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Abstract

Karst springs are a natural result of karst water discharging to the surface through

unimpeded pathways where the water table meets the surface. This study investigates

the impact of alluvial deposits of varying thicknesses and permeabilities burying the

main outlet (karst spring) of a well-developed conduit network on karst drainage,

including the development of hydraulic heads, drainage patterns and conduit-matrix

interactions in response to a positive base-level shift. Numerical testing using FEFLOW

on a simplified conceptual model of a hypothetical karst aquifer with six different

model configurations was used to examine various drainage structures (with and with-

out flow through a conduit), spring conditions (free vs. partially/fully clogged), sediment

cover thickness (20 and 50 m), and hydraulic conductivity of the sediments (low and

high). The numerical testing model incorporated one-dimensional discrete feature ele-

ments to simulate conduit flow and coupled conduit-matrix interactions. Results indi-

cate that even with a fully plugged outlet, the conduit network remains a significant

contributor to the drainage system, collecting water from the matrix in the recharge

zone. As the outlet becomes buried, the hydraulic head increases along the conduit,

forcing water back up into the matrix. The elevated hydraulic head in the karst system

will cause new conduits to form at the contact between limestone and sediments, cre-

ating new potential spring sites (or reactivating existing paleo-phreatic levels). Artesian

conditions will occur below the low permeability sediments. These findings provide

valuable insights into the responses of natural karst systems.
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1 | INTRODUCTION

Karst areas play a vital role as a global water resource while providing

valuable ecosystem functions and natural resources (Goldscheider,

2019). The evolution of a karst system is closely linked to the tempo-

ral development of the regional base level that guides the regional

orientation of the runoff pattern and controls the main flow gradient.

For a mature karst system to develop fast-flowing conduits and caves

towards major karst springs, a stable base level for an extended period

is necessary. Typically, a base level stability of a few thousand to

100 000 years is needed for karst conduit networks to reach equilib-

rium (e.g., Bednar, 2000; Dreybrodt, 1990). During this period,
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groundwater gradually dissolves soluble rock, creating conduits and

caves that facilitate rapid water flow towards spring outlets.

Geomorphological events, often coupled with climatic changes, can

swiftly modify boundary conditions at a pace that outstrips speleoge-

netic processes. For example, a sudden earthquake can rapidly shift the

base level of a river, resulting in significant landscape changes within

days. Similarly, volcanic eruptions or major landslides can cause abrupt

changes to topography and denudation rates (Ford & Williams, 2007).

Negative base level shifts caused by tectonic uplift, sea-level fall, or val-

ley deepening by glacial or fluvial erosion can lead to the downward

development and rejuvenation of karst networks, while positive shifts

caused by filling basins with alluvial, fluvial, lacustrine, glacial or volcanic

deposits can cover karst outlets with varying thicknesses of sediment.

Additionally, sea-level rise can affect coastal springs due to the resulting

increase in water pressure, as denser saltwater can form a barrier to

freshwater outflow. Coastal karst systems are particularly vulnerable to

these changes, as they are situated at the interface of land and sea

(Bakalowicz, 2005; Ford & Williams, 2007).

The following sections will provide a brief overview of three

mature karst systems that have undergone a rapid water base-level

shift and main outlet plugging with sediments resulting in a notable

impact on their present state.

The Messinian salinity crisis, which lasted for approximately

630 000 years during the Late Miocene, is a prominent example of the

hydrogeological consequences of a rapid change in groundwater level

(Audra et al., 2004; Bakalowicz, 2005). Closure of the Strait of Gibraltar

caused the Mediterranean Sea level to drop by up to 1500 m due to

evaporation, leading to a significant increase in karstification in the

depths of the Mediterranean karst aquifers, with rivers such as the

Rhône forming deep valleys. The crisis ended during the Pliocene with

the Zanclean flood event, caused by the erosion of the Strait of Gibral-

tar barrier, which most estimates suggest occurred over a period of sev-

eral months to several years (Garcia-Castellanos et al., 2009, 2020).

