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Abstract

:

Artificial tracer tests constitute one of the most powerful tools to investigate solute transport in conduit-dominated karstic aquifers. One can retrieve information about the internal structure of the aquifer directly by a careful analysis of the residence time distribution (RTD). Moreover, recent studies have shown the strong dependence of solute transport in karstic aquifers on boundary conditions. Information from artificial tracer tests leads us to propose a hypothesis about the internal structure of the aquifers and the effect of the boundary conditions (mainly high or low water level). So, a multi-tracer test calibration of a model appeared to be more consistent in identifying the effects of changes to the boundary conditions and to take into consideration their effects on solute transport. In this study, we proposed to run the inverse problem based on artificial tracer tests with a numerical procedure composed of the following three main steps: (1) conduit network geometries were simulated using a pseudo-genetic algorithm; (2) the hypothesis about boundary conditions was imposed in the simulated conduit networks; and (3) flow and solute transport were simulated. Then, using a trial-and-error procedure, the simulated RTDs were compared to the observed RTD on a large range of simulations, allowing identification of the conduit geometries and boundary conditions that better honor the field data. This constitutes a new approach to better constrain inverse problems using a multi-tracer test calibration including transient flow.
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1. Introduction


Karstic aquifers can be characterized by a hierarchical drainage system embedded in a calcareous matrix having a much lower hydraulic conductivity [1]. The internal structure of karstic aquifers is the result of karstification processes: fracture and bedding planes are enlarged by dissolution, leading to a gradual establishment of a conduit network [2]. The location and the size of the conduits are generally unknown, leading to major issues for the potential application of physically distributed karst models [3]. Although the complete description of flow paths in karstic aquifers is not possible, several methods have been developed to characterize groundwater drainage structure in karstic aquifers, such as artificial tracer tests [4] and applied geophysics [5], among others.



Artificial tracer tests constitute one of the most powerful tools to investigate solute transport in conduit dominated karstic aquifers [6,7,8,9,10,11,12,13]. The careful analysis of the residence time distribution (RTD) derived from the tracer breakthrough curve (BTC) allows getting information about the internal structure of the aquifer. As an example, a tailing effect can be the consequence of the existence of dead space [9,14,15] or friction effects [8]. Otherwise, this could be due to the coexistence of multiple flow dynamics [10,13]. A multiple peaked RTD could give evidence of multiple flow paths in the system [16,17,18]. Besides, the RTD shape may be directly linked to the spatial distribution of flow and transport. Investigations at bench-scale [16,19,20,21] enabled the identification of the effects of different flow patterns on the RTD measured at the outlet of the system. Also, changes in boundary conditions should be considered properly, since they may have a strong influence on the RTD shape [11,12] even on a flood event scale [13]. So, one should consider that the observed RTD is a convolution of the signal transformation made by every part of the system along the solute transport path for a specific range of boundary conditions.



Considering the above-mentioned information, it should be theoretically possible to infer conduit network geometry based on artificial tracer tests [3]. Nonetheless, it constitutes a complex task because one needs to solve several problems with numerical modeling of the conduit network and then about flow and solute transport in a synthetic karst model. Many modeling approaches dealing with solute transport in karstic aquifers have been developed in past decades. As an example, the pipe flow models [22,23] consider the karst aquifer as a horizontal network of pipe connecting points within the aquifer [24,25]. This modeling approach can also be implemented in the Modflow Conduit Flow Processes (CFP) model, allowing the simulation of turbulent and laminar groundwater flow conditions [26] and consideration of lateral exchanges between the conduit and saturated fissured matrix through a dependence between head difference between matrix continuum and discrete conduit [27]. Modflow CFP model has been used to simulate the solute transport in karstic aquifers [28,29], to improve the understanding of the interaction between seawater and freshwater in coastal aquifers [30,31], and to improve the interpretation of artificial tracer tests [32]. Other studies have not considered lateral exchanges and use of the Storm Water Management Model (SWMM) [33], developed by the United States Environmental Protection Agency (EPA). In this approach, the aquifer is considered as an assembly of interconnected pipes without interaction with the surrounding matrix [34,35]. Considering that the conduit geometry in a karst aquifer is well known, the conduit network can be converted in the analogous sewer system with pipes and junctions. In the case where the position and size of the conduit are unknown, one should try to solve the inverse problem based on artificial tracer tests [36].



