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Abstract

Characterization of karst systems, especially the assessment of structure and geometry of conduits along with forecast of

state-variables, are essential for groundwater quality/quantity management and implementation/rehabilitation of large-scale

engineering projects in karst regions. These objectives can be fully met by utilizing process-based discrete-continuum models,

such as MODFLOW-2005 CFPv2, as employed here. However, such tools should be used with the caveat of the potential non-

uniqueness of results. This research focuses on the joint-inversion of discharge, water temperature, and solute concentration

signatures of Freiheit Spring in Minnesota, USA, in response to a spatiotemporally small-scale hydraulic and transport experi-

ment. Adopting the multi-model concept to address conceptual uncertainty, seven distinctive model variants were considered.

Spring hydro-chemo-thermo-graphs for all variants were simultaneously simulated, employing joint-inversion by PEST. Subse-

quently, calibrated models were compared in terms of calibration performance, parameter uncertainties and reasonableness, as

well as forecast capability. Overall, results reveal the reliability of the discrete-continuum flow and transport modeling, even

at a spatiotemporally small-scale, on the order of meters and seconds. All conceptualized variants suggest almost identical

conduit tracer passage sizes which are close to the flood-pulse method estimates. In addition, the significance of immobile

conduit-associated-drainable storages in karst hydrodynamic modeling, which is uniquely provided in our model code, was high-

lighted. Moreover, it was demonstrated that the spring thermograph and hydrograph carry more information about the aquifer

characteristics than the chemograph. However, this last result can be site-specific and depends on the scale of the experiment

and the conceptualized variants of the respective hydrological state.
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Abstract 25 

Characterization of karst systems, especially the assessment of structure and geometry of 26 

conduits along with forecast of state-variables, are essential for groundwater quality/quantity 27 

management and implementation/rehabilitation of large-scale engineering projects in karst 28 

regions. These objectives can be fully met by utilizing process-based discrete-continuum models, 29 

such as MODFLOW-2005 CFPv2, as employed here. However, such tools should be used with 30 

the caveat of the potential non-uniqueness of results. This research focuses on the joint-inversion 31 

of discharge, water temperature, and solute concentration signatures of Freiheit Spring in 32 

Minnesota, USA, in response to a spatiotemporally small-scale hydraulic and transport 33 

experiment. Adopting the multi-model concept to address conceptual uncertainty, seven 34 

distinctive model variants were considered. Spring hydro-chemo-thermo-graphs for all variants 35 

were simultaneously simulated, employing joint-inversion by PEST. Subsequently, calibrated 36 

models were compared in terms of calibration performance, parameter uncertainties and 37 

reasonableness, as well as forecast capability. Overall, results reveal the reliability of the 38 

discrete-continuum flow and transport modeling, even at a spatiotemporally small-scale, on the 39 

order of meters and seconds. All conceptualized variants suggest almost identical conduit tracer 40 

passage sizes which are close to the flood-pulse method estimates. In addition, the significance 41 

of immobile conduit-associated-drainable storages in karst hydrodynamic modeling, which is 42 

uniquely provided in our model code, was highlighted. Moreover, it was demonstrated that the 43 

spring thermograph and hydrograph carry more information about the aquifer characteristics than 44 

the chemograph. However, this last result can be site-specific and depends on the scale of the 45 

experiment and the conceptualized variants of the respective hydrological state.   46 
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1 Introduction 47 

Karst aquifers contribute to the global groundwater abstraction with ca. 13%, supplying potable 48 

water for almost one-tenth of the world’s population (Stevanović, 2019). These types of 49 

groundwater resources are characterized by a solutionally-developed hierarchical discrete 50 

conduit network of generally unknown structure and geometry, imbedded into a porous rock-51 

matrix. The resultant multimodality of flow and storage, widely conceptualized as bimodality, or 52 

even sometimes as trimodality, of karst (Atkinson, 1985; Ford & Williams, 2007; Sauter, 1992; 53 

Worthington, 1999) leads to adverse engineering consequences for water quality/quantity 54 

management (Bakalowicz, 2011), and implementation of large hydro-structures (Milanovic, 55 

2004), in karst regions. In other words, the spatial distribution of storage and permeability fields 56 

within a karst system is not just dramatically changing, but also generally unknown. 57 

Consequently, system state-variables of hydrological (i.e., discharge and hydraulic heads) and 58 

water physicochemical (i.e., temperature and solute concentration) signatures, in-short “aquifer 59 

signatures” or so-called “hydro-chemo-thermo-graphs,” can vary extremely within the 60 

spatiotemporal domain in an unpredictable and undesirable fashion. 61 

To meet the abovementioned challenges, a great deal of the karst literature has been devoted to 62 

direct and indirect characterization of karst systems, especially the conduits. Speleological 63 

survey is the common direct characterization method of karst conduits based on field 64 

observations. Although these kind of investigations can be very informative, in practice they are 65 

also very limited because traversable conduits (i.e., caves) are neither always present, nor always 66 

accessible, nor always representative of the active flow system (Jeannin et al., 2007). 67 

Consequently, indirect karst characterization based on the recorded time-series of aquifer 68 

signatures has been of major interest. 69 

From a methodological perspective, the indirect characterization methods are either based on 70 

hydrogeological principles through application of statistical measures/methods (e.g., Mangin, 71 

1975; Shuster & White, 1971) or sophisticated numerical models through adaptation of inverse 72 

theory (e.g., Borghi et al., 2016). Springs, the representative monitoring site for the global 73 

behavior of karst systems (Jeannin & Sauter, 1998) comprise the only groundwater data 74 

collection point in many cases and are commonly utilized and preferred in this context. 75 
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Indirect karst characterization methods based on the spring signatures can be further categorized 76 

into two classes as naturally-driven recharge-events and artificially-driven hydraulic/tracer-tests 77 

(modified from Geyer et al. (2013)). Flood-pulse analysis (Ashton, 1966), known also as pulse 78 

train analysis (Ford & Williams, 2007; Wilcock, 1968), is a routine recharge-event-based method 79 

for estimation of phreatic conduit volume (e.g., Ryan & Meiman, 1996), which has also been 80 

applied to artificial hydraulic tests (e.g., Luhmann et al., 2012). The original method calculates 81 

the phreatic conduit volume as the bulk water discharged between the commencement of 82 

hydrograph and chemograph changes, induced by a recharge event. The time period has slightly 83 

been modified by some researchers, accounting for water displacement from epikarst and 84 

unsaturated zone (e.g., Williams, 1983), or justifying by the system-state (e.g., Luhmann et al., 85 

2012). Although the flood-pulse method provides an intuitive measure for karst conduit sizes, it 86 

is generally criticized that it tends to overestimate the phreatic conduit volume, because of 87 

ignoring the drained water from the matrix flow system during the period of calculation (Birk et 88 

al., 2006; Williams, 1983).  89 

Parameter estimation by inverse application of distributed numerical models has been applied as 90 

a sophisticated indirect method for karst aquifer characterization for over two decades (e.g., 91 

Larocque et al., 2000, 1999). The method is applied to the spring signatures of either naturally- 92 

(e.g., Kavousi et al., 2020) or artificially-driven (e.g., Luhmann et al., 2012) basis. However, 93 

there are generally few inverse model applications which can characterize karst conduits. This is 94 

due to the technical limitations imposed by many models to represent karst systems as well as the 95 

data scarcity and the resulting ambiguity of the model calibration. 96 

Several distributed numerical modeling approaches have been developed for the simulation of 97 

karst systems, as reviewed by Ghasemizadeh et al. (2012), Hartmann et al. (2014), and Kovács 98 

and Sauter (2007). Among the approaches, only the discrete-continuum one can directly employ 99 

measured system-state variables, boundary conditions, parameters and processes taking place 100 

within conduit and matrix compartments of real-world karst systems in a process-based way 101 

(Kovács & Sauter, 2007). Therefore, inverse modeling utilizing such hybrid models cannot only 102 

simulate the observed system-state variables (e.g., hydro-chemo-thermographs), but also support 103 

the system characterization.  104 
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Discrete-continuum models are composed of two compartments, i.e., discrete features of 105 

conduits embedded into a rock-matrix continuum (Király, 1998). Over the last three decades, 106 

several discrete-continuum codes (e.g., de Rooij et al., 2013; Király et al., 1995; Liedl et al., 107 

2003; Malenica et al., 2018; Reimann et al., 2018; Shoemaker et al., 2008; Tinet et al., 2019) and 108 

discrete-continuum enabled general-purpose codes (e.g., Cornaton, 2007; Diersch, 2014; Panday 109 

et al., 2013; Therrien et al., 2010; Zimmerman, 2006) have been developed, highlighting the 110 

interest of the karst modeler community in the approach.  111 

It has been demonstrated that the application of joint-inversion techniques for the simultaneous 112 

simulation of different groundwater flow and transport signatures can improve the inverse 113 

modeling, in terms of reducing uncertainty and non-uniqueness of estimated parameters (Bravo 114 

et al., 2002; Gailey et al., 1991; Harvey & Gorelick, 1995; Xu & Gómez-Hernández, 2016). 115 

Borghi et al. (2016) showed that this hypothesis is also supported for discrete-continuum 116 

modeling. They utilized the GROUNDWATER code for synthetic sets of karst aquifers with 117 

different conduit configurations. Considering three adjustable parameters for an idealized model, 118 

Borghi et al. (2016) revealed that the joint-inversion by means of gradient-based optimization 119 

techniques, such as those offered by PEST (model-independent Parameter ESTimation code; 120 

Doherty, 2019), are efficient and promising for karst characterization. However, few joint-121 

inversion applications of discrete-continuum models to real-world flow and transport signatures 122 

have been reported thus far. As a matter of fact, combined utilization of hydro-chemo-thermo-123 

graphs as a calibration target can reduce the ambiguity of the inversion, but requires more efforts 124 

for simultaneous simulation of flow and transport.  125 

Kavousi (2015) and Kavousi et al. (2020) considered model variants of conduit network 126 

configurations and simultaneously simulated the measured long-term hydro-chemo-thermo-127 

graphs of a large-scale karst system in Iran, employing the MODFLOW-2005 CFPv2, in-short 128 

“CFPv2.” Their simulations with over ten adjustable parameters were still statistically robust, 129 

and hence serve as a proof of concept for the applicability of the process-based discrete-130 

continuum modeling approach by CFPv2. Mohammadi et al. (2018) used the CFPv2 for joint-131 

inversion of the measured hydrograph and tracer breakthrough curve of a karst spring in Iran. 132 

Chang et al. (2019) coupled CFPv2 with ERCH, a lumped reservoir model for epikarst, and 133 

successfully simulated spring discharge and the tracer breakthrough curve from a karst aquifer in 134 

southwest China.  135 
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Results of any inverse model application can be highly affected by the considered conceptual 136 

model. Two major approaches have been used to develop hydrogeological conceptual models 137 

