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Abstract

Tracer concentration data from field experiments conducted in several carbonate aquifers
(Malaga province, southern Spain) were analyzed following a dual approach based on the
graphical evaluation method (GEM) and solute transport modelling to decipher flow
mechanisms in karst systems at regional scale. The results show that conduit system
geometry and flow conditions are the principal factors influencing tracer migration
through the examined karst flow routes. Solute transport is mainly controlled by
longitudinal advection and dispersion throughout the conduit length, but also by flow
partitioning between mobile and immobile fluid phases, while the matrix diffusion
process appears to be less relevant. The simulation of tracer breakthrough curves (BTCs)
suggests that diffuse and concentrated flow through the unsaturated zone can have
equivalent transport properties under extreme recharge, with high flow velocities and
efficient mixing due to the high hydraulic gradients generated. Tracer mobilization within
the saturated zone under low flow conditions mainly depends on the hydrodynamics
(rather than on the karst conduit development), which promote a lower longitudinal
advection and retardation in the tracer migration, resulting in a marked tailing effect of
BTCs. The analytical advection-dispersion equation better approximates the effective
flow velocity and longitudinal dispersion estimations provided by the GEM, while the
non-equilibrium transport model achieves a better adjustment of most asymmetric and
long-tailed BTCs. The assessment of karst underground flow properties from tracing tests
at regional scale can aid design of groundwater management and protection strategies,
particularly in large hydrogeological systems (i.e. transboundary carbonate aquifers)

and/or in poorly investigated ones.
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1. Introduction

Tracing techniques have become consolidated in hydrological research over the past three
decades, as their application provides a reliable solution for a broad spectrum of water-
related issues. In most cases, these methods are used to obtain specific information about
water movement and contaminant migration in hydrogeological environments (Késs,
1998). In carbonate aquifers, the combination of field tracer tests along with geological
exploration and hydrological data constitutes an effective approach to determine
subsurface hydraulic connections (i.e. along a groundwater flow path) and delineate the
catchment areas of karst springs (Goldscheider, 2005; Ravbar et al., 2012; Mudarra et al.,
2014) to validate maps of vulnerability to groundwater contamination (Marin et al., 2015)
and to better understand surface-water/groundwater relationships, among others
(Benischke et al. 2007).

Since the 1980°s, most dye tracing research has been focused on the quantitative
assessment of transport properties in karst systems, involving lab-analog tests (Parker and
van Genuchten, 1984; Hauns et al., 2001; Field and Leij, 2012) and field experiments
(Maloszewski et al., 1992; Field, 1997; Massei et al., 2006; Morales et al., 2007 and
2010; Goldscheider, 2008). Field investigations very often focus on well-delineated
specific karst pathways, in which almost steady-state flow conditions make it possible to
numerically reproduce groundwater flow processes (Field and Pinsky, 2000; Labat and
Mangin, 2015) and reactive transport (Geyer et al., 2007; Luhmann et al., 2012). Recent
studies (Lauber et al., 2014; Dewaide et al., 2016) based on tracer experiment schemes
in accessible caves have sought to determine precisely the geometry of active conduit
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stations throughout the karst pathways to determine the spatial-temporal evolution of
hydrodispersive parameters). However, little research to date has addressed underground
karst flow patterns in carbonate aquifers at regional scale, and just a few studies (Morales
et al., 2007) have attempted such by means of tracer tests.

In this research, 15 tracer breakthrough curves (BTCs) from seven tracing experiments
conducted along groundwater flow paths of different karst aquifers in southern Spain are
quantitatively analyzed to reach the following objectives: 1) to characterize the tracer
migration in selected karst flow routes at regional scale considering the geological and
hydrogeological contexts of the studied systems, but also the flow conditions under which
the tracing experiments were performed; 2) to arrive at insights about the hydrodynamics
and factors influencing the tracer test results; and 3) to discuss the usefulness of the
applied dual approach in view of the obtained outcomes.

2. General setting of study sites
Field tracer tests were carried out in six mountainous karst systems in Malaga province,
southern Spain (Figure 1, Table 1): Villanueva del Rosario, Los Tajos, Hidalga-Turén,
Fuensanta Valley, Jarastepar massif and Utrera. At all sites, the land surface is rugged,
with elevations ranging from 100 to 1,650 m above sea level (a.s.l.). The prevailing
climate varies from semi-continental Mediterranean (West) to mild Mediterranean (East):
rainfall increases in autumn, winter and (to a lesser extent) in spring seasons, generally
linked to wet fronts coming from the Atlantic Ocean. The historic mean annual
precipitation at the test sites ranges from 700 mm to as much as 1,000 mm while the mean
air temperature is between 11°C and 17°C (Senciales, 2007).

From the geological standpoint, most systems consist of 450-550 m thick, folded and
fractured Jurassic dolostones and limestones, except for Fuensanta valley, where
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carbonate aquifers are found stratigraphically between Upper Triassic clays and
evaporites (at the bottom) and Lower Cretaceous—Oligocene marly—limestones and marls
(at the top), while Neogene flysch-type clays and sandstones generally overthrust the
entire Mesozoic rock sequence (Martin-Algarra, 1987). The geological complexity and
the  development of secondary porosity and  permeability  through
fracturation/karstification processes confer a distinctive hydrogeological heterogeneity to
Jurassic carbonate formations, as highlighted in previous studies (Barbera et al., 2012;
Mudarra et al., 2012 and 2014; Barbera and Andreo, 2015 and 2017; De la Torre et al.,
2017).

Recharge in examined systems occurs mainly by direct seepage of rainwater through
carbonate exposures, but also by concentrated infiltration into swallow holes or allogenic
runoff generated in adjacent low-permeability materials. Groundwater discharge is
produced through springs located at the contact between carbonate exposures and
impervious layers (in the case of Fuensanta valley, through an outlet draining Cretaceous
marls and marly-limestones). The most significant springs, in which at least one
hydrogeological connection has been confirmed by dye tests (Table 1), and their main
physical characteristics, are shown in Figures 1 and 2. Pozancon is a distinctive spring
featuring a vertical shaft 30 m deep, where the piezometric level is accessible and under
high flow it becomes an overflow spring. Like Pozancon, the Buenavista and Alfaguara
springs drain groundwater only during stormy periods.

