accepted) or if the test variable
monotonically changes over time (H0 rejected). The MK test is applicable in most situations and is frequently used in the domain of groundwater quality (Helsel and Hirsch, 1992) as it may be applied to nonuniform time-series with missing values. Two types of MK tests exist:
the simple MK test and the seasonal MK test. Both tests and application
examples are presented in Hirsch et al., 1982, Helsel and Hirsch, 1992 or
Gibbons et al., 2009.
In our case, the non-seasonal MK test was applied. Given the time series Y(t) with values y0…yn, the MK test statistic S is expressed as Eq. (2)
and its variance as Eq. (3). When S is a large positive number, it tends to
indicate that an upward trend does exist. At the opposite, when S is a
large negative number, a downward trend of the parameter may be assumed.
S¼

n−1
X

n
X



sign y j −yi

ð2Þ

i¼1 j¼iþ1

σ 2 ¼ Var½S ¼

n
 ðn−1Þ  ð2n þ 5Þ:
18

ð3Þ

H0 is rejected if the p-value of the Zs quotient Eq. (4) is lower than
the conﬁdence threshold α. In our study the threshold is ﬁxed at 0.05
(e.g. 95% of conﬁdence).
8
S−1
>
>
>
for Sb0
<
σ
ZS ¼
0 for S ¼ 0
>
>S þ 1
>
:
for Sb0
σ

ð4Þ

If H0 is rejected, a trend does exist and it is possible to give an estimation of its intensity using the linear Theil-Sen (TS) Estimator (Theil,
1950, Sen, 1968). This method allows the computation of a linear estimator β1 based on the median of the local slopes between existing
data points (Eq. (5)).


y j −yi
:
β1 ¼ median
x j −xi

ð5Þ

For each parameter, only the magnitudes of the trend β1 (resulting
from the MK tests) will be discussed and plotted. Expected trend or
non-trend of the parameters is discussed hereafter.
For most of the sources, besides missing values, our data are nonregularly spaced in time. In order to provide a consistent time step,
data are regularized into trimesters (3 months from October to October). When several data exist for one trimester, only their median is
considered. Once the regularization process is made, the number of
values is checked if larger than 40 and new processed gaps are checked
if they do not exceed 1/3 of the measurements period. This time steps
regularization avoids an overweighting of speciﬁc periods due to a
narrower sampling.
A Python script has been developed to run the statistical process
over the large amount of data, especially for the dataset #1 (40 points,
20 parameters/points, 23 years of trimester values).

4. Results
4.1. Observed trends in dataset #1
The following Fig. 2 provides an example of the evolution of the raw
value for a selected source (ECO) considered as representative of the
dataset #1, and for selected parameters, i.e. T, elec. Cond., HCO−
3 , pH,
for which a trend is expected between 1991 and 2014.
Cl− and SO2−
4
The six graphics give a visual impression of the respective evolution of
each parameter after being regularized into trimester values. The
trend of the Theil-Sen estimator is also plotted indicating the positive
or negative trend per year. Globally, for this selected source, and excepting outsider values that may reﬂect seasonal effects, the quality of the
presented data and the length of the survey make it possible to visualize
the supposed trend for each parameter. For these selected parameters,
results of the MK tests – here represented by the Theil-Sen estimator
– provide a good ﬁt of the observed trend, attesting the applicability of
the MK test to the whole dataset #1 (at least 640 graphics).
After being regularized into trimesters, all data from dataset #1 were
analyzed in 2 steps: 1) for each parameter of each station, MK identiﬁes
if a statistically signiﬁcant trend does exist and if the parameter evolved
downward or upward; 2) for the parameters where a signiﬁcant trend
does exist (i.e. more than 50% of the stations show the same trend),
the magnitudes of the computed TS trends β1 is ﬁnally plotted in a whisker box.