The main focus of this study consisted of attempting to solve the inverse problems based on artificial tracer tests. So, the objective was to answer whether we can constrain the conduit network geometry using artificial tracer test data. Conduit network geometries were simulated using the Stochastic Karst Simulator (SKS), a pseudo-genetic algorithm [3,37] including field data such as geology and structural heterogeneities. Then, the flow and the solute transport were simulated using the Storm Water Management Model (SWMM). Then, using a systematic search procedure, the simulated RTDs were compared to the observed RTD for a large range of simulations, allowing identification of the conduit geometries and boundary conditions that better match the field data.




2. Materials and Methods


2.1. Study site and Field Data


The area studied is the Baget karstic watershed, part of the French KARST observatory network (SNO KARST) [38]. This basin is in the Pyrenees Mountains (Ariège, France) and is characterized by a recharge area of about 13.2 km2 and a median elevation of about 940 m above sea level (a.s.l.). It belongs to the carbonate belt bordering the North of the French Pyrenees (Figure 1). The area was highly deformed during late Cenomanian to Tertiary Pyrenean orogeny induced by the transpressional strike-slip motion of the Iberic and European plates along the North Pyrenean fault [39,40]. The karstified part of the basin is characterized by metamorphic Jurassic to Cretaceous dolomites, limestones and calcareous marls. As a consequence of the metamorphism, matrix porosity was reduced to less than 1 percent [41]. These formations deep 70° to 90° southwards, under the slaty Albian-Cenomanian Ballongue flysch. The southern part of the area consists of a Cretaceous pull-apart basin opened during strike-slip motion along the Pyrenean margin [40,42]. A secondary fault from the North Pyrenean fault, the Alas fault, and the Balagué polje constitute the northern limit of the Baget drainage basin. The contact between the karstified calcareous formations and the impermeable flysch gives the valley orientation in the west-east direction. In the upstream part of the watershed, the Lachein river flows during periods of the high-water level; otherwise, the river flows downstream the perennial spring of the Baget watershed, Las Hountas. The downstream part of the watershed is characterized by the presence of loss and temporary and permanent resurgences on a spatially restrained area of around 1 km2 (Figure 1). According to Mangin [41], voids consist of dissolution caves and in open fractures and joints. Several caves have been recognized and mapped, such as St Catherine, La Peyrère [43] and part of the system between La Peyrère, P2 Loss, and Moulo de Jaur [44]. Several approaches have been performed to attempt to establish voids geometry [45,46] and their influence in solute transport [10,13,41].



The Baget watershed has been previously studied based on artificial tracer tests [41,47]. Labat and Mangin [10] proposed a transfer function-based interpretation of artificial tracer tests performed from several points of the area (Peyrère, Moulo de Jaur, and P2 Loss) to the perennial resurgence of the Baget watershed, called Las Hountas. The recovery rate was greater than 95% for all tracer tests showing a good hydraulic connection between injection and recovery points. Sivelle and Labat [13] focused on the solute transport between P2 Loss and Las Hountas. Eleven artificial tracer tests were performed on a few days, without any significant influence of rainfall. During, the tracer test campaign, the discharge varied from 0.9 m3/s at the beginning down to 0.3 m3/s at the end of the campaign (Figure 2). A field fluorimeter GGUNFL-30 [48] was installed near the station B1, where the discharge has been measured since the late 1960s [41]. The fluorescence measurement is done on a 15-min sampling rate and the water sampling is performed at an hourly sampling rate. Water samples were analyzed by the CETRAHE laboratory (Orléans, France) using a spectrofluorimeter Hitachi F2500 and F7000. The injection point P2 Loss was chosen so the tracer reached the subterranean drainage system rapidly, getting close from an instantaneous injection (Dirac function).



The effect of short-term variations in discharge on solute transport has been highlighted using a transfer function approach [13]. This constitutes an easily reproducible framework for other systems [49]. Nonetheless, the transfer function approach consists of a systemic approach but does not consider any information about the internal structure of the aquifer.



Applying a physical approach to artificial tracer test interpretation requires a minimum level of knowledge about the flow geometry. One of the most commonly used methods is based on analytical solutions of the advection-dispersion equation (ADE) [50]. The application of such models assumes that both flow and dispersivity are constant along the flow path. This hypothesis is rarely observed in karst media. However, the system studied can be segmented in a sub-structure, called “reach”, where the flow conditions can be considered as homogeneous [12,15,51]. That implies that the underground drainage structure is well known to constrain the physically based modeling [52,53]. In a case where the internal structure is unknown and difficult to access (speleology, cave monitoring), coupling artificial tracer tests and numerical modeling could provide additional information [36]. In this study, the part of the conduit network which has been characterized by the speleological investigation (Figure 1) was considered as conditional data for the simulation of the synthetic conduit networks.