3. Methods

Tracer concentration data from field experiments were qualitatively and quantitatively
analyzed by means of a dual approach based on the graphical evaluation method (GEM)
and the application of numerical solutions for transport modelling.

3.1 Field work





The tracer experiments are schematized in Figure 2. Field tests consisted of the
delineation of single or compound (chained traced flow routines, e.g. the Hidalga-Turén
system) underground flow paths with a variable length (from 590 m, in the Fuensanta
valley, to 10,600 m, in the Hidalga-Turo6n system; Table 1 and Figure 2). Four fluorescent
substances were used as tracers (Table 1 and Figure 2): uranine (URN, Acid yellow 73;
CAS 518-47-8), eosine (EOS, Acid Red 87; CAS 17372-87-1), pyranine (PYR, Solvent
Green 7; CAS 6358-69-6) and sulforhodamine B (SRB, Acid Red 52; CAS 3520-42-1).
Swallow holes, dolines, karrenfields and sinking streams were used as injection points
while karst springs were sampling points (in addition, two river stretches in the Hidalga-
Turdn system; Figure 1).

Groundwater sampling was done manually at the karst springs (also at the Turdén River,
in the Hidalga-Turén system) or automatically, using GGUN®-FL30 field fluorimeter/s
(Schnegg, 2002), with a time-step between measurements ranging from 15 minutes
(automatic device) to 1-4 hours (manual sampling). In all cases, a Perkin Elmer® LS55
laboratory luminescent spectrometer was used to measure fluorescence intensity in
sampled waters in the laboratory. Spring discharge was controlled at all outlets, except
for the Hedionda spring (Utrera system, Figure 1). Groundwater flow was recorded
continuously (time-step from 1 hour to 1 day, with ODYSSEY® capacitance water level
loggers and OTT® EcoLog-800 pressure sensors) or from single measurements using the
area-velocity method (OTT® C2 flowmeter). Discharge data recorded at the gauging
station of Villanueva del Rosario spring were provided by the Andalusian Water Agency.
3.2 Graphical evaluation method (GEM) of tracer breakthrough-curves (BTCs)

A methodology similar to that used by Morales et al. (2007) was applied to the tracer
dataset. Accordingly, a set of nineteen parameters (see abbreviations and descriptions in
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statistical relationships among them were used in advance for data interpretation. These
variables include distance, time, spring discharge and tracer mass data, as well as
geometric parameters of BTCs (e.g. skewness and kurtosis coefficients). The residence
time distribution (RTD) curves, which could be defined as the period of time that a water
mass containing dye particles (or any other solute) spends in the traced system, were

computed using the following equation (Molinari, 1976):

_ e
RTD = 2 c-evat [Eq.1]

where the upper member of the fraction represents the tracer mass flow crossing a section
and the lower one is the recovered tracer mass.

According to Fischer’s dispersion model (Fischer, 1967), which is based on the Fickian
theory of diffusion, the unit-peak concentration Cup is calculated as:

Cyp = at,® [Eq.2]
where #, refers to the time since injection and @ is a coefficient with absolute values
ranging from 1.5 to 0.5, for very short and very long dispersion times, respectively.

3.3 Solute transport modelling

All BTCs were modelled by applying equilibrium and non-equilibrium transport models
using the numerical code CXTFIT (Toride ef al., 1995; van Genuchten et al., 2012). The
analytical solution of the one-dimensional equilibrium advection-dispersion (AD)
equation (simplified from Parker and van Genuchten, 1984) was computed assuming the
following constraints: the examined underground flow paths behave as homogeneous
media, with unidirectional and steady-state flow (both in time and space) and constant
hydrodispersive parameters. A related transport coefficient, dispersivity (d), is defined as
the longitudinal dispersion (D) divided by the effective flow velocity (v).

The two-region nonequilibrium transport model (2RNE) considers a distinctive cross-

sectional zoning within solutional conduits, longitudinally continuous (1-D), by which





the solute concentration is broken down into mobile and immobile fluid phases. The
numerical formulation of the 2RNE model can be found in Toride et al. (1995) and Field
and Pinsky (2000). The model adds two further parameters to the general AD equation
(partitioning coefficient, £, and mass transfer coefficient, w) able to analytically explain
long-tailed BTCs or irregular-shaped BTCs, which are difficult to reproduce by means of
the AD equation.

Due to the observed variability of skewness and tailing effect in most of the analyzed
BTCs, the two approaches were applied to verify the quality of the modelling results. To
this end, a modified Nash—Sutcliffe efficiency (Nash and Sutcliffe, 1970), Ej, was
computed for each simulation of BTCs, following Legates and McCabe (1999), Krause
et al. (2005) and Luhmann et al. (2007) with the mathematical expression:

Sin4l0=cil)
E =1—%2&=1"t Ea.3
: i l0~0V [Eq.3]

where 0;, C; and O are respectively the observed, computed and average observed values,
and /is a positive exponent.

Results

4.1. Morphological analysis of BTCs and deduced hydrodispersive parameters

The BTCs obtained from the field tracer tests (Figures 3 and 4a) represent a wide range
of curve shapes and magnitudes, as a result of the highly variable hydrological conditions
in which the experiments were performed and the intrinsic transport dynamics of
individual traced underground flow paths. In most cases, a persistent skewness is
observed in the BTCs, while a tailing effect is particularly marked in BTC12, BTC13 and
BTC15 (intermediate-low flow tracing experiments; Figures 3 and 4a). In BTC4, BTC14
and BTC15, a second mode is perceptible, showing different sizes and geometries.
Commonly, the tracing experiments conducted under high or high-intermediate flow

provided narrow and peaky BTC morphologies (BTC1 to BTC11; in Table 1 and Figures





3 and 4a); meanwhile in the remaining tracer tests, carried out under no recharge influence
(intermediate-low flow), the tracer clouds generally display smoother and wider shapes
with long tails, some having marked irregularities (e.g. BTC13; Figures 3 and 4a).

