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Abstract

Hydrochemical data of karst springs provide valuable insights into the internal hydro-
dynamical functioning of karst systems and support model structure identification.
However, the collection of high-frequency time series of major solute species is lim-
ited by analysis costs. In this study, we develop a method to retrieve the individual
solute concentration time series and their uncertainty at high temporal resolution for
karst springs by using continuous observations of electrical conductivity (EC) and
low-frequency ionic measurements. Due to the large ion content and non-negligible
concentrations of aqueous complexes in karst systems, the concentration of each sol-
ute species occurring as free ion and as part of aqueous complexes are computed
separately. The concentration of species occurring as free ions are computed consid-
ering their contributions to the total EC, whereas the concentration of the species as
part of complexes are obtained from speciation calculations. The pivotal role of the
complexation processes for the reconstruction of solute concentration time series
starting from the EC signal is investigated in two karstic catchments with different
geologies and temporal resolution of the available hydrochemical datasets, that is the
Kerschbaum dolostone system in Austria and the Baget limestone system in France.
The results show that complexation processes are significant and should be consid-
ered for the estimation of the total solute concentration in case of SO,4, Ca, Mg and
HCOs. The EC signal of a karst spring can be used to interpolate and quantify the
dynamics of those solutes characterized by large contribution (approximately >6%) to
the total EC and low relative variability, that is HCO3, Ca and Mg. Moreover, the pre-
sented method can be used to estimate concentrations of solutes when applied to
karst systems with stationary and hydrogeochemical homogeneous contributing area.
On the contrary, the method is affected by large uncertainty in case of dynamic sys-
tems characterized by varying contributions of water from different geological areas.
This study aims to contribute to the problem of hydrogeochemical data availability

and to support future works on karst systems conceptualization.
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1 | INTRODUCTION

The use of multiple data sources to improve our understanding of the
karst hydrological functioning is getting more and more attention. For
example, hydrochemical data of karst springs provide valuable insights
into the internal hydrodynamical functioning, for example to charac-
terize different kinds of karst systems or to differentiate between the
contribution from the critical zone, conduit and matrix compartments
under varying hydrometeorological conditions (Aquilina et al., 2006;
Dreiss, 1989; Frank et al., 2019; Hartmann et al., 2013; Hartmann &
Andreo, 2017; Liu et al., 2004; Mudarra & Andreo, 2011; Ravbar
et al., 2011; Torresan et al., 2020). Therefore, it is important to collect
and analyse hydrogeochemical information in karst systems.

Karst systems are characterized by a complex hydrologic
response and rapid discharge variations that may change by one order
of magnitude within hours or days (Hartmann et al., 2014). To investi-
gate flow and transport processes in such systems, the hydrochemical
sampling frequency should be comparable to the time scale of the
hydrological response of the system, that is hours to days. However,
high-frequency monitoring is generally restricted to continuous mea-
surements of water level, discharge, temperature and electrical con-
ductivity (EC), whereas the collection of high-frequency time series of
major solute species for example Ca, Mg and HCOg, is limited by high
analysis costs (Charlier et al., 2012).

Recently, few studies investigated methods to derive continuous
time series of major ions without the need of continuous measure-
ments of these ions. Mewes et al. (2020) tested the ability of different
machine learning algorithms to interpolate time series of natural tracer
concentrations in karstic environment and to predict $O42~ and NO3~
concentrations from discharge data. While the study showed that
machine learning algorithms are valuable to fill gaps between point
measurements of ionic concentrations, these algorithms cannot pre-
dict the tracers' temporal variability (Mewes et al., 2020).

Benettin and van Breukelen (2017) proposed a method to derive
the individual ion concentration from the total ion content information
embedded in the EC signal measured at a river gauge. The approach is
based on the decomposition of the EC into the specific contributions
of the major free ions that conduct electrical current in water. EC can
be easily and cheaply measured by means of automatic instruments
and thus shows a huge potential in model development and evalua-
tion (Cano-Paoli et al., 2019; Chang et al., 2021; Hayashi et al., 2012;
Jourde et al,, 2018; Meus et al., 2014). Starting from continuous EC
data and ionic point measurements, the method of Benettin and van
Breukelen (2017) makes it possible to estimate ionic concentration
time series at the same temporal resolution as the EC signal. The
approach was tested on data from the Upper Hafren river catchment
in the Plynlimon area, mid-Wales, United Kingdom, characterized by
low EC values (average of 29 uS/cm) and by a total ion content domi-
nated by Cl and Na, which have no or little tendency to be involved in

complexation processes. The approach proved to give a better repre-
sentation of the ion dynamics than a direct linear interpolation of the
concentration point measurements. Similar approaches were used to
first establish regressions between ionic concentrations and laboratory
measurements of EC and then to decompose the EC measured at river
gauges into the major ion contributions (Lechuga-Crespo et al., 2020).

Differently from the Upper Hafren river catchment, karstic envi-
ronments can be characterized by large content of solutes that could
form complexes and EC values around 500 uS/cm (Chang et al., 2021;
Hilberg & Schneider, 2011; Sheikhy Narany et al., 2019). The large ion
content and the complex hydrogeochemical interactions between
water and the matrix cause the discharge of a karst spring to often
show an intricate water speciation. Due to the non-negligible concen-
trations of aqueous complexes in karst systems, there is the necessity
to modify the methodology proposed by Benettin and Van Breukelen
(2017) to account for aqueous complexation processes. The aim of
the present work is hence to develop a method to retrieve individual
solute species concentration time series at high resolution from con-
tinuous EC measurements in karst springs, by explicitly accounting for
complexation processes. Indeed, some solute species, like SO4, Ca and
HCO3, have high tendency to form complexes, which thus need to be
considered in the reconstruction of the total concentration, despite
not having a significant influence on the total EC of the water. More-
over, we investigate the uncertainties related to the quantification of
each individual solute species both for interpolation and prediction of
high-resolution concentration time series. Since different geological
structures and rock types of a system determine the flow regime and
aqueous chemistry (Odeh et al., 2009), we consider two karstic water-
sheds with different types of bedrock and temporal resolution of the
available hydrochemical datasets, that is the Kerschbaum dolostone
system in Austria (quarterly, weekly and 5-h sampling temporal resolu-
tions) and the Baget limestone system in France (sampling temporal
resolution from 1 to 4 h). Thus, by testing the approach on karst sys-
tems characterized by different geology and different sampling fre-
quency, we evaluate the relevance of complexation processes in karst

systems characterized by different degrees of complexity.