4.1.1. Observed trends
Results of the MK tests applied on the dataset #1 point out that parameters showing a statistically signiﬁcant upward trend are: temperature, electrical conductivity, Hardness (Dcarb), Na+, and HCO−
3 . On the
opposite, parameters indicating a statistically signiﬁcant downward
−
+
−
trend are: pH, KMnO4 oxydizability, NH+
4 , NO3 , K , Cl , DOC-TOC and
2−
SO4 . No signiﬁcant trends have been identiﬁed in this dataset for
NO2, PO34 − and Mg2 +. It does not mean that no trend does exist; it
means that no trend was identiﬁed considering the selected conﬁdence
interval. Regarding Ca2 +, the expected trend is probably upward. TS
trends of the parameters related to carbonate dissolution and temperature are presented in Fig. 3. The other parameters, which are not directly
related to carbonate dissolution but showing also a statistically signiﬁcant trend, are presented in Fig. 4.
+
−
+
−
SO2−
4 , NH4 , K , NO3 and Cl show a statistically signiﬁcant downward trend. Regarding SO24 −, more than 85% of the stations show a
clear decrease of this parameter excepting three signiﬁcant karst
springs (whose annual discharge exceeds 100 L/s). For Cl−, 80% of the
stations show a clear decrease; no opposite trend was observed. Regard−
ing NH+
4 and NO3 , more than 50% of the stations show a clear decrease
and no opposite trend was observed. For K+, with the exception of three
springs indicating an upward trend, more than 60% of the stations show
a decrease in K+.
With the exception of two springs indicating a downward trend,
more than 60% of the stations show a clear increase in Na+. For one of
these two springs, even if a downward trend has been identiﬁed, the
computed TS trend β1 is zero. For the second spring, extremely high
values of Na+ have been recorded between 1987 and 1993 in comparison with later records. These high concentrations do inﬂuence the trend
for the whole period. However, for the period 1993 to 2012 the trend
evolves upward, which appears to be consistent with the other stations.
As explained above, the most evident trends are for pH (downward), hardness and HCO−
3 (upward), i.e. parameters that are directly
related to the carbonate dissolution and for Cl− and SO2−
4 , i.e. param+
eters that are not related to the carbonate dissolution. For NO−
3 , Na ,
+
+
K and NH4 , a trend is expected but not conﬁrmed. Surprisingly,
the Ca2+, which was expected to evolve upward as it is a parameter
directly related to the carbonate dissolution, does not show a clear
trend.
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Fig. 2. Evolution of six global parameters for a selected source (ECO) considered as one of the most representative for the dataset #1 for the last 22 years (Autumn 1991–Spring 2014).
Observation of the raw data or using the TS estimator, the following trend may be clearly evidenced: the temperature increased by about 0.7 °C (positive trend), the electrical conductivity
−
2−
decreased by 3.8 mg/L.
increased by 24.5 μS/cm, HCO−
3 increased by 38 mg/L, pH decreased by about 0.2 pH units, Cl decreased by 4.6 mg/L and SO4

4.1.2. Interpretation
According to the trend analysis, similar trends observed for
more than 50% of the stations could be considered as global
changes. According to this analysis, variations of pH, Dcarb,

−
2−
−
+
−
NH+
4 , Na , Cl , KMnO 4 oxydizability, NO 3 , SO 4 , and HCO 3 are
considered as global. Temperature, Ca 2 + , K + and electrical
conductivity are considered as probably global but are not
conﬁrmed.

1214

P.-Y. Jeannin et al. / Science of the Total Environment 541 (2016) 1208–1221

Fig. 3. Whisker–Box plots of the TS trends of the main parameters related to the carbonate dissolution; plain values refer to the numbers of stations where the trend was identiﬁed, italic
value gives the estimated rate of change (/year).Regarding Fig. 3, a clear trend is observed for pH: nearly 90% of the stations show a downward trend and no upward trend was detected for
this parameter (see also Fig. 5). Hardness and HCO−
3 show the same upward trend for at least 75% of the stations and no opposite trend has been detected. For the electrical conductivity, 20
stations show a clear upward trend, 20 show no signiﬁcant trend and 1 single station shows a slightly opposite trend. For temperature, 18 stations (i.e. less than 50% of the sampling stations) show a clear upward trend but no station evidences a downward trend. Ca2+ does present a statistically signiﬁcant upward trend for 40% of the stations, however at least 10% of the
stations present a downward trend for this parameter. No global trend could be identiﬁed for Mg2+ which is not represented here.

2−
−
−
+
NH+
4 , Cl , SO4 , NO3 , and K are clearly human-induced ions (agri2+
more probably depend on
culture, leakage) while T, HCO−
3 and Ca
climate.
It should be noticed that HCO −
3 increases more signiﬁcantly
than Ca2 + although both mainly result from limestone dissolution.
One reason could be that Ca 2 + is also linked to SO 24 − content,
which signiﬁcantly decreased as HCO −
3 increased. Nevertheless,
Ca 2 + shows an increase in most sources, but this increase is not
statistically signiﬁcant compared to the standard deviation of
this dataset.
Concerning Mg2+, the trend is not signiﬁcant and the origin of Mg2+
in Ajoie groundwater is not well established (from carbonate rocks or
from clasts in other types of rocks such as sandstones, conglomerates
and unconsolidated rocks).
The positive trend in electrical conductivity is not as signiﬁcant as
that of HCO−
3 , and is explained by signiﬁcant decreases observed for sev+
2+
).This tends to indicate that the oberal ions (Cl−, SO2−
4 , K , and Mg
served increase in carbonate dissolution is somehow compensated by a
decrease in some other ions.
Evolution of HCO−
3 is the most signiﬁcant trend observed both in absolute value [mg/L] and valence. The decrease in pH is related to the

increase in HCO−
3 , i.e. pH is obviously not completely dampened by
limestone dissolution.
A signiﬁcant decrease in the concentration of SO2−
4 is evidenced over
the twenty two years of observation. Changes in agricultural practices
may explain this decrease (change of fertilizer type) or any other (unknown) reason. Clay minerals, present in the soil or the karst system,
may be a secondary source of SO2−
4 .
The annual concentration of Cl− shows a clear negative trend. This
decrease may be explained by the reduction of road-salting related to
a decrease in snowfall during the last winters. However, another explanation may possibly have to be found, because the trend is also observed
in areas without roads. Furthermore concentration of Na+ notably increased during the same time interval! It could possibly be related to
a change in soil processes (ions exchanges?).

