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1. Introduction

The importance of karst aquifers can be traced to ancient civilizations (e.g. Greek, Roman,
Persian or Chinese empires) that used karst springs for water supply in many cities and villages
(LaMoreaux, 1999; Parise & Sammarco, 2015). Karst water exploitation has continued for
centuries, and approximately 15%-25% of the world”s population relies on it nowadays (Ford
& Williams, 2007; Stevanovic, 2018). In some European countries and in southwest China,
karst resources represent over half of the freshwater supply (EU, 1995; Chen et al., 2017). A
better understanding of the inherent hydrological complexity of these aquifers is needed to
advance in the implementation of sustainable water governance strategies, particularly in

Europe (EU, 1995, 2004). Researchers and administrations contribute to this progress by
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developing and applying numerous karst-specific approaches (Goldscheider & Drew, 2007, and
references therein), which shed light on the functioning of aquifers and their available water
resources. Hydrogeological interest in evaporite karst systems is traditionally minor, as their
groundwater resources are usually not suitable for drinking, due to their high solute contents

(Andreo et al., 2016; D’ Angeli et al., 2017).

Evaporite rocks are extensively spread worldwide, being present on roughly 25% of the
Earth’s continental surface (Klimchouk et al., 1996). The largest evaporite outcrops are found
in North America and Russia (Warren, 2016), although abundant literature focuses on other
European and Asian countries, such as Spain (Calaforra et al., 2002; Gutiérrez et al., 2008a;
Acero et al., 2015), Italy (Parise & Trocino, 2005; Buchignani et al., 2008; De Waele et al.,
2017), Ukraine (Klimchouk & Aksem, 2005; Hryniv et al., 2007), Albania (Velaj, 2002; Parise
et al., 2008), Turkey (Kagaroglu et al., 2001; Apaydin & Aktas, 2012), or Iran (Raeisi, 2013;
Naderi et al., 2016; Bruthans et al., 2017). Typically, research on evaporites looks into
speleogenesis (Parise & Trocino, 2005; Calaforra, et al., 2008; Klimchouk, 2012; Di Maggio et
al, 2012; De Waele & Pasini, 2013; Sanna et al., 2015; Columbu et al., 2015; De Waele et al,
2017) and natural or human-induced geohazards (Buchignani et al., 2008; Gutiérrez et al.,
2008b, 2014; Parise, 2010; Fidelibus, et al., 2011; Acero et al., 2015; Yechieli et al., 2016),
because the high solubility of gypsum, anhydrite, and halite favors rapid formation of
subsurface karst conduits, often resulting in collapse and subsidence phenomena. Aspects
associated with the hydrogeology of evaporite karst formations are not so well known, even
though their resources usually contribute to the hydrological functioning and preservation of
groundwater-dependent ecosystems, including wetlands (Sullivan et al., 2013; Beltram, 2016)

and rivers (Ford & Williams, 2007).

Wetlands related to evaporite outcrops are abundant and diverse (Andreo et al., 2016;

Warren, 2016). They host such varied wildlife species that many have achieved international
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relevance, such as Cuatrociénegas in México, Whooping Crane Summer Range in Canada, Al
Wathba in the United Arab Emirates, Bazer-Sakra in Algeria, or Fuente de Piedra and Zofiar in
Spain (Valero-Garcés, et al., 2006; Gutiérrez et al., 2008a; Cardona et al., 2018; Sathish et al.,
2018). But the natural drainage of evaporite systems is often accompanied by a deterioration in
the chemical quality of downstream water in rivers (Memon et al., 1999; Kacaroglu et al., 2001;
Phillips et al., 2003; Négrel et al., 2007), dam reservoirs (Carrasco, 1986; Calaforra et al., 2002;
Miyamoto et al., 2007; Aghdam et al., 2012; Raeisi et al., 2013) and even freshwater aquifers
(Apaydin & Aktas, 2012; Naderi et al., 2016). Thus, there are compelling reasons to perform
research and develop scientific strategies that could help us to understand particular details of

the hydrological functioning of evaporite karst systems.

Heretofore, most publications dealing with the hydrogeology of evaporite formations
provide an overview of their general characteristics (Johnson, 1985; Pulido-Bosch & Calaforra,
1993; Klimchouk, 1996; Andreo et al., 2016; Nekouei & Zarei, 2017), or the geochemical
processes behind groundwater salinization, or the geomorphological evolution of evaporitic
karst areas (Mehta et al., 2000; Omelon et al., 2006; Acero et al., 2015; Gue et al., 2015; Qi et
al., 2018). Few research efforts apply scientific strategies based on the integration of techniques
specific to karst hydrogeology: continuous records of natural responses, hydrochemistry,
environmental isotopes, dye tracers, etc. Some authors (Chiesi et al. 2010; Vigna et al. 2017,
D’Angeli et al., 2017) have explored this approach, combining spring time series analyses of
discharge rate, water temperature, and electrical conductivity, yet without equal consideration
of chemical and isotopic parameters. Recently, Frank et al. (2019) analyzed major ion time
series during a single flood in a gypsum karst spring located in the Austrian Alps, a means of

inferring the importance of conduit-matrix interaction in the system’s workings.

There is clearly room to further investigate the hydrogeological functioning of evaporite

karst systems by including information from other sources and characterizing techniques. The

3
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present goal is to arrive at a realistic understanding of flow patterns and evaluate the main
geochemical processes involved. Recent studies (Andreo et al., 2016; Gil-Marquez et al.,
2017a; b) highlight the hydrogeological complexity of certain evaporitic systems, including
hierarchically organized groundwater flowpaths of different lengths and residence times, from
quick and shallow local flows through karst conduits to deep, diffusive, and slow regional
flows. Combining information obtained from as many experimental methods as possible, with
a joint interpretation of results, would allow researchers to define specific actions to be applied
for the management and protection of wetlands associated with evaporite formations. It would
also help mitigate the negative effects of brine groundwater on the quality of water resources

(rivers, reservoirs, aquifers) downstream.

The value of springs as exceptional observation points and integrators of the whole drained
system is widely acknowledged by the scientific community (Birk et al., 2004; Hunkeler &
Mudry, 2007; Barberd & Andreo, 2011; Hartmann et al., 2014; Sanchez et al., 2015; Filippini
et al., 2018). Detailed monitoring and analysis of their natural responses, often reinforced by
other techniques (dye tracing, environmental isotopes - !0, §%H, H -, intrinsic fluorescence),
shed new light on the idiosyncratic functioning of karst aquifers (Smart & Worthington, 2004;
Goldscheider & Drew, 2007), and more specifically, of their infiltration processes, the
groundwater flow velocity, residence times and location of storage (epikarst, unsaturated or
saturated zones), and the degree of participation of these zones in the workings of the entire
karst system (Hunkeler & Mudry 2007; Mudarra et al., 2011). Deductions may be supported by
statistical treatment to interpret results and reinforce conclusions, e.g. Principal Component
Analysis (PCA) or trend analysis (Bakalowicz, 1979; Mudry & Blavoux, 1987; Reisenhofer et

al., 1998; Helsel & Hirsch, 2002; Stuart et al., 2007).