From the GEM of BTCs, three key parameter sets were estimated (Table 3): travel time,
concentration and velocity data. The travel time of the leading edge (time of first dye
detection) and of the peak concentration were minimum in BTC4 (12.1-14.1 h) and
maximum in BTC15 (120-183 h) (Table 3). On average, the lag time between these two
key parts of the examined BTCs was 11.9 h. Maximum peak concentration was measured
in BTCS5 (258.9 pg/l of URN) and the minimum one in BTC15 (0.46 pg/l of URN). The
recovery rates of the injected tracers were generally higher in the experiments performed
under high flow (e.g. 60% for URN in BTC1 and 91.9% for PYR in BTC11) (Table 3).
In contrast, the lowest recovery rates (<10%) were obtained for those tracer tests in which
injection sites were through sinking river stretches under intermediate-low flow
conditions. Considering the reference times of the rising limb of all BTCs, the pair of
calculated effective flow velocities (of leading edge and peak concentration) respectively
ranged between 15.8 m/h and 9.9 m/h in BTC13, and between 294.4 m/h and 258.5 m/h
in BTC7 (Table 3 and Figure 3). In [P4-Tur6n River (T1) and IP4-El Burgo spring (T2)
underground/surface flow paths (Figure 2), the injected tracer (URN) was partly
mobilized through superficial flows and therefore estimated effective velocities represent
mixed (subsurface and superficial) solute transport characteristics.

4.2. Characteristic relationships among system response variables

The 15 BTCs were expressed as residence time distribution curves (RTD; Figure 4b) by
adjusting instantaneous concentrations for the amount of injected tracer, tracer loss and
spring discharge. Thus, three distinctive types can be differentiated (Figure 4b): 1) a peaky

and narrow set of curves (BTC1, BTC2, BTC4, BTC5 and BTC7), having generally





shorter travel times, £ < 50 h, and variable RTD values, from ~125 s to 250 s,
approximately; these curves were obtained under high flow, but also under high-
intermediate flow; ii) four BTCs with irregular and wider shape, somewhat more delayed
than that of group 1) regarding their travel times (BTC8 to BTC11; high-intermediate
flow); and 1iii1) a cluster of curves with the widest shape and the more attenuated RTD
values, represented by BTC12, BTC13 and BTC15 (low flow tracing experiments).
Figure 5 shows the statistical relationships among the more relevant hydrodispersive
parameters estimated from the tracer experiments. Generally, unit-peak concentration
(Cur) 1n the studied BTCs exponentially decrease along with the travel time of peak
concentration, except for BTC12 (Figure 5a). The equation that best fits all of the
computed data is:

Cyp = 242.9 - ;1203 [Eq. 4]
with a coefficient of determination (R?) of 0.53 and a p-value > 7E-5.

Mean tracer residence time correlates fairly well (R?=0.57; p-value > 0.001) with the
travel time of peak concentration (Figure 5b), describing a positive trend. However,
several BTCs plotted outside the 95% confidence band, having shorter (BTCS8 to BTC11)
and longer (BTC12, BTCI3 and BTC14) mean residence times than theoretically
expected (particularly BTC14). The time difference between the leading edge and peak
concentration varies proportionally to the mean residence time (Figure 5c), the BTC2,
BTC13 and BTC14 being the outlier values in the linear regression analysis that best fit
all BTCs. The statistical relationship between the effective velocities, considering the
leading edge and peak concentration as time references, is highly significant (R?> 0.99;
p-value > 3E-15), and a minimum deviation in the paired values is observed (e.g. BTC2
and BTC3 in Figure 5d). The velocity of the peak concentration slightly covariates with
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BTC3, BTC4, BTC8 and BTC10 (Villanueva del Rosario and Jarastepar systems; high
flow conditions), showing presumably faster (the first three BTCs) and slower (the last
two BTCs) velocities of peak concentration. Despite the deduced positive trend between
these two parameters, individual BTCs are noticeably scattered (even outside the 95%
confidence interval). Regarding skewness (i.e. curve asymmetry) and kurtosis (i.e. curve
peakedness) coefficients, the obtained data fit quite well by means of a polynomic
function (Figure 5f). Thus, the lower values of both coefficients, characteristics of a more
symmetric and wider curve, correspond to BTC9 (high-intermediate flow) whereas the
higher ones, representing a marked (and positive) skewed and narrow curve, are measured
in the BTC4 (high flow).

4.3. Estimates of solute transport parameters

A dual modelling approach, based on the advection-dispersion (AD) equation and the
two-region non-equilibrium (2RNE) equation, was applied to the set of tracer curves. The
main results are summarized in Table 4. The obtained values of effective mean flow
velocity (v) differ for the two models, those generated by the 2RNE model being lower
(Table 4). They range from 3-5 m/h (BTC13, the shortest karst underground flow path)
to 224-241 m/h (BTC7, the longest one and performed under high flow conditions).
Computed dispersion (D) data are substantially different for the two types of simulations
(Table 4): maximum and minimum values generated by the AD model are 20,300 m?/h
(BTC6) and 354 m?/h (BTC13), respectively, while those obtained from the 2RNE model
are 6,160 m*h (BTC7) and 26 m*h (BTC10).

Partitioning coefficients (f) generated by the 2RNE model vary between 0.21, in BTC6
(low flow), and 1.34, in BTC2 (high flow), with most values in the range of 0.7-1 (Table
4). The maximum value obtained may be associated with a computation error since input
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non-equilibrium parameter, the mass transfer coefficient (w), ranges from near 0 (BTC9
and BTC10) to 2.53 (BTCS5) (Table 4). The obtained w values show higher variability
than £ ones, resulting in higher standard deviation of the data set.

In general, a roughly positive statistical relationship (R*=0.29; p-value > 0.04) is found
between the longitudinal dispersion (D) and the effective mean flow velocity (v) for the
simulation results of the AD model (Figure 6a). The correlation between both transport
parameters in the 2RNE simulation results is practically null. D also correlates well with
the length of the traced path, giving a more consistent statistical relationship (R’ =0.49;
p-value > 0.004) in the simulation results with the AD model (Figure 6b). Although
partitioning coefficient and effective mean flow velocity seem to covariate, S
observations are mostly concentrated in the 0.7-1 interval (Figure 6¢). There is no clear
relationship of dependence between the mass transfer coefficient and the effective mean
flow velocity (Figure 6d), possibly owing to the additional uncertainty introduced by the
two non-equilibrium parameters in the 2RNE simulation results, but also to the high
variability of hydrodynamic conditions and inherent characteristics of the examined
underground karst flow paths.

