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ABSTRACT

Understanding infiltration pathways throughout the different compartments of karst systems (soil-epikarst-un-
saturated zone-saturated zone) is vital to assess recharge processes, vulnerability to pollution, and the general
hydrogeological functioning of these kind of aquifers. To gain deeper insight into the soil-water-rock hydro-
geochemical processes occurring throughout the vertically hierarchized compartments of the aquifer and to
evaluate the applicability of different soil natural parameters as groundwater flow tracers, the present work
analyzes the spatial and temporal evolution of total organic carbon -TOC-, intrinsic fluorescence related to
organic matter, nitrates, 513CTD1C, and the values of stable isotopes of 5°H and 5'®0 from water molecules and at
different sampling points in a geologically complex karst aquifer in south Spain (Jarastepar carbonate massif).
Over two years, rain and soil water (30 and 60 cm deep) samples were collected simultaneously at an experi-
mental plot along with groundwater from the top of the saturated zone and a base-level spring. Results show that
the variation in the concentration of natural soil tracers and the signal of water stable isotopes (52H and §'%0)
smooth throughout the different compartments of the aquifer, with rapid variations in the unsaturated zone after
recharge events and delayed effects in the saturated zone. At the same time, 613CTDIC and nitrate values rise along
the subsurface flow. While the carbon isotope evidences a shorter transit time between recharge areas and the
top of the saturated zone than the subsequent path toward the permanent base springs, nitrate evolution is
affected by pollution sources near discharge areas, so its applicability is questionable. Finally, organic matter
(TOC and intrinsic fluorescence) mineralizes (or degrades) up to 90% from the first centimeters of soil to the
permanent basal springs. An exponential decreasing trend defines the relationship between TOC and &'3Crpic
caused by organic matter attenuation along the groundwater flow path, while 8'3Cypc increases because of a
higher residence time of water in contact with the host rock. These results, together with previous research based
on other natural tracers (chemical, isotopes, and dating tools) and dye tracing experiences, permit to link TOC
and 613CTDIC values with a range of transit times, from hours-days to years-decades. Meanwhile, the attenuation
of natural intrinsic fluorescence and TOC signal evidence the filter function of the aquifer from the soil to the
saturated zone. All these findings highlight the usefulness of natural fluorescence and, particularly, TOC and
513Crpic, as tracers of groundwater flow and hydrogeochemical processes within the different compartments of
complex karst aquifers.

1. Introduction

significant increment of intrinsic heterogeneity. This determines hy-
draulic properties, flow conditions, water-rock interactions, and

Karst aquifers are one of the primary potable water sources world-
wide since they provide 9.2% of the world’s drinking water and
contribute to 13% of the total global withdrawal of groundwater
(Stevanovi¢, 2019). These aquifers are formed by the dissolution of
soluble rocks, such as limestone and dolostone, giving rise to a

* Corresponding author.
E-mail address: delatorrem@uma.es (B. de la Torre).

https://doi.org/10.1016/j.jhydrol.2023.129392

hydrogeochemical processes occurring in karst aquifers (White, 1988).
Rapid water infiltration through well-developed exokarstic landforms
commonly represents a significant part of the aquifer recharge. How-
ever, it also takes place diffusely through carbonate outcrops, often
covered by variable soil thickness. Therefore, the water-soil-rock
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interaction and the bedrock architecture control the hydrogeology of the
karst aquifers.

The hierarchized network of karst conduits allows a fast recharge
transit and makes it possible at different time scales (Batiot, 2002;
Serene et al., 2022). In this sense, the soil plays a key but complex role in
the transformation of precipitation to groundwater (Wang et al., 2019)
since it regulates hydrological processes such as evapotranspiration,
runoff, infiltration, and hence the input of solutes within aquifers (Di
Prima et al., 2020). In addition, CO, and organic acids in the soil drive
the chemical dissolution of carbonate rocks (Yang et al., 2012), con-
trolling the hydrochemical characteristics of the input signal together
with the initial quality of rainwater and the degree of development of
exokarst features. Commonly, the spatial distribution of soil and the
permeable underlying bedrock is more heterogeneous in karst aquifers
than in detrital systems. Therefore, a better insight into the processes
that water undergoes in the soil-epikarst-unsaturated zone will help to
better understand recharge processes, vulnerability to pollution epi-
sodes, and, in general, the hydrogeological functioning of carbonate
aquifers.

Numerous studies have addressed hydrochemical and isotopic ap-
proaches to gain deeper insight into processes in different vertically
distributed compartments of the aquifer. Some authors (e.g. Gazis and
Feng, 2004; Sprenger et al., 2016; Chen et al., 2017) identified some
isotopic processes undergoing soil water as soon as it infiltrates by
sampling the liquid fraction at different depths. Wang et al. (2019)
compared the hydrochemical and isotopic variations of water observed
at different depths in various soil types. Lastennet (1994), Emblanch
et al. (2003), Pronk et al. (2009), Lange et al. (2010), Azzaz et al. (2018),
among others, investigated infiltration processes in carbonate aquifers
from hydrochemical changes recorded in waters from the unsaturated
zone. Savoy (2007) studied the natural attenuation of Total Organic
Carbon -TOC- content in a karst aquifer. Serene et al. (2022), based on
the method proposed by Ohno (2002), characterized rapid infiltration
and quantified the transit time of conduit fluxes in the aquifer using TOC
and intrinsic fluorescence related to natural organic matter as natural
tracers. Other authors such as Barbel-Périneau et al. (2019) and Wang
et al. (2020) carried out research on the hydrochemical and isotopic
variations of temporary (overflow springs) and perennial springs. As the
first ones drain the unsaturated zone and the latter relates more to the
saturated zone, this monitoring strategy permits to infer the hydro-
geological behavior of the system. Celle-Jeanton et al. (2003) deduced
the participation of the saturated and unsaturated zone in a French Jura
karst aquifer from the combination of chemical (NO3, Mg?* and TOC)
and isotopic (613CTDIC) parameters. Emblanch et al. (2003) used
613CTDIC as an isotopic tracer to quantify the role of the unsaturated zone
in different hydrodynamic states of the Vaucluse Karst systems. This has
been subsequently evidenced in research such as Stuart et al. (2010), ina
Maltese island, or Bicalho et al. (2019), in the Lez spring (France).