In this study, a brine spring (Lower Anzur; TDS = 140-160 g/lI) located at the border of an
evaporite karst plateau in S Spain was studied. It was monitored for four hydrological years

4
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(September 2013-October 2017) as a pilot site to investigate the hydrogeological behavior of
evaporite karst systems in temperate climatic conditions. This outlet has significant
environmental and social implications, as it drains groundwater with high solute content,
annually transporting about 20,000 tons of NaCl (Gil-Marquez, 2018). The water drained by
the spring, together with the surface runoff water flowing into the nearby Anzur River, is
retained by a dam some 15 km downstream. Consequently, the reservoir water is brackish and
cannot be used for urban supply, only for energy generation and irrigation purposes. There are
moreover several endorheic areas in the catchment area of the pilot evaporitic system, many
constituting ephemeral lakes and groundwater-dependent wetlands of variable size but of great
environmental value (some listed in the Ramsar Convention of Wetlands). On the whole, the
system drained by the Lower Anzur spring is of vast scientific interest, given its geological and
geomorphological characteristics, with diverse lithologies and chaotic structure, which
determine its hydrogeological complexity, including diffuse and conduit flow behaviors

(Andreo et al., 2016).

The aim of this work is to enhance our knowledge of the hydrogeological functioning of
evaporite karst systems by applying and analyzing the results obtained from routine monitoring
of the natural response of a karst spring (Lower Anzur). Time series of discharge rates, physico-
chemical data (e.g. electrical conductivity and water temperature), major dissolved ions, and
isotopic signature were taken into account. Statistical treatment of the obtained dataset, jointly
analyzed with information derived from intrinsic fluorescence and tritium (3H) determinations,
among others, led us to new insight into the hydrogeological processes controlling the
hydrodynamic and hydrochemical variations in the outlet. Based on these results, a
hydrogeological conceptual model of the system was constructed. The ultimate aim would be
to achieve a comprehensive understanding of groundwater flow behavior, to be applied for

water planning policies and the management of natural areas and regional water resources.
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2. Location, climate, geological and hydrogeological setting

The Jarales site (Fig. 1) is an evaporitic karst plateau of approximately 80 km? located
between two rivers in southern Cordoba province (Andalusia, Spain): the Genil (southwards)
and its tributary, the Anzur (to the north). The area ranges from 250 to 450 m a.s.l., and the land
is predominantly covered by extensive olive orchards, characterized by bare soil. The prevailing
climate is temperate Mediterranean, with an uneven annual rainfall distribution, mainly taking
place from autumn to spring (very often stormy). The mean air temperature in Jarales is 17.2°C,
while the historic annual rainfall (1963-64 to 2015/16) amounts to 508 mm (Gil-Marquez,
2018). During the study period, between the hydrological years 2013/14 and 2016/17, the
annual precipitation ranged from 324 mm in 2014/15, to 403 mm in 2015/16. Thus, our research
was carried out in clearly dry years, though the previous ones were quite wet, with up to 821

annual rainfall in 2012/13, and 913 mm in 2009/10 (Gil-Marquez, 2018).

From the geological standpoint, the Jarales area belongs to the Chaotic Subbetic Complex
(CSC), a geological unit that extends along the northern sector of the so-called Subbetic Domain
in the Betic Cordillera. The CSC is essentially a megabreccia made up of multi-colored Triassic
(Keuper) clays and evaporite rocks (gypsum, anhydrite and halite), in addition to blocks of
other ages and diverse lithology, including Triassic and Jurassic carbonates, Cretaceous marls
and Miocene sandstones (Vera & Martin-Algarra, 2004). Gypsum can be found as massive rock
or forming polygenic breccias. Though halite is absent at the surface as a consequence of its
high solubility, its existence at depth is deduced from the existence of brine springs draining
the evaporitic system (Andreo et al.,, 2016) as well as from some exploration boreholes
(Carrasco, 1986, Calaforra & Pulido-Bosch, 1999). The CSC underwent massive gravitational
displacement during Alpine orogeny and is consequently highly deformed (Pérez-Lépez &
Sanz de Galdeano, 1994). The original stratigraphic relationships are therefore seldom

preserved.
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Figure 1. Geographic location and geological-hydrogeological sketch of Jarales Area (Cordoba Province,
S Spain). Modified from Martin-Serrano (1986) and Divar et al. (1988). Hydrogeological connections
deduced from tracer test results (Gil-Marquez et al., 2017a) and a sketch of groundwater table contours
(Andreo et al., 2016) are also represented.

From a geomorphological standpoint, the study site is characterized by gentle hills, a poorly
defined drainage network, and the existence of karst landforms related to the dissolution of
evaporite rocks. The most remarkable exo-karst features are endorheic areas (closed

depressions), some of which host wetlands of diverse size (Fig. 1) and variable hydroperiod

(i.e. flooding duration) as a result of hydraulic interactions with the subsurface water table. In
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the northern sector of the study area, the karst depressions are naturally drained through
swallow holes (Fig. 1), although their drainage capacity is limited, giving rise to occasional

flooding during wet periods (Gil-Marquez et al., 2017a).

Besides direct infiltration of runoff into swallow holes, recharge is also produced by diffuse
infiltration of rainwater through permeable outcrops (gypsum, carbonate rocks), and probably
through the bottom of wetlands and other endorheic depressions (Andreo et al, 2016; Gil-
Marquez, 2018). Given the abundance of clay lithologies, the CSC presents a general aquitard
behavior and groundwater predominantly flows within a diffuse-type system. Based on water
local table measurements, flow lines are drawn in a radial divergent pattern, from the central
part of the plateau at higher positions, to its borders (Fig. 1) at lower ones. Thus, natural

discharge takes place via springs located close to the Anzur and Genil rivers.

Although groundwater discharge is related to a diffuse flow system, the outlets also show
quick natural responses to recharge that are characteristic of karst aquifers. This is even more
remarkable in the Lower Anzur spring, where a high variability of discharge rate and physico-
chemical components has been registered (Gil-Marquez, 2018). A dye tracer test performed in
2016 (Gil-Marquez et al., 2017a) demonstrated the hydraulic connection between two karst
swallow holes and the outlet (Fig. 1), with a maximum flow velocity of 192 m/h. Additionally,
the alignment of karst features along the N-S direction suggests a high development of the
conduit network in the northern part of the system, making possible a hydrogeological

connection between other karst depressions and the Lower Anzur spring.

3. Methods

3.1. Field measurement and sampling

A gauging station with a 60° VV-notch weir was equipped in the Lower Anzur spring. Hourly

records of water temperature (T), electrical conductivity (EC), and water level variations in the
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spring were registered from February 2014 to September 2017. EC and T were logged using a
WTW® 350i multi-parameter measuring instrument, while water level lectures were recorded
by an Odyssey® depth and temperature data-logger (~1 mm accuracy) for the continuous
discharge record. The evolution of discharge rate was obtained by applying the rating curve of
the gauging station (Gil-Marquez, 2018) to the water level variation series. Occasionally, rises
in the Anzur River produced complete flooding of the outlet area. The runoff effect on the
spring gauging station was deleted thanks to the flow rate data series registered 600 m upstream
in the Anzur River (Fig. 1) by the automatic hydrologic information system (SAIH) of the
Guadalquivir River Basin Authority. In situ measurements of discharge rate (OTT® C2 Flow
Meter), EC and T (WTW® Cond 3310) were also carried out in the Lower Anzur spring, from
September 2013 until the end of the study period. The measurement accuracies were +2% for

flow rate, £0.1 mS/cm for EC, and £0.1°C for water temperature.