2 | MATERIALS AND METHODS

21 | Study areas
We consider two study areas, that is the Kerschbaum dolostone karst
system in Austria and the Baget limestone karst system in France
(Figure 1a). The different geological formations characterizing the two
spring watersheds (Figure 1b,c) result in different degree of karstifica-
tion, discharge variability and solute transport processes.

The Kerschbaum spring is located 10 km south of the city of
Wiaidhofen a.d. Ybbs, Austria (Figure 1a,b). The pre-alpine springshed
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covers approximately 2.5 km? and is part of the eastern foothills of the
Northern Calcareous Alps, showing a homogeneous dolomitic geology.
The Kerschbaum spring aquifer is characterized by a complex small-
scale groundwater karst system with a deep and developed network of
fractures and conduits (Hacker, 2003; Sheikhy Narany et al., 2019).
Despite the dominance of carbonate bedrocks, the study area does not
show significant sinkholes. Therefore, we assume that point infiltration
and concentrated recharge processes scarcely contribute to the
groundwater recharge and, thus, that the spring discharge is controlled
by diffusive infiltration. Consequently, the response of the spring dis-
charge to precipitation events is characterized by a piston and flushing
effect of the dissolved elements stored in the saturated zone. The
recharge area is primarily covered with forests and is characterized by
a mean annual temperature of 8°C and mean annual precipitation of
1379 mm (period from 1981 to 2014). The annual rainfall distribution

is bimodal with a peak in the summer (June and July) and a peak in the
winter (December and January) (Bittner et al., 2018). The Kerschbaum
spring is an important source of fresh water providing a mean dis-
charge of 34 L/s to the regional water supply and shows a fast reaction
time to precipitation events of 1 day (Bittner et al., 2021).

The Baget karst system (13 km?) is located in the Pyrenees, in the
Ariege administrative department (Figure 1a-c). The main perennial
spring of the Baget catchment, called Las Hountas, is mainly recharged
by the calcareous formation of the Jurassic and Lower Cretaceous, with
a mineralogical composition dominated by calcite. Despite the large
occurrence of limestone bedrocks, the catchment is also characterized
by an outcrop impermeable formation of black flysch, which strongly
influences the hydrochemical composition of the spring discharge due to
pyrite oxidation and consequent formation of strong acids, that is sulfuric
acid. Minor gypsum and dolomitic rocks are also observed in the
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watershed. The different geologies present in the area affect the tempo-
ral variability of the spring discharge displaying a complex response char-
acterized by different mechanisms, that is dilution processes during high
discharge periods, piston and flushing effects after long dry periods and
varying contributions of water draining different areas of the watershed
(Ulloa-Cedamanos et al., 2020). The water from calcareous formations
feeds the subsurface karst system through seepage or water losses of
the Lachein stream, which is usually dry and gets activated only at high
flow conditions. Las Hountas is the only perennial spring of the Baget
catchment and it is representative of a part of the total response of the
karstic watershed. Indeed, during high flood events, when the upper part
of the catchment is active, there is water bypassing the spring
(Mangin, 1975; Ulloa-Cedamanos et al., 2021). The Baget catchment is
mainly covered by fir-beech forest and is under the influence of the
Atlantic oceanic climate with an annual air temperature of 12.3°C and an
average annual rainfall close to 1700 mm. The annual rainfall distribution
is bimodal with a first peak in December and a second one in February.
The average annual discharge is 477 L/s with no influence of snow melt
processes (Ulloa-Cedamanos et al., 2020).

2.2 | Datasets

Tables 1 and 2 show the temporal resolution, number of samples and
the statistics of the measured EC (uS/cm) and major solute species of

TABLE 1

interest, that is Ca, Mg, HCOs3, SO4, NO3, Cl, Na and K (mg/L), for
both the studied areas and available data periods.

The EC was measured in the field at the Kerschbaum spring using
a conductivity meter (HT Hydrotechnik, Typ 575-LTC) and reported
at 25°C. During data preprocessing, the EC signal in 2018-2019 was
corrected to compensate for an offset of the probe of 19 uS/cm. The
solute concentration measurements were provided by the waterworks
of Waidhofen a.d. Ybbs for the periods 2000-2016 and 2018-2019
at different temporal resolutions. During the period from 23 January
2022 to 28 January 2022, water samples were collected every 5h by
means of a 6712 ISCO sampler.

The EC at the perennial spring Las Hountas was measured con-
tinuously with a temporal resolution of 15 min using an In-Situ Aqua
TROLL 200 device. To collect water samples for ionic measurements,
a 6712 ISCO sampler was installed at the spring and connected to the
EC probe. To enable an efficient sampling at the spring during storm
conditions, the sampler was programmed to automatically start sam-
pling above a given water level threshold (30 cm). In total, three pre-
cipitation events were gauged, the first from 4 October 2021 to
14 October 2021, the second from 1 November 2021 to 7 November
2021 and the third from 20 November 2022 to 26 November 2022.
For all the events, the temporal resolution of the sampling was 1h
during the rising limb of the hydrograph, while it was set to 2 h during
the recession phase. To record the baseflow following the end of each
precipitation event, we collected composite samples, integrating 8 h

Summary of the datasets characteristics, including: temporal resolution (TR), number of samples (n), mean, standard deviation (sd),

minimum (Min) and maximum (Max) values of the electrical conductivity EC (uS/cm) and major solute species (mg/L) measured at the Kerschbaum
spring for the periods 2000-2016, 2018-2019, and 23 January 2022-28 January 2022.