Despite these advances, few works jointly consider changes in the
hydrochemical and isotopic signature of water along flowpaths from the
soil-epikarst to the permanent springs. Lee and Krothe (2001) sought to
identify changes in the infiltration signal from rainwater, soil, epikarst,
and the saturated zone and to create a four-component mixing model to
infer isotopic and hydrochemical fluxes in a karst aquifer in Indiana
(USA). It is essential to know the variations in the infiltration signal
through the soil-epikarst, unsaturated zone, and saturated zone of the
aquifer to understand the transport and possible attenuation of con-
taminants. So, it is necessary to acquire a significant number of samples
in the different vertical compartments of the aquifer (from the soil to the
saturated zone) since their analysis helps to better understand the pro-
cesses that transform the input signal (rainfall/infiltration) to ground-
water; even more so in environments with complex geology.

The aims of this research are (1) to gain deeper insight into the
hydrogeochemical processes occurring at the different compartments
(soil-epikart-unsaturated/saturated zone) in geologically complex karst
aquifers, from infiltration at the aquifer’s surface to groundwater
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drainage by springs; and (2) discussing the complementarity of some
specific natural tracers (TOC, intrinsic fluorescence related to organic
matter, nitrates, 513CTD1c) as tools to reach a better understanding of
groundwater flow dynamics semiquantitatively. As a pilot site, a
tectonically complex karst aquifer, the Jarastepar carbonate massif,
located approximately 65 km W of the city of Malaga in Southern Spain,
has been selected (Fig. 1). Here, access to intermediate points of the
groundwater flowpath is possible. Therefore, current study try to
contribute with new data to the general previous knowledge on the
processes occurring in the vertically distributed compartments of karst
systems.

2. Setting

The Jarastepar massif extends over 56 km? in the western part of the
Malaga province, in southern Spain (Fig. 1). The relief presents a steep
orography, with altitudes ranging from 400 to 1400 m. This area has a
typical Mediterranean climate, with a marked seasonal pattern in the
annual precipitation variations and air temperature values. Rainfall and,
therefore, recharge occur mainly from autumn to springtime. Climate
conditions are also characterized by a dry season (usually up to 3—4
months), practically without rain, in summer. The mean annual pre-
cipitation recorded in this area during the period 1950/1951 to 2016/
2017 was around 1050 mm (De la Torre et al., 2020), with a spatial
distribution influenced by the barrier effect generated by the reliefs that
constitute the study area, as well as those located immediately to the W
against the humid winds coming from the SW. Thus, precipitation de-
creases from S to N: it was up to 1000 mm/y in the lower parts (southern
border) and below 800 mm/y on the northern edge. The mean air
temperature value for the available historical series (1997/1998 to
2016/2017) was 15.5 °C. The research period considered in this work
(2015/2017) could be classified as slightly dry and warm, with an
average precipitation of 934 mm/y and a mean air temperature of
15.8 °C.

Geologically, the Jarastepar massif is placed within the westernmost
sector of the Betic Cordillera (Martin-Algarra, 1987; Balanya et al.,
2007) and presents a complex geological structure because of a large-
scale tectonic contact. In this area, there are rocks from the three
main tectonic domains of the Betic Cordillera (Fig. 1). At North, the
External Zone (EZ) occupies the lowest tectonic position, constituted by
500-550 m of Jurassic limestones and dolostones, bounded by Triassic
clays and evaporite rocks at the bottom, and Cretaceous-Paleogene
marly-limestone at the top. At the South, the Internal Zone (IZ) over-
laps the External Zone and consists of 1200 m of Triassic carbonate
formations (Nieves Unit) and up to 400 m of Paleozoic metapelites
(Alpujarride and Malaguide Complexes). Lastly, Tertiary brownish clays
and sandstones belonging to the Flysch Complex are discontinuously
imbricated between previous domains (defining the tectonic suture).

The three tectonic units overlap each other, with a general vergence
toward the NW (Fig. 1). The set of geological units is affected by more
recent strike-slip faults (NW-SE) and normal fractures (NE-SW and N-S).
Background information about the geological and tectonic settings of
the study area can be found in previous works (De la Torre et al., 2020;
Gil-Marquez et al., 2020).

In hydrogeological terms, the dominant permeable formations are
fractured and karstified Triassic and Jurassic carbonate rocks belonging
to the Internal and External zones. Low-permeability materials limit
these rocks at all their boundaries: Triassic clays, Cretaceous-Tertiary
marls, and Paleozoic metapelites (Fig. 1). Dissolution processes have
given rise to many exokarst features (karrenfields, dolines, sinkholes,
among others) in Jurassic limestones of the External Zone, favoring
recharge by infiltration of rainwater over the permeable outcrops. Pre-
vious works (Barbera et al., 2018; De la Torre et al., 2020; Gil-Marquez
et al., 2020) revealed the hydrogeological behavior of the aquifer, from
which a preliminary conceptual model was developed.

Most of the discharge occurs naturally through three permanent
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springs (PS) located at lower altitudes in the Triassic dolostones of the
Internal Zone (Fig. 1): Huertos (560 m a.s.l.; mean discharge 25 1/s),
Charco (589 m a.s.l; 23 1/s), and La Zia (603 m a.s.l.; 204 1/s). In
addition, two overflow springs (OFS) or ephemeral outlets (Alfaguara,
658 m a.s.l. and Pozanco6n, 664 m a.s.l.) are placed at the southern edge
of the External Zone, just north of the major tectonic contact between
the Internal Zone and the External Zone. The water table is accessible at
the Pozancon overflow point in low water conditions through a 40 m
deep vertical shaft. In any case, there are few cavities in the area, all with
little development, so the characteristic of the unsaturated zone could
not be directly observed for large distances. In the present study, the two
overflow springs have been examined together due to their proximity
and similar hydrogeological characteristics.