The resulting rapid rise in sea level led to the deposition of thick, low-

permeability marine and continental sediments in the paleo-valleys,

clogging the outlets of Messinian karst systems and leading to an

upward migration of springs to reactivated or new discharge points, like

the Fontaine de Vaucluse, the prime example and namesake for this

spring type. Here, the Messinian Valley of the Rhône, filled with Plio-

cene deposits, lies up to 900 m below the present sea level (Mocochain

et al., 2011). The Messinian conduit system, likely connected to the val-

ley, was buried under impermeable marine sediments. The resulting

impounded water and dissolution processes created a 308 m deep ver-

tical chimney in the Fontaine de Vaucluse (Audra et al., 2004).

The Presciano Spring system (PSS) provides another example of

the effects of a positive base level shift with subsequent valley aggrega-

tion. PSS is a major outlet of the Meso-Cenozoic Gran Sasso fractured

karst aquifer, located in the Tirino River Valley (Central Italy). In addition

to the impact of the Messinian Crisis, rapid tectonic uplift of the Apen-

nines caused the base flow to move downwards, filling the valleys with

recent clastic sediments. Consequently, a dual flow system has evolved,

comprising of a fast conduit flow component through buried fractures

and conduits originating from the aquifer's core and emerging into the

valley sediments, along with a slow diffusive flow component through

the rock matrix (Peleg & Gvirtzman, 2010; Petitta et al., 2015). Ground-

water reaches the surface through vertical upwelling in the sediment

matrix, forming a 2000 m2 seepage area with several large limnocrenic

springs at the contact zone of the Meso-Cenozoic karst and Quaternary

lacustrine deposits (Fiasca et al., 2014). These springs exhibit a rela-

tively constant discharge, which is atypical for karst springs, and pos-

sess unique hydrogeological, physicochemical, hydrogeochemical and

biological characteristics that suggest the superimposition of a dual

groundwater flow system in the local area.

The Donauried gravel aquifer is situated at the geological junction

of Germany's most extensive karst aquifer system, the Swabian-

Franconian Alb, and the Molasse foreland basin of the Alps. The Swa-

bian Alb underwent significant uplift and deformation during the

Cenozoic Era, caused by the Alpine orogeny. In the Tertiary period,

the northward-expanding Molasse Sea flooded large parts of the

paleokarst landscape and buried them under heterogeneous layers of

mostly impermeable molasse sediments. The thickness of these sedi-

ments increases rapidly towards the south, reaching several hundred

meters in thickness. As a result, the Donauried gravel aquifer, the

karst aquifer and the Molasse interact in complex ways, creating vari-

ous flow paths and mixing multiple water components of different

ages from the karst into the gravel-aquifer reservoir (Schloz

et al., 2007). Karst groundwater infiltrates the alluvial aquifers in the

Danube Valley when: (a) the gravels directly overlay the Jurassic lime-

stones, (b) the low-permeability Molasse sediments have eroded or

are thin and (c) vertical upwelling of karst water through Molasse frac-

tures into the alluvial aquifer is possible (Kolokotronis et al., 2002). To

identify areas of upwelling karst groundwater, various techniques

such as temperature anomalies, chemical analyses and salt dilution

tests are employed (Fahrmeier et al., 2021, 2022; Udluft, 2000).

In addition, rapid alterations in karst spring systems may arise

from glacial activities, wherein the accumulation of glacier deposits

obstructs potential karst springs situated in the low-lying areas of val-

ley flanks. Changes in karst spring systems can occur quickly due to

glacial activities that block potential karst springs in low areas of valley

flanks with glacier deposits. However, there has been little research

on identifying buried springs resulting from this process, likely

because it is challenging to identify and study concealed features.

Karst systems are typically studied with a focus on their main

drainage through free-draining springs, as evidenced in numerous stud-

ies (Bonacci, 2001; Chen & Goldscheider, 2014; Frank et al., 2019;

Glennon & Groves, 2002; Jeannin, 2001). However, little is known

about karst systems with a sediment-covered discharge zone.