Concurrently, water samples (132) were collected in 150-ml amber glass bottles for
subsequent chemical and isotopic analyses in the laboratory. Measurement and sampling
periodicity were adapted to the hydrological conditions of the system (recharge, recession,
depletion): from several times per day in high flow conditions, to monthly during depletion
periods. Additionally, five spring water samples were taken in 1-litre PET bottles for tritium
determination, from September 2014 to December 2016, under diverse hydrodynamic

conditions.
3.2. Analytical methods

Samples were mainly processed in the laboratory of the Centre of Hydrogeology of the
University of Malaga (CEHIUMA). HCOz was determined by volumetric titration with 0.02 N
H2S04 to pH 4.45 (Metrohm™ 888 Titrando). Major ions (Ca?" Mg?*, Na*, K*, Cl-, SO4%,
NO3’) were analyzed using high-pressure liquid chromatography (HPLC Metrohm™ Compact

930 IC Flex for cations and Metrohm™ Compact 881 IC pro for anions) with 2% accuracy.
9
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Due to their high solute content, samples were diluted to 1 mS/cm and filtered (0.45 pm
Millipore® filters) before their introduction in the system (filter in line and precolumn-filter).
The accuracy of the chemical data was checked using the Charge Balance Error (CBE),
calculated as the difference among the sums of the equivalent concentrations of anions and
cations (Zcations - Xanions) divided by the sum of equivalent concentrations of all ions
(Xcations + Zanions). The mean CBE value for the whole sample set was 2.5 %, and samples

with CBE outside +5% were discarded.

Intrinsic fluorescence of samples is produced by dissolved organic matter, and its presence
in groundwater allows one to study recharge in karst aquifers (Birdwell and Engel, 2007). It
was analyzed using a Perkin-Elmer™ LS55 spectrofluorometer. The excitation-emission
matrices (EEMs) were obtained by means of the simultaneous scan of excitation and emission
wavelengths from 200-350 and from 250-550 nm, respectively, with intervals of 5 nm. In both
cases, a 5 nm slit was used with a scanning rate of 500 nm/min. The Raman peak of deionized
water, measured at an excitation wavelength of 348 nm and with emission monitored at 390-
395 nm, was used to determine the stability of the instrument (Lawaetz & Stedmon, 2009). The
maximum fluorescence intensity of each peak was therefore referred to as Raman units (RU).
Peak A, produced by humic acids, appears between 230 and 250 nm excitation wavelengths
and from 405 to 445 nm emission wavelengths, whereas peak C, related to fulvic acids, is found

between excitation wavelengths 300-335 nm and emission wavelengths 400-440 nm.

Water isotopes (580 and §2H) were determined by means of isotope-ratio mass
spectrometry (IRMS) in the central laboratory of the University of Malaga (SCAI). Corrected
data were referred to the Vienna Standard Mean Ocean Water (VSMOW). Due to the
fractionation between free water molecules and those associated with the hydration sphere of
cations in water solution, the isotope activity ratios of brine samples differ from their isotope

concentration ratios (Taube, 1954; Horita, 1989). Hence, §'0 and §H data were converted

10
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from activity scale to concentration scale by applying the “activity correction” defined by Sofer

and Gat (1972, 1975):
AS *H = mNaCl(0.4) + mMgCly(—=5.1) + mCaCly(—6.1) + mKCIl(—2.4)
A8'80 = mMgCl,(1.11) + mCaCl,(0.47) + mKCl(—0.16)

where m is the molality of the respective ions and A3*80 and A§?H are the “activity corrections”,
which are the differences between the 8-values on the concentration scale and those on the

activity scale.

Tritium (3H) analysis was carried out in the Department of Oceanography of the Institute
of Environmental Physics, University of Bremen, based on the *He—ingrowth method (Clarke
et al., 1976). First, 500 g of degassed water samples were stored in gas-free glass bulbs for the
production and accumulation of He, the decay product of 3H. After 4-6 months of storage, *He
was extracted from each sample and then separated from any other remaining or generated
gases by means of a cryogenic system. The *He concentration was determined with the mass
spectrometric system, described in detail by Siltenful3 et al. (2009). The specific radioactive
activity of 3H is expressed in Tritium Units (TU = 0.119 Bg/kg of H,0). In order to make 3H
values in groundwater samples comparable to those in precipitation, the content of 3H
determined in each sample was corrected according to its density (enhanced by the high
mineralization) and then expressed as a concentration in freshwater. Water sample density and
ion molalities, used for salt correction of the isotope data, were obtained based on their chemical
composition, using the software PHREEQC (Parkhurst & Appelo, 2013) and the PITZER

geochemical database (Plummer et al., 1988).
3.3. Data processing

The statistical treatment of the hydrochemical dataset was performed by means of the

software XLSTAT v.7.5.2 by ADDINSOFT™. Principal component analysis (PCA) was
11
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applied to aid interpretation of the hydrochemical response of the spring. This method, broadly
used in Kkarst hydrogeology (Bakalowicz, 1979; Mudry & Blavoux, 1987; Reisenhofer et al.,
1998; Hunkeler & Mudry 2007; Barberd & Andreo, 2011; Sanchez et al., 2015), makes it
possible to reduce the variance of multidimensional data sets by means of principal components

or factors (Melloul & Collin, 1992).

To identify any significant trend in the natural responses of Lower Anzur spring during the
study period, the nonparametric Mann-Kendall test (Mann, 1945; Kendall, 1975) was applied
to the monthly data series of major dissolved ions, EC and T, as well as to the series obtained
from the hourly records of EC and T. This procedure is widely used to assess the existence of
chemical trends in hydrological and hydrogeological studies (Helsel & Hirsch, 2002; Yue &
Wang, 2004; Stuart et al., 2007; Wahlin & Grimval, 2010; Merchén et al., 2013; Urresti-Estala
et al., 2016). The test statistics (t and S) indicate rising trends when positive, whereas they
reveal downward tendencies if negative. The general variation of each parameter was quantified
by Sen’s slope test (Sen, 1968; Hirsch et al., 1991), it being less affected by major data error or
outliers than linear regression methods. Sen’s slope values are expressed as units of the
analyzed parameter according to the periodicity of the time series, and they were used to
calculate the annual trend of each parameter. Only those analyses with a p-value less than or

equal to the significance level (o) of 0.05 were considered statistically significant.

4. Results

4.1. Hydrodynamics

The discharge rate of Lower Anzur spring varied from less than 1 I/s to nearly 100 I/s, with
an average value of approximately 5 I/s (Tab. 1). The spring hydrograph (Fig. 2A) shows
several floods per year in response to recharge events. In general terms, discharge peaks were

sharp and occurred rapidly, a few hours after the onset of rain. Differences in the magnitude of
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discharge fluctuations were observed, depending on the amount and intensity of rainfall and
also on the previous hydrodynamic conditions of the system (Fig. 2). Thus, the first recharge
episodes of each hydrological year (October) generally gave rise to flow peaks in the order of
30-40 |/s, while volumes up to 80-90 I/s were reached as a response to other significant
precipitation events occurring in autumn or winter (Fig. 2A) and having a greater magnitude or
occurring during recession. The corresponding decreases in discharge also took place very

quickly, whereas slow variations were recorded under depletion conditions.