The most widely represented soil type in the study area (34%) is
calcic leptosol, typical of mountainous reliefs, where the hardness of the
rocks does not allow the development of soils thicker than 30 cm.
Decalcification clays (“terra rossa”) resulting from the gradual chemical
weathering of carbonate rocks accumulate in karst depressions, such as
dolines or uvalas, where the soil thickness is usually greater, reaching up
to 75 cm. To a lesser extent (12%), calcareous regosols and solonchank
exist, being soils somewhat more evolved than the previous ones, quite
stony, and with strengths of around 50 cm. They usually appear on
dolomitic rocks, favored by the presence of woody scrub or scattered
holm oaks. According to the cartographic database of the Land Cover
Information System of Spain (SIOSE, 2005, scale 1:25000), the recharge
area is bare of vegetation or has rocky pastureland with scattered
scrubland. Underneath this soil cover, the unsaturated zone has an
estimated thickness between 400 and 600 m. Previous speleological
explorations in the study area showed that there is some development of
endokarstic morphologies, such as shafts or caves (De la Torre et al.,
2020). These structures would favor the infiltration and flow of water
throughout the aquifer.

3. Materials and methods

From February 2015 to March 2017, water samples were collected in
different compartments distributed vertically into the aquifer to identify
processes involved in the mineralization and degradation of organic
matter along flowpaths, and to characterize the isotopic changes in
water from infiltration towards the saturated zone. Soil water samples
were collected from porous ceramic capsules installed at 30 and 60 cm
depths (Fig. 2) in an experimental plot placed in the recharge area of the
Jarastepar aquifer, at 1317 m a.s.l. (see location in Fig. 1). The soil type
in karst depressions consists mainly of red decalcification clays. The
experimental site also included an automatic weather station (DAVIS
Vantage Pro2 model) for hourly rainfall and air temperature records and
arain collector with a filter funnel. A small volume of liquid paraffin was
added to the latter to avoid evaporation of the rainwater sample.

Because of the accessibility to the water table, the Pozancoén
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temporal spring (OFS in Fig. 1) was selected as the sampling point for
fast groundwater flows in the aquifer. Meanwhile, Huertos spring (PS in
this work) drains water from the saturated zone with longer residence
time within the aquifer (De la Torre et al., 2020; Gil-Marquez et al.,
2020). In both cases, water samples were collected at any hydrodynamic
conditions during the control period.

16 rainwater and 31 soil water samples were collected in the
experimental plot (Table 1): 15 samples at 30 cm deep and 16 at 60 cm.
In addition, 138 water samples were taken from PS and 160 from the
OFS. However, the discussion mainly focused on the water samples
where all the parameters were analyzed. As a consequence of the free
access to the water table in OFS, the samples collected can be classified
according to the hydrodynamic state of the aquifer (De la Torre et al.,
2020): piston flow (33 samples), outflowing (47), decline (35) and
depletion (45). During the sampling periods, soil water could not be
collected from every rainfall event, as a minimum volume of 41 ml was
needed for the required analyses. Thus, soil water sampling was done for
chemical and isotopic analyses during significant rainfall events. How-
ever, the soil water samples may represent accumulation from smaller
rainfall events in other cases. It should be noted that water sampling at
the different points make possible the hydrogeochemical comparison of
data collected in the soil-epikarst and unsaturated zone with those from
the saturated zone. In our case, the samples taken in the surface of the
aquifer represent the infiltration signal (diffuse) into the system, while
water from the springs brings together the different modes of recharge
(diffuse and concentrated) hat feed the karst aquifer.

The ceramic composition of capsules can generate issues in the
hydrochemical characterization of soil water samples. Adsorption, ab-
sorption, precipitation, and dilution frequently act during water flow
through the porous material (Beier and Hansen, 1992; Sanchez-Pérez,
1994). For this reason, only the determination of total organic carbon
(TOC), NO3 content, intrinsic fluorescence, and isotopic composition
(6180, 5°H y 813CTD1C) have been carried out in this work (Table 1). None
of these parameters are affected by the physico-chemical processes
previously mentioned (Weihermiiller et al., 2007).

Chemical and isotopic analyses were performed in the Laboratory of
the Centre of Hydrogeology at the University of Malaga (CEHIUMA).
NO3 was determined using high-pressure ion chromatography (881
Compact IC Pro). The TOC concentration was measured with a SHI-
MADZU® V-TOC carbon analyzer. Natural fluorescence analysis of
water samples was carried out in the laboratory using a PERKI-
NELMER® brand spectrofluorimeter, model LS-55. 8'%0 and §2H values
of the water samples were measured using a compact isotope analyzer of
the PICARRO® brand (Sunnyvale CA, USA), model CRDS L1102-i with
autosampler, identical to that described by Gupta et al. (2009). For the
analysis of 5'3Crpic, a PICARRO® compact isotopic equipment, model
G1111-i, was used, coupled to an Aurora 1030 TOC oxidation analyzer
(Hartland et al., 2012).

The maximum intensity of each fluorescence peak is expressed in
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Fig. 2. (A) Experimental plot including porous ceramic capsules, the meteorological station, and the rain collector. (B) Schematic sketch with the porous ceramic

capsules for water sampling in the soil at different depths (30 and 60 cm).



B. de la Torre et al.

Table 1
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Statistical parameters of the concentrations of NO3 and TOC; peaks A, C, Ty, T,, and B of intrinsic fluorescence; and isotopic composition of 5'%0, 86%H, and 8*3Crpic
analyzed from the water samples taken in this research, from February 2015 to March 2017. (n,) number of total samples collected, (n,) number of samples analyzed,
(ng) number of samples where each parameter has been detected, (min) minimum values, (max) maximum values, (c) standard deviation, (cv) coefficient of variation,
(nd) not detected. - Not analyzed or not calculated. *Bibliographic data (Clark and Fritz, 1997; Friedli et al., 1986; Cerling et al., 1991). !, Statistical parameters of the
groundwater samples in which the same parameters were measured as in the soil. 2, statistical parameters of the full set of groundwater samples collected during the