(Enemark et al., 2019): (1) the consensus and (2) the multi-model approach. In the consensus 138 

approach, the current state of knowledge on the site (acquired from the available data and 139 

information) would be integrated into a single conceptual model, such that the model would be 140 

sequentially updated to a new state of knowledge in the future (see Brassington & Younger 141 

(2010) and Enemark et al. (2019)). However, in the multi-model approach, alternative plausible 142 

conceptual models are being developed and tested in parallel, at any state of knowledge of the 143 

site (see Enemark et al. (2019) and Neuman and Wierenga (2003)). The multi-model approach is 144 

not aimed to find a single best model, but rather to find an ensemble of alternative conceptual 145 

models, accounting for the fact that “the hydrogeological functioning of a system can be 146 

interpreted in different ways” (Enemark et al., 2019). This approach is especially superior when 147 

the data/information on the system is scarce (Enemark et al., 2019; Neuman & Wierenga, 2003), 148 

and hence, is adopted in this study.  149 

This work demonstrates the joint-inversion/forecast of two artificially-driven hydraulic and 150 

tracer injection experiments with the following objectives: (1) Verify the applicability of the 151 

discrete-continuum modeling approach for simultaneous simulation of flow, water temperature, 152 

and solute concentration at a small spatiotemporal scale, focusing on potential model code 153 

improvement at that scale as a future outlook plan; (2) Reveal conceptual model uncertainty by 154 

developing and testing a series of distinctive conceptual models through the multi-model 155 

approach; (3) Discuss the quantity and significance of estimated parameters; (4) Inspect the 156 

importance of different spring flow and transport signatures in karst system characterization.  157 

2 Material and Methods 158 

2.1 Case Study 159 

Freiheit Spring (MN23:A00041) is located in the karst region of Fillmore County, SE Minnesota, 160 

United States. The hydrogeology of this region has been extensively investigated by the 161 

Minnesota Geological Survey (MGS) and Department of Natural Resources (DNR) (e.g., 162 

Mossler, 2008; Runkel et al., 2003; Steenberg & Runkel, 2018; Steenberg, 2014). Moreover, 163 

Luhmann (2011) investigated the variation of physicochemical characteristics of Freiheit Spring 164 

water over a three-year period and conducted two short-term controlled recharge experiments 165 
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(Luhmann et al., 2015; Luhmann et al., 2012). Here, we focus on different aspects of joint-166 

inversion of recorded spring signatures for the first experiment, while the second experiment will 167 

be considered to test the forecast capability of our model. In the following, we provide relevant 168 

information about the geological and hydrogeological settings of the Freiheit karst system, as 169 

well as the controlled recharge experiments.  170 

Freiheit Spring is emerging from the Stewartville Formation (~15-meter below the formation 171 

top), at an elevation of 359.66 masl (Steenberg & Runkel, 2018). The Stewartville Formation 172 

consists of limestone and dolostone sub-horizontally overlain and underlain by the Ordovician 173 

Dubuque-Maquoketa and Prosser-Cummingsville Formations, respectively. These formations are 174 

also partially or entirely comprised of limestone and dolostone, evidently associated with 175 

different karst features, e.g., sinkholes, sinking-streams, caves, and springs (see Mossler (2008), 176 

Runkel et al. (2003), and Steenberg (2014) for the details on geological formations).  177 

Analyzing the results of several qualitative and quantitative tracer tests, DNR (2020) delineated 178 

the groundwater springshed of many karst springs in the state of Minnesota, including the 179 

Freiheit Springshed (Figure 1). The areas of the Freiheit surface watershed and groundwater 180 

springshed are 0.914 and 6.507 km
2
, respectively. The combined area of the watershed and 181 

springshed, which overlap in the upgradient parts of the groundwater springshed, compares 182 

favorably with that obtained based on the normalized base-flow discharge method of Quinlan 183 

and Ray (1995), as mentioned by Luhmann et al. (2012). 184 

Flow and transport in the Freiheit karst system are evidently influenced by the effect of 185 

preferential conduit flow, based on the following evidence: 186 

1. Development of secondary solutional porosity in the bedrock formations of the Galena 187 

Group and overlaying formations were frequently reported (see Runkel et al. (2003)). 188 

2. Inspecting the Minnesota Karst Features Database (Green et al., 2018), five sinking 189 

streams and 28 sinkholes are located within the surface watershed and Freiheit 190 

springshed.  191 

3. Estimated flow velocities for some sink to spring tracer tests, within the groundwater 192 

springshed, are in the range of conduit flow (i.e., on the order of km/day).  193 
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 194 

Figure 1. (a) Groundwater springshed and surface watershed of Freiheit Spring on a LiDAR-based digital terrain model of a National 195 

Elevation Dataset, NED (b) 3D hill-shade view of the aquifer terminal part, presenting the test sinkhole, spring, groundwater 196 

springshed, and considered conduits (vertical exaggeration: 1.5; camera field of view: 45˚). The orange arrow from the test sinkhole to 197 

the spring indicates the only definite conduit path, while the green and purple dotted arrows represent potential conduits located 198 

upstream and downstream of the test sinkhole, respectively.  199 
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4. Variation of the water quality and quantity of Freiheit Spring is significant and flashy, 200 

such that discharge, temperature, and specific conductivity, during the measurement 201 

period of 2008 to 2011, ranged from 10 to 385 l∙s
-1

, 5.6 to 11.6 ⁰C, and 0.3 to 0.7 202 

mS∙cm
-1

, respectively.  203 

5. The spring water tends to be turbid during high flows. This phenomenon could not be 204 

observed unless the opening sizes and water velocity in preferential flow paths be 205 

suitable for the suspension and transport of solid particles. 206 

2.1.1 Experiments 207 

Luhmann (2011) conducted two multi-tracer controlled recharge experiments at the 208 

downgradient part of the Freiheit Springshed, nearby the spring, on August 30th and 209 

September 2nd, 2010 (Figure 1). Water with known elevated temperature and solute 210 

concentration (including salt, uranine, and deuterated water for the first experiment and salt 211 

for the second experiment) was injected into a sinkhole, with straight horizontal and vertical 212 

distances of 95 and 19 m from the spring, respectively (Figure 1). The Freiheit Spring 213 

responses (including discharge, temperature, specific conductivity, and concentrations of 214 

uranine, deuterium, and suspended sediment signatures) were continuously recorded by data-215 

loggers at a high temporal resolution (seconds) or grab samples.  216 

In the first experiment, 13.065 ±2% m
3
 of water was injected (Luhmann et al., 2012). The 217 

background spring water temperature and chloride concentration were 9.08 °C and 11.8 ppm, 218 

respectively, while the values for injected water were 24.1 °C and 1529 ppm. The main 219 

relevant outcomes of the experiment are summarized below (see Luhmann et al. (2012) for 220 

the details): 221 

- Spring discharge started to increase shortly after injection of water into the test 222 

sinkhole and well before the other signatures, suggesting submerged full-pipe flow 223 

conditions. 224 

- Turbidity was the next signature to rise and peak. While minor amounts of sediment 225 

were derived from the conduit flow path, most of the sediment was likely derived 226 

from the sinkhole and peaked before the other tracers at the spring due to decreasing 227 

velocity during the hydrograph recession or preferential flow along higher velocity 228 

pathways. 229 
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- Arrival of the injected water at the spring coincided with the initial rise in the 230 

conservative solutes (i.e., uranine, chloride, and deuterium), which all peaked and 231 

recovered almost identically. 232 

- The rise and peak times of the dampened temperature signal occurred later than the 233 

same features for the conservative solute breakthrough curves.  234 

A similar field-scale experiment was conducted three days later (Luhmann et al., 2015). This 235 

time, ~12.6 m
3
 of water, at 21.5 °C temperature and with 33.02 kg of dissolved NaCl salt, 236 

was injected. However, the water was released with two almost identical pulses, separated by 237 

25 minutes. Some rainfall occurred between the two experiments that caused more 238 

background variability in spring signatures before the second experiment, but the 239 

hydrodynamic conditions were very similar, such that the background discharges before the 240 

first and second experiments were 26.7 and 26.8 l·s
−1

, respectively. In general, the spring 241 

responses for the double-pulse tracer experiment were very similar to the single pulse tracer 242 

experiment three days earlier (see Luhmann et al. (2012) and Luhmann et al. (2015) for the 243 

detailed explanations). 244 

The experiments documented the unique combination of hydraulic pressure, advection, 245 

dispersion, thermal conduction, and flow exchange processes in a real-world karst system at a 246 

spatiotemporally small-scale size that have not yet been fully simulated by a process-based 247 

model. It should be mentioned that Luhmann et al. (2012) simulated the spring chemo-248 

thermo-graph for the first experiment, solving advective-dispersive solute and heat transport 249 

equations, as well as thermal exchange for heat transport. However, flow exchange between 250 

the conduit and surrounding matrix was neglected as the simulation was based on a sole pipe 251 

transport model, using the COMSOL Multiphysics commercial code. Moreover, flow was not 252 

simulated by Luhmann et al. (2012), but the flow velocity was required for the transport 253 

simulations and assumed as an instantaneous constant quantity throughout the whole pipe at 254 

each simulation time-step (see Luhmann et al. (2012) for the details).  255 

2.2 Conceptual Models 256 

Distinct conceptual models of the terminal downgradient part of the Freiheit karst system 257 

were developed, considering the multi-model concept. All the conceptual models are 258 

identical in terms of considered compartments, processes, and boundary conditions. 259 

However, they are distinct with respect to the conduit configuration (i.e., structure) and/or 260 

zonation (i.e., number of conduit sections). 261 
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2.2.1 System Compartments 262 

We conceptualize the karst aquifer as a system with three compartments: (1) conduit, (2) 263 

matrix, and (3) conduit associated drainable storage (CADS). The matrix and conduit 264 

represent the main reserve and flow dynamic compartments, in accordance to the conceptual 265 

models of karst systems (e.g., Ford & Williams, 2007; Worthington, 1999). The CADS 266 

compartment can be assumed as a part of the conduit system. However, the water storage in 267 

CADS is of higher importance than the flow. This compartment is comparable to the “annex 268 

systems to drain, ASD” in Mangin’s conceptual model (Mangin, 1975), evidently reported 269 

for some karst aquifers (e.g., Maréchal et al., 2008; Raeisi et al., 1999). CADS reservoirs, 270 

which can be formed by solutional enlargement of fractures and cavities, are filled by almost 271 

stagnant water, but have direct association with the conduit compartment (for more detailed 272 

description of the CADS conceptualization, see Kavousi et al. (2020) and Reimann et al. 273 