4.1.3. Summary of the analysis of dataset #1
The Trimester data from the 40 groundwater sources in Ajoie evidenced clear trends for HCO−
3 (increasing trend) as well as for pH, Cl
and SO2−
4 (decreasing trends). Probable trends are observed for temperature, electrical conductivity, Na+(increasing trend) and for the

Fig. 4. Whisker–Box plots of the TS trends for parameters that are not directly related to the carbonate dissolution but also showing a meaningful trend; plain values refer to the numbers of
stations where the trend was identiﬁed, italic value gives the estimated rate of change (/year).
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Fig. 5. Representativeness of the estimated trend per parameter for the 40 water sampling points of the dataset #1.

+
2+
Oxydizability to KMnO4, K+, NO−
,
3 and NH4 (decreasing trend). Mg
Ca2 +, PO34 − and turbidity do not display signiﬁcant or global trends.
Table 1 gives an outlook of the assessed trends derived from stations
where trends are the most visible.

4.2. Observed trends in dataset #2 (continuous data from Ajoie region)
Discharge rate, water temperature and water electrical conductivity measured at the Milandre test-site (15 min time step) have

Fig. 6. Water temperature (above) and electrical conductivity (below) measured at the Milandre site with a time step of 15 min. For both parameters, an upward trend may be clearly
observed. The ﬁts reﬂect the TS trend of the parameter over time (in days).The reader has to be careful as measurement devices were changed between 1999 and 2001, leading to surprising values, especially regarding the temperature.
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Fig. 7. Evolution of the electrical conductivity of the Loue River at Chenecey between 1971 and 2006; a trend is clearly visible (from Mudry et al., 2015).

been analyzed using a simple linear regression. Clear trends are evidenced for temperature and electrical conductivity (Fig. 6) over the
observed 21 years period. For comparison to dataset #1, the MK
test was also applied on this dataset. Data were condensed into
trimestral medians. Results are displayed in Table 2 and TS regression ﬁts are plotted in Fig. 6.
Concerning discharge rate, the analysis evidenced a small change of
−0.013 L/s per year (average annual discharge rate of 74 L/s), which is
equal to a global decrease of 0.26 L/s over 21 years. This trend is negligible compared to the precision of the measurement and is considered not
signiﬁcant.
The temperature curve shows an increase of +0.0205 °C/y or +0.45 °C
in 21 years. This increase is about 10 times greater than the uncertainty on
the measurements and larger than the annual variability. The trend is
therefore considered as highly signiﬁcant. The electrical conductivity increased by +2.06 μS/cm per year, which leads to a total increase of
+43 μS/cm over the 21 years... This increase is more than ten times larger
than the uncertainty of the measurements and about half of the annual
variability. Consequently the trend is considered signiﬁcant.
Regarding the temperature, the trend is comparable with those analyzed in the dataset #1 (+0.0216 °C/year). However, the trend of the
electrical conductivity is at least two times higher than those analyzed
in the dataset #1 (+0.89 μS/cm/year). Only one spring of the dataset
#1 shows a similar trend (+2.05 μS/cm/year). During the same period
of time the discharge rate of the underground stream did not change
signiﬁcantly.

Fig. 8. Evolution of electrical conductivity at the Areuse spring as taken out of three
sources: Burger (1959); Kiraly and Muller (1979) and data from the cantonal service for
water protection. A clear trend is observed over a larger period than the 20 last years.
However, this dataset must be considered with care considering the changes in instrumentation and working teams.

4.3. Observed trends in dataset #3 (continuous data from nearby regions)
4.3.1. Data from French Jura Mountains
Fig. 7 shows the trend analysis in electrical conductivity for dataset
#3: station of Loue river in Chenecey (France, Fig. 1), between 1971
and 2006. A signiﬁcant positive trend may already be observed in Fig.
7, even if a reversed trend may exist between 1971 and 1981, although
based on a limited number of observations.
The MK test was applied on the physical parameters and major ions
−
3−
of this station: NH+
4 , electrical conductivity, NO3 , pH, PO4 and temper−
ature. The HCO3 values could not be processed by the MK test because
of signiﬁcant gaps in the data. Regarding the other stations (Loue at
Mouthier and the Arcier springs), the MK test was applied on the following parameters: temperature, electrical conductivity, SO24 −, Na+,
Ca2+, Cl− and pH. Table 3 displays the analyzed trends for the discussed
parameters.
A signiﬁcant upward trend is conﬁrmed for the electrical conductivity in these sites. No trend or a downward trend is identiﬁed for pH,
SO24 − and PO34 −; while no trend or an upward trend is identiﬁed for
+
−
+
NO−
3 , Na and Cl . No trends are identiﬁed for temperature, NH4 and
Ca2+.
−
With the exception of the temperature, NO−
3 and Cl , whose trends
are opposed to those observed in dataset #1, trends of dataset #3 follow
the same evolution than those of dataset #1: an increase in electrical
conductivity and Na+ and a decrease in SO2−
4 . It should be mentioned
that the trend of electrical conductivity is here much higher than trends
observed in dataset #1 and dataset #2. For other ions the amplitude of
changes are also different: Cl− seems to decrease more in Ajoie than
in Chenecey and Na+ increases more in Chenecey than in Ajoie. NO−
3
is the only parameter showing a positive trend in Chenecey and a negative one in Ajoie.
Shorter data series from ﬁve further karst springs of the French Jura
Mountains were also roughly analyzed (Table 4). Five of six springs
show a positive trend for electrical conductivity. However, the dataset
is too small to be considered as statistically signiﬁcant (not enough samples, signiﬁcant gaps and too short observation duration). By the way, it
should be noted that the two springs with the most samples and the
longest monitoring periods are those presenting the most signiﬁcant
trend (Cusancin and Dessoubre).