Modelling groundwater flow in karst aquifers is challenging, fac-

ing many limitations due to the extreme heterogeneity of hydraulic

parameters and the dual flow path regime (Kovács & Sauter, 2007;

Scanlon et al., 2003). Therefore, the modelling approach, including the

model complexity, varies widely as a function of the research ques-

tion, depth of process representation and most importantly, the data

availability. Lumped parameter models (or reservoir models) are com-

monly used in studies that aim to understand the dynamic response of

karst discharge without considering spatial variability. These models
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conceptualize physical processes as a function of linear or nonlinear

relationships between storage and discharge at the resolution of the

entire aquifer system (Hartmann et al., 2014). However, in recent

years, there has been a growing trend towards using data-driven

models to simulate karst systems (Lakuši�c, 2018; Liesch et al., 2021;

Paleologos et al., 2013).

Distributed karst models enable the simulation of spatial variabil-

ity and are classified into three categories: Equivalent Porous Medium

Approaches (EPM) (Abusaada & Sauter, 2013; Ghasemizadeh

et al., 2015), Double Continuum Approaches (DC) (Bresinsky

et al., 2020; Kordilla et al., 2012) and (3) Combined Discrete-

Continuum approaches (CDC), which are used in this study. This

approach was first applied by Kiraly (1998). The matrix is represented

by a continuum formulation, while the conduits are embedded as one-

dimensional discrete elements. The best-known codes that implement

this approach are MODFLOW with the CFP package (Shoemaker

et al., 2008), MODFLOW-USG with the CLN package (Panday

et al., 2013) and FEFLOW Discrete Feature Elements (DFN)

(Diersch, 2014). This study uses FEFLOW DFN, which has also been

utilized in previous studies (e.g., Berglund et al., 2020; Green

et al., 2006; Kavouri & Karatzas, 2016; Ninanya et al., 2018).

The primary goal of this study is to explore the hydraulic condi-

tions that emerge in a mature karst system when the base level rises

and the main spring outlets become plugged with sediments with

varying hydraulic conductivity and thickness. Two specific objectives

guide the study:

• To assess the impact of sediment deposition on the discharge zone

of the karst aquifer on the hydraulic conditions (flow velocities,

flow rates, and conduit-matrix interaction in the conduit network

and matrix).

• To evaluate the impact of the thickness and permeability of a cover

layer on karst drainage patterns and its drainage behaviour.

A simplified 3D conceptual model with different settings was

developed and numerically tested to achieve these objectives.

2 | METHODOLOGY

In this study, a simplified representation of a karst system is created

using a schematized conceptual model, which includes aquifer proper-

ties, hydrogeological boundaries, recharge and discharge mechanisms

and other relevant parameters. The schematic model is used to illus-

trate the main components of the system and their relationships.

Numerical simulations are then conducted to test the plausibility of

the basic hydrogeologic assumptions.

2.1 | Description of the model scenarios

We investigated the hydrologic impacts of sediment deposition,

resulting from a base level rise, on the discharge zone of the karst

aquifer. Our study utilized six different model configurations incorpo-

rating sediment covers varying in thickness and permeability. (see

Figure 1). These configurations include:

• (a) Represents the reference configuration with flow through the

aquifer system without discharge through karst conduits. This con-

figuration quantifies the influence of conduit networks in the other

configurations.

• (b) Represents the initial state before a positive base level shift and

sediment deposition on the discharge zone, with karst drainage pri-

marily through the main conduit network.

• (c) Incorporates a thin sediment cover (20 m) on the discharge zone

consisting of highly permeable unconsolidated deposits. (10�2

m/s), such as fluvial sand to gravel deposits.

• (d) Incorporates a thin sediment cover (20 m) on the discharge

zone consisting of low permeable sediments (10�8 m/s) such as silt

or loess.

• (e) Incorporates a thick sediment cover (50 m) on the discharge

zone consisting of the highly permeable unconsolidated sediments

described in configuration (c).