4.4 Transport simulation of the examined BTCs

In Figure 7, the simulation results (observed tracer concentration data vs fitted data and
residual concentrations) of some BTCs are displayed. Generally, the rising limbs of the
BTCs are quite well fitted by the two model simulations (Figure 7), in particular by the
2RNE equation. It can also be noted that the adjustment provided by the AD model of the
rising limb of the curves improves as the BTCs narrow (i.e. with high effective mean flow
velocity) and become more symmetric, as BTC1 and BTC7 (Figure 7). In the exemplified
BTCs, the peak concentration adjusts quite well to the 2RNE model, while the AD

equation is not able to successfully reproduce the maximum tracer concentration in any





case (it is consistently underestimated; see negative residual peaks in Figure 7). This
occurs because tracer clouds are wider and the long tail is increasingly marked (e.g.
BTC2, BTC13 and BTC15; Figure 7). Regarding the receding limbs of the BTCs, the AD
model fails in the tracer data simulation: there are high deviations of the fitted data in the
range of low concentrations, where a tailing effect (hence, curve asymmetry) is especially
evident in all BTCs. In contrast, the results of the 2RNE model usually provide a much
better BTC adjustment, since residual concentrations at tail segments are strongly
minimized (in particular in BTC1, BTC7, BTC13 and BTCI15; Figure 7). There are,
however, curves (e.g. BTC2 -incomplete- and BTC3 in Figure 7) with relatively constant
(but also unusually high) tracer concentrations in the tail that the applied non-equilibrium
equation cannot properly reproduce.

The quality of the simulation results was assessed through the analysis of model
efficiencies (Table 4). Modified Nash—Sutcliffe efficiencies (Ej-1) were found to be
consistently higher for the 2RNE model results, with a mean value of 0.83 and maximum
values 0 0.92-0.93 (BTC2, BTC7 and BTC13), regardless of the hydrological conditions
in which field tests were conducted. The simulations provided by the AD model were
generally less accurate than the 2RNE ones (Table 4), although in some BTCs, Ej=1 could
be considered acceptable (i.e. 0.77 in BTC3 and 0.79 in BTC12).

5. Interpretation and discussion

5.1 Solute transport characterization of karst underground flow paths

All traced hydrogeological connections (Table 1 and Figures 1 and 2), except for BTC12
(Utrera system) and BTCI13 (Fuensanta valley system), consist of groundwater
trajectories several kilometers long having variable slope profiles (i.e. hydraulic
gradients), in which diverse conduit morphologies together with widely variable

hydrologic conditions of field experiments (Figure 3) result in a high heterogeneity in the





flow systems organization. The development of current conduit networks is due to the
karstification of highly fissured and fractured Jurassic carbonate bare rocks, through
bedding planes and main fractures, providing preferentially enlarged and mature flow
circulation structures (Barbera et al., 2012; Sendra et al. 2012; Mudarra et al., 2014; De
la Torre et al., 2017). In the context of such drainage features, the vertical dimension of
the flow trajectories is considered negligible with respect to the longitudinal one,
suggesting that the groundwater movement is preferentially governed by advection (i.e.
longitudinal velocity) and dispersion mechanisms (Morales et al., 2010). Hauns et al.
(2001) demonstrated that at a large scale (i.e. 10* m solutional conduits) the dominant
dispersion factor is associated to the irregularity of the conduit geometry, which produces
an increase in dispersivity with (greater) distance. In this research, a general increase in
dispersion was linked to the effective mean flow velocity and the length of traced flow
paths (Figure 6a-b), reflecting the high heterogeneity of flow patterns within the analyzed
conduit systems, in some cases associated with their high degree of sinuosity (e.g. in the
[P1-Villanueva del Rosario spring, IP4-Buenavista spring and [P6-Pozancon spring
hydrogeological connections; Table 1 and Figure 1). However, the relationship between
dispersivity and distance is unclear (Table 4), probably due to the high variability of the
compared hydrogeological connections, and also to the significant uncertainty introduced
by the transport models for parameter estimation (i.e. advection and dispersion).

Most of the considered hydrogeological systems are characterized by a thick unsaturated
zone, very often comprising several hundreds of meters (Table 1 and Figure 2), which are
also intensively karstified as has been demonstrated through the application of natural
and/or artificial tracers (Mudarra et al., 2014; Barbera and Andreo, 2015; De la Torre et
al.,2017). Kogovsek and Petric (2014) proved in field tracing experiments that relatively
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thick) of the Postojnska cave system (Slovenia), and undergoes considerable dilution
under continuous infiltration flow. In BTC1 to BTCI11, the corresponding maximum
thickness of the unsaturated zone in traced systems, on average, is close to 450 m (Table
1) and the calculated effective mean flow (modal) velocities can exceed 250 m/h (Table
3), suggesting the existence of a well-developed network of fractures and fissures crossing
great vertical and horizontal distances within the karst aquifers. Therefore, groundwater
flow through the first tens to hundred meters of aquifer rock (soil-epikarst layer and
vadose zone) in the studied karst routes may be as relevant as the horizontal flow vector
in terms of subsurface solute transport. The latter assumption is also consistent with the
results highlighted by Mudarra et al. (2014), Barberd and Andreo (2015) and De la Torre
et al. (2017) in the Villanueva del Rosario, Hidalga-Turén and Jarastepar systems,
respectively, where the participation of the unsaturated flow in global aquifer functioning
prevails under high water conditions, particularly during extreme recharge events.

Tracer mobilization throughout the examined flow paths is also strongly constrained by
the hydrologic (recharge) conditions in which the tracer tests were performed. Besides
the morphological and hydrogeological factors, the shape of the RTD curves (Figure 4b)
reflects the high variability of flow conditions. The unit-peak concentrations in BTC1 and
BTC2 are lower than expected while the timing of unit-peak concentration in BTC12 and
BTC13 are shorter than the theoretical ones, according to the general evolution described
by all BTCs (Figure 4b). These inconsistencies in the attenuation of tracer concentrations
and in the early appearance of the peak-concentration of BTCs could be attributed to the
efficiency of the mixing processes (Jobson, 1997), which would have been deficient for
the first two curves and optimal for the second ones. Still, the tracer loss accounted for
the four curves (40%-91%, Table 3) may be partly responsible for the deduced differences

in tracer mixing throughout the entire karst flow path.