(2014)). 274 

2.2.2 Processes 275 

Flow and transport processes within the aforementioned compartments were conceptualized 276 

based on the best functionality of the adopted numerical modeling approach and the current 277 

state of knowledge on the site. Table 1 presents the assumed processes for different aquifer 278 

compartments. The matrix and conduits were conceptualized as the laminar and turbulent 279 

flow domains, respectively. However, the CADS is considered as an immediately responding 280 

immobile reservoir with direct association to the conduit compartment.  281 

Considering the test sinkhole connected to a conduit path, solute and heat transport are 282 

considered only within the conduit compartment, such that the CADS and matrix surrounding 283 

the conduits can have diluting effects through exchange. 284 

Chemical reactions are ignored for solute transport because of the more or less conservative 285 

behavior of the solute tracer employed, i.e., chloride. Therefore, it can be assumed that the 286 

tracer moves conservatively under pure advective-dispersive processes within the conduits. 287 

Temperature is considered with comparable convective-dispersive processes; however, its 288 

signal could be further affected by damping due to the heat conduction process within the 289 

matrix environment surrounding the conduit. CADS is considered as a mixing reactor with 290 

respect to both solute and heat transport processes.  291 

 292 
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Table 1. Considered flow and transport processes in different aquifer compartments. 293 

Aquifer 

compartment 

Processes 

Flow dynamic Solute transport Heat transport 

Matrix  - Laminar flow 

- Interaction with conduits 

- Non-reactive and non-

retarded 

- 2D heat conduction 

within the conduit walls 

Conduit - Turbulent flow 

- Interaction with matrix 

- Interaction with CADS  

- 1D advection 

- 1D dispersion 

- 1D advection 

- 1D dispersion 

- 2D radial diffusion 

across boundary layer 

CADS - Immobile immediate-

response reservoirs 

- Interaction with conduits 

- Immobile mixing 

reservoir 

- Immobile mixing 

reservoir 

 294 

2.2.2.1 Ignorance of Partially-Saturated Conduit Slow and Transport  295 

Time scales of preferential flow and transport processes in vertical shafts might be fairly 296 

ignorable in karst flow and transport modeling at regional large-scale (e.g., Kavousi et al., 297 

2020), especially with daily or even hourly measurement frequencies. Experiments on the 298 

Freiheit karst system conducted over a short sink to spring distance of almost one-hundred 299 

meters and measured on the frequency of seconds. Therefore, the recorded delay between the 300 

pool-water release and the hydrograph rise (which was 3.25 minutes for the first experiment), 301 

as well as the associated transport signal delay can, at-least partially, be attributed to the 302 

required flow-through-time for vertical water passage to join the phreatic part of the system. 303 

Considering the elevation difference between the test sinkhole and the spring, Luhmann et al. 304 

(2012) assumed a vertical conduit infeeder, with almost nineteen-meter length, for the 305 

connection between test sinkhole and submerged conduit. Nevertheless, this study focusses 306 

on the saturated flow and transport, neglecting the partially-saturated processes in the vertical 307 

infeeder, as the water was released into a sinkhole that was assumed to have direct connection 308 

with the karst preferential flow paths, and the time period required for the recharge water to 309 

reach the phreatic conduits was estimated to be only a few minutes (Luhmann et al., 2012).  310 

Therefore, despite the existence of a vertical infeeder beneath the test sinkhole (see Luhmann 311 

et al. (2012)), passage of water and associated solute and heat transport toward the spring 312 

were assumed to be in a phreatic condition during the whole experiment period. Thus, the 313 

conduits were supposed to be located at a sub-horizontal level, parallel to the contact surface 314 

of the Stewartville-Prosser Formations and below the spring level, such that they are always 315 

functioning at a phreatic full-pipe condition.  316 
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2.2.3 Boundary Conditions 317 

Freiheit Spring and its predefined groundwater springshed are regarded as a fixed-head and 318 

Neumann no-flow boundary conditions, respectively (see section 0 and Figure 1). The aquifer 319 

boundary condition and spatial distribution of recharge are not known. However, when the 320 

experiments were conducted, the aquifer was draining during its recession. Therefore, 321 

recharge contribution from the surface watershed can be neglected, compared to that of the 322 

groundwater springshed. Consequently, the latter, which was recognized as the main aquifer 323 

zone (DNR, 2020), is assumed as the model domain and surrounded by no-flow boundaries 324 

(Figure 1). The spatiotemporally small-scale of the experiments, which are limited to the 325 

aquifer downgradient part for durations of only two hours, underpin the simplifying 326 

assumption of no-flow boundaries for the groundwater springshed. Recharge to the aquifer 327 

consists of two components: the antecedent recharge accounted for the pre-experiment 328 

background spring discharge and the injected water into the test sinkhole. 329 

2.2.3.1 Antecedent Recharge Component 330 

Prior to the implementation of the first and second experiments, the spring was in recession at 331 

26.7 and 26.8 l∙s-1
. Spring discharge two hours after the first injection was reduced to ~25.5 332 

l∙s-1
 upon the transmission of the hydraulic pulse. This slight one-liter discharge reduction 333 

was taken into account for accurate introduction of the antecedent pre-experiment recharge 334 

component for the first test. However, the spring discharge for the second experiment was 335 

almost identical, before and after the experiment, and hence, a constant antecedent recharge 336 

component is considered there. 337 

The antecedent recharge component is further apportioned between two sub-components of 338 

distributed recharge and conduit inflows. The distributed recharge ensures initial aquifer 339 

matrix head distribution towards the conduits, draining the karst aquifer during the recession. 340 

This sub-component is defined by the estimated recharge of the region which was ~0.31 m 341 

during the year of interest (estimated from raster data provided by Smith and Westenbroek 342 

(2015)). The conduit inflows account for the recharge drained by the conduits of distant 343 

aquifer parts, which are of unknown structure and not simulated in order to reduce the 344 

overburden transport simulation time. Accordingly, the long-term distributed recharge over 345 

the groundwater springshed, i.e., the model domain, accounted for ~9.1 l∙s-1
 of spring 346 

discharge, while the rest was defined as the conduit inflows, i.e., a known flux boundary 347 

condition at the non-spring conduit ends. 348 
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It should be pointed out that the initial rock-matrix/water temperature and chloride 349 

concentration for the pre-experiment recharge component are presumed based on the spring 350 

background data. Accordingly, constant values of 9.08 and 9.31 ⁰C are considered for the 351 

initial rock-matrix/water temperature of the antecedent recharge component of the first and 352 

second experiments, respectively. Similarly, the chloride concentration of the first and second 353 

pre-experiment recharge components as well as of the corresponding rock-matrix water are 354 

set to the background values of 11.7 and 5.46 ppm, respectively (see Luhmann et al. (2012 355 

and 2015) for more detailed description of the pre-experiment spring water characteristics). 356 

2.2.3.2 Recharge Component of the Experiments 357 

13.065 m
3
 of water with a chloride concentration of 1529 ppm and temperature of 24.1 ⁰C is 358 

considered as the known flux boundary condition at the test sinkhole for the first experiment. 359 

Regarding the second experiment, 12.6 m
3
 of pool-water, with an estimated chloride 360 

concentration of 1361 ppm and temperature of 21.5 °C, is assumed as two identical separate 361 

pulses, with a 25-minute delay in between. 362 

The recharge components are approximated by uniform rectangular functions. The time 363 

period of recharge is 214 s for the first experiment, based on the field observation of the test 364 

sinkhole flooding period. However, the periods of test sinkhole flooding were not reported 365 

for the first and second pulses of the second experiment. The recharge period for these pulses 366 

is estimated based on the ratio of time-difference between hydrograph and chemograph rise-367 

times (i.e., 625 s) to the observed test sinkhole flooding period (i.e., 214 s) for the first 368 

experiment. Accordingly, the duration of the first and second pulses of the second experiment 369 

are calculated as 172 s and 159 s, considering the corresponding time-differences between 370 

hydrograph and chemograph rise-times of 502 s and 464 s. 371 

2.2.4 Model Variants 372 

In order to investigate the conceptual uncertainty, seven variants of feasible conduit 373 

configuration and zonation for the test sinkhole-Freiheit Spring connection are 374 

conceptualized, considering a multi-model approach (Figure 2). The variants are limited to 375 

the test sinkhole and spring location, assuming inflow at the non-spring conduit ends, as 376 

discussed in section 0. The variants that can warrant all potential cases of conduit 377 

configuration of the Freiheit karst system in its terminal section are described in the 378 

following: 379 
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- Model variant I is the simplest, and has only one conduit section as the tracer passage, 380 

connecting the test sinkhole and spring (Figure 2). This single conduit is comparable 381 

to that of Luhmann et al. (2012). However, as it was formerly discussed, potential 382 

flow and transport interactions (i.e., between conduits, CADS, and matrix) can make a 383 

big difference between the results of our models with that of Luhmann et al. (2012).  384 

- Model variant II is similar to model variant I, though the conduit section of the tracer 385 

passage is further split into two sections in the former (Figure 2). This conduit 386 

zonation would test whether likely constrictions of conduit passage or changes in 387 

aquifer characteristics (i.e., conduit parameters) can help to achieve a better result. It 388 

is worth mentioning that the addition of more conduit sections could likely result in a 389 

better model fit, which is not the main objective of this research. The conduit zonation 390 

for the tracer passage in model variant II is comparable to the zonation considered for 391 

some other model variants, as described below (Figure 2). 392 

-  Model variant III is comparable to model variant I, but has an additional upstream 393 

conduit section linked to the test sinkhole (Figure 2). This upstream conduit would 394 

allow to check for potential improvement in simulation by considering the back-395 

flooding effect in the upstream conduits. 396 

- Model variant IV is a combination of model variants II and III and comprises of three 397 

conduit sections (Figure 2). 398 

- Model variant V considers the test sinkhole as a sole input tributary for the 399 

experiment, which is connected to a downstream lateral tributary conduit in the 400 

middle of the tracer passage (Figure 2). The test sinkhole is here assumed to be 401 

connected to a phreatic conduit which joins a lateral conduit in its path towards the 402 

spring, such that the upstream inflow is set to zero and all conduit inflow is attributed 403 

to the lateral mixing conduit. 404 

- Model variants VI and VII, which are the combination of model variants II and V, and 405 

IV and V, respectively, test the contribution of inflow from both upstream and lateral 406 

tributary mixing conduits (Figure 2).  407 
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 408 