Discharge rate EC T

Single Cont. |Single Cont. [Single Cont. A C
data  Record | data Record| data Record HCO,; CI' NO, SO, Ca& Mg* Na" K' peak peak &% &H °H
n 90 29,015 131 27,052 131 27,052 132 127 116 117 129 129 129 129 57 57 30 7 5
med 5.1 4.6 1488 1545 207 205 241 86243 21 6004 2,290 418 54,087 218 17.7 86 -61 -361 20
mdx 92.0 98.8 167.8 1685 216 216 268 113,581 85 8326 3,621 720 70,000 298 430 205 -55 -334 26
min 0.7 0.2 1206 1175 194 182 185 63,105 0 4,907 1,751 246 39,464 159 107 5.5 -71  -400 11
(4 140 223 8 18 2 2 9 12 91 10 9 19 12 14 36 36 8 6 28

Table 1. Main statistical descriptors (n, number of samples/measurements; min, minimum; max, maximum;
mean, average; and cv, coefficient of variation %) of discharge rate and physicochemical data from Lower
Anzur spring water. Units: discharge rate in I/s, electrical conductivity (EC) in mS/cm, water temperature
(T) in °C, major ions in mg/l, A and C peaks in Raman Units (RU), 6'80 and 6°H values in %o VSMOW
(Vienna Standard Mean Ocean Water), 3H in tritium units (TU).

The four unitary hydrographs displayed in Figure 2 correspond to some of the greatest flood
events of the hydrological years 2014/15 and 2015/16. For each, the response lag-time to the
recharge event (t) and the flood base time (ts) were calculated (Tab. 2). The first flood (Fig.
2B) started under recession conditions, three days after a previous flood (Fig. 2A). Outflow rose
up to 80 I/s in 19 h (tL) as a response to 22 mm of precipitation within 24 hours. Recession
started slowly afterward, but it accelerated below 70 I/s. The flood base time (tg), from the
beginning of the rising limb to the start of depletion, was 4 days. Two weeks later, 9 mm of
precipitation caused a discharge peak of 66 I/s (Fig. 2C & Tab. 2) The t. was 22 h and the
recession started rapidly after the peak. During the study period, the highest discharge value

(99 I/s) was recorded in November 2015 (Fig. 2D & Tab. 2) after the heaviest precipitation

event registered (43 mm within 6 h). The t_ was 40 h, while tg lasted 6 days. The recession limb

13



304  was gentle during the first three days, then started to decrease rapidly after the discharge value
305 reached 67 I/s. The last unitary hydrograph analyzed (Fig. 2E & Tab. 2) had a peak of 51 I/s

306  after a 22-hour t., in response to 13 mm, and the recession was quick.
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308  Figure 2. Lower Anzur spring hydrograph and daily precipitation, from October 2014 to September 2017
309 (A), and some unitary hydrographs (B-E). Response lag-time (t.) and flood base time (tg) are indicated in
310  green and red, respectively. Shaded areas in B and D show the periods during which exokarstic depressions
311  with swallow holes were flooded. The dashed line in hydrograph D indicates data completed by linear

312  interpolation, due to flooding of the gauging section during Anzur River flow rising.

Flow peak t tg Rainfall Rainfall
Date (1/s) (hours) (days) amount(mm) duration (h)
Nov. 2014 80 19 4 22 24
Dec. 2014 66 22 3.5 9
Nov. 2015 99 40 6 43 6
313 Jan. 2016 51 22 3.5 13 6

314  Table 2. Hydrodynamic data of four of the main floods in Lower Anzur spring.
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4.2. Hydrochemistry

Table 1 summarizes the most significant statistical parameters of the physicochemical
variables controlled in the Lower Anzur spring during the study period. The clear prevalence
of CI” and Na* facies (up to 113.6 and 70.0 g/I, respectively) defines the hypersaline nature of
the water drained by the outlet, with an average EC value of 154.5 mS/cm (continuous record).
Spring water also presented high mean contents of other ions, such as SOs>~ Ca?*, and K*, while
HCOs and Mg?*, whose presence may be partially linked to evaporitic sources, had lower
concentrations (Table 1). The mean value of NO3z™ is 21 mg/l, although it varied notably
(cv =91%), as did fluorescence peaks A and C (cv = 36%). The continuous record of water
temperature ranged from 18.2°C to 21.6°C, a few degrees above the mean annual air

temperature at the pilot site (17.2 °C; Gil-Marquez, 2018).

The time series of the hydrochemical parameters measured in the water drained by Lower
Anzur spring during the study period are displayed in Figure 3, together with the spring
hydrograph and the daily rainfall recorded in a meteorological station located in the center of
Jarales area (Fig. 1). Great variability of the chemical composition of the spring water under
different hydroclimatic situations is observed, although generally increasing trends in some of
the controlled parameters were also recorded. Observing depletion periods, water
mineralization and EC increased, from values around 145 mS/cm at the end of 2013, to
approximately 165 mS/cm in the summer of 2017. Meanwhile, the range of water temperature
rose from 20.1-20.8°C in hydrological year 2013/14, to 20.4-21.5°C in 2016/17. Such variations
were statistically analyzed by means of the Mann-Kendall test and Sen’s Slope (Table 3).
Upward trends were identified in the series of EC, T, CI', Na*, and K*. Sen’s slope indicates
that EC rose 4.35-4.59 mS/cm annually, while T increased between 0.12°C and 0.16°C each
year. The greatest variation in mineralization was related to the increase of CI" (1,710 mg/year)

and Na* (3,566 mg/year) contents.
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Figure 3. Time series of discharge rate, electrical conductivity (EC), temperature, major chemical
components, intrinsic fluorescence of peaks A and C, and 5*®0 values. Daily rainfall and 5**0 of rain samples

and 3H activity of five samples are also included. Shaded areas are shown in detail in Figure 4.

