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Abstract. Due to their heterogeneous nature, karst aquiferskarst aquifers can be described as dual-flow systems con-
pose a major challenge for hydrogeological investigationssisting of a fissured matrix with a relatively low hydraulic
Important procedures like the delineation of catchment areasonductivity and highly conductive karst conduits (Lied! et
for springs are hindered by the unknown locations and hy-al., 2003). A characteristic attribute of many karst aquifers
draulic properties of highly conductive karstic zones. is their high discharge focused to large springs. This makes
In this work numerical modeling was employed as a tool inthem especially interesting as drinking water resources.
delineating catchment areas of several springs within a karstlowever, the delineation of catchment areas of karst springs
area in southwestern Germany. For this purpose, differents still a challenge because of the usually unknown location
distributive modeling approaches were implemented in theof large-scale heterogeneities, such as karst conduits, within
finite element simulation software Comsol Multiphy&cs the aquifer. Common approaches for catchment delineation
The investigation focuses on the question to which degreen porous aquifers like the mapping of geomorphological and
the effect of karstification has to be taken into account fortopographical features and water balance approaches (Gold-
accurately simulating the hydraulic head distribution and thescheider and Drew, 2007) are only of limited use in karst
observed spring discharges. systems. Delineating catchment areas from hydraulic head
The results reveal that the representation of heterogeneitiesontour lines requires an observation well network, which
has a large influence on the delineation of the catchmentovers the highly conductive conduit system. On groundwa-
areas. Not only the location of highly conductive elementster catchment scale these data are scarce in carbonate ar-
but also their geometries play a major role for the resultingeas (Sauter, 1992). Artificial tracer tests provide information
hydraulic head distribution and thus for catchment area deabout point-to-point connections, but the practical restric-
lineation. The size distribution of the karst conduits derivedtions of tracer investigations prevent using them for com-
from the numerical models agrees with knowledge from karstpletely defining the catchment area. In addition, catchment
genesis. It was thus shown that numerical modeling is a useareas may change under different hydrological conditions
ful tool for catchment delineation in karst aquifers based onfurther complicating the issue.
results from different field observations. Numerical groundwater flow simulations are process-
based tools that can be used for combining results from dif-
ferent investigation methods (Geyer et al., 2013) and for aug-
menting them with physical equations (Birk et al., 2005).
1 Introduction There are numerous simulation approaches, which are appli-
cable for karst aquifers. Single continuum models assume the
Karst aquifers are strongly heterogeneous systems due tQquifer to be a porous medium that can be divided into rep-
a local development of large-scale discontinuities such asesentative elementary volumes (REV) (Bachmat and Bear,

conduit systems. This heterogeneity also causes a largggge). The dual flow characteristics of karst aquifers are
anisotropy in the hydraulic parameter field. Conceptually,
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directly addressed by hybrid or double continuum model-ferent modules, which can be coupled and adapted as re-
ing approaches. Double continuum models simulate groundguired. The interfaces used in this work belong to the Subsur-
water flow in two separate overlapping continua: a matrixface Flow Module, which provides equations for modeling
continuum and a conduit continuum, linked via a linear ex- flow in porous media, and to the basic module. The basic
change term (Teutsch, 1989; Mohrlok and Sauter, 1997). Hymodule includes interfaces, where mathematical equations
brid models include the spatial distribution of local discrete can be defined by the user and employed for any physical
pipe elements representing the major karst conduits coupledpplication. This concept is described in more detail for sce-
to a matrix continuum which represents the properties of thenario 3 (Sect. 2.3). All simulations were performed in the
low permeability fissured matrix blocks (Liedl et al., 2003; stationary mode, thus neglecting storage effects. Simulations
Birk et al., 2005). Due to the required detailed information were performed three-dimensionally. To examine the effects
and the relatively high numerical effort, the application of of different types of heterogeneity several scenarios were set
hybrid modeling approaches to real karst systems is raraip including more and more characteristic features of karst
(Reimann et al., 2011a). The highest accuracy regarding theatchments. Figure 1 schematically shows the simulated sce-
description of aquifer heterogeneities is achieved by discretaarios. Catchment areas were derived by importing the sim-
multiple fracture set models which represent the fissured sysulated water tables from Com&ib ArcGIS®10.0 and us-
tem as well as the conduit system as a set of discrete fissuremg the default hydrology tools. Generally, those are used
Due to the intense investigation effort required for character-for deriving catchment areas from topographic lines. Since
izing the discrete pathways they are practically not applicablehe concept of water flowing towards the lower potential is
for catchment studies (Teutsch and Sauter, 1991). Thus, thgue for groundwater as well as for surface water, they can be
question which degree of complexity within the numerical likewise used for delineating groundwater catchments from
model is necessary for achieving the aim of the investigationgroundwater contour maps.