study period.
Sampling point NO; TOC Natural fluorescence (RU) 51%0 5°H (]
(mg/L) A peak C peak T; peak T, peak B peak %0 VSMOW %o VPDB
ng/ng 16/16 - - - - - - 15 15 -
Rainfall min 0.7 - - - - - - ~10.2 ~64.7 -
1317 max 3.5 3.6 13.9
(m a.s.l.) median 2.0 - - - - - - ~5.9 —32.7 ~8.0%
n =16 4 0.8 - - - - - - 1.9 14.5 -
cv (%) 43 - - - - - - 30 42 -
Nng/Ng 15/15 15/15 15/15 15/15 15/15 15/15 14/15 11/11 11/11 11/11
Soil 30 cm min 1.6 2.0 19.8 8.64 13.6 38.0 10.0 9.2 ~57.0 ~21.5
1317 max 4.2 7.9 97.3 41.7 108.5 107.6 86.1 4.0 “19.7 ~15.1
(m a.s.l) median 3.0 4.2 58.5 21.3 33.5 60.5 31.6 5.8 ~33.4 ~18.0
n.=15 c 0.8 1.6 26.6 9.7 26.7 20.1 20.2 1.6 11.1 2.0
cv (%) 25 36 46 43 59 31 63 24 28 11
Nng/Ng 15/15 15/15 16/16 16/16 16/16 16/16 13/16 11/11 11/11 9/11
Soil 60 cm min 1.7 0.6 15.4 4.07 10.5 19.5 11.2 9.1 ~58.1 ~20.1
1317 max 5.2 4.6 74.1 27.5 170.5 159.8 44.8 —-4.9 "24.8 “14.4
(m a.s.l.) median 3.9 1.6 36.7 12.8 31.9 58.8 26.9 6.9 ~40.7 ~18.1
n.=16 c 0.92 1.2 16.1 6.6 41.4 40.1 12.3 1.4 11.3 2.1
cv (%) 24 57 40 49 88 55 44 19 26 11
ng/ng 17/17 16/16 17/17 17/17 0/17 2/17 0/17 16/16 16/16 17/16
Overflow spring® min 2.9 0.5 3.2 1.4 nd 3.2 nd “7.0 “41.5 “14.5
(OFS) max 13.2 1.5 11.3 5.7 nd 5.6 nd 5.5 ~31.4 8.2
643 median 8.4 0.9 6.5 2.6 nd 4.4 nd 6.2 —36.0 -12.0
(m a.s.l.) c 2.6 0.3 2.7 1.4 nd B nd 0.4 2.9 1.8
n.=17 cv (%) 32 30 40 45 nd B nd 6 8 14
ng/ng 17/17 16/16 16/16 13/16 0/16 0/16 0/16 16/16 16/16 17/17
Permanent spring’ min 3.8 0.2 0.1 0.1 nd nd nd 6.9 ~38.6 6.9
(PS) max 6.4 0.6 21 0.9 nd nd nd 6.4 371 3.5
560 median 4.7 0.3 0.8 0.4 nd nd nd 6.6 —38.0 ~5.8
(m a.s.l.) o 0.7 0.1 0.5 0.3 nd nd nd 0.2 0.3 1.1
n=17 cv (%) 14 32 60 60 nd nd nd 2 1 17
ng/ng 160/160 160/160 17/17 17/17 0/17 2/17 0/17 81/81 81/81 135/135
Overflow spring? min 1.2 0.3 3.2 1.4 nd 3.2 nd 7.5 ~43.7 ~14.8
(OFS) max 18.7 2.0 11.3 5.7 nd 5.6 nd 5.6 29.3 8.2
643 median 6.6 0.7 6.5 2.6 nd 4.4 nd ~6.4 ~36.3 ~12.8
(m a.s.l.) o 3.2 0.3 2.7 1.4 nd - nd 0.4 3.1 1.0
n, = 160 cv (%) 42 37 40 45 nd - nd 7 8 8
ng/ng 138/138 138/138 16/16 13/16 0/16 0/16 0/16 86/86 86/86 137/137
Permanent spring? min 2.1 0.1 0.1 0.1 nd nd nd 71 393 8.9
(PS) max 6.4 0.8 21 0.9 nd nd nd 6.4 ~37.0 3.5
560 median 4.3 0.3 0.8 0.4 nd nd nd 6.6 ~38.1 5.8
(m a.s.l.) o 0.8 0.1 0.5 0.3 nd nd nd 0.1 0.5 1.2
n, =138 cv (%) 17 39 60 60 nd nd nd 2 1 20

Raman units (RU), normalized according to the Raman peak intensity
characteristic of the equipment. The isotopic values of §'80 and §2H are
referred to the Viena Standard Mean Ocean Water (VSMOW), while
613CTDIC data correspond to the Viena Pee Dee Belemnite standard
(VPDB).

4. Results

Table 1 shows the statistical parameters of the variables determined
in soil, rain, and spring water samples taken in the framework of this
research. The highest median contents of NO3 (8.4 mg/L) were recorded
in OFS, while the lowest value (2.0 mg/L) was detected in rainwater.
The NO3 concentration in soil water was slightly higher at 60 cm deep
(3.9 mg/L) than at 30 cm (3.0 mg/L) (Table 1; Fig. 3A). In contrast, the
highest TOC mean values (4.2 mg/L) were obtained at 30 cm deep, and
it decreased as the infiltrated water flows vertically within the aquifer
(Fig. 3B) until reaching the lowest mean concentrations in PS (0.3 mg/
L). The coefficients of variation (cv) for the NO3 contents calculated for
each sampling point were in the range of 14-43%; between 14% and
32% if rainwater samples are not considered. On the other hand, the

TOC concentrations present a similar range, but between 30% and 57%
(Table 1).

In general terms, the intensity of the intrinsic fluorescence was
significantly higher in the soil water than in groundwater (Table 1).
Peaks A and C, related to humic and fulvic acids, and peaks T; and Ty,
linked to amino acids (Parlanti et al., 2000; Hudson et al., 2008), were
recorded in all soil water samples, whereas tyrosine (peak B) was
detected in most of them (Table 1). Only A and C fluorescence peaks
were detected in groundwater, except twice Ty peak in OFS. Waters
taken at 30 cm deep showed a median fluorescence intensity for A and C
peaks (58.5 and 21.3 RU) higher than at 60 cm (36.7 and 12.8 RU). The
same pattern was observed for the fluorescence peaks corresponding to
amino acids (T; and T2) and B peaks (Table 1). The lowest median values
of intrinsic fluorescence (A and C peaks) were recorded in the samples
from PS.