EC (uS/cm) Ca (mg/L) Mg (mg/L) HCO3 (mg/L)
Kerschbaum spring 2000-2016
TR Quarterly Quarterly Quarterly Quarterly
n 64 62 62 62
Mean 474.4 58.8 26.6 294.8
SD 20.9 3.5 1.2 10.9
Min 430 49 247 230.7
Max 550 74 31 322
Kerschbaum spring 2018-2019
TR Hourly Weekly Weekly Weekly
n 8423 41 41 41
Mean 481 60.1 26.3 297.9
SD 11.9 1.8 0.7 3.5
Min 468 56.3 249 2923
Max 565 64.9 27.6 307.1
Kerschbaum spring 23/1/2022-28/1/2022
TR Quarte- hour 5-h 5-h 5-h
n 461 24 24 24
Mean 506.8 67.9 28.2 319.3
SD 1.9 14 0.7 29
Min 503.4 65.2 27 317.3
Max 509.6 70.5 295 3234

SO4 (mg/L) NO; (mg/L) Cl (mg/L) Na (mg/L) K (mg/L)
Quarterly Quarterly Quarterly Quarterly Quarterly
62 62 62 62 62

8.2 54 6.3 3.5 0.7

1.3 0.4 3.2 11 0.1

5.8 4 5 1.9 0

11 6.6 233 9.5 0.9
Weekly Weekly Weekly Weekly Weekly
41 41 41 41 41

6.1 5.5 5.9 3.6 0.1

0.7 0.3 14 0.7 0.3

51 4.8 4.6 238 0

7.6 6 11.7 5.8 1.1

5-h 5-h 5-h 5-h 5-h

24 24 24 24 24

8.4 7 9.6 4.7 1.1

0.03 0.1 0.5 0.1 0.1

8.3 6.8 8.6 4.3 0.9

8.4 7.2 10 4.9 13
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TABLE 2

Summary of the datasets characteristics, including: temporal resolution (TR), number of samples (n), mean, standard deviation (sd),

minimum (Min) and maximum (Max) values of the electrical conductivity EC (uS/cm) and major solute species (mg/L) measured at the Las Hountas
spring for the events 4/10/2021-14/10/2021, 1/11/2021-7/11/2021, and 20/11/2022-26/11/2022.

EC (uS/cm) Ca (mg/L) Mg (mg/L)
Las Hountas spring 4/10/2021-14/10/2021

HCO3 (mg/L)

TR quarte hour  event based event based event based
n 1005 65 65 65

Mean  340.6 60.2 5.6 1924

SD 15 2.5 0.3 5.6

Min 316 54.1 51 182.4

Max 401.3 67.9 6.7 201.4

Las Hountas spring 1/11/2021-7/11/2021

TR quarte hour  event based event based event based
n 633 77 77 77

Mean  355.9 70 54 210.4

SD 16.4 3.8 0.2 6.4

Min 328 63.6 51 189.2

Max 410 77 6.1 219.7

Las Hountas spring 20/11/2022-26/11/2022

TR quarte hour  eventbased eventbased event based
n 619 103 103 103

Mean  352.2 62.2 5.5 198.4

SD 151 3.1 0.5 9.1

Min 319. 55.7 44 185.6

Max 418.7 70.8 71 230.5

samples each. All the collected samples were analysed in terms of
major solute concentrations.

The specifications of the laboratory analysis for the datasets of
Kerschbaum and Las Hountas are reported in the Supplementary
Materials S1 and S2, respectively. During the preprocessing of the
data of both the study areas, the charge balance of each sample was
checked using the software PHREEQC (Parkhurst & Appelo, 2013)
and the samples with an error larger than +5% are considered too
uncertain and eliminated from the datasets.

2.3 | EC decomposition method

Our methodology aims to retrieve individual solute species concentra-
tions at high temporal resolution for the specific case of karst springs
starting from the work of Benettin and van Breukelen (2017), which
we modify to consider complexation processes in the karstic environ-
ments of the springs. The observed EC signal is decomposed into the
major solute species concentrations at the same temporal resolution
as the available EC data, based on the results of ionic measurements
of water samples collected at lower temporal resolution than EC. Due
to sample preparation procedures, the total concentration of a solute
species measured in the laboratory consists of the sum of that species
as free ion and as part of aqueous complexes. The concentrations of
each species occurring as free ions and as complexes are first com-

puted separately, then summed together and compared to the total

SO, (mg/L)

event based

event based

event based

NO; (mg/L) Cl (mg/L) Na (mg/L) K (mg/L)

event based eventbased eventbased event based

65 65 65 65
16.5 3.3 1.4 1 0.4

0.1 0.1 0.06 0.1
10.9 3.1 13 0.9 0.3
42.5 3.8 1.9 1.3 0.9

event based eventbased eventbased event based

77 77 77 77
221 3.8 2.3 11 13
0.2 0.2 0.1 0.4
3.6 22 1 0.5
4.2 24 1.3 1.9

event based eventbased eventbased event based

103 103 103 103 103

21.2 51 1.8 11 0.5
1.7 0.3 0.1 0.1
24 1.4 0.9 0.3

50.8 8.9 2.7 1.5 1

solute species concentrations obtained with laboratory analyses. The
concentrations of the species present as free ions are computed
based on the contributions of each ion to the total measured EC,
whereas the concentrations of the species involved in complexes are

derived with speciation calculations. The workflow is as follows:

1. Estimation of the contribution of each free ion to the total EC: The
EC is a measure of the water's capability to pass an electrical flow
through the movement of charged ions and results from the total
amount of dissolved solid (Massei et al., 2007). Consequently, the
total EC (uS/cm) of water can be expressed as the sum of the con-

tributions of each individual ionic species i (Equation 1).

EC=> EG &)

The contribution of the species i to the total electrical conductiv-
ity (EC;) is computed from Equations (25)-(5S) presented in the Sup-
plementary Material S3. As suggested by Benettin and van Breukelen
(2017), the chemical properties of each ion i can be grouped in a single
coefficient a; ((uS/cm)/(mg/L)) as:

A:n*J’Ec
j=—0 = 2
a=""n )

with A;, the molar conductivity (uS m?/mol), ygc the electrochemical
activity coefficient (-) and M the solute molar mass (g/mol) of the
individual ion.
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Equations (1S)-(6S), which are reported in Supplementary
Material S3, can be implemented on PHREEQC to derive the EC; of
the free ions Ca%", Mg?*, HCO5~, $SO42~, NO3~, CI~, Na*™ and K*.
The PHREEQC file containing the implemented equations to compute
the EC; and a; of each ion is reported in the Supplementary
Material S4. In addition, for a more detailed explanation of the procedure,
one can refer to the PHREEQC manual (Parkhurst & Appelo, 2013).