• (f ) Incorporates a thick sediment cover (50 m) of the discharge

zone consisting of the low permeable sediments described in con-

figuration (d).

These configurations enable us to analyse the development of

the karst water table, drainage patterns and the interaction between

conduits and matrix in karst systems, under varying discharge zone

conditions resulting from sediment deposition and base level shifts.

2.2 | Hydrogeological conceptual model

The simplified model represents a hypothetical karst aquifer drained

by a Vauclusian-type perennial spring at contact with an impermeable

formation acting as a barrier (Figure 2). Its geometry roughly corre-

sponds to those of karst systems on the southern edge of the Swabian

Alb (Lauber et al., 2013, 2014; Villinger, 1977; Villinger &

Ufrecht, 1989). The model is 21 km long and 10 km wide and assumes

Darcy's law governs matrix flow. It comprises four geological units: a

karst aquifer with a fractured rock matrix conductivity and a conduit

flow capacity/conduit conductivity, an impermeable bedrock, a sedi-

mentary cover layer, and a drainage layer on top of the sediments,

required by the model geometry to drain the water out. The karst

aquifer has a constant thickness of 140 m and a catchment area of

150 km2. A karst groundwater recharge of 200 mm/a results in a total

spring discharge rate of 0.95 m3/s. The hydraulic conductivity of the

karst rock matrix, including smaller fissures and fractures, is

5 � 10�5 m/s. The spring is fed by a hierarchically organized karst

conduit system has a branchwork pattern and high conductivity and is

located at the aquifer base, divided into three conduit sections

increasing in diameter towards the outlet (I, II, III).

Note: Natural karst systems are highly complex and variable,

which makes it challenging to capture all aspects of flow transport,
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especially in heterogeneous environments. The behaviour of karst

aquifers is influenced by various factors such as rock porosity, bed-

ding, jointing, recharge through epikarst and unsaturated zone, and

speleogenetic processes. However, these factors may not or only par-

tially be represented in the simplified conceptual model used in this

study. Therefore, it is essential to recognize and account for the limi-

tations and uncertainties when interpreting the results of conceptual

models.

2.3 | Groundwater flow model

This study utilized FEFLOW 7.3, a finite element groundwater model-

ling software by DHI WASY (Diersch, 2014), to create a steady-state

groundwater flow model. The model consists of 14 slices, each con-

taining 455 103 elements, representing a complete catchment area of

a karst spring. A no-flow boundary condition was applied along the

model boundary, and the total groundwater recharge (84 000 m3/d)

F IGURE 1 Six model configurations (a–f) were utilized in this study to investigate the impact of sediment coverage on the karst drainage
discharge zone, as depicted in the schematic overview.

4 of 12 OHMER ET AL.
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comes from recharge into the model from the top of the karst layer.

The base-level was set with a specific head boundary condition

according to six configurations A–F at the model outlet to represent

the discharge in this elevation. The model neglects hydrodynamic and

flow processes in soil, epikarst, and speleogenetic processes. A con-

duit network was embedded in the model with 880 1D discrete fea-

ture elements. Fluid conductivity is higher in the elements

representing conduits than in the surrounding porous medium, and

they are connected to the porous medium at model nodes. Hydraulic

interactions between the two occur at these nodes. The conduit net-

work is modelled using the Hagen-Poiseuille law, which calculates the

average velocity of laminar flow in one-dimensional conduits.