Isotopic variability of the water molecule (6'%0 and §%H) reduces
along the flowpath in the pilot site (Table 1; Fig. 3C). In rainwater
samples, values are between —64.7 and —13.9%o, for 8°H, and from
—~10.2 to —3.6%o for '80. The median values of 52H detected in the soil
water range between —33.4 y —40.7%o for the samples collected at 30



B. de la Torre et al. Journal of Hydrology 620 (2023) 129392
14 T 9 T
1 - | T |
12 ] @ N03 | 8 - Toc |
. (mg/L) : 2 (mg/L) :
10 pn | 6 _- Jurassic |
4 P, | ! | (Ehlmest‘u;es 5 |
8 - aHiaR | ] ' xternal Zone |
! Pas [ 27 \ |
- — ! 4 A ‘ riassic
6 | . ‘ |dc-)r\ostones
. . L Internal
4 _ : 3 | ! (Zone)
- % I 2 § I
- | - |
2 1 | 1 % 1
I ] | ==
0 T T T T T 0 T T T T T
Rainfall 30cm 60cm OFS PS Rainfall 30cmm 60cm  OFS PS
-2 T -2 T
3 _' @ 6‘180 |dTJr|at55\c -4 _- 613CTDIC |
B (O/OO‘ VSMOW) ! (Internal N (0/00 PDB) .
_4 _ : Zone) —*5 b :
i T 5
B & I -8 1 = I
| T I
| | -10 |
-6 - 4
o | 15 1
S SN .
J 1 -14 + 1
-8 — | T I
8 ] I -16. 5 I
=25 ! -18 ;
-10 ~ et N -20 !
1 (External Zone) | - ]
-11 T T T T T -22 T T T T T
Rainfall 30cm 60cm OFS PS Rainfall 30cm 60cm  OFS PS

Fig. 3. Box and whisker plots of NO3 (A), TOC (B), §'%0 (C) and 6'3Crpic (D).

flowpath. *Value according to bibliography (Clark and Fritz, 1997; Friedli et al.,

and 60 cm depth, respectively; while the mean values of 5'80 range
between —5.8 y —6.9%o for the same control points. The median isotopic
composition of groundwater is close to that of soil water since they vary
between —36 y —38%o for 62H, and between —6.2 and —6.6%., for 6180,
in OFS and PS, respectively. Regarding the &!3Crpc signal, median
contents increased from the soil water samples (-18.1%o at 60 cm deep)
to the PS point (-5.8%o). Not enough volume of rainwater to analyze its
813Crpic signature was collected during the study period. A value in
literature of —8.0%o (Clark and Fritz, 1997; Friedli et al., 1986; Cerling
et al.,, 1991) acts as a reference (Table 1; Fig. 3D).

On the other hand, the maximum value of fluorescence intensity of
peak A and the TOC contents in water samples taken at the different
control points show a positive correlation (Fig. 4). In general, values of
the slopes representing the winter samples in the soil (m = 10.2) and the
OFS (m = 8.1) are very similar. However, the slope resulting from the
relationship above decreases along the flowpath, from the first centi-
meters of soil to the base-flow outlet (permanents springs) (Fig. 4). The
intensity of fluorescence signal related to humic and fulvic acids along
the flowpath in the aquifer decreases proportionally more than the
organic matter content does. However, soil waters collected at 30 and
60 cm depth exhibit two straight lines with different slopes depending
on the season: winter or spring (Fig. 4A and B). The steepest slopes
correspond to the water samples collected in springtime. They show
peak-A intensity versus TOC values higher than those in the winter
months. In the OFS and the PS water samples, no different seasonal
alignments have been detected as occurring in the soil.

Fig. 5 shows the temporal evolutions of TOC and NO3 contents,
peaks A and C, and the 613CTD1C measured in water samples from each

Data from Table 1. At each box, points are ordered following the groundwater
1986; Cerling et al., 1991).

control point. Records of discharge rate in PS and the variation of the
water table registered in the vertical shaft of OFS are also plotted, as well
as the daily rainfall measured in the pilot site during the study period.
The sampled points presented markedly diverse hydrochemical (natural
tracers) and isotopic 6'3Crpie) responses to precipitations events. In
general, the soil and the OFS waters presented quick and sharp, as well
as of more magnitude, variations in natural responses after rainfall. In
contrast, groundwater drained by PS show lagged and buffered re-
sponses to precipitation events.

After the higher values of natural soil tracers (TOC, NO3z, and
intrinsic fluorescence) recorded at the beginning of the hydrological
year, a general progressive decreasing trend was observed in the soil and
the overflow spring waters (OFS), interrupted by secondary peaks
associated with recharge events occurring during the spring months
(Fig. 5). In contrast, a different evolution pattern was observed in
groundwater drained by the permanent spring (PS), characterized by
two maximum values occurring at the beginning and the end of the year
2015/16, respectively.

The organic tracers decrease from the soil (30 cm) to the permanent
spring waters. The lowering represents around two orders of magnitude
for intrinsic fluorescence and one order of magnitude for TOC. In the soil
waters, intrinsic fluorescence and TOC values are relatively similar but
mostly lower at 60 cm deep. However, NO3 contents increase from
rainwater to groundwater showing the highest values in the temporal
spring (OFS).

The evolution of the §'3Crpic values shows a trend towards less
depleted values during the recharge periods, except in the PS water
samples. In the first centimeters of the soil, the CO, produced by root
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spring (D), and the permanent spring. Data from Table 1. Note that the vertical axes of C and D are respectively 5 and 10 times smaller than in A and B, while the
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respiration (mostly C3 type plants) determines the 813CTD1C signal in the
water (~-22%o, Clark and Fritz, 1997; Drever, 1997; Deines, 1980).
Rainwater infiltrated, with 513CTDIC values in equilibrium with the at-
mosphere (~-8.0%o), acquires a more negative isotopic signal in the soil.
The evolution of the 613CTDIC values in the OFS waters is similar to that
recorded for the soil water (Fig. 5), although with markedly less negative
values. Finally, in the perennial spring (PS), the 613CTDIC values show a
general inverse trend to that of the soil water (Fig. 5).