Following the approach of Benettin and van Breukelen (2017), for
each free ion i is possible to define a ‘weight factor’ f;. that
describes how much the free ion contributes to the total EC based on

its chemical properties and concentration:

EC,’(t) _ a,-(t) X C,‘(t)

fi(t):?(t)_?(t) (3)

The weights f; can only be measured at times t, when the ion con-

centration Cj(t) is available.

2. Linear interpolation of the weights f; to obtain high-resolution
major free ion time series: The low-frequency weight factors f;
(Equation 3) are linearly interpolated to the same high-resolution
time scale of the observed EC. Then, the high-frequency concen-
trations C; time series of the individual solute species as free ions
are computed with the inverse of Equation (3).

_ EC(t) «fi(t)

Gi(t) =Ta® (4)

3. Computation of high-resolution time series of species involved in
aqueous complexes: The concentrations of the species involved in
complexes cannot be derived by applying the same method used
for the species as free ions. Some complexes, such as NaSO,~ and
CaHSO,™", involve more than one of the species of interest, that is
Ca, Mg, HCOg3, SO4, NO3, Cl and Na. Thus, it is not possible to
directly correlate the contribution of a complex to the total
observed EC and the concentrations of the individual species. In
addition, even if this correlation was possible, the low contribu-
tion of the complexes to the total measured EC would result in
large errors in the computed concentrations. Indeed, Benettin and
van Breukelen (2017) found out that species with small contribu-
tion to the total EC are prone to high relative errors on the estima-
tion of the weight factors f; and thus more difficult to isolate in the
EC decomposition. Instead, the concentration of each individual
species, which would form complexes under the given conditions, is
derived at the resolution of the collected water samples by specia-
tion calculations with PHREEQC as difference between the total
molality of a species (mol/kgw) and the molality of the solution
(mol/kgw). The PHREEQC file containing the implemented equa-
tions is reported in the Supplementary Material S4. The derived
low-resolution concentrations of each complex are then linearly
interpolated at the temporal resolution of the measured EC.

4. Finally, the total concentration time series at high resolution of

each major solute species of interest, that is Ca, Mg, HCO3, SOy4,

NOs;, Cl, Na and K, is computed as the sum of the concentrations

of that species as free ion and as involved in complexes.

2.4 | Uncertainty quantification

In the present study, we investigate both the uncertainty on the indi-
vidual solute concentrations resulting from the experimental error on
fi, and the uncertainty derived by considering f; as random variables
(Section 2.4.1). Moreover, we propose to use the described methodol-
ogy not only to interpolate between the coarse samples, but also to
reconstruct the ion content for periods in which only the EC data are
available (Section 2.4.2). The presented analyses are done for both the
Kerschbaum and Las Hountas. However, since for the Kerschbaum
spring no ionic measurements were available at peak spring discharge
conditions in January 2019, the results of the uncertainty quantifica-

tion for Kerschbaum are reported in the Supplementary Material.

241 |
factors f;

Uncertainty quantification of the weight

Each value of f; (t) is affected by uncertainty that propagates from the
EC(t) measurement error and from the error in the ion concentration
obtained at the coarse temporal scale as shown in Equation (3). We
can then quantify the uncertainty &f;(t) on the weight factor f;(t),
assuming that the uncertainty affecting a;(t) is negligible, according to
(Fornasini, 2008):

! 2 N 2
o (t) = J {<65Efc(2)>0 X (SEC(t))? + <§£((tt))>0 x (5Ci(t))2:| xai(t)®

(5)
which results in:
f 2 . 2
(o) = {(;Ef'c(g))()*(ﬁEC(t))ﬂ %)0*(&(@)2} x aj(t) =
= ! * 2 ECo(t)2* 2
_licio(t)z (SEC(t)) +C,»O(t)4 (5c,(t))}xa,(t)
(6)
ofi(t)\* _ [ (SEC)\* | (SEC(HN?] | 7
(f,-o(t)> - (ECO(t)) +(Ci0(t)> x ai(t) 7)

As shown in Equation (7), we can further observe that the relative
error in the weight factor f; is always larger than the relative error in
EC and C;. Table 3 shows the values of SEC and 6C; which we consider
for the analysis, their measurement device/analysis and the reference
used for the estimated measurement error.

Finally, we derive the experimental uncertainty on individual sol-

ute species concentrations by applying the EC decomposition method
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TABLE 3 Measurement errors used to quantify the uncertainty on the weight factor f;, together with their value, measurement device/

analysis and reference.

Measurement error Value

SEC 0.5% of reading +1 puS/cm
8Ccp2 1.22 mg/L

5Cpyg2+ 0.08 mg/L

8Chco; 3 mg/L

8Cyoz- 1.47 mg/L

5CN0§ 0.36 mg/L

8Cer 0.29 mg/L

5Cna+ 0.02 mg/L

S5Cy 0.01 mg/L

#Laboratoire Gosciences Environnement Toulouse.
BInductively coupled plasma optical emission spectrometry.

considering the measured weight factors f; and their experimental
error. In addition, the experimental uncertainty on the individual spe-
cies concentrations is compared with the concentration's estimates

obtained considering the weight factors f; as random variables.