4.3.2. Data from other Swiss springs in the Jura Mountains
Electrical conductivity of the Areuse spring was monitored along
three different studies providing data from 1955, 1977 to 1979 and
from 1990 to 2008 (Fig. 8). Although the dataset is not continuous and
may display inaccuracies due to changes in instrumentation and
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Fig. 9. Soil temperature (−5 cm/surface) and air temperature (+2 m/surface) measurements between 1990 and 2012 at the Fahy meteorological station (data from Météosuisse).

working teams, a clear increasing trend is observed. However the MK
test could not be applied here because of the long gaps in the timeseries.
With about 50 samples analyzed at four karst springs over the last
10–15 years, the NAQUA dataset is relatively short compared to the previous datasets. The MK test could however be applied. Surprisingly, no
trends are evidenced for HCO−
3 using the conﬁdence interval of 95%
(and even for a lower tolerance at 80%). Inspection of the raw data indicates a slight increase but the dispersion of the values is too high to
agree for a signiﬁcant evolution of this parameter. The same test using
conﬁdence intervals of 90% and 80% does not reveal signiﬁcant trends.
Table 5 summarizes the observed trends for parameters indicating a
trend. Two springs show a clear upward trend for the electrical conductivity (+0.74 μS/cm/yr). Three springs show a clear downward trend
for pH (measured in laboratory); An increase of water temperature is
only evidenced for one spring measured since 2003; the rate of change
is + 0.035 °C/yr. Regarding SO24 −, a clear downward trend was evidenced for two springs. Another surprising result concerns the Cl−;
two springs show a clear increase but with different rates of change,
and one spring shows a clear decrease. The trend of this parameter for
these springs is thus unclear.
Despite an insufﬁcient number of samples, the evidenced trends for
the major parameters are fully compatible with those observed in Ajoie
or in France. Trends for water temperature, electrical conductivity, pH
are really close to those observed in the other datasets. Cl−
and SO2−
4
is the exception: its content clearly decreases in Ajoie and seems to increase in Loue karst spring in Mouthier. For the other parameters that
did not show a signiﬁcant trend – for example HCO−
3 – it may obviously
results from the duration of the observation (1998–2011) which is unfortunately not sufﬁcient to evidence statistically signiﬁcant trends.

Table 1
Trends assessed for 7 selected parameters out of dataset #1 (values have been rounded
compared to those displayed in the previous Box–Whisker plots).
Parameter

Trend (per year)

Amount of sources

Time period

Temperature
Electrical conductivity
HCO−
3
pH
2−
SO4
Cl−
Na+

+0.022 °C
+0.89 μS/cm
+0.76 mg/L
−0.008 pH unit
−0.12 mg/L
−0.16 mg/L
+0.034 mg/L

18
21
30
35
36
31
26

1992–2011
1984–2011
1989–2011
1992–2011
1989–2011
1985–2011
1990–2011

5. Interpretation of observed trends
Two groups of parameters are discussed here below: temperature
and parameters related to carbonate dissolution. The other parameters
will be discussed in another paper.
5.1. Temperature
The upward trend in groundwater temperature is relatively clear
and signiﬁcant in the analyzed datasets. This trend is not evidenced
for all the sources but it should be mentioned that, depending on the
site and the hydrological conditions, the recorded temperature may be
not representative of those measured in the underground streams. Indeed, the water temperature may be signiﬁcantly inﬂuenced by the
heterothermic zone (Lütscher and Jeannin, 2004) or the outside conditions (changes in the vicinity of the source like urbanization and land
clearing). A few of the observed systems are small and/or located in
urban areas, where local warming (or cooling) may be expected
through cooling/heating systems or through inﬁltration from pipe networks. If we only consider systems draining areas larger than several
square kilometers outside urban areas, all display a positive trend,
often signiﬁcant, at least positive, except for the Loue at Mouthier and
Arcier springs (dataset #3) which are among the biggest springs of
the French part. These springs do not show any trend in temperature
in spite of more than 20 years of records. At that stage there is no tangible hypotheses to explain the absence of trends for these springs. One
supposition may be that concentrated recharge through sinkholes or
sinking rivers may dominate for these systems leading to high annual
ﬂuctuations of the water temperature which may mask the trends.
Globally, the measured warming over 21 years ranges between 0.4
and 0.6 °C depending on the systems. The differences between the respective sources may probably depend on various factors such as elevation, land-use, and exposition to sunshine.
Measurements of the nearby meteorological station (Fahy, Northern
Ajoie, ~600 m of elevation) reveal the following trends during the time
period 1990–2011 (Fig. 9):
Table 2
Results of the MK test applied on the dataset #2 for the following parameters: temperature
and electrical conductivity.
Mann–Kendall test

Temperature (°C)

Electrical conductivity (μS/cm) at 20 °C

Data
TS trend (/year)

83
+0.0205

84
+2.06
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Table 3
Results of the MK test applied on major ions of French river and springs.