2.2. Modeling Approach


The modeling workflow (Figure 3) was based on a systematic search procedure to solve the inverse problem based on artificial tracer test data. One needs to identify both the conduit geometry and the flow conditions that are at the origin of the RTD measured at the outlet of the system. To do so, synthetic karst networks were simulated using a pseudo-genetic algorithm, then, different plausible flow conditions were applied to simulate flow and solute transport. Finally, the simulated RTD was compared to the observed RTD using the Nash-Sutcliff Efficiency coefficient (NSE) [56]. The procedure was applied to 1000 simulations allowing to identify the geometries and flow conditions that are compatible with the observed RTD.



2.2.1. Conduit Network Simulation


The conduit networks simulation was performed using the Stochastic Karst Simulator (SKS) developed by Borghi et al. [3,37]. The procedure consisted of four main steps:




	
Building a geological model of the studied area. It covered about 1 km2. Only the two main geological formations were considered: the slaty flysch in the southern part of the area and the Jurassic to Cretaceous metamorphic limestones in the northern part of the area. The contact between these two formations is oriented in the west-east direction. The calcareous formation was numerically considered as a homogeneous formation affected by structural heterogeneities (faults and fractures). Then, bedding planes, inception horizons, or even foliation were not considered for implementation of geological constraints in conduit networks simulation with SKS. This constitutes a strong hypothesis but seems to be acceptable regarding the small extension of the simulation area. Moreover, slaty formations constituted a boundary condition for the development of the conduit networks.



	
The structural heterogeneities (faults and fractures) over the area were considered in the SKS model. The main discontinuity direction was recognized from the satellite image, running 170° N to 10° N orientations [57,58,59] as well as the faults and fractures reported by the French geological survey (BRGM) in the BD_CHARM database [54]. The fracture model includes the main structures identified in the area and a set of stochastic fractures that is different for every simulation and generated following the statistical distributions derived from the field data. Besides, the observations made through speleological investigations [44] have been considered as conditional data in the conduit network simulations; thus, SKS reproduces this known conduit.



	
The inlets and outlets can be identified and imposed in SKS. The inlets are composed of La Peyrère, P2 Loss, La Hillière and Moulo de Jaur. Moreover, some additional potential inlets can be randomly added over the area to ensure more physical realism and to allow potential feeding branches along with the solute transport to be considered. Then, Las Hountas, which is the perennial outlet of the Baget system, constitutes the only outlet of the synthetic conduits networks.



	
A synthetic conduit network was generated using a pseudo-genetic approach, which uses the fast marching algorithm (FMA) [60] to compute minimum effort paths between inlets and outlet. More information about the use of the FMA in the SKS algorithm are given by Borghi et al. [3].








Finally, nodes and links were automatically extracted from the synthetic conduit networks and using the Dijkstra algorithm [61] the shortest path between the inlet(s) and outlet(s) can be extracted. So, the tracer path was identified based on the hypothesis that the tracer will be transported through the minimum effort path.




2.2.2. Flow Simulation


The flow simulation in the synthetic conduit networks was performed using the EPA Storm Water Management Model (SWMM) [33]. Considering that there are no lateral exchanges between the simulated conduits and the matrix system, the aquifer can be compared to a set of interconnected pipes [34]. This constitutes a strong hypothesis, but it seems to be acceptable over the Baget area. It was estimated, through a conceptual reservoir model, that the reservoir corresponding to the matrix contributes about 10% in the total spring discharge [62] and the tracer velocity measured by Sivelle and Labat [13] is characteristic of conduit dominated karstic aquifers [63].



To simulate flow, SWMM implements the Saint-Venant equations [64,65] that represent the principles of conservation of momentum and conservation of mass (Equations (1) and (2)).