The discharge rate of a single conduit with cross-sectional area Ac

can be expressed as:

Q¼Ac v
!¼ πr2

r2ρg
8μ

I
!
, ð1Þ

here, r is the conduit radius, ρ is the fluid density, g is the accelera-

tion due to gravity, μ is the fluid's kinematic viscosity, and I
!

is the

unit vector in the direction of flow, r2=8 represents conduit perme-

ability, and r2π represents conduit cross-section. In numerical model-

ling, conduit conductivity with hydraulic aperture b¼2r is

expressed as:

F IGURE 2 The schematic overview of the numerical FEFLOWmodel domain includes the following features and parameters. 1: 3D view with

the clipping plane and view of the conduit network. 2: model domain from above. 3: Model cross-section along the main conduit, that shows the
discharge zone with different cover thicknesses of the configurations (a–f). 4: Top view of the cross-section shown in Figure 4 and section of
Figure 6.
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Kc ¼AcK¼ πb4ρg
128μ

: ð2Þ

The hydraulic apertures b for conduit Sections I, II, and III are

0.01, 0.1, and 0.5m, respectively. The Hagen-Poiseuille equation

assumes laminar flow in a round conduit with smooth walls, and that

the flow is steady-state and incompressible.

This is sufficient to drain the entire recharge through the conduit.

The conduit network is fully located within the phreatic zone due to

its position below the spring level. The governing balance equations

for discrete features can be found in the literature Diersch (2014).

Although some parts of the conduit network in several model configu-

rations are in the transitional range between laminar and turbulent

fluid flow based on the Reynolds number, we used the Hagen-

Poiseuille equation due to the model's conceptual nature. While this

may introduce uncertainty, we believe it will not significantly impact

the results and acknowledge the need to remain aware of this poten-

tial limitation.

3 | RESULTS

3.1 | Impact on conduit flow rates

Figure 3 depicts the relationship between simulated conduit discharge

in conduit Section II/III and the thickness and hydraulic conductivity

of sediments covering the discharge zone. The left panel (1) shows

the effect of a 20 m thick sediment layer, while the right panel (2) the

effect of a 50 m thick cover layer. The hydraulic conductivity of the

deposits is systematically decreased from 10�2 m/s (blue line) to 10�8

m/s. (red line). The black line represents the initial free-draining spring

discharge. The two middle panels provide information about the loca-

tions of conduit flow changes within the model. The blue area repre-

sents the uncovered karst, while the yellow area is the karst covered

by sediments. The discharge of the free-draining spring is about

900 L/s, representing 90.5% of the total recharge. Results demon-

strate that overlaying the conduit outlet with a 20-m thick layer of a

material with high hydraulic conductivity, such as gravel with a K

value of 10�2 m/s, can effectively reduce spring discharge

(i.e., seepage of water from the conduit into the deposits) by more

than 50%. A deposit of fine sandy (10�3 m/s) or finer material with

the same thickness would almost completely plug the buried spring.

The rapid decrease in conduit discharge within a distance of less than

1 km from the spring location indicates that a significant amount of

impounded water is drained into the rock matrix before reaching the

surface. If present, the back flooding could lead to a reactivation of

paleo conduits and spring, or cause potential new preferential flow

paths such as along faults and bedding planes, leading to the emer-

gence of water at discharge points on the edge of uncovered karst to

covered karst. In model configurations with a 50-m-thick sediment

cover, a nearly linear decline in conduit discharge is evident at dis-

tances below 4 km from the outlet. Across all configurations, sediment

has a discernible effect on flow rate up to a distance of approximately

7 km from the outlet.
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F IGURE 3 Discharge in conduit II/III with unaffected drainage on the outlet (black line) and with discharge zone sediment cover with
thicknesses of 20 m (1) and 50 m (2). The hydraulic conductivity of the cover layer varies between 10�2 and 10�8 m/s. Blue area: uncovered
karst; yellow area: karst covered by deposits.
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(a)

(b)

(c)

(d)

(e)

(f)

F IGURE 4 Nodal Darcy flux distribution along a cross-section. The solid red line represents the conduit Darcy flux in the conduit. The red
dashed line is the Darcy flux in the matrix of the top model slice, and the blue line shows the karst water table. Arrows display the Darcy flux flow
pattern. The location of the cross-section is shown in Figure 4.
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3.2 | Impact on conduit matrix interaction