Loue at
Chenecey
Loue at
Moutier
Arcier

NO−
3
(mg/L/yr)

Ca2+
(mg/L/yr)

Cl−
(mg/L/yr)

NH+
4
(mg/L/yr)

Na+
(mg/L/yr)

No trend

Non-analyzed Non-analyzed Non-analyzed −0.001

Type

Temp.
(°C/yr)

pH
(SI units/yr)

Elec. cond. SO2−
4
(μS/cm/yr) (mg/L/yr)

River
stream
Karst
spring
Karst
spring

No trend

No trend

+5.2

Non-analyzed +0.04

No trend

No trend

+2.91

No trend

Non-analyzed Non-analyzed +0.187

No trend

+0.158

Non-analyzed

No trend

−0.012

+7.03

−0.072

Non-analyzed Non-analyzed No trend

No trend

No trend

Non-analyzed

i. an increase of 0.63 °C of air temperature measured (every 10 min) at
2 m above ground level,
ii. an increase of 0.51 °C of the soil temperature measured 5 cm below
ground surface,
iii. no trend in the precipitation data,
iv. a total increase of about 200 h of sunshine duration per year.

Comparison with Fig. 9 indicates that temperature increases observed in groundwater is consistent with those measured in the soil. Although mostly unpublished, data showing positive trends of cave
temperature all over Switzerland have been obtained (e.g. Trüssel,
1995 and further personal communication). Analysis of long groundwater temperature times series in porous (non-karstic) aquifers (Figura
et al., 2011) shows that systems recharged by river-bank ﬁltration systems do react to climate warming, but that systems fed only by rain inﬁltration do not. However karst systems are much more efﬁciently
connected to atmospheric conditions than other groundwater systems
(Badino, 2005, Lütscher and Jeannin, 2004) making them very reactive
to climate warming. There is therefore no doubt that karst groundwater
temperature is directly inﬂuenced by climate change. The degree of coupling and the dampening of climate change to karst groundwater temperature are not well established yet but are in the order of years or
decades. The climatic context and type of karst or the size of systems
are supposed to play a role too, making each system to react with its
own dynamics.
5.2. Parameters related to carbonate dissolution
Clear trends are observed for HCO−
3 and pH, as well as electrical conductivity. This is very probably related to an increase in CO2 production
in soils. Two main factors may have induced the observed trends:
changes in land-use and agriculture practices and/or climate change.
5.2.1. Changes in land-use and agriculture practices
5.2.1.1. Land-use evolution. To determine the potential impact of the
change in land-use on the quality of the groundwater, a historical analysis was performed; the evolution of the land-use on the catchment of
the Milandre-river (dataset #2) was analyzed for the Swiss part of the

PO3−
4
(mg/L/yr)

basin. The remaining part of the catchment lies on French territory
and was not analyzed because of the lack of information. However this
part covers less than 20% of the catchment area and was not subject to
major visible change in land-use. The method used for the Swiss part
is based on the analysis of aerial pictures of the years 1979/1985,
1992/1997 and 2004/2009. The results are shown in Table 6.
Table 6 shows that Farmland is slowly decreasing and that the surface used for special infrastructures is increasing, which is explained
by the construction of the A16 freeway. This evolution of the land-use
is not suitable to explain the changes observed in the groundwater of
the Milandre test-site, especially not changes in electrical conductivity
and concentration of HCO−
3 . It should be mentioned that changes in
spring catchment areas of dataset #1 are generally less signiﬁcant
than in the Milandre one.

5.2.1.2. Evolution of agriculture practices. In Switzerland, the amount of
direct subsidies for a more ecological agriculture raised from 0.85 billion
CHF/year in 1990 to more than 2.8 billion CHF/year in 2012 (http://
www.blw.admin.ch). At least two recommendations related to direct
subsidies may have had consequences for the pH of soils: (i) reduction
of potassium and chalk inputs, and (ii) reduction of vegetal production.
Potassium displays a signiﬁcant decrease in many of the observed
springs of the dataset #1, supporting this hypothesis. Chalk (limestone
powder) is known to increase soil-pH and Ca concentration. Therefore
a decrease in chalk inputs on soils must produce a reduction of pH
and Ca in soils. However, the presence of limestone directly below the
soil must result in almost an equivalent dissolution of CaCO3 either directly in the soil (if chalk is present) or directly below (if less chalk is
present in the soil). If less chalk is thrown on the soil, it can hardly
lead to an increase in CaCO3 dissolution. In fact, the main controlling factor of the ﬁnal quantity of dissolved CaCO3 is apparently the concentration of CO2 in the soil. However a relation between the change in
2+
is
agriculture practice and the observed trends in pH, HCO−
3 and Ca
not excluded.
Concerning PO3−
4 , the observed decrease is very probably related to
the prohibition of phosphate compounds in washing powders in
Switzerland in 1986. For the decrease in NH+
4 improvements in sewage
treatment for both domestic and industrial waste waters is certainly the
main reason. For NO−
3 , the opposite trend observed in France and in