The general hydrochemical evolution trends were disrupted in each recharge period by
quick and sharp falls in water mineralization. The magnitude of these dilutions depends directly
on the amount and the intensity of rainfalls (Figs. 3 & 4). Variations in EC were clearly

determined by changes in CI- and Na* concentrations, which evolved analogously to EC. In
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addition, SOs%", HCOgs", Mg?*, Ca?*, and K* contents followed relatively similar patterns to that
of EC, whose values decreased during floods (Fig. 3). The temporal evolution of NO3™ did not
follow a clear pattern, its concentration showing variable behavior during flood peaks. In fact,
in November 2015 and August 2017, coinciding with great flood events, NO3™ was not detected
in the samples, probably due to the magnitude of the dilutions. Water temperature presented
slight fluctuations at low water conditions, and significant and quick variations as a
consequence of the main recharge events, characterized by rapid rises followed by lagged
pronounced falls (Fig. 3). Finally, the intensity values of intrinsic fluorescence in the water
samples were enhanced during the most significant floods (Fig. 3). In general terms, peaks A
and C reached values near 20 RU and 12 RU, respectively. Yet in the flood event of August
2017, dilution was accompanied by much greater intensity values (peak A rose up to 43 RU

and peak C up to 20.5 RU).

e EC continuous EC single T continuous T single B N .
Statistical Cl Na K
record measurements record measurements

T 0.586 0.583 0.255 0.583 0.333 0.556 0.556
S 15409 42 6702 42 24 40 40
p-value <1.E-04 <1.E-04 <1.E-04 <1.E-04 0.024 1.E-04 1.E-04
Sen's slope 0.00050 0.38 0.000013 0.013 142.5 297.2 1.5
Annual trend 4.35 4.59 0.12 0.16 1710.4 3566.4 17.7

Table 3. Main statistical results derived from Mann-Kendall and Sen’s slope tests. The annual trends are

expressed as mS/cm (EC), °C (T) and mg/l (major chemistry) per year.

A detailed illustration of the temporal evolution of the spring water chemistry during some
significant flood periods is displayed in Figure 4. Prior to water dilutions, and coinciding with
the flow rises, slight increases in spring EC of up to 6 mS/cm were observed (Fig. 4), which
were much lower than the subsequent decreases, with maximum drops of nearly 40 mS/cm
(November 2015; Fig. 4). Both the hydrodynamic and the hydrochemical responses took place
rapidly, a few hours after the start of the precipitation event that originated them, but there was
a lag between flood peaks and dilution peaks (Fig. 4). The latter normally occurred between 1

and 4 days after the former, depending on the magnitude of the recharge. Return to the initial
17
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values of EC was much slower than the reestablishment of discharge rate, because the flow
decrease was prolonged in a time interval of several days, while the mineralization recovery
could take more than two months after the most pronounced dilutions (Figs. 3 & 4). In turn, the
water temperature of the spring tended to be higher during flow peaks, when slight rises in
water mineralization were recorded, and it fell as the spring moved into dilution conditions.
Nevertheless, the minimum temperature values were reached once mineralization was almost

recovered (Figs. 3 & 4).
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Figure 4. Detail of six different flooding periods recorded in Lower Anzur spring.

Based on the chemical data of the samples taken in Lower Anzur spring, a principal

component analysis (PCA) was carried out, using the 10 variables in Table 4 whose series
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showed a more continuous series (Fig. 3). The generated correlation matrix reflects a highly
positive relationship (> 0.9) of EC with CI- and Na*, and to a lesser extent with HCO3", K*, and
Mg?* concentrations. HCOg3 is also correlated with CI- and Na*. A positive relationship was
also determined, to a minor degree, between each of the following: CI;, Na*, K*, SO+, and

Mg?*.

The two main factors of the PCA explain 71% of the hydrochemical variability of the
sample set taken in Lower Anzur spring (Fig. 5). The first (F1, 54.93%) is defined by EC, Na*
and CI', which are the main chemical species related to EC, and, to a lesser extent, by HCOz',
Mg?*, K*, and SO+% (Fig. 5A). Therefore, the first factor reflects water mineralization and
residence time inside the aquifer. However, the variables that determine this factor are
distributed in two different groups. The first group is situated towards positive values of F2 and
is formed by EC, Na*, CI- and HCOz", which are the variables having a higher influence in F1,
and K™, This group would therefore be mainly related to the dissolution of halite (NaCl), sylvite
(KCI) and carbonates. The second group has lower F1 values and is shifted to the negative side
of F2. It is formed by Mg?*, SO4? and Ca?*, derived mainly from the dissolution of gypsum,
anhydrite and evaporite minerals bearing Mg?*, such as epsomite (MgSO4-7H20) and
hexahydrite (MgSOs4-6H20), although the cations could also have their origin in calcite
(CaCO:s3) and dolomite (CaMg (COs).) forming the carbonate rocks. The second factor (F2;
16.06%) has a positive relationship with water temperature (Fig. 5A), which would be tied to
drainage of the saturated zone and possibly to the ascent of deep flows, given that the spring

has a slight positive thermal anomaly.
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EC T HCO, cr NO; s0,” ca® mg* Na' K

EC 1

T -0.031 1
HCO," 0.886  -0.020 1

cr 0931  -0.069 0.826 1

NO; -0.056  -0.086  -0.094  -0.066 1

so,> 0579  -0.384 0.492 0.706 0.002 1

ca® 0312  -0.303 0.364 0273  -0.046 0.438 1

Mg?* 0.652  -0.403 0.673 0.628  -0.061 0.716 0.660 1

Na* 0.910 0.021 0.821 0.887  -0.058 0.580 0.446 0.649 1

K* 0.733 0.131 0.639 0721  -0.023 0.398 0.297 0.383 0.793 1

Table 4. Correlation matrix obtained from the PCA performed with the hydrochemical information collected

in Lower Anzur spring during the study period.

Figure 5B shows the observations (i.e. water samples) in the factorial plane defined by F1
and F2, classified according to the hydrological year and the hydrodynamic state. The samples
having greater mineralization are located on the positive side of the F1 axis, while those related
to dilution processes are located on the negative side. Along with F2, the samples are distributed
from top to bottom as their temperature decreases. In general terms, samples that correspond to
depletion situations are well grouped, while those related to flood peaks and recessions present
greater dispersion in the F1-F2 plane (Fig. 5B). Waters drained during the spring depletions are
characterized by high mineralization, relatively low temperatures, and the greatest values of
Ca2*, Mg?*, and SO4% of the whole set of observations. Samples corresponding to floods can
be observed in the upper right quarter of Figure 5 or scattered throughout its left half. Finally,
samples taken during recessions show low mineralization, though with much variability, and a
wide range of temperature values (Fig. 5B). Additionally, the classification of samples
according to the hydrological year in the factorial plane allows the year-to-year hydrochemical
evolution of the waters drained by the Lower Anzur spring to be evaluated. The progressive
increase of EC and temperature values, statistically quantified with the Mann-Kendall Test and
Sen’s Slope (Tab. 3), is again seen in Figure 5, mainly in those samples taken during flood
events, and above all in those taken during depletion times. From the first to the last year of

observation, depletion samples are displaced from the lower right quadrant, more related to
20
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Figure 5. Factors 1 and 2 obtained from the principal component analysis (PCA) carried out with the main
physicochemical parameters and major chemical components of the samples collected from Lower Anzur

spring during the study period. Plots of the variables (A) and statistical units (B).

4.3. Isotope data

The 580 and §?H values of the Lower Anzur samples respectively ranged between -7.1%o
and -5.5%o and from -40.0 to -33.4 %o (Table 1). Most samples taken during the summer season
(Figs. 3 & 4), when no precipitation was recorded and therefore no recharge existed, had 50
contents very similar to the weighted average of 5180 in the precipitation (-5.5 %o) of the study
area (Gil-Marquez, 2018). However, groundwater sampled during the greatest floods had lower
isotopic values, such as in November and December 2016 (Fig. 3 & 4). The isotopic signature
of the precipitation events that gave rise to significant spring floods produced a decrease in the

580 of the spring water, yet of more reduced magnitude.