    ∂ y   ∂ x   +  v g      ∂ v   ∂ x   +  1 g      ∂ v   ∂ t   =  S 0  −  S f   



(1)






    ∂ Q   ∂ x   +   ∂ A   ∂ t   = 0  



(2)




where  y  is the depth of water (L),  v  is the velocity (L·t−1),  x  is the longitudinal distance (L),  t  is the time (t),  g  is the gravitational acceleration (L·t−2),    S 0    is the channel slope,    S f    is the friction slope,  A  is the area of the flow cross-section and is a function of y upon the geometry of the conduit (L2) and  Q  is the discharge with   Q = A × V   (L3·t−1).



Equation (1) represents hydrostatic pressure, convective acceleration, local acceleration and gravity, and frictional forces, respectively. Representing the effects of turbulence and viscosity, the friction slope (   S f   ) is calculated in SWMM using Manning’s equation [66]:


   S f  =    Q 2     1   n 2    ×  A 2  ×  R  4 / 3      



(3)




where  n  is the Manning’s roughness coefficient (t·L−1/3),  R  is the hydraulic radius (L),  Q  is the discharge (L3·t−1) and  A  is the area of the flow cross-section (L2).



Equation (3) is substituted into Equation (1) and the resulting equation is solved for  Q :


  Q =  1 n    A  R  2 / 3      (    ∂ y   ∂ x   +  v g      ∂ v   ∂ x   +  1 g      ∂ v   ∂ t   −  S 0   )    1 / 2    



(4)







Since there is no known analytical solution, an iterative finite-difference method is applied to Equations (1) and (2) to solve the equation. For each time step, the discharge, the flow section area and the water depth (y) at the outlet of each conduit are calculated.




2.2.3. Solute Transport Modeling


Modeling solute transport in a karst aquifer constitutes a broad area of research. Using a physically based approach to interpret an artificial tracer test in the karstic area can be questionable when parameters such as flow velocities and dispersivity should represent flow processes over several kilometers [10]. Nonetheless, the physical meaning may be improved when the system is divided into individual “reaches” where the flow conditions can be assumed to be homogeneous [54]. In this study, the solute transport simulation was performed using SWMM, assuming a complete and instantaneous mixing within each part of the conduit networks along with the tracer transport, i.e., the mixing occurs only in part of the drainage system that contributes to the tracer transport. The concentration of solutes was determined for each time step by solving the finite-difference form of the continuity equation [65]:


    ∂  (  V c  )    ∂ t   =  Q i   c i  −  Q o   c o  − k c V + s  



(5)




where  c  is the concentration in the mixed volume (m·L−3), V is the volume (L3), t is the time (t),    Q i    and    Q o    are inflow (i) and outflow (o) rate (L3·t−1),    c i    and    c o    are the concentration of the influent and effluent (m·L−3), k is the decay constant (t−1),  s  is the source (or sink) (m·t−1).






3. Results


3.1. Model Setup


The shape of the modeling area for SKS consists of a square of one kilometer on the side with a 1 m2 mesh grid. The temporal resolution in SWMM is a routing step of 15 s and a report step of 15 min. This provided a good compromise between model resolution and time of computation. Also, it allowed us to avoid numerical instabilities during dynamic wave routing for both flow and solute transport simulation [65]. A complete simulation, from the simulation of a synthetic conduit network to the simulation of the corresponding RTD, lasted about 5 min on a computer equipped with 8 Go RAM. The simulation was run over 1000 simulations and required approximately 84 h of computation.



An example of a simulated conduit network is shown in Figure 4. The modeling area was cut in half between the south part composed of the slaty flysch (non-karstifiable formation) and the north part composed of Jurassic limestone (karstifiable formation). To honor the geological observations over the area, the conduits were not simulated in flysch, since it is considered to be a non-karstifiable formation. Then, the conduits were only simulated in the karstic limestone using SKS, and not in the flysch (non-karstifiable formation). Injection and recovery points were imposed based on the topographic survey. Then, the mean slope of the conduit network is around 1:1000 from West to East, between La Peyrère, where the first channel arrives at 508 m a.s.l. [44] and Las Hountas at 498 m a.s.l. [41]. The inlet constitutes an infiltration point from which the FMA can be computed. For better realism, a random inlet can be added for the FMA computation. Fractures are given as a fast flow structure and so can constitute a preferential path for conduit development. As the simulation area was of small extension, the lithology was considered homogeneous, and no inception horizon has been considered. Also, in this study, the pseudo-genetic approach appears more suitable than the speleogenetic approach as the modeling was calibrated based on short-term information (discharge and fluorescent dye concentration measured over several days) and it was less time-consuming.