2.4.2 | Predictive model based on the frequency of
occurrence of the weight factors f;

The ability of the method to determine high-resolution concentra-
tion time series of major solute species is investigated by computing
the frequency of occurrence of the weight factors and applying
them in a predictive manner. For Kerschbaum, the years 2000-2016
are used as period in which we estimate the frequency of occur-
rence of the weight factors (calibration period), while the year
2018-2019 and the event 23 January 2022-28 January 2022 are
used as validation periods; for Las Hountas, the first event in
October 2021 is used as calibration period, the second event in
November 2021 and the third event in November 2022 as validation
periods. In the calibration step, the weight factors f; are calculated
by considering the solute concentrations and total EC both measured
in the calibration period (Equations 15-6S and 3). Then, in the valida-
tion step, to predict the concentration of each solute species as free
ion (Equation 4), the empirical frequency distribution of the weight
factor of each free ion computed for the calibration period is com-
bined with the total EC observed in the validation periods and a;. The
concentration of each species involved in complexes is first computed
for the calibration period as described in Section 2.3 and then for the
validation periods by assuming the same proportion between solutes
as free ions and involved in complexes as observed in the calibration
period. This assumption is done based on speciation calculations with
PHREEQC, which show that the percentages of solutes as free ions
and as part of complexes are constant, for each karstic spring, over

the studied periods (Figure 2a-c). This analysis evaluates the

Device/analysis Reference

Aqua TROLL 200 In-Situ Inc. (2012)

ICP-OES? Report analysis GET?
ICP-OES Report analysis GET
Titration Somridhivej and Boyd (2016)
lon chromatography Pfaff (1993)

lon chromatography Pfaff (1993)

lon chromatography Pfaff (1993)

ICP-OES Report analysis GET
ICP-OES Report analysis GET

performance of the method to estimate, based on historical data,
high-resolution concentrations time series when only EC observations
are available.

2.5 | Investigation of different water contributions
For the case of Las Hountas, we tested different approaches to inves-
tigate the water contributions from the different geological areas pre-
sent in the Baget catchment (Figure 1c).

The dissolution processes and stoichiometric relationships charac-
terizing the calcareous rocks and black flysch are shown in the Supple-
mentary Material S5 (Figure S1). The sulfuric acid, which comes from
the black flysch, results in an alkalinity lower than what we would
have in case of only carbonate dissolution by carbonic acid. The per-
centage decrease in alkalinity can be estimated as shown in the fol-

lowing equation:

Ca? + Mg2+> —HCO;
(Ca2+ + Mg“)

Apk(%) =

where the ion concentrations are expressed in meq/L (Ulloa-
Cedamanos et al., 2020).

The computed alkalinity reduction is then correlated with the
equivalent ratio $O42~ over HCO5;~ and with the performance of the
method both when interpolating and predicting solute concentrations
at high resolution.

In addition, the variation over time of the relative contributions to
the total EC provides insights into the system functioning. More pre-
cisely, the correlation between EC, water level and weight factors of
HCO3~ and SO42~ makes it possible to investigate the water contri-
butions from the calcareous rocks and black flysch under different dis-

charge conditions.
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Speciation of the spring discharge. a, ¢ Solute species occurring as free ions (%) and as involved in aqueous complexes (%)

expressed, for each species, as mean percentage of the total solute concentration, together with their percentage contribution to the total
electrical conductivity EC, for the Kerschbaum spring (a) and for the Las Hountas spring (c). b, d Mean contribution to the total EC (%) of each free
ion observed at the Kerschbaum spring (b) and at the Las Hountas spring (d). e, f Computed total concentration, computed concentration as free
ion and observed concentration of SOy, for the Kerschbaum spring (e) and for the Las Hountas spring (f).

3 | RESULTS

3.1 | Speciation and total electrical conductivity
calculations on PHREEQC

From the major solute concentrations, speciation calculations with
PHREEQC provide the distribution of the aqueous species in each

water sample. Figure 2a-c shows the average percentages of each
solute species as free ion and as involved in agueous complexes for
both the Kerschbaum and Las Hountas springs. The results are consis-
tent between the two studied areas. Among the investigated solutes,
SO, is the one with the largest tendency to form complexes, with
16.3% (Kerschbaum) and 14.2% (Las Hountas) of its total concentra-
tion involved in the formation of CaHSO,*, NaSO,~ and HSO,™. Also,
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Ca, Mg and HCOj; are involved in complexes (CaOH™", CaHSO,",
CaHCO3;", MgHCO3;" and MgOH™) and for Kerschbaum the percent-
ages of Ca, Mg and HCOs are 5%, 4.5% and 3%, respectively, whereas
for Las Hountas 6.1%, 5.5% and 5.2%, respectively. For both springs,
only 0.2% of Na forms NaSO,;~ and NaCO3;~, while NO5 and ClI are
present only as free ions. Finally, K occurs in Kerschbaum only as free
ions, whereas in Las Hountas 0.1% of it forms complexes. For the case
of SOy, Figure 2e,f compares the computed free ion and total concen-
tration time series and thus show the pivotal role of complexes when
reconstructing the total solute concentration from the total EC.

As described in Section 2.3, the total EC is computed as the sum
of the electrical conductivities EC; of the charged individual solutes
(Equations 15-5S in the Supplementary Material). The individual free
ions contribute to the total computed EC differently in the two stud-
ied areas (Figure 2b-d), due to the different geological formations of
the watersheds. For the Kerschbaum spring, the contributions of
HCO;~, Ca®* and Mg?™ to the total EC are on average 42.1%, 30.5%
and 20.1%, respectively, with about 92.7% of the total EC correlated
to the dissolution of dolomite rocks. SO42~, NO3~ contributes with a
percentage of 1.5% and 1.3%, respectively, and the total contribution
of CI-, Na* and K" is approximately 4.1%. On the contrary, for Las
Hountas, the dominance of limestone bedrocks leads to a larger con-
tribution of Ca®" (45.5%) and a lower contribution of Mg?" (6.2%),
while the contribution of HCO3™ (39%) is comparable. Moreover, the
black flysch formation releases SO42~, which contributes with a per-
centage of 6.3% to the total EC. Finally, the total contribution of
NO;~, Cl~, Na™ and K" is equal to 2.8%.

Figures 3a,b and 3e,f presents the EC and charge balance errors
(%), respectively, computed by PHREEQC at the same temporal reso-
lution as the measured water samples for the Kerschbaum (period
2018-2019) and Las Hountas (event 4 October 2021-14 October
2021) springs. The low frequency computed EC (dashed line) and the
continuous observed EC (solid line) are plotted together in
Figure 3a,b. For the case of Kerschbaum, the computed EC does not
fully capture the dynamic of the system due to the low temporal reso-
lution. For example, in December 2018 and January 2019 no water
samples were collected and hence the manual sampling does not
cover the period with the highest EC values. Considering the Las
Hountas dataset with a higher temporal resolution of hydrochemical
measurements, the computed EC time series better matches the short
dynamic of the system.