Figure 2. Conceptual models for conduit configuration and zonation. Conduit sections are 409 

indicated in colors, beside the associated names. “Tracer” is the conduit section bridging 410 

across the test sinkhole and spring, which is further divided into “Tracer1” and “Tracer2” in 411 

some model variants. “Mixing” and “Upstream” are the conduit sections for the lateral 412 

tributary mixing and upstream of the test sinkhole, respectively. Red, grey, purple, and blue 413 

arrows symbolize the injected water, upstream conduit inflow, mixing conduit inflow and 414 

spring outflow, respectively. Q, C and T stand for the discharge, solute concentration and 415 

water temperature, respectively. The subscript Sp, R, inf, mix, and 0 correspond to the spring, 416 

recharge for the experiment, inflow, downstream mixing, and background values, 417 

respectively. The mentioned time periods correspond to the first experiment. 418 

 419 

Since the configuration of conduits between the test sinkhole and spring is unknown, 420 

numerous conduit configurations can be assumed and tested. However, considering a holistic 421 

overview, all possible conduit configurations can fall within the proposed seven distinctive 422 

conduit configurations. In fact, model variants I to IV would assess if the test sinkhole is 423 

located over a main conduit, assuming no further conduit junctions in the tracer passage, 424 

while model variant V assumes that the test sinkhole is associated with a minor conduit 425 

tributary, connected to the main conduit downstream. Model variants VI and VII are further 426 

testing for lateral conduit inflow contribution in the center of the tracer passage (Figure 2).  427 

It might be assumed that all the defined model variants are subsets of model variant VII. For 428 

example, if the diameter of the mixing conduit section is set to zero, the model variants IV 429 

and VII are identical. However, it is emphasized that, since the conduit diameter and wall 430 

roughness are being separately estimated, the conduit diameter cannot be reduced to a 431 

diameter of zero in the course of inversion. For example, a high value of wall roughness 432 

coincides with a low value of conduit diameter (i.e., a ratio of > ~3:1) causes model failure 433 

due to numerical instabilities. Nevertheless, only model variants II and IV which are chosen 434 

to investigate potential conduit constriction can be assumed as the subsets of variants “I” and 435 

“III,” respectively.  436 
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2.3 Numerical Model 437 

2.3.1 Simulation Code: CFPv2 438 

MODFLOW-2005 CFPv2, in-short “CFPv2,” is employed for the simulations. Here we give 439 

a brief explanation of the code. Further details can be found in Birk (2002), Harbaugh (2005), 440 

Liedl et al. (2003), Reimann et al. (2014, 2018), and Shoemaker et al. (2008). 441 

CFPv2 is the research version of MODFLOW-2005 CFP-M1, enhanced by addition of solute 442 

and heat transport subroutines originating from the Carbonate Aquifer Void Evolution, 443 

CAVE code. The code considers a modified representation of the karst system by associating 444 

a new compartment for immobile conduit reservoirs, as well as further improvements in 445 

computational schemes (Reimann et al., 2018). CFPv2 has been successfully tested with 446 

analytical solutions for some idealized cases (Reimann et al., 2018) and adopted for modeling 447 

of flow and transport in real-world karst systems (Chang et al., 2019; Hu & Xu, 2016; Karay 448 

& Hajnal, 2015; Kavousi et al., 2020; Mohammadi et al., 2018; Sullivan et al., 2019; Xu, Hu, 449 

Davis, & Cao, 2015; Xu, Hu, Davis, & Kish, 2015). 450 

2.3.1.1 Flow Modeling 451 

CFPv2 utilizes MODFLOW-2005 for three-dimensional simulation of laminar flow in the 452 

matrix continuum (Harbaugh, 2005). Neighboring matrix nodes can be associated with 453 

conduit nodes, modeled as cylindrical pipes. Flow in the conduits can occur under laminar or 454 

turbulent flow conditions (Shoemaker et al., 2008), whereas in this work it is always in a 455 

turbulent state due to the high flow velocities observed in the experiments. 456 

Computation of conduit flows and exchanges with associated matrix and CADS depends on 457 

the matrix and conduit heads, which is solved by Newton-Raphson iterations satisfying 458 

Kirchhoff’s law for discharge at conduit nodes (Reimann et al., 2014; Shoemaker et al., 459 

2008). The coupling of matrix continuum/CADS to the embedded conduit network is crucial 460 

for CFPv2 and allows rigorous numerical realizations of karst groundwater systems. The 461 

coupling is achieved by a head-dependent exchange flow term between matrix and associated 462 

conduits, while the CADS is immediately exchanging flow with the associated conduits, such 463 

that the heads of CADS and associated conduits are always the same. 464 

2.3.1.2 Solute Transport Modeling 465 

Considering the solute conservative behavior and flow velocities, the solute transport module, 466 

STM, Package of CFPv2, is designated to model one-dimensional advective-dispersive 467 

transport inside conduits under turbulent flow condition. CADS at the associated conduit 468 
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nodes is considered as a simple mixing reactor, where solute exchange is coupled with the 469 

flow (see Reimann et al. (2018) for the details of processes implemented in the CFPv2).  470 

2.3.1.3 Heat Transport Modeling 471 

The heat transport module, HTM, Package of CFPv2, accounts for convective-dispersive heat 472 

transport in conduits, as well as conductive heat transfer between the conduit and the 473 

surrounding rock-matrix through a thermal boundary layer, as well as within the rock-matrix 474 

(Birk, 2002; Birk et al., 2006). Likewise in STM, CADS is considered as a simple mixing 475 

reactor for heat exchange in HTM (Reimann et al., 2018). Details of heat (as well as solute) 476 

transport numerical schemes can be found in Birk (2002) and Reimann et al. (2018).  477 

2.3.2 Numerical Model Representation 478 

The modeling area is discretized by 100 m
2
 (i.e., 10 m  10 m) cells in two layers, based on 479 

the 3D data on geological formations (i.e., Steenberg, 2014). The calibration period is 480 

temporally discretized by three stress-periods, where the first one is considered as steady-481 

state. This stress-period is required to reproduce a matrix head for the remaining modeling 482 

period, justified by the given reasons in section 0. The steady-state stress-period is followed 483 

by two transient stress-periods of 214 seconds for the injection and 6986 seconds for the 484 

pulse transmission. Gradual increase of time-step length is considered to increase the 485 

accuracy of calculations, while reducing the computation time. In total, 287 time-steps are 486 

considered for the whole calibration period. 487 

Table 2 gives the list of adjustable parameters, beside their relevant aquifer compartments 488 

and relevant input-files (see Reimann et al. (2018) and Harbaugh (2005) for detailed 489 

description of the input-files). Overall, there are 7 conduit, 2 CADS, and 3 matrix adjustable 490 

parameters. 491 

All model input parameters are considered to be homogeneously distributed across the 492 

domain, except for the first five parameters in Table 2, which were imposed by zonation 493 

based on the conduit sections for the model variants II to VII. CADS is assumed to be present 494 

in all conduit sections across all nodes, such that their width can be optimized. Moreover, it 495 

should be noted that the conduit inflows are only estimated for the model variants VI and VII, 496 

where the total inflow can be shared between the mixing and upstream inflows. In other 497 

words, the allocation ratio between conduit inflows in the variants VI and VII is not fixed but 498 

computed by the model. The conduit upstream or mixing inflows are not estimated and 499 

treated as fixed for the other model variants, because only one such parameter was introduced 500 
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there which can deliver all conduit inflow. Consequently, the number of adjustable 501 

parameters for the model variants I to VII are successively 10, 15, 15, 20, 20, 22, and 27. 502 

Table 2. List of model adjustable parameters, including their notations, units, relevant aquifer 503 

components and relevant input-files. 504 

No. Parameter symbol
†
 Unit 

Aquifer 

component 

MODFLOW-2005 / 

CFPv2 input-file 

1 Conduit diameter Dc m Conduit CFP 

2 Conduit tortuosity c - Conduit CFP 

3 Conduit wall rough. kc m Conduit CFP 

4 Exchange coef. Kex m∙s-1 Conduit CFP 

5 CADS width WCADS m CADS CFP 

6 Conduit upstr. inflow Qinf m3∙s-1 Conduit CRCH 

7 Conduit mixing inflow Qmix m3∙s-1 Conduit CRCH 

8 Conduit recharge CRCH - Conduit CRCH 

9 CADS recharge CADS-RCH - CADS CRCH 

10 Horizontal hydr. cond. Kh m∙s-1 Matrix LPF 

11 Rock specific heat cp,r J∙kg-1∙K-1 Matrix HTM 

12 Rock thermal cond. kr W∙m-1∙K-1 Matrix HTM 

† Parameters with further zonation would have slightly modified symbols, which would be indicated in the text. 

 505 

All matrix layers are modeled with similar parameters and comprise a homogeneous but 506 

anisotropic matrix domain with a Kx:Kz anisotropy ratio of 10:1 (Runkel, 2020, personal 507 

communication). Concentrated recharge to the test sinkhole node can be either diverted to the 508 

model as the CRCH (conduit recharge) or CADS-RCH (recharge to the CADS), such that 509 

experiment recharge would be directed into these two components. Since concentrated 510 

recharge is defined through the RCH MODFLOW package, prior information was taken into 511 

account to accomplish this. Therefore, the model can alternatively transmit some portion of 512 

the experiment recharge to the matrix system too, if this matrix recharge is supported by the 513 

inversion. 514 

The amount, temperature, and concentration of recharge components are assigned to the 515 

relevant CFPv2 input-files according to the values in section 0.  516 

2.3.3 Calibration Procedure 517 

Inverse problems in hydrogeology are typically solved by history matching, i.e., fitting 518 

model-simulated to field-observed signatures, in both steady- and transient-state simulations, 519 

which results in a set of parameter estimates that produce a satisfactory level of match 520 

(Anderson et al., 2015). 521 
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Field observations are scarce for history matching of many environmental systems, and it is 522 

often necessary to integrate all measured and simulated data into a single objective function 523 

for simultaneous inversion (Hill & Tiedeman, 2007). For this purpose, weighting of different 524 

signatures within a single objective function of least-squares is very efficient. The weighted 525 

least-squares objective function, Φ, is the sum of squared-weighted-residuals, i.e., differences 526 

between measured and simulated signatures (Neuman, 1973):  527 

Φ = ∑ (∑ [𝑤𝑖,𝑗(𝑀𝑖,𝑗 − 𝑆𝑖,𝑗)]
2𝑚

𝑗=1 )𝑛
𝑖=1 = ∑ (∑ (𝑤𝑖,𝑗𝑟𝑖,𝑗)

2𝑚
𝑗=1 )𝑛

𝑖=1   (1) 528 

where n and m refer to the number of signature groups and individual signatures, 529 

respectively; 𝑤𝑖,𝑗 is the weight assigned to the j-th signature of i-th signature group; 𝑀𝑖,𝑗 is 530 

the j-th measured signature of i-th signature group; 𝑆𝑖,𝑗 is the simulated signature, equivalent 531 

for 𝑀𝑖,𝑗; and 𝑟𝑖,𝑗 is the residual of difference between 𝑀𝑖,𝑗 and 𝑆𝑖,𝑗. There are three time-series 532 

of measured signatures for Freiheit Spring, i.e., spring discharge (Q), solute concentration 533 