Figure 4 presents a line plot/cross-section view of the Darcy flux

section N–S for six different model configurations (a–f). The red

dashed line represents the Darcy flux in the conduit, while the solid

red line shows the Darcy flux in the top model slice, indicating water

exchange from the karst into the sediments or surface. The blue

dashed line represents the potentiometric groundwater surface, which

shows artesian conditions if above the model surface or if water

reaches the surface. The background colours illustrate the Darcy flux

in the conduit and the matrix in a cross-sectional view of the model

domain of the 3D model. The comparison between inactive (A) and

active conduit (B) systems highlights the crucial role of the conduit

system in karst drainage. The conduit discharges 90.5% of the

recharge (see Figure 3). This is also reflected by the significantly lower

matrix flux of 9.5 � 10�4 m/d compared to inactive conduit setting A

with 7.5 � 10�2 m/d. The flow direction changes from a slope-parallel

flow (a) to a radial flow towards the conduits (b). At a horizontal dis-

tance of 600 m from the conduit outlet, the flow field changes again

from a downward flow towards the conduit to an upward flow

0.1%
99.8%

<0.1%

908 l/s90

100%

980 l/s

99.9%

<0.1%
<0.1%

959 l/s

25.0%40.2%
34.8%

908 l/s

56.1%

4.7%
39.2%

959 l/s

56.1%6

proportion on
karst drainage:
90.5%

recharge
karst:
980 l/s

9.5%

A
B
C
D
E
F

-
-

20m
20m
50m
50m

-
-

–2 m/s
–810 m/s
–210 m/s
–810 m/s

dcover layerconduitsetting Kcover Layer
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karst drainage:
90.5%

recharge
karst:
980 l/s

karst
water-level

9.5%

B

(b)(a)

(c) (d)

(e) (f)

F IGURE 5 Influence of a cover layer (with different thicknesses and permeability) covering the drainage zone on the development of flow
patterns, including the proportion of preferential flow paths in the total discharge. The difference in groundwater recharge results from the
decrease in exposed karst surface area due to the sediments.
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towards the ground surface. As the thickness of the deposits

increases and the permeability decreases (c–f), the Darcy flux in the

conduit decreases significantly, and more water is pushed from

the conduit into the matrix due to increasing water pressure within

the conduits. In both configurations with a low permeable sediment

cover (d, f), the water pressure led to artesian conditions within the

karst layer (blue dashed line above the model surface).

3.3 | Impact on drainage patterns

Figure 5 illustrates the discharge conditions, namely conduit outlet,

geological contact karst aquifer with sediment cover, and contact

karst aquifer with the model top, for each of the six model configura-

tions examined. The presence of a thin, highly permeable layer

(c) leads to the development of a dominant dual flow path regime.

Here, 39.2% of the conduit discharge drains from the buried conduit

outlet into the sediments and then rises vertically to the surface, while

56.1% reaches the surface directly from the karst matrix at the con-

tact zone with the sediments. The remaining 4.7% enters the

sediments laterally below ground from the karst matrix. The figures

presented here are qualitative and based on a defined hydraulic con-

ductivity of the karst matrix at 5 � 10�5 m/s. However, it is impor-

tant to recognize that this value may be higher than the observed

hydraulic conductivity in many actual karst systems.

Increasing the thickness of the cover layer (e) without changing K

results in a shift in the drainage pattern. As the base level rises and

the contact area with the sediment increases, diffuse lateral exchange

through the sediments becomes more prevalent (4.7%!25.0%). The

proportion of the conduit discharge decreases comparatively less than

the direct discharge at the interface (39.2%–34.8% vs. 56.1%–40.2%,

respectively).

As the hydraulic conductivity of the cover layer decreases, the

outlet becomes increasingly plugged, and at hydraulic permeabilities

observed in (d) and (f), it becomes entirely plugged (<0.1%). This

causes the water trapped in the conduit to be forced upwards into

the matrix, resulting in artesian conditions within the covered karst.