Table 4
Trends observed for electrical conductivity at 5 measurement stations in the French Jura Mountains. Although based on a restricted number of observation points, all trends — expected the
Doubs spring — show a same increase and in the same order of magnitude (HS: highly signiﬁcant trend) (DATA ades.eaufrance.fr).
Stations/French BSS code

Type

Period

Elec. cond. var.

Trend

Cusancin
(05034X0025/SCE)
Dessoubre
(05312X0021/CN)
Beaumette spring
(04437X0012/S)
Doubs spring
(05836X0001/S)
Bief de Bran spring
(05044X0003/S)

Karst spring

1975–2011

+4.5 μS/cm/yr

Highly signiﬁcant

Samples
67

Karst spring

1986–2011

+5.8 μS/cm/yr

Highly signiﬁcant

118

Karst spring

1999–2011

+2.1 μS/cm/yr

Low

48

Karst spring

1999–2012

−1.4 μS/cm/yr

Low

34

Karst spring

2001–2011

+1 μS/cm/yr

Low

44
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Table 5
Results of the MK statistical analysis for four karst springs of the NAQUA National Groundwater Monitoring datasets.

Samples
TS trend (median
value)

Elect.
pH — laboratory
cond.
values
(μS/cm/yr) (pH units/yr)

Cl−
SO2−
4
(mg/L/yr) (mg/L/yr)

2
+0.74

2
−0.07

3
−0.014

3
0.062
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Table 7
Analysis of the rain water in Ajoie (JU) between 1998 and 2012, data from ENV (Jura
canton).
Parameter

Coefﬁcient of correlation
[r2]

Number of
analyses

Trend

Cl− [mg/L]
NO−
3 [mg/L]
SO2−
[mg/L]
4
pH
Elec. cond. [μS/cm at 20 °C]
Na+ [mg/L]

0.0428
0.0141
0.0673
0.0859
0.0008
0.0412

128
129
126
129
129
101

Decreasing
No trend
Decreasing
Increasing
No trend
Decreasing

Switzerland may be explained by differences in application of the fertilization practices.
5.2.2. Climate change
5.2.2.1. Evolution of rainwater composition. Changes in the rainwater
composition have also been considered. The data has been recorded
by the cantonal laboratory of the Jura canton, at the station of Delémont,
between 1998 and 2012. The rain was analyzed by the laboratory 4 to 12
times a year. The trends of the different chemical parameters are given
in Table 7.
Although some trends can possibly be identiﬁed, the amount of dissolved ions in the rain and their possible evolution can hardly explain
trends observed at sources.
The electrical conductivity of rainwater and the NO−
3 concentration
show no trend at all. The change in pH is the more pronounced, but
the trend is not signiﬁcant, and the observed increase of +0.04/year is
in the opposite direction compared to the trend observed in the spring
and Na+ show a non-signiﬁcant decreasing trend comdata. Cl−, SO2−
4
patible with spring data, but with a much lower magnitude.
Changes in the rainwater content cannot explain the observed mineralization trends in the groundwater of karst aquifers.
5.2.2.2. Climate warming. As discussed in the ﬁrst part of the present
chapter a clear warming in this region is observed in climatological
data. The air temperature, as well as the soil temperature and the sunshine duration signiﬁcantly increased over the last 20 years. This is
known to increase the CO2 production in soils in two ways: by increasing the microbiological activity in the soil, leading to more respiration
and more degradation of organic matter, and by increasing the seasonal
duration of the microbial activity in the soil, with spring starting earlier
and autumn vegetation lasting longer. Unfortunately we don't have
continuous records of soil pCO2 over the investigation time period. Measurements conducted during one year (from summer 2001 to summer
2002) indicate soil pCO2 values ranging between 5000 and
50,000 ppm in the soil atmosphere. Highest values are found at depths
greater than 1 m. Average values among 8 measurement stations were
10,000 ppm in winter and 28,000 ppm in summer. This range ﬁts pretty
Table 6
Land-use evolution of the Milandre cave stream catchment area (12 km2) inferred from
aerial photos between 1979 and 2009.
Classes

% surface
1979/1985

% surface
1992/1997

% surface
2004/2009

Area of buildings
Transport surfaces
Surfaces of special infrastructure
Greenﬁeld sites and relaxing spaces
Arboriculture, viticulture, horticulture
Farmland in a large sense
Natural meadows in a large sense
Local pastures in a large sense
Mountain pasture
Woods
Lakes and rivers
Unproductive land
TOTAL