The SKS simulation provides the spatial organization of the conduit networks but does not provide the shape and size of the conduits section. Some assumptions are needed for those parameters to run flow and solute transport simulation in SWMM. The simulation provided better results considering a rectangular shape, as in previous studies [34,36]. So, the geometry is described by the height H and width W parameters. To consider some natural heterogeneities, the value for each conduit section was sampled in a uniform law such as H ∈ (1.0, 1.5) m and W ∈ (5.0, 7.0) m. In the same way, the Manning’s roughness coefficient n was sampled in a uniform law such as n ∈ (0.045, 0.055) corresponding to an order of magnitude for irregular and rough channel. For numerical reasons, the injection of fluorescent dye was simulated by considering an injection at a constant concentration over a one-time step. In theory, it corresponded to a Heaviside function rather than a Dirac function. In practice, tracer injection was considered to be a Dirac function, and so injected instantaneously [67]. This hypothesis is still acceptable when the time of injection is sufficiently short compared to the mean time of residence. Moreover, as the modeling approach focuses on solute transport on a short-term scale, the discharge was considered to be a linear division of the measured spring discharge between the different inlets. The discharge was considered not to be influenced by recharge during the tracer test as there was no significant rainfall during the tracer tests and it includes short term discharge variations linked to the emptying of the system.




3.2. Statistical Analysis


The modeling approach (Figure 3) was performed over 1000 simulations. The simulated RTDs were compared to the observed RTD through the Nash-Sutcliff Efficiency coefficient (NSE) [57] with 174 simulations providing an NSE greater than 0.8 (Figure 5). The shape of the RTD was globally well-reproduced. However, some specific problems can be highlighted. Firstly, the tailing effect appears to be underestimated on the two first tracer-tests recovery. Later in the observed RTD, the tailing effect seems to be less important, so the model gave a quite good fitting despite the curve superposition corresponding to the successive artificial tracer injections. Secondly, the maximum value for 1st (~1 h) 2nd (~100 h) and 4th (~150 h) RTD peaks were poorly simulated. These correspond to lower peak values, in the entire observed RTD. Here, the simulations were selected using the NSE coefficient, which is frequently used in hydrology for multi-peak time series evaluation but tends to favor the high values to the detriment of lower values [68,69]. Moreover, considering the three last injections, the multiple peaked RTD shape was not reproduced. On the opposite, the main recovery, corresponding to the tracer injection 3 to 7 (~120 h after first tracer injection), appeared to be well reproduced. Moreover, some simulations appear to be out of range, with low NSE values (or negative values). The modeling approach proposed here allows investigation of a range of geometry and boundary conditions sufficiently large to investigate their effects on solute transport. Also, the statistical analysis of the results seems to be adequate as there is an acceptable proportion of simulation providing physically acceptable results.



Considering the simulations providing an NSE greater than 0.8 some basic statistics can be calculated (Table 1). The mean flow section along the tracer transport is about 9 m2, the mean flow velocity is 0.16 m/s and the mean length of the conduits between injection and recovery point was about 905 m. Dividing the length of the total conduits by the apparent distance between injection and recovery point gives and estimation of tortuosity. In karst systems, the tortuosity generally varies from 1.10 to 1.40 depending on the morphology of the conduit networks [70]. Considering an apparent distance of 850 m between injection and recovery sites [13], the mean tortuosity here is about 1.06, getting closer to the range of value for an angular maze conduit network morphology [70]. The variability of the mean flow section along the transport and the length of transport appears to be lower than for the mean flow velocity. Moreover, both present a unimodal distribution contrary to the mean flow velocity showing 3 modes (Figure 6). Nonetheless, the two modes showing higher flow velocity values count a low number of simulations in contrast with the mode showing values from 0.1 to 0.2 m/s. The mean flow velocity is considered both in temporal (during tracer recovery) and spatial (along with the entire tracer transport) terms. Considering spatial variations of the conduit section along with the tracer transport pathway may lead to significant variations in flow velocity.




3.3. Conduit Geometry and Spatial Distribution of Flow


The above-mentioned results highlight the ability of the proposed workflow to provide some physically realistic results in terms of RTD shapes and of mean flow section, mean flow velocity and conduit length, which are the basic variable for application of an ADE approach.