As shown in Fig. 6, most of the analyzed water groups are located
between the Eastern Mediterranean Meteoric Line (EMML) and the
Global Meteoric Water Line (GMWL). The Local Meteoric Line (LML)
shows values close to the Western Mediterranean Meteoric Line
(WMML), although with a slightly smaller slope. The significant vari-
ability of rainwater samples progressively decreases from the soil (30 cm
deep) to the permanent spring. The latter presents the most homoge-
neous values.

5. Discussion

The joint analysis of hydrochemical and isotopic results from the
different sampling points evidences changes in groundwater throughout
its transit within the vertically distributed compartments of the aquifer,
from the soil and epikarst to the permanent outlet draining the saturated
zone (Fig. 7). As direct infiltration of precipitation over the carbonate
outcrops is the only groundwater input in the pilot site (De la Torre et al.,
2020) the possibility that the variations recorded are due to the mixing
of water from different sources is not considered, which is coherent with
isotopic data (Fig. 6). Therefore, the changes recorded in the hydro-
chemical and isotopic signals must be a consequence of the character-
istic of the meteoric water, the intrinsic characteristic of the system, the

flow conditions within it, and the water-soil-rock interactions and
related hydrogeochemical processes.

Intrinsic fluorescence, NO3 and TOC contents are widely used as
infiltration tracers since they have an edaphic origin (Batiot et al. 2003a,
b; Perrin et al., 2003; Mudarra et al., 2011; Serene et al., 2022). Deni-
trification processes do not seem to exist in the pilot site; this is
consistent with oxidative conditions inside the aquifer (dissolved oxygen
values in groundwater range between 3 mg/1 -permanent spring- to 10
mg/1 -overflow spring-). However, favorable conditions for this process
in the deepest part of the system may be possible. On the other hand, it is
not ruled out that small livestock farms and urban settlements may
produce slight contamination, especially an enrichment of the NOg3
contents. Generally, the highest concentrations of natural soil tracers
were detected in groundwater at the beginning of the hydrogeological
year due to soil leaching after months without rainfall (Fig. 5). Con-
centrations afterward decrease as recharge events occur during the rainy
months (fall through spring). Nevertheless, there was occasional relative
increases in NO3 and TOC concentration during some recharge events
occurred in springtime (April 2016; Fig. 5). In soil waters, these rises of
both parameters could be linked to the enhancement of biological ac-
tivity occurring from March onwards due to increased air temperature
(Fig. 5), while in the OFS the soil tracers peak are a consequence of the
arrival of fast infiltration flows immediately recharge events. In the
permanent spring, the highest tracer contents are recorded at the end of
the recharge period, reflecting a delayed response to recharge events (De
la Torre et al., 2020).

The NO3 concentration increases as rainwater infiltrates into the
soil, doubling within the first 60 cm of soil (Fig. 4). According to liter-
ature (Peterson et al., 2002; Kalvans et al., 2021), the increase of nitrate
concentration in the soil is linked to leaching and/or evaporation
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processes. However, the isotopic values of soil water (5'%0 and &%H;
Fig. 6) do not reflect evidence of evaporation. At 30 cm depth, the soil
has a higher effective porosity than at 60 cm due to a more significant
biological activity, higher organic matter content, and therefore, less
compaction (Franzluebbers, 2011). Thus, there is a more significant
washout in the first 30 cm of soil, resulting in a higher accumulation of
NO3 concentration at 60 cm, where there is less interstitial water flow
because the soil is more compact and less porous (Chen et al., 2017). The
OFS waters examined had higher NO3 concentrations (Table 1) in
comparison with other near karst springs with similar land use in their
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recharge areas (Linan, 2003; Barbera, 2014; Sanchez et al., 2017, De la
Torre et al., 2020). This could be related to urban settlements and small
family farms, leading to slight contamination from areas close to the
temporal springs. However, this slight increase in NOg3 values is atten-
uated as the groundwater fluxes circulate through the thick, saturated
zone (Table 1; Fig. 3A) because of dilution associated with general ho-
mogenization of the infiltration signal (De la Torre et al., 2020).

Unlike carbonate aquifers located in humid regions with higher soil
development and organic matter production (Batiot et al., 2003a; Pronk
etal., 2006; Ravbar et al., 2012; Cholet, 2017), the concentration of TOC
detected in groundwater was generally low; similar to those determined
in nearby systems with similar climate characteristics (Barbera, 2014).
Record of TOC contents throughout the aquifer shows a progressive
decrease from values > 4 mg/L at the top -few centimeters of soil- to <
0.5 mg/L in the water drained by the permanent outlets (Table 1; Fig. 3B
& 7). According to Batiot (2002), the mineralization of organic matter
(TOC — HCO3) in carbonate aquifers (oxidizing environments) follows
an exponential law as a function of time, with 70% of the organic carbon
mineralization occurring after three months. Therefore, the TOC incor-
porated into the rainwater infiltrating the soil begins to mineralize in the
first centimeters so that the average concentration recorded at 60 cm
depth corresponds to half of that occurring at 30 cm. The mineralization
of organic matter will continue through the unsaturated-saturated zone
of the aquifer until it reaches minimum values in the saturated zone
(Fig. 7).

Simultaneously, the coefficients of variation of TOC and §'%0 values
decrease as water fluxes progress throughout the compartments of the
aquifer, evidencing homogenization of the infiltration signal (Table 1;
Figs. 3 & 7). This process is even appreciable in soil samples. The depth-
dependent buffering of the infiltration signal in the soil-epikarst can be
affected by factors such as mineralization of organic matter in the case of
TOC content, or vegetation, soil porosity, rock fragment content, and
topographic position, in the case of isotopic composition (Chen et al.,
2017). The dispersion of the 5'%0 and §2H values of the input signal
(rainwater) is related to the characteristics of precipitation (seasonality,
quantity, ambient temperature). Nevertheless, it does not present vari-
ations associated with the altitude effect (De la Torre et al., 2020), since
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most of the carbonate rocks forming the recharge area are found be-
tween 1000 and 1100 m a.s.l. In the current research, the variability of
5180 is reduced by 20% in the first 30 cm of soil, while it diminished by
16% from 30 to 60 cm (Table 1; Figs. 3C & 7). Additionally, we found an
attenuation rate of 70% in the unsaturated zone and 20% of the
incoming 5'80 signal in the saturated zone. So, the total attenuation rate
of the input signal in the flowpath was ~ 90%.