2.8
1.2
0.7
0.0
3.0
36.8
6.1
12.1
0.6
36.4
0.1
0.4
100

3.9
1.3
0.6
0.1
2.5
39.3
4.0
10.9
0.7
36.3
0.1
0.4
100

4.4
1.4
3.1
0.1
2.1
36.7
3.5
12.9
0.7
34.7
0.1
0.4
100

well with observed HCO−
3 concentrations measured in the spring waters. However this dataset is too short to evidence any trend over several years. Measurements conducted in six soil-locations — between
August 2013 and April 2014 — indicate average values of 29,000 ppm
in summer and 15,000 in winter. Furthermore, values equal or above
50,000 ppm were found only twice (same site) in 2001–2002, and
were found seven times (two sites) in the 2013–1014 dataset. However,
because neither the measurement locations, nor the exact measurement protocol are the same, this comparison cannot be used as a
proof of an increase in soil pCO2 between 2001 and 2014.
Another indication is given by observations in the Milandre cave,
which indicate that the CO2 concentration in cave atmosphere seems
to increase. Cave air was only monitored since 2008, which is too
short to prove any trend. However, it clearly shows that CO2 in cave
air is pretty high: usually higher than 20,000 ppm and quite often higher
than 30,000 ppm. Those concentrations are very high for a caver to
move through the cave and values higher than 30,000 ppm may result
in health difﬁculty or even fatality... Various teams of cavers have experienced problems since 2008, what had never been reported before, although the cave is frequently visited since its discovery in 1963. This is a
qualitative but liable indication that pCO2 in the cave increased and
reached critical values around 2008.
6. Discussion and conclusion
6.1. Climate warming and water mineralization
The three independent datasets evidence a clear increase in karst
groundwater mineralization in the Jura Mountains for the period
1990–2011. This trend is clear for HCO−
3 . It is in the order of + 5%
(+16 mg/L over 21 years). An increase of spring water temperature is
also pointed out and well correlated to the global warming measured
in the region. The increase reaches up to 0.5 °C in total between 1990
and 2011 (dataset #1 according to the median value of the TS coefﬁcient
and dataset #2). The dataset #2 is obviously the most representative
trend of the groundwater temperature evolution for the two last
decades.
pH clearly decreased over the observation period of 0.01 pH units.
Cl− and SO2−
4 also display clear trends, but with values and signs changing from one system/region to the other.
Various reasons for the signiﬁcant increase in HCO−
3 have been
searched for. Rain characteristics and land-use did not change signiﬁcantly enough to explain the observed trend. Agriculture practices
(mainly a reduction of chalk applications) changed and could explain,
at least in some extent, the observed trend. However, the climate significantly warmed up during the observation period and is expected to be
the main reason for the observed increase in HCO−
3 concentrations. Indirect observations of pCO2 increases in cave atmosphere indicate
that, since 1963, soil CO2 production had never been as high as observed
between 2008 and 2011.This observation is supported by similar measurements reported from caves in Belgium (Ek and Godissart, 2014).
It is difﬁcult to completely prove that the observed trends are mostly
related to climate change. However, it is almost established that the
trend is related to an increase in CO2 production in soils. This can be
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induced by two global changes: 1) change in agriculture practices, and
2) global warming of earth atmosphere, both producing an increase in
soil CO2 production. These are very probably the main reasons for the
observed increase in spring water mineralization.
The trend observed in Northern Switzerland and in similar regions in
France is expected to take place in most temperate regions of the Earth.
6.2. Quick increase of the karst carbon sink
Considering the chemical equation of carbonate dissolution, it is not
clear if this process should be considered as a carbon sink or a carbon
source (e.g. White, 2013, Martin et al., 2013).
Considering carbonate weathering as a source or sink for CO2 depends on the scale in time and space. Supposing that dissolved CaCO3
precipitates completely before reaching the sea, the process should be
considered as neutral, because the CO2 molecule dissolved together
with the CaCO3 dissolution is returned back to water (as dissolved
CO2) and to the atmosphere. However, if Ca2 + is provided to water
from another source (dissolution of non-carbonate rocks), and/or if
the total amount of CaCO3 is not precipitated or if one part of the dissolved CO2 in the water is trapped, then it can be postulated that the observed increase in limestone dissolution acts as a CO2 sink, because CO2,
which was dissolved in the soil will never (or very slowly) return back
to the atmosphere. This is the point of view exposed by Gombert
(2002) or Liu et al. (2011). Zeng et al. (2012) have an even more extreme position by assuming that none of the CO2 molecule taken from
the atmosphere for carbonates dissolution returns back to the atmosphere. These authors in fact simply consider a more local scale, focusing
on the karst aquifer system from the recharge area to the karst spring.
This statement can certainly not be extrapolated at the global scale because some carbonate precipitation is known to take place (as travertine, chalk, etc.) in the downstream part of the global water and
carbon cycle. However, at least two arguments support the hypothesis
of a carbon sink: 1) The liberation of dissolved CO2 into the atmosphere
requires the precipitation of CaCO3, which naturally tends to remain dissolved above the thermodynamic equilibrium concentration (an oversaturation of + 0.5 is needed to nucleate calcite precipitation, White,
2013); 2) Biological processes are active in water, along its course
from karst to the ocean, possibly leading to a the precipitation of more
CaCO3 than what was initially dissolved in the soil. It is also known
that one part of the CO2 dissolved in the soil is transformed into organic
matter (e.g. by photosynthesis); the main part of this organic matter is
biologically degraded (i.e. mostly transformed into CO2 going back
into the atmosphere), however, one part is not degraded and deposited
in sediments and trapped for a long time. Neal et al. (2002) studied CO2
variations along the course of a river located downstream of carbonate
aquifers and suggests that water remains highly oversaturated with respect to calcite along a signiﬁcant distance. Authors postulate that microbial activity in the river sustains this high level of CO2.
On the other hand, we can also consider that CO2 — trapped since
millions of years in limestone — suddenly comes back into the water
and atmospheric cycles by limestone dissolution, being then a source
of CO2. This is certainly the case for carbonate dissolution through sulfate reduction (oxidation of sulﬁdes, such as pyrite, forming sulfuric
acid dissolving the carbonate minerals) or acid rain (Martin et al.,
2013). In both cases, the dissolution of carbonate takes place without
using any atmospheric CO2, i.e. it is expected to be a source of CO2 for
the atmosphere.
Therefore, on the very large time-and-space scale (hundreds of millions of years, whole Earth), carbonate dissolution could be neutral or
even a source of CO2. However, the balance is very difﬁcult to establish,
and conditions could have changed over such a long period of time. On a
shorter time-scale (1 to 1000 ky) an increase of carbonate weathering
clearly means more CO2 sink at the global scale. If the karst process is
clearly a signiﬁcant sink on a limited space scale (i.e. only the karst aquifer system), its quantiﬁcation is difﬁcult because one part of the