In this study, the modeling focused on solving the inverse problem from artificial tracer tests. The entire conduit networks have been simulated to provide numbers of synthetic models in agreement with field observation (geology and heterogeneities such as faults and fractures) and with realistic features such as inputs from a secondary branch. The latter can play an important role in spatial heterogeneities of flow and transport.



In the same way, the simulations with NSE greater than 0.8 were considered for the analysis. The upstream part of the simulated conduit networks was strongly constrained by conditional data, and shows a low range of shapes for the simulated tracer pathway. On the opposite, the downstream part is characterized by a larger range of tracer paths (Figure 7). Considering the principal orientation of the conduit networks in the West to East direction, the transport of the tracer takes place in a 200 m wide corridor in the North-South axis. In addition, this corridor appears to be thinner in the upstream part of the area.



Both the flow velocity and flow section are extracted for each part of the conduit networks along with the tracer transport. The flow velocity and the flow section can be presented as a function of the distance from the outlet (Figure 8). Both presented a significative variability along with the tracer transport. The flow velocity increased around 400 to 500 m from the outlet. This was the consequence of a secondary feeding branch in the conduit networks. In a quite similar way, the flow section increased in the second part of the tracer transport. Moreover, these two parameters show significative variations on a short spatial scale because of the complex structure of karstic aquifers. The shape and size of the conduits present naturally a range of variability. This point has been taken into consideration to provide better realism in the flow and transport simulation.





4. Discussion and Conclusions


The modeling workflow proposed in this study allowed us to simulate artificial tracer tests in synthetic karst systems with imposed boundary conditions. The simulated data were compared to artificial tracer tests performed over the Baget karstic watershed.



The main objective of the study was to assess whether one can characterize karst conduit network geometry from artificial tracer tests. The conduit network modeling includes field observations (geology, heterogeneities such as fault or fractures and speleological information) and was tested against RTD curves derived from artificial tracer tests. The upstream part of the modeling area was constrained by the speleological investigations [44] and therefore most of the simulated conduit network geometries show little variability. So, most of the simulation presented a quite similar structure in the area where there are conditional data. On the contrary, the main drainage structure in the downstream part of the simulation area was unknown. The inverse procedure based on the artificial tracer test data has generated several different network geometries that reproduce the RTD shape measured at the outlet. Moreover, the proposed approach highlighted that some simulated tracer paths may also honor the artificial tracer test data, even if they don’t honor speleological observations. Water coloration has been observed at Moulo de Jaur during tracer tests, ascertaining the transit of the tracer in this area. So one can assume that the tracer transport occurs here, but since there is no possible mass balance computation at this point (absence of concentration and discharge measurements), it is not possible to say that it concerns the total amount of tracer.



Some complementary field investigations, such as an electrical resistivity tomography (ERT) survey, could allow to better constrain the geometry of the simulated conduits over the area [45]. However, as the ERT measurement may be strongly influenced by the presence of water, the ERT survey performed over the Baget area does not provide sufficient information to be considered as conditioning data in the conduit network simulations. Nonetheless, ERT results interpretation can be used as a posterior validation tool for conduit geometries and more broadly the groundwater flow path. This point may constitute an open question for further investigations about hydrogeophysics since recent studies highlighted successfully applied geophysics applications for karst features detection [71,72,73].



Previous studies highlighted that the Baget karstic system response to artificial tracer tests is sensitive to short-term variations in boundary conditions [13]. The flow simulation was performed assuming transient flow conditions with SWMM. By the way, the numerical tracer test simulations consider the perfect mixing assumption in a simulated conduit network subject to several successive injections. For each of these injections, the solute transport was simulated considering temporal variations for flow conditions, even on a short-term scale (infra-hourly scale).



The results provide some interesting perspectives in the use of such an approach for intrinsic aquifer vulnerability mapping. Considering a large number of simulations, it could be possible to build a map of the probability of occurrence of drainage structure over the area. Since the proposed modeling approach provides equiprobability simulations, one can run a K parameter (karst network development) weighing in intrinsic vulnerability mapping methods such as EPIK [74,75,76], depending on the probability for the area to be crossed by a drain.