The homogenization of the input signal in the first centimeters of soil
(30 cm) is mainly caused by the interception and absorption of water by
plant roots (O’ Driscoll et al., 2005). As the depth increased (>30 cm),
where hardly any roots appear, the progressive decrease in soil porosity
could be the cause. Consequently, due to a lower water renewal, a more
significant NO3 accumulation at 60 cm depth occurs (Fig. 3A), consis-
tent with the isotopic homogenization described above. In the saturated
zone, the isotopic signature is near the mean weighted annual compo-
sition of precipitation (Clark and Fritz, 1997), which is observed in PS.
Meanwhile, the fast-flow contribution to OFS produces greater vari-
ability around such value (Fig. 7).

On the other hand, the distinct seasonal variability in the TOC/peak
A fluorescence intensity ratio in soil waters (Fig. 4) could be a conse-
quence of the increased activity of the edaphic microbial community
(bacteria, fungi, actinomycetes, among others) during the springtime,
producing more humic and fulvic acids (Francioli et al., 2014; Barnard
et al., 2015). The coefficient of variation of peak A decreases by 40%
between 30 and 60 cm deep in the spring season. Similar to the high-
lighted parameters, the fluorescence intensity values become damped as
rainwater leaves the soil and infiltrates through the unsaturated zone of
the aquifer. In the waters drained by the OFS and the PS, the TOC/peak
A relationships are the same for the winter and spring samples. This lack
of seasonality corroborates that the waters infiltrating the aquifer un-
derwent homogenization processes and signal damping beyond the first
few centimetres of soil (Ford and Williams, 2007). Thus, intrinsic fluo-
rescence is reduced by 90% in the unsaturated zone of the aquifer, and
up to 98% until they are drained by the permanent springs located at a
lower elevation.

The §'*Crpic signature in groundwater is variable (Mook, 2000)
depending on whether the system is open or closed (Clark and Fritz,
1997). The different sources of dissolved carbon in the water (CO5 from
the soil, organic matter, carbonate minerals, among others) have
different isotopic compositions of carbon and contribute to the total
dissolved carbon in different proportions. The openness of the carbonate
aquifer to CO; entry controls the degree of dissolution of the rock matrix
and the 613CTDIC signature of groundwater (Clark and Fritz, 1997). In an
open system, the C gas reservoir is considered infinite, and soil CO5 is
replenished during carbonate bedrock dissolution, resulting in lighter
8'3Crpic compared to a closed system (Clark and Fritz, 1997; Dreybrodt,
1998). Although most aquifers do not present purely open or closed
system conditions (Fohlmeister et al., 2011), the behavior of the study
area is more similar to an open system in the unsaturated zone, at least,
as far as the Jurassic limestones are concerned. It should be noted that
only 25% of the Externa Zone includes confining rocks, such us
Cretaceous-Paleogene marly-limestone.

The temporal evolution pattern of 613CTDIC values is alike in all
sampling points, except for the permanent springs (Fig. 5). The pro-
gressive soil water renewal caused by successive precipitation events
produces a bias towards less negative 5'3Cypc values (disequilibrium
with the soil, —22%., and more contribution of recently infiltrated water
with signal closer to equilibrium with the atmosphere, —8%o). As already
mentioned, soil biogenic CO5 is directly influenced by the type of
vegetation cover, which in Mediterranean enviroments corresponds
mainly C3 type, with a §'3Crpyc signal of approximately of —22%o, while
the isotopic signal of rainwater is —8%o. For it, after several months of no
rainfall, the 613CTDIC signal of CO from plants (-22%.) dominates again
in soil water. The 613CTD1C signal of the samples collected in OFS is a
mixing of soil (-22%.) and rainwater signal (-8%o), while the waters
drained by the PS springs show a 8'2Crpyc signal closer to equilibrium
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with the storage rock (0%o) (Fig. 3). This is due to fast flows between the
recharge zone and the temporal drainage points (OFS), with transit
times minimun of 15 h and flow velocities of up to 600 m/h into the
unsaturated zone during recharge events, according to dye tracer test
results (De la Torre et al., 2020). These flows are rapid and shallower in
the aquifer, so the proportion of mixing and homogenization with stored
water in the system would be low, which explains the distinct 5'%Crpic
signal (Table 1; Figs. 3 and 7) and evolution pattern recorded in the PS
(Fig. 5).

The general trend of 613CTDIC in the soil water and in the OFS varies
from lighter to heavier values throughout the hydrologic year (Fig. 5).
This isotopic evolution is attributed to the progressive flushing that
occurs in the soil of the recharge area. Thus, after the dry months, the
soil water presents 613CTDIC values close to the isotopic signal of the soil
(~—=22%o, -Clark and Fritz, 1997; Drever, 1997; Deines, 1980). However,
following the recharge events generated during the autumn and winter,
the 8'3Crpic detected in the OFS water evolve towards more negative
values, reaching up to —14.5%o (March 2017). In general terms, the
waters of the permanent springs present an inverse trend throughout the
hydrological year, from less negative values (around —4%o) to more
depleted signatures (-7%o). This is consequence of the drainage of older
water, with a higher equilibrium with the 8'3Crpic signal of the storage
rock (0%o) during recession stages, which mix with more young water
and with a 613CTDIC signal far from equilibrium with the marine lime-
stones after recharge events. In a previous study (Gil-Marquez et al.,
2020), several groundwater dating techniques (3H, 3He, 4He, and
CFC-12) were applied together to explain the behavior of permanent
springs of the study area. From the creation of lumped parameter models
(binary mixing) and 5-bin shape-free models, two main flow compo-
nents were identified. The mean age of the water drained by the per-
manent springs was found to be greater than decades (Table 2), with an
old component that can be as old as 200 years. So, the average residence
time of the waters drained by the PS located in the pilot site is consid-
erably longer (about 100 years) than that of groundwater drained by the
OFS (Fig. 8). Thus, the 613CTDIC contents of the former are closer to
equilibrium with the signal of the host rock (i.e., 0%o) and evolve slightly
towards more negative values as recharge events occur during the hy-
drological year. The observed trend would be due to a rise in the pro-
portion of the modern fraction reaching the outlet.