The mathematical expression that quantifies the decrease of unit-peak concentration with
time [Eq.2] provides valuable information about the processes controlling solute transport
(Fischer, 1967; Jobson, 1997). According to these authors, an absolute value of 0.5 for 6
indicates that transport is mainly governed by longitudinal dispersion. Larger values for
this coefficient (e.g. 1.5) denote further mixing processes contributing to dispersion,
which are promoted by the presence of dispersive features — eddies, natural pools and
bends — and complicated conduit geometries. The equation resulting from the best fit for
the data available includes an estimated exponent of -1.263 (see section 4.2), which
indicates that karst underground transport is characterized by highly efficient longitudinal
mixing in all BTCs. This is mainly conditioned by the generally large distances of the
compared conduit systems, but also by the strong hydraulic gradients that are potentially
generated under influenced conditions (high flow). Morales et al. (2007) obtained slightly
higher values of 6 (-0.852) from numerous tracer experiments conducted in karst
connections of dense compact carbonate aquifers in the Basque Country (northern Spain).
The irregular shapes of most BTCs, with a positive asymmetry of the peak-concentration
and marked tailing effects (Figures 3, 4 and 7), permit to corroborate the interference of
physical processes other than advection-dispersion involved in tracer mobilization. In this
sense, any additional transport mechanisms must be linked to hydrodynamic interactions
occurring within the conduits, between the center of the karst features and their
surrounding walls, and to a potential conduit-matrix water exchange (Field and Pinsky,
2000; Hauns et al., 2001; Birk et al., 2006).

In an attempt to mathematically reproduce the aforementioned curve irregularities, the
simulation results obtained from the application of the 2RNE model (Table 4 and Figure
7) matched the best fit of the experimental concentration data providing minimal residual

concentrations. These outcomes explain the differential interaction between the mobile-





immobile phases within a conduit network. According to the modelling results (Table 4
and Figure 6), the computed partitioning (f) coefficients, of 0.21-1.34 (21% to 134%),
suggest that the volume fraction of immobile water interacts at a variable rate with the
mobile one throughout the longitudinal dimension of the conduits, apparently becoming
higher as groundwater flow tends to be generally faster (Figure 6¢). A total of 9 of 15
studied BTCs, mostly representing high-intermediate flow conditions, have S values
ranging from 0.74 to 0.99 (mobile water fraction of 74% to 99%; Table 4 and Figure 6¢),
indicating that flow partitioning promoting the tailing effect is most likely controlled by
hydrodynamics (Massei et al., 2006; Morales et al., 2010) rather than by matrix diffusion.
The latter interval is in the range of f values reported by Field and Pinsky (2000) from
tracer test results obtained in karst groundwater flow paths from Kentucky and Tennessee
(eastern US). The estimated exchange rate between the two water volume fractions is
exiguous, some 2.53 as the maximum (of the order 2%-3%, Table 4 and Figure 6d), as
deduced from the obtained mass transfer coefficients (w) (mean w is 1.03 or 1.03%).
The shoulder-like morphologies, flat tails or secondary modes observed in several curves
(BTC1, BTC3 and BTCA4, respectively; Figure 3), which were obtained from tracer tests
performed under high-intermediate flow, could reflect the existence of more specific (but
minoritary) transport processes such as conduit-matrix flow exchange (Goldscheider,
2005; Birk et al., 2006; Massei et al., 2006) or solute diversion-conversion with distance
in anastomosed conduit networks (Field and Leij, 2012).

5.2 Influence of the karst hydrogeology and tracer test schemes on BTCs

In this study, particular solute transport characteristics in aquifer systems with significant
participation of the unsaturated zone to spring flow (e.g. Villanueva del Rosario and
Jarastepar systems; Table 1 and Figures 1 and 2) are addressed. The obtained

hydrodispersive data display variable effective mean velocities and dispersion





coefficients, though in the range of maximum values (Tables 3 and 4), which reveal that
diffuse infiltration flow (from direct seepage through the karst exposures) can have
transport mechanisms equivalent to those of concentrated recharge into swallow holes
under extreme hydrological conditions (Ravbar et al., 2012; Kogovsek and Petric, 2014).
This assumption points out the highly developed groundwater flow hierarchization
throughout the whole thickness across the unsaturated zone (where conduit flow drainage
predominates) in small to intermediate size carbonate aquifers (Mudarra, 2012; De la
Torre et al., 2017). BTCs with unexpected delayed arrival have been reported in such
systems (53 m/h <v <95 m/h in Jarastepar hydrogeological connections; Table 4), despite
the steep hydraulic gradients (reaching 17%) generated in response to extreme recharge
conditions. This observation can be attributed to changes in hydraulic conductivity in the
unsaturated-saturated continuum leading to retardation processes in solute transport
(wider BTCS8 to BTC11, and with a higher RTD than expected; Figure 4b), which result
in a more constrained phreatic conduit network with lower flow hierarchization (De la
Torre et al., 2017).

The lowest computed effective flow velocity and dispersion values (Table 4) match the
hydrogeological systems partly recharged by surface runoff (Utrera, Fuensanta valley and
Los Tajos systems; Figures 2 and 3). As expected in tracer tests conducted under non-
influenced (low water) conditions, tailing effect is well observed in BTC12, BTC13 and
BTC15 (Figure 4a); this is certainly conditioned by dispersion mechanisms throughout
the entire conduit length, but also by the water transference between the mobile and
immobile phases (Figures 6¢-d and 7). Massei et al. (2006) found in the Chalk aquifer
that the tailing effect in BTCs results from a near laminar groundwater flow rather than a
turbulent one. This is in line with the predominant almost-steady-state flow conditions

established under such specific hydrologic conditions (spring flow is also at minimum),





whose influence on solute transport prevails over the karst conduit development
(Mudarra, 2012; Sendra et al., 2012; Barbera, 2014). Exceptions occur in shallow
conduit/fissure flow routes across the stream-aquifer continuum (e.g. BTC14 in IP9-
Fuensanta spring; Table 1 and Figures 2 and 3), in which higher transmissivity zones
promote an optimal tracer mixing.