There is also almost no diffusive exchange through the sediments

(<0.1%). In actual karst systems, this condition is unlikely to persist for

long due to the significant gradient. In such cases, existing

(a) (b)

(c) (d)

(f)(e)

F IGURE 6 Simulated (steady-state) piezometric karst surface of the 6 model configurations applied in the study.
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paleo-phreatic levels or overflow springs may reactivate, and fractures

or faults in the area may result in the formation of new conduits

where water can rise and create a Vauclusian-type artesian spring.

3.4 | Impact on karst water table

The simulated steady-state karst water table of the six model configu-

rations (a–f) is shown in Figure 6. In all configurations with an existing

conduit (b–f), the conduit functions as the primary drainage network

with a strong interaction between the conduit and matrix. In conduit

Section I and the upper part of conduit Section II, the conduit acts as

a drain from the surrounding matrix. The gradient reverses in the fur-

ther course towards the outlet, causing water to flow from the con-

duit into the matrix. Even with a fully plugged outlet (f), the karst

water table remains below the level that would develop with a lower

base level and without a conduit (a). In configuration (b), the phreatic

zone starts only slightly above the conduit level.

Real karst systems are known to exhibit significant and rapid fluc-

tuations in water levels during periods of high recharge or low dis-

charge, due to their high permeability and limited storage capacity.

However, the behaviour of aquifers can vary widely depending on the

local geology and hydrology of the system and many natural systems

swap somehow between case b (low water) and cases c–f during high

water conditions, when their outlet is too small compared to the

incoming discharge rate.

4 | CONCLUSIONS

In this study, we developed numerical testing of a conceptual karst

model to examine how sediment coverage affects karst drainage

when sedimentation in the discharge zone is faster than speleogenetic

processes. We tested six different sediment configurations with vary-

ing thickness and hydraulic conductivity and found that even a thin

cover of highly hydraulic conductive sediments (K¼10�2 m/s)

reduces conduit outlet discharge by more than half.

A less permeable sediment cover completely plugs the outlet,

resulting in its full inactivation. However, even with an impervious

sediment cover, the conduit system remains crucial to karst drainage

because it gathers water from the recharge zone and carries it

towards the buried outlet. The reduced drainage of the outlet creates

high pressure, which causes water to flow upwards into the matrix. In

this scenario, lateral or horizontal water exchange with the sediments

is insignificant. We observed artesian conditions in the geological con-

tact area. This can result in the reactivation of paleo conduits or the

emergence of water through faults and bedding zones. Covering

the outlet of a mature conduit system with low permeability sedimen-

tary cover will inevitably cause a considerable rise in the karst water

table, leading to the formation of new conduits and Vaucluse-type

springs in the contact zone between the limestone and the sediments.

In the case of a thin, highly permeable sediment layer, we observe

significant vertical hydraulic exchange with the karst aquifer, resulting in

a dominant dual flow system. Similarly, covering the conduit outlet in this

scenario will impound the karst water to the level of the karst-sediment

interface. Existing water pathways will be used for flow transport, result-

ing in the majority of karst drainage occurring at new springs that emerge

at the interface. In the second flow path, water from the active, buried

karst cave enters the sediments and rises vertically within a discrete zone,

appearing as a large limnocrene spring. A smaller part of the discharge

enters the karst matrix via a third flow path from the conduit. From there,

it enters the sediments laterally, diffusely. Increasing the thickness of the

sediment cover without changing K results in more water exiting along

the third flow path. The results of the simulations with a highly per-

meable sediment cover agree in many respects with the observations

of the PSS (Petitta et al., 2015) and the karst-gravel-aquifer interac-

tion in the Donauried (Fahrmeier et al., 2022), both mentioned in the

introduction section, resp. support the hypotheses that buried karst

conduits (or highly fractured zones) are present there.

Karst aquifers exhibit rapid water level fluctuations due to high

permeability and limited storage capacity. Aquifer behaviour varies

depending on local geology and hydrology. Existing karst systems can

switch between low and high water conditions, such as from case b to

cases c–f during high water when the outlet is too small compared

to incoming discharge rates. Understanding these dynamics is crucial

for managing karst aquifers and their water resources.
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