The samples collected for tritium analysis were taken during diverse hydrodynamic
conditions (yellow stars in Figure 3). Sample 1 was taken in September 2014, at the end of the
summer depletion. Sample 2 was collected in October 2014 after the first recharge event of the
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hydrological year 2014/15. Sample 3 coincided with another depletion period, September 2015.
Finally, samples 4 and 5 were taken during two different stages of floods: a piston-flow effect

(N° 4) and a hydrochemical dilution (N° 5).

Tritium was found in the five water samples analyzed, with values varying from 1.1 to 2.6
TU (Table 1), slightly lower than the available *H data of precipitation in the area during the
study period, between 1.8 and 3.2 TU (Gil-Marquez, 2018), and the range of H in the region
(2-4) estimated by the Spanish Surveillance Network of Isotopes in Precipitation (Castafio &
Rodriguez-Arevalo, 2019), which is part of the GNIP (Global Network of Isotopes in
Precipitation). In Figure 6, ®H concentrations in the groundwater samples are compared to the
corresponding values of flow rate, water temperature, and EC. Generally, greater *H values
were found when the discharge rate was higher and the water temperature was lower, although
the relationship is stronger with the second parameter. The relation between ®H and EC is less
evident, but sample N° 5 presented a higher isotopic activity and the lowest mineralization and
water temperature (Figs. 6B & C), as it coincided with a hydrochemical dilution (Fig. 3). The
other flood sample (N° 4) was taken coinciding with rises in water temperature and EC, and it
had the second lowest value of 3H, 1.95 TU (Table 1). This last sample (N° 4) decreases the
correlation between flow rate and 3H (Fig. 6A). However, the recession stage in the
hydrogeological system, from dilution (flooding) to depletion, would be accompanied by a

progressive decrease in the *H values (Figs. 5B & 6A).
5. Discussion and interpretation

The joint analysis of hydrodynamic, hydrochemical, hydrothermal and isotopic results
described in the above section, together with the background information available from
previous works (Gil-Marquez et al., 2017a; Gil-Marquez, 2018), has provided deeper insights
into the structure and flow dynamics within the vertically distributed reservoirs (unsaturated

and saturated zones) found in the evaporite karst system taken as the pilot site. The combined
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treatment of the hydrogeological information also advances our understanding of the storage
capacities and residence times of groundwater in the system, as well as in the water-rock
interactions, and related hydrogeochemical processes. Quick rises in the flow rate after recharge
events reveal the existence of a highly developed karst network, which permits fast flows and
short transit time of groundwater within the system, from surface points of the epikarst where
concentrated infiltration occurs (i.e. swallow holes) towards the spring. Similar behavior has
been reported in other evaporite karst settings, where allogenic recharge likewise produces
rapid hydrodynamic responses (Calaforra et al., 2002; Chiesi et al., 2010; Bruthans et al., 2017,

D’Angeli et al., 2017; Vigna et al., 2017).
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Figure 6. ®H data of the groundwater samples collected in Lower Anzur spring vs discharge rate (A), water

temperature (B) and electrical conductivity (C).

The morphologies of the hydrographs shown in Figure 2 are closely related to the
maximum flow value drained in each case. The two major peaks considered (Fig. 2.B & D)
present a relative flat shape that extends until the flow rate reached values below 70 I/s. This
reference value is higher than those recorded in the other two floods periods (Fig. 2C & E),
with better-defined peaks. The duration and flattening of the flow peaks coincided with periods
in which the endorheic depressions (uvala and polje) south of the outlet (Fig. 1) —where karst

swallow holes are located— were flooded. The decrease in discharge rate occurred more rapidly
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when the flooding of the swallow holes was finished (Fig. 2.B & D), coinciding with a specific
discharge value of approximetely 70 I/s. This, together with the absence of hydrograph
flattening and the lack of flooding in karst depressions for lower flow, could suggest that the
waterlogging of the swallow holes takes place due to a limitation of the karst network drainage
capacity. A similar conclusion was deduced after analyzing the results from a multi-injection
tracer test previously performed in the area (Gil-Marquez et al., 2017a). The existence of a
narrow karst conduit network that becomes fully saturated in significant recharge events was
inferred from that tracer experiment. Consequently, the flow of recently infiltrated water would
be impeded, leading to the flooding of the endorheic areas. This in turn would produce a
sustained recharge over time, giving rise to undefined flood peaks, which are often related to
the existence of overflow springs (Bonacci & Bojani¢, 1991; Barbera & Andreo, 2011; Malard
et al., 2015) but are also characteristic of springs that are connected to the drainage of poljes

(Bonacci, 1993; Ford & Williams, 2007), as is the case here.

The variations in water mineralization are mainly produced by changes in CI- and Na*
contents, and to a lesser extent dissolved K*; they evolve analogously to EC, and even presents
a similar upward trend (Fig. 3 & Tab. 3). The positive correlation between both cations and CI
(Tab. 4) suggests that the source of these chemical species must be related to the existence of
halite and sylvite (Hidalgo & Cruz-Sanjulian, 2001; Acero et al., 2015). On the other hand, the
S04%, Ca?*, Mg?*, and HCOs3 time series (Fig. 4) follow patterns relatively similar to that of
EC, but they did not present an upward trend during the investigation period. The origin of
SO4% and Ca?* is associated with the dissolution of gypsum, which is a part of the clayey-
evaporite matrix that constitutes the CSC, though it is also present as massive gypsiferous
bodies, where karst networks are better developed (Calaforra & Pulido-Bosch, 1999). However,
SO4? and Ca?* present a poor correlation (Tab. 3), indicating that additional sources of one of

these ions must exist. Thus, the content of Ca?*, as well as those of Mg?* and HCO3", would be
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linked to the dissolution of the carbonate olistoliths in the Jarales area (Fig. 1). Additionally,
the high correlation between HCO3™and Na* and ClI- indicates that the dissolution of carbonates
Is somehow related to the concentration of halite-derived solutes. The observed correlations can
be explained by the effect of high ionic strength solutions (e.g. brine water) that enhances calcite
solubility (Mucci, 1983; Appelo & Postma, 2005). Lastly, the relatively high correlation
between SO42 and Mg?* could be caused not only by the dissolution of evaporite minerals but

also from dedolomitization (Wigley, 1973).

Therefore, the first group of variables (EC, CI-, Na*, K*, and HCOz") related to F1 in the
PCA (Fig. 5A) would be related to groundwater flowing in deep areas within the saturated zone
of the system. This is in agreement with the absence of halite and sylvite in outcrops and in
explored Kkarst conduits near the surface (Calaforra et al., 2002; Aljama-Martinez, 2017).
Besides, this group of variables is situated towards positive values of F2 (defined by water
temperature). The ascent of relative deep flows would explain the positive thermal anomaly
observed in the spring water. To the contrary, the rest of the chemical variables that define F1
(SO4%, Mg?* and Ca?*) have a negative factor loading in F2. Hence, they could proceed from
the whole system (both saturated and unsaturated zones), their presence in groundwater being

explained by the dissolution of rocks that are present in surface and at depth.