Finally, the solute transport was simulated on the assumption of perfect and instantaneous mixing. Obtained modeling results could be further improved using an ADE approach. Further work might be performed to implement ADE model computation in the workflow using existing codes such as OTIS [52] or OM-MADE [53]. The reach and the needed parameters (flow velocity, section area) can be directly derived from the SWMM simulations.
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Figure 1. Location of the Baget karstic system, a geological map of the area (modified from [54]) and limits of the watershed (red dashed line). The study area concerns the downstream part of the watershed (black dashed line), in the mid mountains Lachein valley, characterized by altitude from 450 m a.s.l. to 750 m a.s.l. [55]. The pictures show remarkable features across the area: (A) La Peyrère is a cave connected to the main drainage system, (B) P2 Loss is the point of injection for artificial tracer tests, (C) La Hillère is a temporary resurgence, (D) Moulo de Jaur is a temporary resurgence and an intermediate observation point of tracer transport, (E) Las Hountas is the perennial spring of the watershed and the tracer recovery point and (F) B1 is the gauging station (discharge, water sampling, and fluorimeter), modified from [13]. 
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Figure 2. Rainfall-discharge time series during artificial tracer tests and injection recovery time series. The artificial tracer tests have been performed in April 2018 (modified from [13]). 
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Figure 3. Coupling the Stochastic Karst Simulator (SKS) and Storm Water Management Model (SWMM) to solve the inverse problem based on artificial tracer tests. SKS is used to simulate the conduit network geometry and SWMM is used to simulate flow and solute transport, assuming an instantaneous complete mixing hypothesis. 
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Figure 4. Simulation of a karst conduit network over the downstream part of the Baget watershed using the SKS algorithm. 
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Figure 5. Tracer injection (green bars), experimental residence time distribution (RTD; black solid line) and simulated RTD curves: grey lines represent simulated RTD for all scenarios, green lines represent simulated RTD with an Nash-Sutcliff Efficiency coefficient (NSE) superior to 0.8 and the red line is the simulation providing the best NSE (0.89). 






Figure 5. Tracer injection (green bars), experimental residence time distribution (RTD; black solid line) and simulated RTD curves: grey lines represent simulated RTD for all scenarios, green lines represent simulated RTD with an Nash-Sutcliff Efficiency coefficient (NSE) superior to 0.8 and the red line is the simulation providing the best NSE (0.89).



[image: Water 12 01139 g005]







[image: Water 12 01139 g006 550] 





Figure 6. Histograms calculated over 1000 simulations on (a) NSE coefficient, (b) section area, (c) the mean flow velocity and (d) the conduit length. Grey bars are for all data and green bars represent the simulations providing an NSE superior to 0.8 between simulated RTD and observed RTD. 
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Figure 7. 2D representation of the simulated tracer pathways, extracted from the synthetic conduit networks simulated with SKS. 
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Figure 8. (a) Flow velocity along with the tracer transport and (b) flow section along with the tracer transport. Green lines correspond to simulations providing an NSE superior to 0.8 and red lines correspond to simulation providing the best NSE (0.89). 
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Table 1. Statistics based the simulation with an NSE > 0.8 (174 simulations).
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	Descriptive Statistics
	Mean Flow Section Area (m2)
	Mean Flow Velocity (m/s)
	Transport Length (m)





	Min
	8.42
	0.09
	772.7



	Max
	9.45
	0.41
	1007.0



	Mean
	9.01
	0.16
	905.5



	Standard Deviation
	0.20
	0.06
	43.1



	Variation Coefficient
	0.02
	0.14
	0.05











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Simulated conduit network
— Simulated conduit network (NSE > 0.8)
— Simulated condut network (best NSE)
 Non-karstifiable formation
@ Karsifiable formation






media/file4.png
Injection (kg)

Rainfall (mm)

H Rainfall [mm)]
Discharge [m 3!5] )
—0.5
3 | | l | | | | | I 0
12 Apr 13 Apr 14 Apr 15 Apr 16 Apr 17 Apr 18 Apr 19 Apr 20 Apr 21 Apr 22 Apr
0 I I I T I I I 1450
0.2 I njection [kg]
: I Concentration [ug/L]
0.4 —1100
0.6 -
—1 50
0.8 -
1 L—lk | | ] ipiting 0
12 Apr 13 Apr 14 Apr 15 Apr 16 Apr 17 Apr 18 Apr 19 Apr 20 Apr 21 Apr 22 Apr

Discharge (m3/s)

Concentration (pg/L)





nav.xhtml


  water-12-01139


  
    		
      water-12-01139
    


  




  





media/file16.png
Flow velocity (m/s)

0
1200

1000 800 600 400

Distance from recovery point (m)

(a)

Flow section {m?)