Particular mention should be made of the fluviokarstic Hidalga-Turén system (BTCS to
BTC7; Table 1 and Figures 2 and 3), the longest and mixed underground/surface flow
path, where the tracer mobilization through underground flow paths and river stretches
(and vice versa) leads to a generally fast and efficient solute transport under high-
intermediate flow conditions (Barbera et al., 2012 and Barbera, 2014). However, the
shape of BTC6 (groundwater sampling point; Figures 2 and 3), less peaky and wider than
that of BTC6 and BTC7, representing the movement of the tracer on surface flow,
suggests the existence of local flow interferences as a result of the complex surface-
water/groundwater interactions (tracer dilution, retardation processes promoted by the
hydraulic transition through the riverbed-aquifer interphase and by temporary water
storage in dams, etc.) throughout the Turén River.

Far from the commonly used tracer test design, in which the typical swallow-hole/karst-
spring hydrogeological connection is studied, different field experimental schemes
involving injection sites (swallow holes, karrenfields, dolines and sinking rivers/streams)
and sampling points (permanent springs, overflow springs and surface waters) were
accounted for in this investigation (Table 1 and Figure 2). Although the quite regular
shape of the obtained BTCs does not appear to be substantially affected by the tracer
retention during the injection (except for BTC13; Figure 3), any deviation from the ideal
slug-type injection might result in low tracer recoveries and, therefore, a deficient tracer

transport through the conduit systems. The relatively low tracer mass recovery rates





calculated in the exemplified tracer experiments (excepting for BTC10 and BTC11; Table
3), of 60% at maximum, could be explained by tracer loses before their incorporation into
the active flow system (e.g. tracer adsorption by clayey sediments, particularly in dolines,
covered karrenfields and in sinking river/streams) (Benischke et al., 2007). However,
other feasible explanations deduced from the field observations are: solute diversion in
complex karst conduit structures (unknown discharge points and/or uncontrolled ones);
tracer storage at inactive secondary flow routes or at rock matrix/capacitive blocks (e.g.
across the unsaturated aquifer zone, during extreme recharge events); transference of
traced groundwater to neighboring aquifer compartments; and light/microbial tracer
degradation on surfaces (especially in those experiments involving sinking river/streams
and low flow conditions; e.g. BTC13, in Figure 3).

The tracer concentration data in field experiments also depend on the dye’s reactivity.
Uranine (URN) is considered a conservative and/or reference tracer in hydrogeological
studies (Geyer et al., 2007; Luhmann et al., 2012), since the ionic functional groups of its
molecular structure absorb much less than other dyes (e.g. sulforhodamine B) onto
oppositely charged mineral surfaces of natural aquifer materials (Sabatini, 2000). The
other dyes used in this research react with aquifer media, in the following order of
reactivity: eosine (EOS), pyranine (PYR) and sulforhodamine B (SRB) (Késs, 1998). In
a multitracer test approach adopted to characterize reactive transport in karst aquifers,
Geyer et al. (2007) evidenced the retardation of the peak concentrations of the reactive
tracers sulforhodamine G and tinopal CBS-X in relation to URN, but also a considerable
difference in the tracer recoveries, these being higher for the more conservative dye. Here,
only one underground karst flow path (IP1-Vva. del Rosario spring; Table 1 and Figure
2) was traced twice (BTC1 and BTC3; Figure 3). Thus, URN (BTC1) and PYR (BTC3)

were injected under high and intermediate-high flow conditions, although the mean spring





discharge during the tests was ~30% higher for BTC1 (Table 3). The results showed that
URN peak concentration was detected almost 20 hours earlier and tracer recovery was
~30% higher than that of PYR (Table 3), which seems to agree with the observations by
Geyer et al. (2007). However, the latter assumptions are not conclusive, largely due to the
fact that field experiments were not executed as part of the same injection pulse under the
same specific hydrological conditions.

5.3. Validation of the dual approach

The characteristic relationships among hydrodispersive parameters of BTCs are useful
indicators for tracer migration prediction in aquifers at regional scale (Morales et al.,
2007), besides providing basic information about karst underground flow properties.
Based on parameter estimates that characterize BTCs (mainly tracer velocities and travel
times) and RTD curves (attenuation of unit-peak concentration), predictive statistical
models can be established for making rough estimations in specific aquifer materials
where vast areas need to be investigated (i.e. transboundary carbonate aquifers) and/or
background information is scarce, as in early stage karst hydrogeological research. This
might have direct application in groundwater management planning in karst regions, as
well as in field tracing experiment logistics (for prediction of underground flow properties
at catchment scale) in detailed studies. Still, simulated data must be taken with caution,
given that they entail considerable uncertainty as a consequence of the high complexity
of compared hydrogeological systems (Jobson, 1997; Morales et al., 2007), in addition to
the differences in tracer tests performance, as demonstrated in this research.

The estimates of transport parameters from the simulation of tracer concentrations using
both equilibrium and non-equilibrium equations leads to a better understanding of the
physical processes that explain solute displacement throughout solutional conduits or

fissured systems (Maloszewski et al., 1992; Toride et al., 1995; van Genuchten et al.,





2012). In this study, simulation results from the AD model, both v and D, on average, are
roughly 20% higher than when computed using the 2RNE model (Table 4 and Figure 6a-
b). Thus, computed transport velocities from the AD model better approximate (deviation
of +10%) the calculations made from the GEM of BTCs (using peak concentration as the
time reference). Morales et al. (2010) documented similar results, although the
differences between the two sets of parameters calculated from different estimation
methods (GEM and solute transport models) were significantly lower. This is because the
AD model accounts for total dispersion while the 2RNE model considers dispersion to be
partly explained by tracer retention in the immobile fluid region (Birk ez al., 2006); and
also to the fact that four parameters (v, D, f and @) need to be adjusted simultaneously
by the 2RNE equation, resulting in a less accurate quantification (van Genuchten et al.,
2012). As deduced from the modified Nash-Sutcliffe efficiencies (Table 4), the 2RNE
model is able to satisfactorily reproduce most of the considered BTCs (those with
distinctive morphologies are displayed in Figure 7) more accurately than those of the AD
one, because of their marked skewness. These quantitative results should be interpreted
with care, however, as the estimation of transport parameters and the simulation of BTCs
(particularly those in which the lower modified Nash-Sutcliffe efficiencies were
determined) are conditioned, to a variable extent, by irregularities in the recorded tracer
concentration curves (e.g. not well-defined peak concentrations as a consequence of the
sampling rhythm, presence of secondary modes, “bitten” shapes due to tracer light
degradation, etc.) and by the number and quality of the input data sets (Field and Pinsky,
2000).