The relative error time series <W> and relative error
probability distributions are shown in Figure 3c,d and Figure 3g,h,
respectively. For Kerschbaum, the computed EC slightly underesti-
mates the observations, with a relative error range between —0.01
and 0.05 and relative error mean of 0.02. Las Hountas shows com-
puted EC slightly lower than the observations. The relative error
ranges from 0.01% to 0.06% and has a mean value of 0.03%. Overall,
for both springs, the EC computed through Equations (1S)-(5S) by
PHREEQC is satisfactory.

Finally, Figure 3e,f presents the charge error (%) time series com-
puted for each input water sample by means of built-in functions on
PHREEQC. For Kerschbaum, the charge error ranges from —1.7% to

3.7% with a mean value of 0.5%, while, for Las Hountas, it ranges
between —2.8% and —0.1% with mean value of —1.2%. For both the
springs, the charge error indicates an overall respected charge

balance.

32 |
factors f;

Frequency of occurrence of the weight

Figure 4 shows the violin plots comparing the frequency of occur-
rence and boxplots of the weight factors f; of each major free ion
observed during the available data periods. Thus, we compared the f;
observed in 2000-2016, 2018-2019 and 23 January 2022-28
January 2022 for Kerschbaum and those observed during the events
in October 2021, November 2021 and November 2022 for Las Houn-
tas. Figure 4 shows that, despite referring to events close in time, the
differences between the frequency of occurrence of the weight fac-
tors f; observed in Las Hountas are more pronounced than those
observed for Kerschbaum. For Las Hountas, two events separated by
a longer time interval, like the ones in October 2021 and November
2022, can display more similar distributions of the weight factors of
some ions than two events closer in time (October 2021 and
November 2021).

3.3 | Uncertainty quantification of the individual
solute species concentrations in case of interpolation

This subsection presents the uncertainty on the individual solute spe-
cies concentrations resulting from the experimental error on f;
(Equation 7), as well as the uncertainty derived by considering f; as
random variables when we apply the methodology for interpolation.
Both the computed uncertainties are shown for each solute species in
Figure 5 for Las Hountas (4 October 2021-14 October 2021)
together with the low-resolution observed solute concentrations (red
points).

The error in the interpolated solute concentrations caused by the
experimental error in the estimation of f; is shown for Las Hountas in
Figure 5 and for Kerschbaum in Figures S2a and S3a with dashed red
lines. We can observe that the larger the concentration of a specific
solute species the lower the related experimental error on f; and con-
sequently on the interpolated C;. For instance, the concentration of
Mg is much larger in Kerschbaum (Table 1) than in Las Hountas
(Table 2) and consequently the error in the interpolated Mg values for
Las Hountas (Figure 5) is larger than for Kerschbaum (Figures S2a and
S3a). On the contrary, Las Hountas shows a larger concentration of
SO4 and thus a lower experimental error than Kerschbaum.

Figure 5 also shows the uncertainty bands computed for Las
Hountas considering f; a random variable whose value is sampled
from the frequency of occurrence shown in Figure 4. The measured
solute concentrations are indicated with red points and, for each sol-
ute species, fall within the full-range uncertainty band. The majority of

the observed concentrations are included in the computed
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FIGURE 3 Electrical conductivity EC (uS/cm) computed on PHREEQC at the same temporal resolution of the observed water samples given

as input, for the Kerschbaum (period 2018-2019) and Las Hountas (event 4/10/2021-14/10/2021) springs. a,b Computed against observed total

EC time series, ¢,d EC relative error (—) time series, e,f charge error (%) time series and g,h probability distribution of the EC relative error (—).

interquartile ranges, with exception of HCO3; and SO4. As shown in

Table S1, there is a positive correlation between the relative variation

in measured concentrations and relative width of the uncertainty

bands. The method shows low uncertainty in the estimation of Mg
and Ca, followed in order by Na, Cl and NOs. Whereas, the method is
less accurate for HCO3 and SO, for which it overestimates and
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underestimates, respectively, the peak concentrations observed on
4 October 2021 (Figure 5). Finally, the large uncertainty in the esti-
mates for K results from the large relative variation in the measured
concentration (Table S1).

Figures S2a and S3a show the same analyses for Kerschbaum for
the period 2018-2019 and 23 January 2022-28 January 2022,
respectively. The results show that the method provides a better
interpolation of the observations than in Las Hountas. Moreover, the
results are in line with what observed for Las Hountas spring, confirm-
ing that the method is more uncertain for those solute species con-
tributing less to the total EC and with larger relative variability. Due to
the lack of samples representing the variability at high flow conditions,
the behaviour of the peak in January 2019 has to be interpreted as

the probable behaviour considering the available information.

3.4 | Predictive model based on the frequency of
occurrence of the weight factors f;

For most solute species, the use of f; as a random variable allows us
to reproduce quite well the observations when we apply the method
for interpolation. Therefore, we test under which circumstances the
method can be applied to predict the ion content for periods in which
only the EC data are available.

Figure 6 shows the predicted high-resolution concentration time
series of major solute species for Las Hountas (1 November 2021-7
November 2021 and 20 November 2022-26 November 2022). The
weight factors distribution is taken from the event of October 2021,
which we use as calibration event. The accuracy of the prediction is
for each solute species correlated with changes in the frequency dis-
tribution of the related weight factor f;. More precisely, the larger the
difference between the frequency of occurrence of the weight factor
observed in the calibration and validation periods (Figure 4) the lower

Weight factors (-)

the accuracy of the estimations. The performance of the decomposi-
tion EC method in predicting solute concentrations is hence signifi-
cantly different in the two validation periods due to the results
described in Section 3.2.