Records of EC, water temperature, and most of the main dissolved ions generally showed
lower values after recharge events (Fig. 3 & 4) and higher ones during depletion conditions.
Such chemical dilution and water cooling are caused by the arrival of recently infiltrated water
through swallow holes, as suggested by recent infiltration tracers. Intrinsic fluorescence of the
organic matter from the soil is considered as a natural recharge tracer in carbonate aquifers
(Birdwell & Engel, 2007; Lapworth et al., 2009; Mudarra et al., 2011). The quick rises of A
and C fluorescent peaks (related to organic matter of edaphic origin) during chemical dilutions

(Fig. 3 & 4) demonstrate that runoff water infiltrated through karst swallow holes reached the
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outlet rapidly. Meanwhile, the depletion of 20 values observed in the spring water in some
flood events is smoothed when compared with the isotopic variations of recharge rainwater.
This indicates the mixing of recently infiltrated water (i.e. via conduit flow) with groundwater
previously stored in the saturated zone, whose isotopic signal is close to that of the weighted
mean values of precipitation (Fig. 3 & 4). Similarly, the rise of the ®H activity registered after
the flow peaks (sample N° 5, Figs. 2 & 6), with values close to those of precipitation (Gil-
Marquez, 2018; Castafio & Rodriguez-Arévalo, 2019), in addition to a decrease of water
temperature and mineralization, is the result of the arrival of infiltrated water through the karst
network. In turn, the temporal evolution of NO3™ contents observed in the spring water (Fig. 3
& 4) could be related to the seasonal fertilization cycle of the olive orchards. The use of N-
fertilizers in the area partially occurs in autumn, and may be linked to the increases of NO3’
concentration in the floods registered in November 2014 and December 2016. However, in
other flood events, NOs™ contents vary differently, even dilutes. The runoff water that infiltrates
through the swallow holes would have previously washed out part of the NO3™ from the soil.
Hence, lower or no NO3™ content is mobilized in subsequent recharge events if no additional
fertilization is applied. Despite NO3™ having a clear origin at the surface, it cannot be properly

used as soil tracer without precisely knowing the fertilization practices in the study area.

However, the arrival of recently infiltrated flows to the spring does not occur at the
beginning of the floods, but after a rise in mineralization. The recharge through swallow holes
initially mobilized groundwater with higher temperatures (up to 3.5°C above the mean annual
air temperature) and mineralization, particularly Na*, CI', K*, and HCOz", as deduced from the
temporal evolution (Fig. 4) and the PCA (Fig. 5). Such hydrochemical behavior is associated
with a piston-flow effect, which has been documented in other evaporite karst springs (Chiesi
etal., 2010; Frank et al., 2019). This means that groundwater previously stored in the saturated

zone of the system (having higher temperature and mineralization) is mobilized and drained
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through the outlet, as a consequence of the pressure transfer derived from the hydraulic head
rise produced by the recharge event. A long water-rock interaction within the system under
saturated conditions could explain the rise of mineralization, as suggested by the observed drop
of 3H in piston-flow effect (sample N°4, Figs. 2 & 6). An arrival of groundwater recharged
before 1953 (i.e. tritium free), may have caused the descent of 3H activity at the spring. The
increase in temperature, in turn, might be related to the ascending of deeper groundwater flows.
In a previous tracing experiment (Gil-Méarquez et al., 2017a), it was demonstrated that artificial
dyes injected at the beginning of the recharge event reached the spring when mineralization and
water temperature had begun to decrease, after the piston-flow effect. Afterwards, the arrival
of recently infiltrated groundwater to the spring, via the karst conduit network, would give rise
to the onset of chemical dilution and cooling of the water drained by the Lower Anzur spring.
The lag-time observed from the flow peaks to the minimum values of mineralization (from 2 to
6 days, Figs. 3 & 4) can be attributed to the delay between the pressure head transfer —which
causes the discharge peak— and arrival to the outlet of fresh recharge water from the surface,
via the karst network, leading to dilution of the spring water. The lag would also be conditioned

by the hydrodynamic state of the system prior to the recharge event.

The joint representation of the variations of EC and discharge during unitary flood events
draws counter-clockwise cycles (Fig. 7) that help one understand the functioning of the system
drained by the Lower Anzur spring. Regardless of the magnitude of the flow peak, the initial
increase in discharge rate is accompanied by slight rises in EC values, accompanied by
increases in water temperature (Figs. 3, 4 & 7). This process (piston flow-effect) approximately
coincides with flow peaks in medium magnitude floods (Q = 35-70 I/s), like the one observed
in February 2016 (Fig. 7), followed by a rapid decrease in mineralization and a more moderate
recession. In contrast, during the greatest flood events with flattened hydrograph peaks

(Q>70I/s), like the one registered in November 2015 (Figs 4 & 7), the discharge rate continued
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to increase after the piston-flow effect, yet more gently, contrary to EC and temperature values,
which began to fall. This pattern is most likely linked to the flooding of karst depressions
hosting swallow holes, causing a sustained recharge over time. In both flooding events, the
maximum dilutions occurred during recession, much earlier than the minimum value of
temperature (at depletion), when mineralization recovered the initial values. Contrariwise,
during the only flood that took place in summer (August 2017), the drop in water temperature
was slight, comparable to that of a winter flood with a lower flow (February 2016), though the
peak flow was much greater (Fig. 7). The key would lie in the air temperature, too high in
August to allow cooling of the spring water. The decrease in water temperature in the outlet
during floods is therefore due to the mixing of groundwater previously stored in the saturated
zone with recent infiltrated water; and this process is partially dependent on the atmospheric

temperature, in line with a rapid hydrogeological connection between the recharge area and the

outlet.
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Figure 7. Hourly EC data vs discharge rate of Lower Anzur spring water during three different flood
events (Nov-15, Feb-16, Aug-17). The color of each measure in the graph indicates water temperature,
according to the color bar displayed on the right side, while arrows specify the temporal evolution of
each flood.
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The influence of air temperature in spring water was even more marked during the long-
lasting recharge events that took place when the karst depressions with swallow holes were
flooded. Under such conditions, the effect of recharge in the spring water temperature was
lagged until the end of the recession, as seen for November 2015, December 2016, and August
2017 (Figs. 4 & 7). Nonetheless, because the groundwater flow slows down towards the end of
the recession phase, the recently infiltrated water could dissolve higher solute contents given a
a longer water/rock interaction. This mechanism, together with a drop of the recently infiltrated
fraction in the mixed water that is drained, permits the recovery of previous EC values much

sooner than the water temperature is re-established (Figs. 4 & 7).

In some carbonate karst springs, short delays of the response peaks (a few hours) of
temperature with respect to those of mineralization have been reported (Birk et al., 2006;
Luhmann et al., 2012; Mudarra et al., 2014), as a consequence of the lag of the heat transfer
due to the interaction of water and the conduit walls (Covington et al., 2011). The process
occurring in the studied system is rather peculiar, however, as the recovery of EC started several
days (or even weeks) before the minimum temperature values were registered in the spring
water (Fig. 4). Interpreted as a consequence of the rapid kinetics of the dissolution of evaporite
minerals, this may constitute a distinctive feature of evaporitic karst systems. At any rate, such

a complex process deserves investigation in further studies.