6. Conclusions

The analysis of 15 BTCs from a dual graphical and numerical modelling approach has

led to the characterization of solute transport at regional scale and to deeper





hydrodynamic insights into several carbonate aquifers in southern Spain. Transport in
karst conduits is largely constrained by their morphology, resulting from the functional
karstification and hydrodynamics under recharge conditions. Tracer migration is
generally dominated by longitudinal advection and dispersion along flow path length,
providing an efficient longitudinal mixing under high flow regimes.

Additional physical processes (flow partitioning, conduit/matrix exchange, etc.), owing
to tracer mass transference between the immobile and mobile conduit volume fractions
would be responsible for the positive curve asymmetry and the pronounced tails observed
in most of the BTCs. Matrix diffusion is considered negligible due to the low permeability
of the compact and dense Jurassic limestones and dolostones, although such a process
may explain observed irregularities in BTCs. However, the design and the schemes
applied in field experiments (injection mode, reactivity of the tracer used, etc.) can also
influence the quality of tracer data.

The modelling of karst pathways across the thick vadose zone of the studied aquifers
reveals equivalent transport modalities in both diffuse and concentrated infiltration flows,
in which high velocities and efficient mixing are achieved. Under low flow, a near steady-
state condition is established within the groundwater-saturated conduit systems and the
tracer migration is mainly characterized by variable hydrodynamic interactions with the
immobile conduit volume fraction. The application of the AD equation provides a
quantification of the effective mean flow velocity and dispersion analogous to that
provided by the GEM, while the 2RNE transport model underestimates it. Nonetheless,
the non-equilibrium transport model effectively reproduces most of the tracer
concentration curves having a marked skewness and a noticeable tailing effect,

independently of the flow conditions.





The regional assessment of karst underground flow properties from tracing tests can
certainly be helpful for designing groundwater management and protection strategies.
Therefore, further studies are needed to transfer the obtained outcomes to large karst areas
based on available tracer test data. This might also help to fine-tune the research methods

applied for karst groundwater flow regionalization.
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TABLE 1 Main characteristics of the study sites and examined karst flow paths.

Field
test Flow
dat Hydrogeological Underground BTC Trac path Flow Ah | Hydraulic
ate system karst flow path er length conditions | [m] | gradient
[m]
Feb-09 | \a. del Rosario 'Pl'vvas‘p Rosario |\ gre1 | URN | 6,600 High 378 |  0.06
Vva. del Rosario 'PZ'VV;R“E’”O BTC2 | EOS | 3,230 High 545 | 0.17
May- . High-
11 Vva. del Rosario | "+ V"as‘ Rosario | grc3 | pYR | 6,600 | intermediat | 378 |  0.06
p. .
; High-
Vva. del Rosario 'P3'V"as' Rosario | grea | srB | 2,810 | intermediat | 510 |  0.18
p. .
Feb-10 L High-
Hidalga-Turén | T4 T‘;;T)‘ Ver 1 BTcs | URN | 6,900 | intermediat | 640 | 0.09
e
High-
Hidalga-Turén 'P4;E'rii“rg° BTC6 | URN | 9,600 | intermediat | 70 0.01
pring .
L High-
Hidalga-Turén 'P4'T‘z;3')’ Ve | BTC7 | URN | 10,600 | intermediat | 30 | 0.00
e
Nov-15 . High-
Jarastepar PS> ZEZ?:“’” BTC8 | EOS | 4,230 | intermediat | 728 | 0.17
e
High-
Jarastepar IP>-Alfaguara | preg | £os | 4,300 | intermediat | 734 |  0.17
spring
e
. High-
Jarastepar 'PG'Zﬁ:?t”CO” BTC10 | PYR | 5,155 | intermediat | 511 | 0.09
e
High-
Jarastepar IPG-:\Flm;?ng;ara BTC11 PYR 5,230 intermediat | 517 0.09
e
Jan-11 Utrera IP7-Hedionda | greps | Urn | gos | MErMediat | s | goa
spring e-low
Fuensanta IP8—Fugnsanta BTC13 URN 590 Intermediat 10 0.02
valley spring e-low
Jan-12 Fuensanta IP9-Fuensanta Intermediat
: BTC14 | PYR | 1,800 48 0.03
valley spring e-low
Jul-11 Los Tajos IP10-Auta BTC15 | URN | 3,150 Low 175 | 0.06

spring






TABLE 2. Description of the calculated parameters from the graphical evaluation
method (GEM) of breakthrough curves (BTCs).

Notation Definition Unit
Tie Travel time of the leading egde [T]
Treak Travel time of the peak concentration [T]
AT Difference (in time) between leading edge and peak ]
concentration
Ts1c Sampling duration in a BTC [T]
Effective velocity considering the time of leading §
Vie (LT
edge as reference
Effective velocity considering the time of peak 4
Vpeak . [L-T]
concentration as reference
Qinr Inflow (swallowholes and sinking streams) IR
Discharge at gravity center (time of 50% of tracer 31
Qso mass recovery) of the BTC (LT
Qrest Mean discharge during the tracer experiment [L3-T1)
Qmean Mean historic discharge [L3-TY
M Tracer mass (injected) [M]
Mg Recovery of injected tracer mass [M]
Cmax Maximum concentration (peak) of the BTC [M-L3]
MRT Mean tracer residence time [T]
Cup Unit peak concentration calculated from RTD [T
Viero Mean effective velocity deduced from the residence (3T1]
time distribution (RTD) curve
VAR Variance calculated from RTD [T2]
Sc Skewness coefficient of the BTC T3]
Kc Kurtosis coefficient of the BTC [T4]






TABLE 3 Summary of the hydrodispersive data obtained from GEM and computations of RTD curves.

See Table 2 for parameter notation.