The differences between the frequency of occurrence of the
weight factors f; observed for Las Hountas during the events in
October and November 2021 are larger than those observed between
October 2021 and November 2022 (Figure 4), leading to a less accu-
rate prediction. This is particularly evident for Ca, Mg, Cl and K, whose
predicted uncertainty bands for November 2021 show a shift with
respect to the observations (Figure 6, left side). On the contrary, being
the frequency of occurrence of the weight factors f; similar between
October 2021 and November 2022, the model well predicts the con-
centrations of Ca and Mg in November 2022 with most of the obser-
vations falling in the 10%-90% percentile range (Figure 6, right side).
Regarding HCO3 and SOy, all observations fall in the full range of the
predicted uncertainty bands for both the validation periods. However,
the model overestimates the concentration of HCO3; and underesti-
mated the concentration of SO, at peak conditions observed on
4 November 2021, and 22 November 2022. The not accurate predic-
tion of NO3 for November 2022 results from the fact that the distri-
bution used as calibration period (October 2021) is characterized by a
narrower variability, more similar to that observed in November 2021.
The overestimation in the estimates of Cl and Na for November 2022
is due to a shift in the mean weight factors between the calibration
and validation periods.

The same analyses were done for Kerschbaum considering the
years 2000-2016 as calibration period. Figures S2b and S3b show the
prediction for the period 2018-2019 and 23 January 2022-28
January 2022, respectively. Overall, the prediction of the observed
concentrations is accurate although the spring displays a small dis-
charge variability and hence the variability in ion concentration is also
small.
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Interpolated experimental uncertainty on the individual solute species concentrations (dashed red lines) together with their

interpolated uncertainty based on the frequency of occurrence of the observed weight factors (grey bands). The black, grey and light grey areas
of the bands represent the interquartile, the 10-90% percentile and full ranges of the computed solute species concentrations (mg/L),
respectively. The red points are the observed solute concentrations (mg/L). The concentrations are computed at the Las Hountas spring for the

period 4/10/2021-14/10/2021.

4 | DISCUSSION

When comparing the contributions of the solute species present as
free ions and as part of complexes to the total concentration, com-
plexation processes are particularly significant for SO4, followed in
order by Ca, Mg, HCOs3, and Na (Figure 2a-c). As for the case of SO4
(Figure 2e,f), for some solute species complexes represent a significant
percentage of the total concentration and therefore have a pivotal

role when deriving the total solute species concentration from the

measured EC. Being our aim to derive high resolution time series for
the solute concentration from the EC measurements, and not vice
versa, we can conclude that karst system studies require to account
for the role of complexation processes when applying EC decomposi-
tion methods to retrieve the concentrations of those solute species
which form complexes.

The uncertainty quantification was investigated for both water-
sheds. Due to the lack of EC and concentration measurements at high

flow conditions for Kerschbaum, the analysis of this spring is to some
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extent limited. The inclusion of Kerschbaum in the present work was
chosen to investigate the relevance of complexes in karst systems
with different geologies. Moreover, the available data show that for
catchments with stationary and homogeneous geology the method
performs well both for interpolation and prediction purposes.

The results of both the uncertainty quantification during interpo-
lation (Figures 5 and S2a, Table S1) and of the predictive model
(Figures 6 and S2b) show a positive correlation between the width of
the uncertainty band and the relative variation in concentration. As
already observed by Benettin and van Breukelen. (2017), the informa-
tion contained in continuous EC time series better represents the
dynamics of those solute species with higher contribution to EC and
lower relative variation in concentration. Indeed, due to the use of a
linear interpolation for the weight factors f;, the larger the relative var-
iation of an ion the wider the frequency distribution of its weight fac-
tor (Equation 3) and consequently the wider the uncertainty in the
computed concentration (Equation 4).

Further interpretations of the results need to consider the differ-
ent geologies of the study areas, which lead to diverse ion content,
temporal variability, and transport processes. Kerschbaum is a dolo-
mitic karst system with a single water contribution to the spring and
whose EC comes almost entirely from Ca?*, Mg?* and HCOz;~
(Figure 2b). On the contrary, Baget is a limestone system (lower con-
tribution of Mg2+) characterized by an outcrop impermeable forma-
tion of black flysch (Figure 1c), which affects the hydrochemistry of
the spring discharge due to pyrite oxidation and thus increasing the

concentration of SO42~ (Ulloa-Cedamanos et al., 2020). The area also
includes a gypsum clay formation (Figure 1c), which we do not con-
sider significantly impacting the hydrochemistry of the system due to
its minor extension. Due to the black flysch, Baget is not a completely
karst system and shows varying contributions of water from different
geological formations during different events. This leads to significant
changes in the frequency distribution of the weight factors observed
between successive events (Figure 4) and consequently affects the
performance of the EC decomposition method in both the interpola-
tion and prediction of the individual solutes.

The discharge at Las Hountas shows large variability in solute
species concentrations within a precipitation event and between suc-
cessive events, due to the chemical compositions and response times
of the different water contributions. This explains the relevant shifts
in the frequency of occurrence of the weight factors f; observed at
the spring between the events in October 2021 and November 2022
on one side and November 2021 on the other (Figure 4). Despite
being close in time, the events in October 2021 and November 2021
show different hydrological and geochemical conditions (Figures 7a
and S4a) and thus different ion signatures. Consequently, as Figure 6
shows for Ca, Mg and Cl, the dynamic behaviour of the system causes
the EC decomposition method to not satisfactory predict solute spe-
cies concentrations for November 2021. On the contrary, being the
frequency of occurrence of f; similar between October 2021 and
November 2022 (Figure 4), the method well predicts Ca and Mg for

November 2022 (Figure 6). The similar frequency of occurrence of the
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FIGURE 7 Correlation between electrical conductivity EC (1S/cm), water level wl (m) and the weight factors f; (—) of HCO3 ™ and SO42~
observed at Las Hountas for the period 4/10/2021-14/10/2021. a Time series of EC (black line) and water level (red line). b 3D scatter plots of
EC, water level and weight factor of HCO3;™. ¢ 3D scatter plots of EC, water level and the weight factors of SO42".

85UB017 SUOWILLIOD 3A1IID) 3|edl|dde 8Ly Ag pauienoh a1 saolfe YO ‘Bsn J0 S3|nI 04 A%Iq1T BUIUO /8|1 UO (SUORIPUOD-PUR-SLLLIBI WD A3 1M A RRIq 1 oU1|UO//SARY) SUORIPUOD PUe SWiB | 83U} 89S *[7202/50/20] Uo Ariqi auluo A8|im ‘uuesne nog Aq 626vT dAU/200T OT/10p/woD A8 m:AReiq | uljuo//Sdiy wouy papeojumoq ‘9 ‘€202 ‘G80T660T



RICHIERI ET AL.