The joint use of TOC and 5'3Crpic (Figs. 7 & 8) shows the exponential
decreasing trend associated with its attenuation along the groundwater
flowpath, at the same time that 513CTD1c increases because of the major
residence time of water in contact with the host rock. The results ob-
tained with both natural (chemical, isotopes, and dating tools) and dye
tracers are in agreement with the transit times of hours-days deduced
from results of dye tracers detected in OFS (De la Torre et al., 2020) and
the age of years-decades inferred from dating results of PS (Gil-Marquez
et al., 2020).

The different parameters related to the infiltration signal vary in
different ways as the underground flow advances throughout the verti-
cally distributed compartments of the aquifer (Figs. 7 and 8). Therefore,

Table 2

Results from groundwater distribution age models (Modified from Gil-Marquez
et al., 2020. Note: LW, IW and HW refer to low, intermediate and high water hy-
drodynamic situations, respectively. BMM, binary model mixing; DM, dispersion
model; SFM, shape-free models. “Ages calculated assuming a *He,qq dissolution rate of
2.107 ccSTP-kg/yr, according to the result of the lumped parameter model.

Sampling System Tracer ages (years) Mean age Mean age
point state 300 3 PN i by BMM by 5-bin
H/°He He CFC (DM-DM) SFM
12
Permanent w 38 115 121 95
spring (PS) w 33 131
w 42
HW 35 129
HwW 43
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the joint combination provides information on infiltration and flow
mechanisms and permits a qualitative estimation of the age of ground-
water (Fig. 8). In this way, it follows that the same aquifer can quickly
drain water with a residence time of hours (OFS), while moments before
the same discharge point have been able to show water with several
months or even a year within the system (piston flow). Lastly, there are
waters with a residence time of up to hundreds of years drained by the
permanent springs (Fig. 8). Therefore, all this shows that the flows in
this type of media are not always fast. It should be noted that the pro-
posed qualitative time scale in Fig. 8 presents uncertainties since the
sampled groundwater is influenced by processes such as the mixture of
flows of different origins (diffuse or concentrated infiltration, unsatu-
rated zone, saturated zone) or the hydrodynamic conditions of the
aquifer in the sampling time.

Therefore, in terms of natural tracers, it could be stated that the
parameters related to intrinsic fluorescence and TOC are of greatest
interest for the characterization of flows through unsaturated zone.
Contrary to nitrate, both parameters are sensitive to seasonal variations
in the soil, while nitrate concentration can be significantly affected by
slight contamination in the system or denitrification processes. On the
other hand, §'3Crp;c shows great interest in the aquifer as a whole since,
from its values, it is possible to approximate the “relative age” of the
flow through the different zones that constitute the aquifer. This can be
reinforced if a joint analysis is carried out with the TOC, since the latter
can be used as a fast flow tracer.

6. Conclusions

In this research, the joint application of hydrogeochemical and iso-
topic methods based on natural soil tracers (TOC, intrinsic fluorescence,
NO3, 613CTDIC) and water stable isotopes (6180, §°H) deepened the
understanding of recharge processes and groundwater flow dynamics
through the different vertically distributed compartments in mountain
karst aquifers. This way, it was possible to identify seasonal changes in
the input signal and how such temporal variations are filtered and
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attenuated as the flow moves from the soil-epikarst towards the satu-
rated zone. At the same time, this research has contributed to the
knowledge of the hydrogeochemical processes involved in these changes
(mineralization and degradation of organic matter along flowpaths).
The results have shown the usefulness and complementarity of these
techniques to improve the understanding of the hydrogeological func-
tioning of karst aquifers, resulting in improved management of the water
resources stored in them.

Seasonal variations in the concentration of natural soil tracers are
transmitted and attenuated throughout the different compartments of
the aquifer. Thus, such variations are detected rapidly (hours-days) in
the unsaturated zone after recharge events, while they may take months
to years to be registered in the saturated zone. In the first centimeters of
the soil, leaching could be key to explaining the rise of nitrate with
depth. As soil porosity decrease with depth, nitrate is more easily
removed from the shallowest zone (30 c¢cm), than with depth (60 cm).
There are processes of mineralization (or degradation) of organic matter
from the first centimeters of soil to the permanent springs, where TOC
concentrations up to 90% lower than in the shallowest part of the system
can be detected. Similarly, the mean values of intrinsic fluorescence,
representing a small part of the total organic matter in the groundwater,
are also reduced along the flow.

On the other hand, the spatial variations of the isotopic composition
(8'80) of groundwater have evidenced homogenization processes along
the flow lines, as reflected by the progressive decrease in the coefficient
of variation of this parameter (>90%). It should be noted that the 5'%0
and 5%H values have not evidenced evaporation processes in the soil. The
gradual enrichment of the 83Crpic signal along the subsurface flow
corroborates that the transit time between the recharge zone and the
temporary spring is shorter than that until drainage by the permanent
springs.

All these results combined have demonstrated the complementarity
of natural tracers and the isotopic composition of groundwater for the
identification of the processes taking place in the different vertical levels
of the aquifer, especially within the unsaturated zone, as well as for the



B. de la Torre et al.

semiquantitative temporal estimation of groundwater fluxes in these
aquifers. Natural fluorescence and TOC are suitable parameters for
recognizing the different processes mentioned than nitrates since slight
anthropic contamination processes can significantly affect the latter’s
concentration. Likewise, '3Crpyc is of great interest because, together
with other parameters such as TOC, it makes it possible to qualitatively
date subsurface flows in this type of systems.

As a final remark, highlight the need to advance in understanding the
filter function and the physical and chemical processes that occur in the
different compartment of karst aquifers. These are essential issues for
developing reliable predictive models simulating future environmental
conditions or anthropogenic changes.
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