(C), and water temperature (T), which are included in the weighted least-squares objective 534 

function.  535 

Weights in an objective function are critical for a simultaneous calibration (i.e., joint-536 

inversion), as they represent the degree of certainty that is assigned to different 537 

measurements. In an ideal statistical context, any individual weight should directly express 538 

the measurement error of the associated observation, though the ideal rarely holds when 539 

models are applied in practice (Anderson et al., 2015). Here the weights are assigned as 540 

inversely proportional to the standard deviation of measured signatures, such that equal 541 

weights are considered within each group (according to the guidelines by Doherty (2019)). 542 

Accordingly, 𝑤𝑄, 𝑤𝐶, and 𝑤𝑇 are 371.116 s
1
m

-3
, 6.393 m

3
kg

-1
, and 1.52 ˚C

-1
, respectively. 543 

Minimization of the weighted least-squares objective function is implemented using PEST 544 

(Doherty, 2019), in the parameter estimation mode. 545 

Matrix and conduit heads are not recorded within the Freiheit karst system. However, 546 

considering the spring type, the outlet elevation (i.e., 359.66 masl) is assumed as the matrix 547 

head for the corresponding spring node at the first steady-state stress period. This assumption 548 

would constrain the inverse problem to stick with realistic heads. This head value beside the 549 

prior information designated for realistic concentrated recharge estimation and inflow 550 

allocation (for model variants VI and VII) are normally engaged as a part of the weighted 551 

least-squares objective function (see Doherty (2019)).  552 
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2.3.4 Performance Assessment 553 

The extent to which model outputs (i.e., simulated signatures) are in agreement with their 554 

pertinent field records (i.e., measured signatures) is detectible from the value of the objective 555 

function (Doherty, 2019). However, some other statistical measures of goodness of fit have 556 

usually been adopted for this reason (see Anderson et al. (2015); Knoben et al. (2019); 557 

Pushpalatha et al. (2012); Wöhling et al. (2013); Zheng and Bennett (2002)).  558 

We consider three criteria to assess the fitting statistics: (1) root mean square error, RMSE 559 

which is in the scale of measured values; (2) Nash-Sutcliffe efficiency, NSE (Nash & 560 

Sutcliffe, 1970), which is widely used as a normalized metric for model performance 561 

assessment in hydrological simulations; and (3) Kling-Gupta efficiency, KGE (Gupta et al., 562 

2009), which is another commonly used normalized metric for model performance 563 

assessment. As a rule of thumb, the smaller the RMSE and the higher the KGE or NSE values 564 

(i.e., the more close to the unity), the better the model performance. Unlike the NSE, which 565 

ranges from zero to one, the KGE can reach negative values, such that -0.41 was established 566 

as the mathematical threshold between the “good” and “bad” model performances (Knoben et 567 

al., 2019). 568 

2.3.5 Parameter Uncertainty Reduction 569 

Observations considered in an inverse-problem would contribute to the reduction of prior 570 

uncertainties at which the parameters are being estimated. Relative parameter uncertainty 571 

variance reduction, 𝑅𝑈𝑉, is a powerful measure to compare the degree of parameter 572 

uncertainty reduction, given a set of observations (Doherty, 2015): 573 

𝑅𝑈𝑉𝐼 = 1 −
𝜎𝑢𝐼
2

𝜎𝐼
2        (2) 574 

where 𝜎𝑢𝐼
2  and 𝜎𝐼

2 are the prior and posterior uncertainty variances for the I-th parameter, 575 

respectively. 𝑅𝑈𝑉𝐼 ranges from zero to one, such that the higher the value, the more the 576 

reduction of parameter uncertainty (Doherty, 2015). 𝑅𝑈𝑉𝐼 is considered as a more robust 577 

method in comparison to the other similar statistics for parameter comparison, such as 578 

parameter sensitivity, identifiability, and relative error reduction (see Doherty and Hunt 579 

(2009) and Doherty (2015)). 580 
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3 Results and Discussions 581 

3.1 Model Calibration 582 

All model variants of Freiheit Spring are calibrated to the observations from the first 583 

experiment using PEST (Doherty, 2019). Figure 3 presents the measured and simulated 584 

hydro-chemo-thermo-graphs for the model variant II as a sample fit. The graph is normalized 585 

to the range, such that each measured and simulated signature is subtracted by the 586 

corresponding measured pre-experiment background, then divided by the relevant measured 587 

peak value (Figure 3).  588 

It should be noticed that normalization to the range tends to exaggerate the discrepancies 589 

between measured and simulated signatures, e.g., the maximum discrepancy between 590 

measured and simulated discharge (as the weakest modeled signature) is smaller than 4.6%, 591 

which is still less than the half of discharge measurement error of ±10%, as reported by 592 

Luhmann et al. (2012). Therefore, Figure 3 reveals that the CFPv2 could fairly reproduce the 593 

signatures observed at Freiheit Spring through joint-inversion. Table 3 provides the model 594 

calibration performance criteria for all calibrated model variants, including RMSE, NSE, and 595 

KGE, beside the weighted least-squares objective function from PEST (i.e., Φ), which 596 

combines all observations and prior information into a single performance criterion. Model 597 

variants VII, IV, VI, and II achieve better Φ performance in comparison to the rest. Among 598 

these variants, variant II is simpler as it has only 15 adjustable parameters. However, all 599 

model variants are still acceptable in terms of the fitting statistics. Results indicate that the 600 

model performance can be improved by further zonation of the tracer conduit section 601 

(compare model variants I and III with the other variants, cf. Table 3 and Figure 2). 602 

Moreover, the fitting statistics for the model variant V, which has conduit inflow solely as 603 

downstream mixing, is the worst among the model variants with downstream mixing inflow 604 

(i.e., V, VI, and VII). 605 

 606 
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 607 

Figure 3. Range-normalized measured and calibrated hydro-chemo-thermo-graphs (i.e., Q, 608 

C, and T signatures) of the first experiment, for the model variant II. Note that the 609 

normalization is performed based on the ranges of measured values, such that the pre-610 

experiment background and peak values reach the values of zero and one, respectively. 611 

 612 

Table 3. Weighted least-squares objective function of PEST (Φ), and calibration performance 613 

criteria (i.e., RMSE, NSE, and KGE) of different signatures across all model variants (ranked 614 

from the best to the worst according to the Φ value), beside the number of adjustable 615 

parameters. Note that the red to green color-scale for the NSE and KGE criteria have the 616 

same scale, such that the darker the shade of green in the cell, the closer the value is to unity, 617 

i.e., the better the fitting statistic. However, the red to green color-scale for the RMSE and Φ 618 

can only be compared vertically (i.e., within each signature group), such that in each of the 619 

columns of RMSE or Φ criteria, greener cells correspond to better fitting statistics.  620 

Rank 

Model 

variant 

No. of adj. 

parameters 

Φ 

[-] 

RMSEQ 

[l∙s
-1

] 

RMSEC 

[ppm] 

RMSET 

[°C] 

NSEQ 

[-] 

NSEC 

[-] 

NSET 

[-] 

KGEQ 

[-] 

KGEC 

[-] 

KGET 

[-] 

1 VII 27 14.49 0.497 0.015 0.039 0.966 0.991 0.996 0.893 0.963 0.995 

2 IV 20 15.67 0.553 0.013 0.048 0.958 0.993 0.995 0.874 0.979 0.996 

3 VI 22 16.52 0.528 0.016 0.039 0.962 0.989 0.996 0.876 0.974 0.997 

4 II 15 18.20 0.584 0.016 0.045 0.953 0.989 0.995 0.868 0.971 0.997 

5 V 20 32.51 0.600 0.032 0.096 0.950 0.958 0.979 0.853 0.877 0.968 

6 I 10 43.89 0.908 0.025 0.059 0.886 0.974 0.992 0.759 0.895 0.995 

7 III 15 43.95 0.965 0.022 0.032 0.871 0.980 0.998 0.733 0.956 0.995 

 621 

According to all criteria, fitting statistics for the discharge signature (i.e., hydrograph) are 622 

somewhat weaker than the transport ones (cf. Figure 3 and the NSE and KGE values in 623 

Table 3). However, the discrepancy between measured and simulated discharges is still 624 

smaller than the measurement error and can be attributed to the following reasons: 625 

1. The beginning of measured hydrograph rise had a 3.25 minute delay relative to the 626 

start of the experiment, which is attributed to the required time for recharge water to 627 
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reach the phreatic conduits. Then the hydraulic pulse was assumed to propagate along 628 

the flow path at the speed of sound, under submerged conditions (Luhmann et al., 629 

2012). Since the partially-saturated vertical conduit flow is ignored in our simulations, 630 

the delay for the simulated discharge is inevitably shorter (see section 0).  631 

2. Small oscillations in the measured hydrograph likely resulted from the measurement 632 

method, which was comprised of a 120° v-notch weir and pressure transducer data-633 

logger (see Luhmann (2011) for the details).  634 

3. An unusual discharge drop from the pre-experiment level (at ~2,200 s) and recovery 635 

(since ~4,500 s to the end of simulation) can be observed. Luhmann et al. (2012) 636 

attributed this odd flow behavior to syphoning, flow inertia, or hysteresis effects 637 

associated with the transition of some portion of conduits from full-pipe to open-638 

channel flow. These flow processes are neither distinguishable at the current state of 639 

knowledge of the site nor covered by the available model tools. 640 

It is again emphasized that the reported ±10% error in the discharge measurements (Luhmann 641 

et al., 2012) is still greater than the maximum discrepancy between measured and simulated 642 

discharge in all model variants. Therefore, one may consider that the relatively weaker fit for 643 

the hydrograph is mainly stemmed from the associated measurement error.  644 

Moreover, one may be able to achieve better fitting statistics by considering additional 645 

zonation of conduits adopting a highly regularized inversion, e.g., by Tikhonov regularization 646 