Wl LEY 150f 18

weight factors results from the similar response of the system during
the events in October 2021 and November 2022, which are charac-
terized by a sharp increase in water level and piston effect (Figures 7a
and S5a). This indicates that to sample the variability of the weight
factors in catchments with heterogeneous geology, it is necessary to
collect multiple events.

Figure S1 shows the dissolution processes characterizing the
limestone and black flysch. According to the stoichiometry of the
reactions, the dissolution of CaCO3 by both H,CO3 and H,SO4 leads
to a lower alkalinity than what we would observe in the case of only
dissolution by H,COs. The reduction in alkalinity explains why the
method overestimates HCO3; and underestimates SO, at flow peak
conditions, both when used to interpolate (Figure 5) and predict
(Figure 6) the major solute species concentrations. Figure 8 correlates
the percentage reduction in alkalinity (Equation 8) with the tendency

of the method to overestimate and underestimate HCO3; and SO,

respectively. The time series of the equivalent ratio SO4 over HCO3
follows the same behaviour of the reduction in alkalinity (Figure 8a),
proving the correlation between the dissolution of CaCO3 by H,SO4
and the decrease in HCO3; ™. Figure 8b,c shows the concentrations of
HCO3 and SO, (black lines) obtained by running the model with only
few input concentrations (red points) and using the remaining obser-
vations to evaluate the results (grey points). The computed concentra-
tions do not represent properly the increase in HCO3 and SO4 on
October 4, if no measured solute concentrations representing the
peak condition are given as input. This results from the fact that dur-
ing flow peak conditions the weight factors of HCO;~ and SO42~ are
not adequately predicted by the linear interpolation and consequently
the model has no information about the increase in the alkalinity
reduction and in the equivalent ratio SO, over HCOas. Thus, the appli-
cation of the EC decomposition method at peak conditions requires

high-resolution ionic measurements or a better method to estimate
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FIGURE 8 Correlation between the reduction in alkalinity due to the carbonate dissolution by sulfuric acid and the model performance
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the weight factors during such conditions. However, the linear inter-
polation of the weight factors of the other free ions seems to capture
the peak conditions. This is the case for Ca (Figure 8d), whose esti-
mated peak concentration well represents the observations.

To investigate the contributions from calcareous rocks and black
flysch at different flow conditions, we compare the EC, water level
(m) and weight factors f; of the free ions HCO3~ and SO42~, which
were observed at Las Hountas during the event in October 2021
(Figure 7), November 2021 (Figure S4) and November 2022
(Figure S5). As shown in Figure 7a and S5a, the first increase in water
level on 4 October 2021, and on 22 November 2022, respectively, is
characterized by piston and flushing effects which come with the
simultaneous increase in both EC and water level. High values of EC
and water levels correspond to low values of fyco; and large vales of
fso?; (Figures 7b,c and S5b,c). Indeed, during high flow conditions,
due to its faster response time, we observe an increase in the relative
contribution from the black flysch and a lower relative contribution
from the calcareous rocks, which may even be under-estimated due
to the existence of surface waters bypassing the spring during flood
events (Mangin, 1975; Ulloa-Cedamanos et al., 2021). The second rise
in water level on 6-7 October 2021, shows dilution processes and
thus increase in water level and decrease in EC (Figure 7a). The corre-
sponding increase in fuco, and decrease in fso? (Figure 7b,c) are
explained by the larger contribution of water coming from the karst
calcareous formations, which had the time to get activated. Finally,
during base flow conditions, the constant EC comes with high values
of fuco; and low values of fso?,’ (Figure 7b,c, Figure S5b,c), indicating
that the water mainly comes from calcareous rocks. Therefore, from
the comparison of fuco, and fsoﬁ* we can understand the dynamics
of the system. This allows us to predict when the method is not able
to represent the temporal variability in alkalinity reduction. This is the
case of 4 October 2021, when the increase in fso?, (Figure 7c¢) indi-
cates a larger contribution from the black flysch and a consequent
increase in the alkalinity reduction, which is not captured by the
method (Figure 8).

5 | SUMMARY

This study investigates how a decomposition of electrical conductivity
(EC) signals can be used to retrieve individual solute species concen-
trations time series in the case of karst systems. Starting from contin-
uous EC and low-frequency water samples, the presented method
estimates the concentrations of the major solute species at the same
temporal resolution of the observed EC. Due to the large ion content
and complex speciation characterizing the discharge of karst springs,
it was necessary to compute the distribution of solute species occur-
ring as free ions and as part of aqueous complexes. The concentra-
tions of the free ions, i.e., Ca%", Mg?*, HCO;~, S04, NO3™, CI-,
Na* and K, are derived based on the linear interpolation of the
weight factors f;, which represent the relative contribution of each ion
to the total measured EC. Conversely, the concentrations of the sol-

ute species involved in complexes are obtained by means of

speciation calculations with PHREEQC as difference between the
total molality of a solute (mol/kgw) and the molality of the solution
(mol/kgw).

To investigate the relevance of complexation processes, we per-
formed speciation calculations considering two karstic catchments
with different geologies and temporal resolution of the available
hydrochemical datasets, that is the Kerschbaum dolostone system in
Austria and the Baget limestone system in France. The results of the
uncertainty quantification performed within this work show that our
method can successfully be applied in case of karst systems with a
homogeneous geology, as in the case of Kerschbaum. For the latter
the EC signal can be used to interpolate and predict with less uncer-
tainty the temporal dynamics of those solute species with large contri-
bution to the total EC and low variability of the weight factor f;. In
case of heterogeneous systems as Baget, the method cannot repre-
sent the mixing of the water contributions from the different geologi-
cal areas of the catchment. The results further show that the
correlation between EC, water level and the weight factors of HCO3;™
and SO,2~ can support the investigation of the system functioning,
allowing us to distinguish the response of the black flysch formation
from that of the calcareous rocks.

The possibility to interpolate high-resolution solute species con-
centrations time series, without performing continuous—and costly—
jonic measurements, has a huge potential in the improvement of
hydrochemical data availability and, consequently, supports the
understanding of internal transport processes mechanisms and tem-

poral scales.
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