The sustained rise of temperature and mineralization throughout our study period was
statistically deduced by means of the Mann-Kendall test and Sen’s Slope (Tab. 3). Yet it is also
visible in the right displacement of the successive EC-discharge cycles in Figure 7, as well as

in the position of depletion and flood samples towards higher values of F1 and F2 in Figure 5.

During recharge episodes, the hydraulic head in the main karst conduits would be higher
than in the surrounding matrix. This favors the transfer of part of the groundwater flowing

through the conduit into the matrix. The later drop in the hydraulic head of the conduit network
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allows groundwater stored in the matrix to flow back towards the conduits, after dissolving a
greater amount of solutes. A similar process has been described in other evaporite karst areas
for single flooding events (Frank et al., 2019). But the system drained by the Lower Anzur
spring displays an inter-annual trend (Table 3). In wet periods, e.g. the hydrogeological years
from 2009/10 to 2012/13, continuous recharge events would hardly allow the groundwater
pushed into the matrix to go back to the conduit in a short time, hence the groundwater table
would rise. In addition, the succession of several dry years (2013/14-2016/17) would have
caused the descent of annual recharge, and therefore more and more groundwater would be
displaced from the matrix to the conduits. As a result, in the mixing drained by the outlet, the
fraction of water coming from the matrix of the saturated zone would gradually grow, which
implies: longer residence time within the media (tritium free), higher temperature (from
relatively deeper areas of the system) and mineralization. It must be underlined that there is a
difference of more than 1 TU between the two depletion samples (Fig. 6). The fact that the
depletion sample collected in 2015 had less ®H activity than the sample of 2014 could be
indicative of a higher fraction of older groundwater in the mixing, perhaps due to the reduced
recharge during the study period. This interpretation is in agreement with the positive trends of
mineralization and water temperature over a period of dry years. The low 3H value measured
in 2015 during low water conditions cannot be explained by depleted values of the historical
3H in precipitation (Gil-Marquez, 2018), and therefore the existence of tritium-free groundwater

in the system is certain.

The rise of mineralization is known to be a consequence of the contribution of groundwater
flow of greater residence time, and is common in karst aquifers featuring evaporite layers (Wu
et al., 2009; Carucci et al., 2012; Barbieri et al., 2017). Bruthans et al. (2017) studied different
evaporite diapirs drained by brine spring in the Zagros Mountain Range (SW Iran). They found

that *H values were lower in the outlets emplaced in diapirs where diffuse flow predominates,
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whereas ®H activity was higher in diapirs having a well-developed exokarst. Based on lumped
parameter models, the above authors concluded that groundwater recharged before 1950

dominates in the former type of diapirs.

The system studied in the present work is quite complex, including both conduit and diffuse
flow behaviors, as suggested by chemical and isotopic data (including 3H). While conduit flow
is related to recent recharge, the spring baseflow would be associated with gravity driving
regional diffusive flows (To6th, 1963; Madl-Szényi & Toth, 2015) originated by recharge
through permeable outcrops. If the average ®H measured in precipitation (2.44 TU) is
considered to be representative of the younger fraction of the system, and the old component
has 0 TU, the mean 3H activity measured in the spring water (2.00 TU; Table 1) would indicate
that approximately a 20% of the groundwater drained through the spring is old. The old fraction
would change depending on the hydrodynamic state, and could reach 55%, explaining the
lowest *H value measured (1.1 TU). Granted, this is a rough estimate based on very simple
assumptions; further attempts at groundwater dating must be performed, involving additional
techniques, so as to confirm the existence of the old groundwater component evoked and its

actual contribution.

Our joint analysis of the results put forth here leads us to characterize the hydrogeological
functioning of the system drained by the Lower Anzur spring and develop the conceptual model
displayed in Figure 8. It can be defined as a complex karst system in which groundwater flows
through conduits, but also diffusively through the clayey evaporite matrix where storage mainly
resides. Autogenic recharge can take place in permeable outcrops, whereas allogenic infiltration
via karst swallow holes plays a relevant role in feeding the system. Concentrated recharge
produces a pressure head transfer that mobilizes groundwater from relatively deep areas in the
saturated zone (warm, mineralized, of great residence time), producing a piston-flow effect.

The arrival of recently infiltrated groundwater to the outlet favors chemical dilution and cooling
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of the groundwater drained by the spring. When a rainfall event is heavy enough (=20 mm),
the karst network becomes fully saturated and its drainage capacity is surpassed. As a
consequence, runoff accumulates when reaches the swallow holes, meaning a subsequent

flooding of the depressions where they are located (Fig. 8).
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Figure 8. Hydrogeological conceptual model of the system drained through the Lower Anzur spring.
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The above process provokes a long-lasting recharge, whose duration will determine the
magnitude of dilutions and the length of spring floods. During wet periods, the overlap of
recharge episodes would cause a situation in which the hydraulic head in the conduit network
lies above the general groundwater table in the system. The latter, given the limited drainage
capacity of the conduit network, would push the groundwater from the conduits into the
surrounding matrix (Fig. 8). In other words, dry periods entailing fewer recharge events produce
a drop of the hydraulic head, and this mobilizes the groundwater stored in the matrix; it is
pushed back into the conduits, but now with higher mineralization and —if coming from deeper

areas— also warmer.

In addition to the conduit flow, there must be a regional component that provides old
groundwater (recharged before 1953) to the water drained at the outlet, and is responsible for
the spring base flow observed in depletion times (Fig. 8). It could be traced to autogenic
recharge, and would flow diffusively towards the outlet. The greater residence time of such a
groundwater component in the media means a greater dissolution of solutes along its flowpath,

resulting from a longer water-rock interaction than the one produced in conduits.

6. Conclusions

A multi-criteria approach combining hydrodynamic, hydrochemical, and isotopic tools has
proven useful to investigate the structure and flow dynamics of evaporite karst aquifers, and
may be useful in similar settings worldwide. The qualitative and statistical analyses (PCA, trend
analysis) of the time series of discharge rate and physicochemical data for four years, together
with the information derived from other techniques (intrinsic fluorescence, stable isotopes,
tritium determination), contributed to a comprehensive knowledge of the functioning of this
complex hydrogeological system. The advances presented here support a hydrogeological
conceptual model to explain the observed hydrological and geochemical processes —some

unlike those of traditional karst aquifers— including a faster geochemical evolution of the
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recently infiltrated groundwater, local and regional flowpaths, and interaction between the
matrix and conduit network. This interpretation highlights the importance of applying several
methods in Kkarst studies, and particularly in evaporite media, as altogether they permit one to

focus on different areas and aspects of the systems, and then to reinforce the conclusions drawn.

Still, additional scientific efforts are needed to acquire in-depth knowledge about evaporite
karst hydrogeology. Groundwater dating techniques now being applied shed light on the
groundwater flowpath system inferred here, so as to quantify residence times and estimate the
mixing fractions in the groundwater drained at the Lower Anzur spring. Moreover, the
development of process-based karst numerical models makes it possible to simulate the natural
response of the system. These recent developments in the field will serve to confirm the
interpretation presented here, and define specific actions for a correct management of the water

resources hosted in evaporite formations elsewhere.
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