(Doherty, 2019), if a perfect fit is the desired modeling outcome. However, we only consider 647 

two sections, as this yields a sufficiently fine joint-inversion of all signatures at the cost of 648 

fewer adjustable parameters, i.e., lower degree of uncertainty. 649 

3.2 Statistical Assessment of Estimated Parameters 650 

Table 4 presents the average, maximum, and minimum of the estimated parameter values 651 

across different model variants. All estimated parameter values are within their reported 652 

feasible ranges, except for the tortuosity and rock thermal parameters, which will be 653 

discussed in the relevant following sections. 654 

In order to have a favorable comparison of calibrated parameters in all model variants, each 655 

estimated value and their 95% confidence intervals are plotted in a separate plot on a 656 

normalized scale (Figure 4). The normalized estimated parameter value of each variant is 657 

calculated as one minus the ratio of the actual estimated parameter value to the corresponding 658 

average value across all model variants. Likewise, normalizations of 95% upper and lower 659 
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confidence limits are performed by adding the relative deviation of the respective confidence 660 

limits to the normalized parameter values (Figure 4). Adopting this normalization scheme, 661 

the variation of normalized parameter estimates highlights the deviation of estimated values 662 

across the model variants, while the size of confidence intervals are mainly applicable to 663 

compare the certainty at which the parameters were estimated by PEST in each model variant 664 

(Figure 4). It’s worth mentioning that the PEST calculated 95% confidence limits are based 665 

on the linear approximation of the posterior covariance matrix (see Doherty (2019)). 666 

Comparing the normalized values for segmented parameters, except for the conduit 667 

tortuosity, the estimated values exhibit a narrower uncertainty interval for the parameters 668 

corresponding to the tracer conduit sections, in comparison to those of the upstream and 669 

mixing ones (Figure 4). Specifically, diameters of conduit sections for the tracer passage 670 

(i.e., Dc, Dc1, and Dc2) have the most constant and certain estimates across all model variants. 671 

Estimated parameters for the model variants I and II, which have neither upstream nor mixing 672 

conduit sections, are associated with the highest certainties across all model variants, on 673 

average. This observation suggests that the conducted experiment was more appropriate to 674 

estimate parameters for the tracer conduit passage (especially the conduit diameter) than 675 

those of the upstream or mixing ones.  676 
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Table 4. Average, minimum, and maximum of estimated parameter values across different 677 

model variants. 678 

No. Parameter 

Conduit 

section 

Parameter 

symbol
†
 Unit 

Average 

estimate 

Min. 

estimate 

Max. 

estimate Model Variant 

1 Conduit diameter 

 

Tracer Dc m 0.365 0.363 0.367 I, III 

2 Tracer1 Dc1 m 0.332 0.300 0.392 II, IV, V, VI, VII 

3 Tracer2 Dc2 m 0.416 0.325 0.502 II, IV, V, VI, VII 

4 Mixing Dc, Mixing m 0.922 0.561 1.392 V, VI, VII 

5 Upstr. Dc, Upstr. m 1.823 1.546 2.000 III, IV, VII 

6 Conduit tortuosity Tracer τc - 5.336 5.266 5.406 I, III 

7 Tracer1 τc1 - 5.879 1.164 8.199 II, IV, V, VI, VII 

8 Tracer2 τc2 - 4.347 2.108 8.408 II, IV, V, VI, VII 

9 Mixing τc, Mixing - 1.064 1.000 1.191 V, VI, VII 

10 Upstr. τc, Upstr. - 1.118 1.000 1.208 III, IV, VII 

11 Conduit wall rough. Tracer kc m 0.684 0.645 0.724 I, III 

12 Tracer1 kc1 m 0.717 0.375 1.000 II, IV, V, VI, VII 

13 Tracer2 kc2 m 0.605 0.185 1.000 II, IV, V, VI, VII 

14 Mixing kc, Mixing m 0.629 0.559 0.768 V, VI, VII 

15 Upstr. kc, Upstr. m 0.805 0.616 0.998 III, IV, VII 

16 Exchange coef. Tracer Kex m∙s-1 1.31E-04 1.27E-04 1.35E-04 I, III 

17 Tracer1 Kex1 m∙s-1 9.98E-05 4.39E-05 1.60E-04 II, IV, V, VI, VII 

18 Tracer2 Kex2 m∙s-1 2.09E-04 1.83E-04 2.42E-04 II, IV, V, VI, VII 

19 Mixing Kex, Mixing m∙s-1 1.28E-05 8.34E-06 1.72E-05 V, VI, VII 

20 Upstr. Kex, Upstr. m∙s-1 5.16E-05 1.45E-05 7.74E-05 III, IV, VII 

21 CADS width Tracer WCADS m 7.39E-03 6.37E-03 8.40E-03 I, III 

22 Tracer1 WCADS1 m 4.45E-03 3.05E-03 5.38E-03 II, IV, V, VI, VII 

23 Tracer2 WCADS2 m 6.51E-02 1.58E-02 1.02E-01 II, IV, V, VI, VII 

24 Mixing WCADS, Mixing m 5.01E-03 1.48E-03 1.02E-02 V, VI, VII 

25 Upstr. WCADS, Upstr. m 1.05E-03 4.84E-05 2.20E-03 III, IV, VII 

26 Conduit inflow Mixing InflowMixing m3·s-1 1.38E-02 1.35E-02 1.40E-02 VI, VII 

27 Upstr. InflowUpstr. m3·s-1 3.80E-03 3.57E-03 4.03E-03 VI, VII 

28 Conduit recharge - CRCH - 0.689 0.568 0.819 All 

29 CADS recharge - CADS-RCH - 0.311 0.181 0.432 All 

30 Horizon. hydr. cond. - Kh m∙s-1 1.87E-06 1.01E-06 3.14E-06 All 

31 Rock specific heat - cp,r J∙kg-1∙K-1 5.00E+03 5.00E+03 5.00E+03 All 

32 Rock thermal cond. - kr W∙m-1∙K-1 3.297 2.920 3.632 All   
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 679 

Figure 4. Normalized plots of estimated parameter values and their 95% confidence intervals 680 

for all model variants. Note that each plot corresponds to one parameter in all model variants. 681 

Deviation of the estimated parameter value from zero for each model variant highlights the 682 

deviation from the average estimated value of the parameter across all model variants, while 683 

the size of confidence intervals are mainly applicable to compare the certainty at which the 684 

parameters were estimated in each model variant. 685 

 686 

Relative uncertainty variance reduction, of parameters RUV, is also investigated using the 687 

utilities provided for PEST post-processing (Doherty, 2019; Doherty & Hunt, 2009). For this 688 

purpose, the Jacobian matrix is recalculated for the calibrated parameter dataset excluding the 689 

prior information from the inversion. Table 5 presents the RUV for all model variants.  690 
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Table 5. Relative parameter uncertainty variance reduction (RUV) for all model variants. 691 

Values are color-scaled based on the given legend. Rows of the table that correspond to the 692 

parameters of the tracer conduit sections are presented in boldface. 693 

No. Parameter 

Conduit 

section 

Parameter 

symbol 

RUV for the model variant   

 I II III IV V VI VII   Color scale: 

1 Conduit diameter Tracer Dc 1.00   1.00  - -  -  -    > 0.9   

2 Tracer1 Dc1 - 0.99 - 0.99 1.00 0.99 0.99   0.8 - 0.9   

3 Tracer2 Dc2 - 0.99 - 0.99 0.99 0.98 0.99   0.7 - 0.8   

4 Mixing Dc, Mixing - - - - 0.45 0.17 0.20   0.6 - 0.7   

5 Upstream Dc, Upstream - - 0.88 0.81 - - 0.64   0.5 - 0.6   

6 Conduit tortuosity Tracer τc 1.00 - 1.00 - - - -   < 0.5   

7 Tracer1 τc1 - 0.95 - 0.97 0.94 0.96 0.97       

8 Tracer2 τc2 - 0.92 - 0.86 0.98 0.87 0.84       

9 Mixing τc, Mixing - - - - 0.64 0.68 0.57       

10 Upstream τc, Upstream - - 0.71 0.74 - - 0.52       

11 Conduit wall rough. Tracer kc 1.00 - 1.00 - - - -       

12 Tracer1 kc1 - 0.99 - 0.98 1.00 0.97 0.97       

13 Tracer2 kc2 - 0.93 - 0.93 0.96 0.98 0.98       

14 Mixing kc, Mixing - - - - 0.37 0.24 0.27       

15 Upstream kc, Upstream - - 0.38 0.32 - - 0.31       

16 Exchange coef. Tracer Kex 0.99 - 0.98 - - - -       

17 Tracer1 Kex1 - 0.98 - 0.94 0.97 0.97 0.91       

18 Tracer2 Kex2 - 0.94 - 0.89 0.97 0.90 0.91       

19 Mixing Kex, Mixing - - - - 0.82 0.84 0.41       

29 Upstream Kex, Upstream - - 0.94 0.94 - - 0.91       

21 CADS width Tracer WCADS 0.99 - 0.99 - - - -       

22 Tracer1 WCADS1 - 0.99 - 0.99 0.98 0.99 0.99       

23 Tracer2 WCADS2 - 0.98 - 0.98 0.98 0.98 0.98       

24 Mixing WCADS, Mixing - - - - 0.94 0.92 0.83       

25 Upstream WCADS, Upstream - - 0.38 0.97 - - 0.84       

26 Conduit inflow Mixing InflowMixing - - - - - 1.00 1.00       

27 Upstream InflowUpstream - - - - - 1.00 1.00       

28 Conduit rech. comp. - CRCH 0.96 0.93 0.94 0.93 0.84 0.93 0.93       

29 CADS rech. comp. - CADS-RCH 0.94 0.90 0.95 0.89 0.86 0.93 0.95       

30 Horizon. hydr. cond. - Kh 0.95 0.93 0.93 0.93 0.94 0.93 0.93       

31 Rock specific heat - cp,r 0.92 0.80 0.88 0.84 0.84 0.80 0.89       

32 Rock thermal cond. - kr 0.90 0.87 0.87 0.88 0.84 0.92 0.91       

 694 

As it can be seen in Table 5, all parameters in the model variant I and II have a RUV of over 695 

0.8, which means that all parameters are effectively sensitive for the current conceptual 696 

model and dataset. The level of uncertainty reduction is different, but still remains significant 697 

for many parameters in the other model variants. Obviously, almost all parameters from the 698 

upstream and mixing conduit sections have smaller RUV comparing to the equivalent 699 

parameters in the same model variants, and therefore, are less sensitive. However, the RUV 700 

of exchange coefficients for the upstream conduit section in the model variants IV and VII 701 

are exceptions, slightly exceeding their equivalent values for the conduit sections of the tracer 702 

passage. These results highlight that model variant II may be preferred to the others even if 703 

its calibration performance is slightly weaker. 704 

It is worth mentioning that the matrix specific yield has also been considered as an adjustable 705 

parameter in the early model runs. However, the parameter turns out to be very insensitive in 706 
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the course of calibrations of all model variants, causing occasional numerical instabilities of 707 

the inversion. Therefore, this parameter is fixed at a value of 0.05 (personal communication 708 

with Runkel, 2020) and omitted from the inversion to reduce the dimensionality of the model 709 

inversion. The insensitivity of the model to the specific yield is justifiable by the fact that the 710 

time period of the aquifer dynamic response to the experiment was only two hours, when the 711 

reserves from the conduit and CADS compartments govern the aquifer behavior more 712 

effectively than those of the matrix. 713 

3.3 Model Testing 714 

All calibrated model variants were considered as base models and used to reproduce the 715 

hydro-chemo-thermo-graphs of the second experiment conducted at Freiheit Spring. 716 