1.5¢

0.5

0 1 1 ! ! !
1200 1000 800 600 400

Distance from recovery point (m)

(b)

200





media/file2.png
Balagueé polje

0 1 2 km “~
.

-"'"-..,-_
T

L. iStudyareal | Watershed limits Observed faults ———- Inferred faults

Stratigraphy BRSEE Aptian sup. : limestone and argillaceous limestone
B Scree, dejection cones psaBll Aptian inf. : marl (Tuc dEmbech, Ballongue)
WnlSY Berriasian - Barremian : limestone, marl, brecdia, marble

C  Colluvium
Fz  Alluviumn 167  Kimmeridgian - Tithonian : breccia, dolomitic mable, grey and black dolomie
K Colluvium and alluvium (karst depression) ¥  Kimmeridgian : limestone, black dolomie, breccia
BEEE Turonian - Cenomanian : conglomerate jI-50  Aalenian - Oxfordian : white dolomitic marble, dolomitic limestone and limestone
fieed| Albian sup. - Santonian : flysch, calcarenite and marl S Fliensbachian - Toarcian : oolithic limestone, marl and limestone
n-cd | Albian - Santonian : black fiysch, Lachein marl, calcarenite, breccia [N Hettangian - Sinemurian : marbled limestone
neb-claf Albian - Turonian inf. : Ballongue slaty flysch =7 Trias sup. : limestone, variegated gypsiferous clays

0 100 200 m
[ —

nl.g

A

= Hydrographic network
— Faults
— Elevation isoline (m asl)

Legend
=== Drain (cave)

Pictures
(A) La Peyréere
! (B) P2 Loss
(C) La Hillére
(D) Moulo de Jaur





media/file5.jpg
N simulations

Complete
mixing.

.

SimulatedRTD

Savedata
&
NewSimulation

Is acceptable?

Newsimulation






media/file3.jpg
o

o
o)

Otxhors ()

[ T T T

Concenration ()

T T





media/file1.jpg





media/file7.jpg
D1Modeling area ( \
¥ Injection
Hes 3
Inlets

Drain (cave)
—Faults
— Simulated conduit network
— Hydrographic network
 Fz - Allvions
£ Non-karstifiable formation
@Karsifiable formation






media/file10.png
li Tracer injection (kg ~— RTDsim (s!) —  RTD sim [NSE > 0.8] (s!) = RTD sim [Best NSE] (s!) = RTD mes (s!)

0 I 2

. - | | -1.5
go.s—
c ™
.% -1 0
£ =

' 0.5

1.5 '

_ _ | _ 0
50 100 150 200 %107
Time since first injection (h)





media/file12.png
Count

200

150 -
[ ]All data [ Al data
[INSE>0.8] ; o [INSE>0.8
150
100 -
=
100 3
O
50 -
50
0 0
05 8 8.5 9 9.5 10
NSE Section area (m?)
(a) (b)
150 200
Al data Al data
[ INSE>0.8 [ INSE>0.8
150
100
r=
3 100
O
50 -
50
0 0
0 0.1 0.2 0.3 0.4 0.5 700 800 900 1000 1100 1200 1300 1400

Mean flow velocity (m/s) Conduit length (m)

(c) (d)





media/file9.jpg
o

§2 Jmis)

£ w0 50 F)
Time sice st nfction (1)

gt
o





media/file0.png





media/file14.png
_J Modeling area
==Drain (cave)
— Faults

WV Injection

Recovery

Simulated conduit network
— Simulated conduit network (NSE > 0.8)
— Simulated conduit network (best NSE)
L] Non-karstifiable formation
B3 Karsifiable formation






media/file8.png
C1Modeling area
V¥ Injection
- Recovery
Inlets

Drain (cave)
— Faults
— Simulated conduit network
— Hydrographic network
- Fz - Alluvions
[ ] Non-karstifiable formation
B Karsifiable formation






media/file11.jpg
o1 02 03 o4 08
Mean flow velocity (m/s)

()

50,

s 85 9 95 10
Section area (m?)

®)

Fo0 300 900 1000 1100 7200 1300 1400
Conduit length (m)

(d)





media/file6.png
INPUTS

M simulations

Links
Nodes

w

Complete
mixing

}

Simulated RTD

Discharge
Water level

Cost

function

v

Is acceptable ?

YES

Savedata
&

New Simulation

NO

New simulation






media/file15.jpg