BTC | Tie | Teeak | AT | Torc | Vie | Veeak | Qine | Qso | Qrest | Qmean | M | Mg | Cvwax | MRT |  Cup VrD VAR

6

[h] [h] | [h] | [h] | [m/h] | [m/h] | [I/s] | [I/s] | [i/s] [I/s] | [kgl | [%] | [ug/1]1 | [h] [1/s] | [m/h] ,[.:35] 3¢ ke

BTC1 26.5 30.5 4| 239 245 | 216.4 10 | 1,999 | 1,330 226 3 60 19.1 56.5 | 0.0012 153 5.72 2.4 9.7
BTC2 17 22.5 5.5 48 | 190.0 | 145.6 25| 2,091 | 1,330 226 2 21 3.3 31.4 | 0.0012 | 115.2 0.50 1.1 3.3
BTC3 37.2 49.2 12 184 | 177.6 | 134.1 2| 1,154 925 226 2 42.4 7.6 77.7 | 0.0006 | 106.2 7.45 1.6 4.4
BTC4 12.1 14.1 2 191 234 | 199.3 1| 1,167 925 226 2 54.2 37.8 37.4 | 0.0023 | 135.6 1.16 | 11.9 | 141.8
BTC5 30.8 35.6 4.8 289 | 221.6 | 196.3 2 - - 238 3 - | 258.9 46.9 | 0.0019 | 168.6 3.29 4.5 27.3
BTC6 36.1 40.4 4.3 285 | 265.8 | 239.3 2 - - 79 3 - 22.7 60.6 | 0.0009 | 184.8 3.83 2.6 9.7
BTC7 36.4 41 46 | 285 | 294.4 | 258.5 2 - - 733 3 - 75.1 53.2 | 0.0012 222 3.21 5.5 41.2
BTC8 45.5 50.5 5 25 92.6 83.8 1| 2,087 | 1,393 - 1.5 9.9 1.04 55.5 | 0.0011 76.8 0.12 0.3 2.1
BTC9 41.2 49.7 8.5 55 | 104.4 86.5 11 2,087 | 1,393 - 1.5 9.9 1.05 64.0 | 0.0007 70.2 0.68 0.6 2.3
BTC10 44.5 49,5 5 21 | 115.8 | 104.1 212,093 1,393 - 1.5 91.9 7.4 53.9 | 0.0009 96.6 0.13 0.2 2.0
BTC11 41.2 47.7 6.5 53 | 126.9 | 109.6 212,093 | 1,393 - 1.5 91.9 7.5 62.0 | 0.0006 89.4 0.80 0.5 2.1
BTC12 20 34,5 | 145 | 442 30.3 17.6 3.5 295 295 97 | 05 11.5 0.53 | 121.0 | 0.0002 8.4 28.94 14 4.5
BTC13 37.4 59.3 219 | 798 15.8 9.9 7.5 12 11 50| 0.5 9.1 12.0 | 179.8 | 0.0002 4.8 92.48 1.7 5.7
BTC14 34.6 439 9.3 799 52.0 41.0 3.5 12 11 50| 05 9.9 29.3 | 262.4 | 0.0004 16.8 209.83 0.9 2.4
BTC15 | 120.0 | 183.0 | 63.0 | 717 26.0 17.4 3.5 81 77 97 | 0.5 5.5 0.46 | 320.3 | 0.0001 12 83.13 0.8 2.6






TABLE 4 Computed effective mean tracer velocity (v), longitudinal dispersion (D),
dispersivity (d), partitioning coefficient () and mass transfer coefficient (w) data from
BTCs obtained by means of AD (only v and D) and 2RNE transport equations.

DN AW N =

(e BN o)\

O

11
12
13
14
15
16
17
18

Modified Nash-Sutcliffe efficiencies are also provided for each simulation result.

AD model 2RNE model
BTC v D d Eis v D d 8 w Ei
[m/h] | [m?*/h] | [m] [m/h] | [m?/h] | [m]

BTC1 206 5,880 29 | 0.52 158 2,020 13| 0.74 | 0.99 | 0.86
BTC2 127 | 10,600 83 | 0.54 101 1,420 14| 1.34 | 0.99| 0.92
BTC3 127 | 12,400 98 | 0.77 119 3,720 31| 0.82 1.44 | 0.89
BTC4 181 4,510 25 | 0.63 170 668 4 | 0.84 1.70 | 0.76
BTC5 188 2,560 14 | 0.67 178 1,010 0| 092 | 253 | 0.76
BTC6 213 | 20,300 95 | 0.66 44 3,230 74 | 0.21 1.21 | 0.76
BTC7 241 | 14,900 62 | 0.76 224 | 6,160 28 | 0.88 0.8 | 0.92
BTC8 77 | 2,200 29 | 0.76 75| 2,680 36 | 099 | 0.07| 0.78
BTC9 75 | 4,290 57| 0.29 53 574 11| 0.63 | 0.00 | 0.80
BTC10 95 | 4,600 48 | 0.64 92 26 0| 0.80| 0.00| 0.78
BTC11 87 | 19,500 225 | 0.45 83 184 221 | 093 | 035 | 0.78
BTC12 10 669 66 | 0.79 7 859 116 | 0.99 | 2.00 | 0.77
BTC13 5 354 68 | 0.76 3 47 14 | 0.42 1.14 | 0.93
BTC14 35 445 13| 0.04 9 80 91| 0.26 1.15 | 0.77
BTC15 11 3,430 301 | 0.52 7 602 81| 0.49 1.08 | 0.89
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FIGURE CAPTIONS:

Figure 1. Location (regional context and detailed spatial information) and geological and
hydrogeological characteristics of the study sites. Karst flow paths and injection and
sampling points are also shown.

Figure 2. Idealized schemes of the studied karst pathways based on previous research.
Information is provided about type of injection and sampling points, tracer injected and
hydrological conditions of field experiments, as well as horizontal/vertical distances and
point heights.

Figure 3. Studied tracer break-through curves (BTCs) and spring hydrographs at
sampling sites. Calculated effective velocities (Vpeak and Vig) and tracer recovery rates
(MR) are also shown.

Figure 4. (a) Peak-normalized tracer data concentration and (b) Residence time
distribution (RTD) curves.

Figure 5a-f. Scatterplots among selected hydrodispersive parameters (time, velocity,
concentration, discharge and BTC-morphological related data). See Table 2 for definition
of terms

Figure 6a-d. Statistical relationships among the transport parameter estimates obtained
from AD and 2RNE model simulations.

Figure 7. Transport simulation results of selected BTCs (representing distinctive
morphologies) based on the application of AD and 2RNE equations. The equilibrium and
non-equilibrium parameters (v, D, d, f and w) estimates, as well as the evolution of
residual concentrations, are shown. Note that the values in brackets match the parameter

estimation from the 2RNE transport model.
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