Comparing the NSE and KGE performance criteria values across and within model variants, 717 

the following results can be summarized (Figure 5): 718 

- Model variant V has the best forecasts among the model variants. 719 

- The best model fit to the observed signatures is for the discharges and the worst is for 720 

the solute concentrations, except for the model variant III, where the KGE of 721 

forecasted thermograph is slightly better than that of the hydrograph. 722 

- All thermographs produced better model fits than the chemographs. 723 

Figure 6 presents the measured and forecasted hydro-chemo-thermo-graphs for all model 724 

variants. The observed deviations between the measured and forecasted results potentially 725 

result from the uncertainties in recharge functions, because all model variants are calibrated 726 

and forecasted by rectangular recharge functions. Overall, the following deviations can be 727 

highlighted by careful inspection of the joint-forecasts for all model variants: 728 

1. The rise and peak times are clearly better estimated for the hydrograph in comparison 729 

to the others, which obviously indicates some delayed shift of the forecasted transport 730 

spikes (Figure 6). 731 

2. Forecasted peak-values are somewhat smaller than the observed ones for all 732 

signatures, in almost all model variants (Figure 6). 733 

3. Like the hydrograph of the first experiment, the unaccountable effect of some flow 734 

process (e.g., due to siphoning effects) caused discrepancy between measured and 735 

forecasted discharge (esp. from the ~2500-3000 second onward; cf. Figure 6). 736 

  737 
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 738 

Figure 5. KGE and NSE performance criteria for the joint-forecasted hydro-chemo-thermo-739 

graphs of all model variants. 740 

 741 

 742 

Figure 6. Measured and forecasted hydro-chemo-thermo-graphs of Freiheit Spring for all 743 

model variants. The forecasted results of model variants are presented with gray-scale colors, 744 

except for those of the model variant V, which has the best statistics (cf. Figure 5).  745 
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3.4 Value of Observation Data 746 

The model variants are calibrated using all observation data, including spring discharge (Q), 747 

solute concentration (C), and water temperature (T) signatures, i.e., hydro-chemo-thermo-748 

graphs. This section discusses the value of different signatures on the certainty of achieved 749 

parameter values. For this reason, seven cases of observation data availability (in-short 750 

“case”), including, Q, C, T, CT, QC, QT, and QCT are assumed for all model variants. No 751 

changes were made to the estimated parameter values, which were obtained from the full 752 

observation dataset, i.e., the QCT case (as described in section 0). However, the Jacobian 753 

Matrixes are recalculated and employed by PEST to explore the value of observation data 754 

based on the extent of parameter uncertainty reduction. For this reason, the PEST-reported 755 

95% confidence intervals of parameters for different cases are compared. In case 95% 756 

confidence limits were not reported by PEST, because of the nearly singular normal matrix, 757 

confidence limits are externally calculated by the PREDUNC1 PEST utility (Doherty, 2020). 758 

It should be mentioned that the cases without discharge observations (i.e., C, T, and CT) are 759 

definitely uncommon and undesirable for site data collection. However, they are provided to 760 

assure a comprehensive investigation of observation data value.  761 

Figure 7 presents a bar-chart of normalized 95% confidence intervals of parameters for the 762 

model variant II, at different cases of observation data availability. Normalization of all 763 

values is performed relative to the same parameter estimates for each model variant, which 764 

were achieved by the calibration based on all observations (i.e., the QCT case). The model 765 

variant II, which was chosen as an example plot (i.e., Figure 7), is a variant with two conduit 766 

sections laid solely along the tracer path, from the test sinkhole to the spring. Therefore, it 767 

achieved relatively narrow 95% confidence intervals, comparing to the variants III to VII (cf. 768 

Figure 4). Inspecting the results for the model variant II, the following outcomes can be 769 

summarized: 770 

1. Comparing the single signatures (i.e. Q, C, and T cases), the Q and C cases recover 771 

the narrowest and widest confidence intervals of parameters, on average. 772 

2. Although the parameters do not behave similarly, joint use of signatures in the 773 

inversion increases the certainty at which the parameters are being estimated, such 774 

that the CT, QT, and QC cases are more capable of reducing parameter uncertainty 775 

than the relevant single cases of these combinations, based on the number of 776 

parameters with higher reduction of uncertainty across the cases (i.e., according to the 777 

average rank of parameter uncertainty reductions). 778 
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3. Q case is even more valuable than the combined CT case. 779 

4. Although the T case is substantially more valuable than the C, the combined QC case 780 

is slightly favored over the QT one.  781 

5. The normalized confidence intervals for the QCT case are the narrowest for all 782 

parameters (Figure 7). In other words, parameter estimates are most certain if the full 783 

observation dataset for model calibration are considered.  784 

6. Comparing the QC, QT, and QTC cases, there is no significant difference in the 785 

reduction of parameter uncertainty if one uses the QT or QC case, instead of the full 786 

observation QCT dataset. 787 

 788 

Figure 7. Normalized 95% confidence intervals of parameters for the model variant II, at 789 

different cases of observation data availability. The horizontal axis groups the values for each 790 

case sorted based on the number of incidences with reduced parameter uncertainty, such that 791 

the C and the combined QCT cases exhibit the least and the most reduction of parameter 792 

uncertainties, respectively. The values within each case are also sorted based on the average 793 

rankings across all the cases, such that the more left and warm the color, the higher the 794 

parameter uncertainty. Note that the Cp,r and kr parameters are absent for the C, Q, and QC 795 

cases, and therefore, they are not considered in the ranking and are simply presented by gray 796 

colors at the right-most end of the relevant cases. The bars indicated by the red star exceed 797 

the y-axis range (i.e., 7).  798 

 799 

Figure 8 presents the cumulative probability (i.e., the exceedance probability) of normalized 800 

95% confidence intervals of parameters for all model variants, with respect to the different 801 

cases of observation data availability. This kind of probability plot is utilized because the 802 

parameters do not behave similarly with respect to different observation data, and the 803 

normalized 95% confidence intervals could reach very large values, especially for the 804 



manuscript submitted to Water Resources Research 

33 

 

parameters of the non-tracer conduit sections in the model variants III to VII (cf. Figure 8). 805 

For the sake of simplicity in comparisons, this general rule is applicable: the more the 806 

cumulative probability line shifts to the right, the more significant the reduction of 807 

uncertainty for the corresponding case of observation data availability. The following results 808 

are achieved by comparing the uncertainty reduction of parameters in different model 809 

variants: 810 

1. Comparing the single signatures, the C case is the least valuable in all model variants. 811 

Moreover, the Q case is the most valuable in the model variants I and II (as it was 812 

already mentioned), while the T case is most valuable in the rest of the model 813 

variants, where there are some conduit sections outside of the tracer path. 814 

2. Although the combined use of signatures generally results in higher uncertainty 815 

reduction for most of the estimated parameters, the T case could even more 816 

effectively reduce the uncertainty of parameters in comparison to the combined use of 817 

some signatures in some model variants. Specifically, the T signature is the second 818 

most important case of observation data availability (after the QCT case) for the 819 

model variant III. 820 

3. The QC case is the second close case to the QCT case in the model variants I and II, 821 

in terms of the average value and ranking of parameter uncertainty reduction. 822 

However, the QT case is always close to the QCT case in all model variants, and 823 

therefore, can be preferred to the QC case, considering the conceptual uncertainty.  824 

 825 
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 826 

Figure 8. Cumulative probability of normalized 95% confidence interval of parameters at 827 

different cases of observation data availability across different model variants. 828 

 829 
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3.5 Modeling Insights 830 

There are very limited observations of the size and location of the conduits inside the Freiheit 831 

karst system. Therefore, none of the candidate model variants can be disregarded. However, 832 

as the assumed model variants cover a reasonable range of feasible conduit configurations 833 

between the injection and spring point, they can provide some insightful outcomes on the 834 

aquifer characteristics and functioning at its terminal part. 835 

3.5.1 Parameter Uniqueness and Conceptual Model Uncertainty 836 

Inspection of parameter values across model variants demonstrate that some parameters could 837 

be almost uniquely estimated across variants, while some others are significantly diverse. 838 

Specifically, conduit associated parameters for the tracer passage conduit section are 839 

estimated at similar values and with a lower degree of uncertainty when comparing to the 840 

same parameters in the upstream and downstream mixing conduit sections. 841 

3.5.2 Uniformity of Tracer Conduit Size  842 

Conduit passage collapses, sediment breakdowns, and insoluble blocks may constrict karst 843 

conduits (especially at the aquifer terminal parts), and consequently regulate the observed 844 

spring signatures. Model simulations have indicated that these features may control the 845 

observed behavior of some karst aquifers (Chen & Goldscheider, 2014; Covington et al., 846 

2009; Halihan et al., 1998; Kavousi et al., 2020). 847 

Potential constriction in the conduit path was investigated by inspection of conduit diameters 848 

in the tracer path. Model variants II, IV, V, VI, and VII have two classes of conduit sections 849 

and therefore can recover constriction features. Although zonated conduit parameters may 850 

result in better model performance, emphasizing the importance of conduit parameters in the 851 

inversion, the estimated values for the conduit diameter of tracer passage sections are almost 852 

uniform in size, ranging from 30.0 to 50.2 cm across the variants (cf. Table 4). In other 853 

words, the inverse model did not suggest constriction of flow within the conduit sections. It’s 854 

also worth mentioning that Luhmann et al. (2012), using sole pipe transport simulations, 855 

suggested a conduit diameter of 7 to 8 cm for the Freiheit Aquifer. These values are 856 

obviously smaller than our results and highlight the importance of using a process-based 857 

discrete-continuum model in comparison to a sole pipe transport one, which consider uniform 858 

velocity across model, during each calculation time-step. 859 



manuscript submitted to Water Resources Research 

36 

 