dissolved CO2 could return back to the atmosphere when considering
the global scale. High contents in HCO−
3 in most large rivers, as shown
by Gaillardet et al. (1999), seems to indicate that the return of CO2 to
the atmosphere is not very signiﬁcant before the water reaches the
oceans.
The data provided in the present paper show that the intensity of the
CO2-ﬂux leaving karst systems as dissolved species is rapidly increasing
as a consequence of climate warming. If karst-processes (at least carbonic acid dissolution) can be considered as a carbon sink, this means
that the CO2 sink due to carbonic acid dissolution is rapidly increasing.
Further studies are necessary in order to assess if the observed trend
can be generalized, and what is its signiﬁcance for the overall CO2
changes.
6.3. Effect on ocean acidiﬁcation
Another aspect is the acidiﬁcation of oceans. An increase in dissolved
CaCO3 reaching the sea contributes to attenuate the acidiﬁcation of
ocean water by buffering the pure dissolution of atmospheric CO2 in
Seawater. Acidiﬁcation related to atmospheric CO2 is described by
Eq. (6):
þ
CO2 ðgÞ þ H2 O↔HCO−
3 þ H ↔H2 CO3 :

ð6Þ

An increase in CO2 concentration induces an increase in H+ ions,
thus a pH decrease (acidiﬁcation). In presence of CaCO3, for one CO2
2+
molecule, the equilibrium is shifted towards HCO−
ions and
3 and Ca
less H+ ions are created. pH is also controlled by CaCO3 saturation
value: the equilibrium pH increases with an increase of CO2 concentration (Eq. (7)).
2þ
CaCO3 ðsÞ þ CO2 ðgÞ þ H2 O↔2 HCO−
3 þ Ca :

ð7Þ

Therefore, the increase of dissolved CaCO3 in the ocean should attenuate the acidiﬁcation of ocean water.
6.4. Some further perspectives
The signiﬁcance at a global scale of the increase of limestone dissolution through soil CO2 production related to global warming must be
assessed, as well as the effect of more input of dissolved CaCO3 in Sea
water. This is however beyond the scope of the present paper. It can
also be noticed here that the trend evidenced in this paper for karst
aquifers must be similar in non-karstic aquifers containing carbonate
rocks such as alluvial or other sedimentary or detritic aquifers, in
which the rock often encloses a certain percentage of carbonate elements (cement in sandstones, pebbles in alluvial aquifers). This may
suggest that the ﬂux estimated by Gombert (2002) of 0.3 GtC/year is
probably signiﬁcantly underestimated and is quickly becoming larger.
The CO2 ﬂux due to soil respiration is the second largest terrestrial
carbon ﬂux on Earth (Bond-Lamberty and Thomson, 2010). From the
presented data, it can be suggested that karst hydrogeological systems
can be used to assess the average soil pCO2 at catchment scale (dozens
of km2) and its evolution. This can be an interesting means to measure
pCO2 and to assess ﬂuxes based on this data, and to verify numbers
used in other assessment methods (e.g. Gombert, 2002).
Evolutions were also demonstrated for other chemical parameters
(pH, Na+, Cl−, SO24 −). They seem related to global change; however
their relation to climate warming is unclear.
As the survey for the A16 freeway is scheduled until 2017, the evolution of the indicative parameters will be further analyzed and compared
to the actual observed trends.
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