3.5.3 Possibility of Inflow from both Upstream and Downstream Mixing 860 

Conduits 861 

Values achieved for the conduit inflow of mixing tributary in the model variants VI and VII 862 

are ~13.5 and ~14.0 l∙s-1
, respectively (cf. Table 4), such that ~77.1 and ~79.7 % of the 863 

conduit inflow is allocated to the lateral mixing tributary, while the rest inflow was attributed 864 

to the upstream conduit inflow there. Model variants I, II, III and IV which have no mixing 865 

tributary conduit section (i.e., 100.0 % upstream conduit inflow) and model variant V which 866 

has no upstream conduit inflow (i.e., 100.0 % mixing tributary conduit inflow) are also 867 

capable of reproducing the observed spring behavior, although the model variants with both 868 

inflows (i.e., model variants VI and VII) perform better in the model calibration. However, 869 

the model variant V, which had no upstream inflow, performs better in the forecast (cf. 870 

section 0). Overall, one may deduce that the inversion problem tends to favor contribution 871 

from both downstream mixing and upstream conduit inflows, with a higher contribution from 872 

the former. Nevertheless, this conclusion is valid as long as the aquifer is at the current 873 

hydraulic level. Other inactive vadose passages may connect with the spring, creating epi-874 

phreatic to phreatic conditions during high-flows. 875 

3.5.4 Significance of CADS 876 

The estimated values for the width of CADS is on the order of one millimeter to around ten 877 

centimeters across all model variants. This may lead to the assumption that the CADS is not 878 

important in the simulated experiment (cf. Table 4). Neglecting the presumption, a CADS-879 

detached version of the model variant II was constructed and calibrated. The new model has 880 

no CADS, and therefore, the concentrated recharge is also solely allocated as CRCH. 881 

Results suggest that the CADS-free model cannot simultaneously adhere to all the observed 882 

spring signatures, such that in comparison to the CADS-bearing version of model variant II, 883 

the value of  is increased to 77.41, which means over a four-time increase in the objective 884 

function (cf. Table 3). The transport signatures can partially be simulated with the CADS-885 

free model; however, the flow signature cannot be jointly simulated at all. The inadequacy of 886 

the CADS-free model highlights the importance of the CADS compartment in the overall 887 

aquifer functioning. 888 

3.5.5 Necessity of Some Additional Areas for Heat Exchange  889 

Modeling results indicate that in order to have a successful joint-inversion of all signatures 890 

for the conducted experiment, extraordinary large values for tortuosity and rock specific heat 891 

are required (Table 4).  892 
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No extensive analysis on cave sinuosity has been carried out in the studied karst region 893 

(Luhmann et al., 2012). However, since our models neglect the vertical passage of water in 894 

the infeeder, some large estimates of tortuosities are expected to compensate for the ignored 895 

associated loss of heat signals through some additional area for heat exchange. As a rough 896 

estimate, we consider the reported median value for tortuosity by Worthington (2014), based 897 

on 85 major cave flow paths (which was 1.44); given the elevation and horizontal differences 898 

between the test sinkhole and the spring location (which are 19 and 95 m, respectively) and 899 

the straight model length (which is 9×10 m), the model tortuosity should be around 1.82 to 900 

account for both vertical and horizontal water paths. However, the calculated tortuosity 901 

values for the model variants I and III (which had only one tracer conduit section) were 5.4 902 

and 5.2, respectively. Therefore, adopting a large tortuosity value, the model tried to provide 903 

extra flow path length, i.e., additional area for heat exchange, which evidently exceeded the 904 

assumed loss of heat for combined horizontal and vertical water movement in circular 905 

conduits. Considering the additional conduit length due to the large tortuosity, the estimated 906 

flow velocity within the conduit should also increase, such that the flow-through-time 907 

becomes fixed and an accurate joint-inversion of the spring hydro-chemo-graph can be 908 

obtained. 909 

On the other hand, all model variants touched their upper bound for estimation of rock 910 

specific heat, which was set at a large value of 5000 J∙kg
-1

∙K
-1

 (which is even somewhat 911 

larger than that of water, i.e., 4195.2 J∙kg
-1

∙K
-1

). Moreover, the estimated rock thermal 912 

conductivity ranges from 2.920 to 3.632 W∙m
-1

∙K
-1

, i.e., in the range of the largest reported 913 

values for carbonate rocks (see Robertson (1988)). The large values of rock thermal 914 

parameters also suggest that the model tries to consider more heat exchange in order to 915 

simultaneously simulate all signatures. 916 

Freiheit Spring emerges from a bedding plane parting, suggesting that a wide rectangular 917 

conduit cross-section shape may be more appropriate than a circular one (Luhmann et al., 918 

2012). Beside this field evidence, rectangular conduits feeding Freiheit Spring is further 919 

supported by the simulations conducted by Luhmann et al. (2012). They demonstrated that 920 

the rectangular conduits can perform better than the circular one, considering sole pipe 921 

transport simulations with conduction in the surrounding rock. Water flowing through 922 

rectangular conduits would obviously have additional heat exchange area comparing to the 923 

circular conduits, at the same hydraulic radius. However, CFPv2 currently assumes only 924 

circular conduits.  925 
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3.5.6 Conduit Volume of Tracer Passage 926 

Figure 9 presents the estimated conduit volume of the tracer passage in all model variants. 927 

Volumes, along with their pertinent 95% confidence intervals, are calculated by multiplying 928 

the length of tracer conduit sections by the relevant estimates for diameters and tortuosities. 929 

Conduit volumes range from 45.64 m
3
 to 50.79 m

3
, while their confidence intervals range 930 

from 13.14 m
3
 to 25.86 m

3
 across all model variants. Estimated conduit volume by the flood-931 

pulse method (Ashton, 1966) was 47 ±10% m
3
 (Luhmann et al., 2012). Accordingly, the 932 

estimates of conduit volume by our models tend to be very close to the estimates from the 933 

flood-pulse method. 934 

 935 

Figure 9. Comparison of estimated volume of tracer conduit passage for all model variants 936 

versus the estimate from the flood-pulse method (Ashton, 1966). The 95% confidence 937 

intervals of model estimates and error bands of the flood-pulse method are also indicated. 938 

 939 

3.6 Model Limitations/Outlook for Spatiotemporally Small-Scale Applications 940 

Our approach simulates most of the hydraulic and transport processes happening in a karst 941 

aquifer in a process-based way. However, its application to a spatiotemporally small-scale 942 

real-world site highlighted the effect of some processes/characteristics at this scale, which are 943 

normally overlooked: 944 

1. Conduit cross-sectional shapes: 945 

Real-world karst conduits can be of different cross-sectional shape. Freiheit Spring 946 

emerges from a bedding plane parting, suggesting that a wide rectangular cross-947 

section shape may be a more appropriate choice than a circular one (Luhmann et al., 948 
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2012). Simulation results of Luhmann et al. (2012) for Freiheit Spring also proved 949 

that the rectangular conduit shape can achieve better fitting, illustrating enhanced 950 

simulation of the thermograph. Jouves et al. (2017) investigated the geometrical shape 951 

of a cumulative length of 621 km of cave passages from France, Spain and Italy. They 952 

demonstrated that the width-height ratio for water table, looping, and maze conduit 953 

networks ranges from ~1.6 to 1.9 on average.  954 

2. Partially-saturated vertical flow and transport processes in conduits: 955 

The effect of these processes can be observed at short distance and time frames, like 956 

the experiments considered for this research. However, as it was discussed in section 957 

0, these processes were ignored in this work, due to their relative low importance and 958 

indistinguishability, as well as the current model code limitations. 959 

3. Syphoning or inertia processes in conduit flow: 960 

Luhmann et al. (2012) assumed such flow processes as a likely cause of odd 961 

hydrograph fluctuations upon passage of the hydraulic pulses. Although the current 962 

version of CFPv2 is able to consider inertia in conduit flow by means of Partially 963 

Filled Pipe Storage ( PFPS) functionality, the conduits are here assumed at a level 964 

below the spring, such that they are submerged, prohibiting likely model failure 965 

during inversion. Ignorance of these flow processes in our models may cause some 966 

discrepancies between measured and modelled data (as discussed in section 0).  967 

The abovementioned model structural inadequacies give us the outlook of required discrete-968 

continuum model improvements for spatiotemporally small-scale applications, as the next 969 

steps of CFPv2 enhancements. 970 

4 Conclusions 971 

A CFPv2 discrete-continuum model was applied for the joint-inversion of spring hydro-972 

chemo-thermo-graphs in response to a sink to spring hydraulic and tracer injection 973 

experiment at a spatiotemporally small-scale size. Adopting a multi-model concept, a set of 974 

different conduit configuration variants was considered and compared in terms of calibration 975 

performance and parameter uncertainties, as well as forecast capability for a second more 976 

complex experiment at the same hydrological state. 977 

Although the forecast capability of all model variants is surprisingly good, the models are 978 

used for interpretative aspects, i.e., as engineering calculators for site characterization and 979 
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screening tools for proof of concept and recognition of potential inadequacies for a process-980 

based discrete-continuum modeling approach at spatiotemporally small-scale applications. 981 

The main modeling outcomes can be summarized as follows: 982 

1) High certainty and uniqueness of estimated values for conduit diameter of tracer 983 

passages; 984 

2) Unlikely conduit restriction in the tracer passages; 985 

3) Potential inflow from both upstream and downstream mixing conduits with higher 986 

contribution from the latter; 987 

4) Importance of conduit associated drainable storage, CADS, in aquifer hydrodynamic 988 

behavior; 989 

5) Necessity of considering some additional areas for heat exchange, e.g., by considering 990 

wide rectangular conduits instead of circular ones; 991 

6) Importance of using heat data in joint-inversion; 992 

7) Consistency of the estimated conduit volumes for the tracer passage with those of the 993 

routine hydraulic method. 994 

Considering the models as engineering calculators, the most notable result is that the volume 995 

of the active conduit compartment of the models is comparable to that estimated by the 996 

intuitive flood-pulse method. However, former studies have claimed that Ashton’s (1966) 997 

method tends to overestimate the conduit volume, ignoring the contribution from the fissure 998 

system during the hydraulic-pulse transmission (e.g., Birk et al., 2006; Williams, 1983). 999 

While our results support the flood-pulse method results, some generic model investigations 1000 

are required to thoroughly test the hypothesis under different conceptual models and 1001 

parameter combinations. 1002 

As an additional part of this research, the value of flow, solute concentration, and water 1003 

temperature data on the certainty degree of model adjustable parameters was investigated. 1004 

Results suggest that the discharge and temperature data reduce parameter uncertainty more 1005 

than the solute concentration data in all considered model variants. Moreover, the parameter 1006 

estimates have the highest degree of certainty if the full observation data were used through 1007 

the joint-inversion. Results further suggested that if the solute concentration data are 1008 

excluded from the joint-inversion, the estimated parameters could be recovered at almost the 1009 

same degree of certainty compared with the case of the full observation dataset. Therefore, 1010 

considering the objective of data acquisition planning for spring behavior simulation, it is 1011 
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concluded that the continuous record of spring water temperature is of higher priority than the 1012 

solute concentration. However, this result is case-specific and depends on the current dataset, 1013 

system-state, and considered conceptual models. 1014 
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