is of primary importance since more complex models require

more specific information about the model area and highe2.1 Scenario 1

numerical effort. _ )
Scenario 1 simulates a completely homogenous case. It takes

This work analyzes how distributive numerical models can: N .
be used to support the delineation of catchment areas dpto account the thickness of the aquifer and boundary con-

karst springs. The proposed novel approach is illustrated usgitionS given by rivers' a}nd surface water divides. Recharge
ing a karst area in southwestern Germany. It is based on thand hydraulic conductivity were kept constant throughout the

evaluation of the influence of different types of aquifer het- 2r€@. For the flow simulation the Darcy's Law Interface of
erogeneity on the karst flow system. More specifically, thethe Subsurface Flow Module was used. It calculates the fluid

interdependencies between hydraulic head distribution, hyPressurep (ML 'T~?) within the model domain with the
draulic parameters and spring discharges are examined. Fé&parcy equation (Eq. 1a and b).

this purpose, a homogeneous continuum model and hybridQm
modeling approaches for flow simulation of a large-scale
karst system were set up employing the finite element sim-
ulation software Comsol Multiphysi®s These two differ- K
ent modeling approaches were chosen since the geometiy= ——2 (v p + pgVD) (1b)

of the highly conductive conduits was of special interest in

this_ study because of their potfantial .impact on th.e delin-|, these equation@m is the mass source term (MET—1),
eatlo_n of the _catchmen.t areas. Simulating the conduit geome; s the density of the fluid (ME3), Km is the hydraulic
try with the single continuum approach would have requ'redconductivity of the matrix (LTY) andu the Darcy veloc-
intense meshing along the karst conduits needing a very flexl-ty (LT-1). ¢ is the magnitude of gravitational acceleration
ible mesh and being numerically highly demanding. Steady(Lsz) andvD is a unit vector in the direction over which

state flow equations were implemented for both model typesihe gravity acts. The hydraulic conductivim is the only
The three-dimensional geometry of the aquifer system Wasqjibration parameter in this scenario.

geologically modeled with the software Geological Objects
Computer Aided Desigh(GoCAD®) and transferred to the 2.2  Scenario 2
Comsofsoftware.

= V(pu) (1)

Scenario 2 includes a highly conductive fracture simulated

as a discrete vertical 2-D element embedded in the three-
2 Methods and approach dimensional continuum model. The 2-D element, in this case,

represents a large-scale fault zone observed from geologi-
Comsol Multiphysic®is a software that conducts multiphys- cal mapping within the area of investigation. The continuum
ical simulations using the finite element method (FEM). Therepresents the fissured matrix of the karst aquifer. Ground-
different physical properties and equations are stored in difwater flow in the fracture was simulated with the Fracture
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Flow Interface of the Subsurface Flow Module implemented performing simulations in 1-D elements in a 3-D domain.

in Comsof. The module requires the definition of the frac-

ture aperturel (L) and hydraulic conductivitys (LT ~1) in- %

side the fracture. Comsdassumes that flow processes in the 772 x Om = V(—7r2=SV p — wr2pKcv D) (4)

fracture are basically the same as in the surrounding matrix 8

a.nd calculates flow along the fracture with the tangential ver—.l_he source term multiplied with the conduit aree? x Qn,

sion of the Darcy equation. The fracture flow module does. .
L . . is equal to the mass exchange of water per unit length be-

not allow the application of different flow laws in the two re-

) . . . tween the matrix and the conduit (MET—1). Reimann et
gions. To simulate two-dimensional fracture flow the term for al. (2011b) define the exchange term between a Karst conduit
the fracture aperture is multiplied with both sides of Eq. (1): |~ 9

and the rock matrix as

ds x Qf = Vr(dspu) (2a) K’
Gex = m X Pex A hex. %)

K Qex is the exchange flow per unit lengthy 7—1), Aheyis the
u=——(rp+pgvtD), (2b)  difference between the hydraulic head in the matrix and the
Prg hydraulic head in the conduiL], Pexthe exchange perimeter
(L) andK'/b’ the leakage coefficien("1). For this simu-
lation the equation was simplified by assuming the exchange
perimeter equal to the pipe perimeter. Assuming there is no
barrier between the conduit and the matrix, the leakage co-
efficient is equal to the hydraulic conductivity of the matrix
divided by the theoretical distan®é (L) over which the hy-
23 Scenario 3 draulic head difference is calculatéd.is kept at unit length
throughout the simulation. The equation given by Reimann
In scenario 3, highly conductive conduits were included €t al. (2011b) is multiplied by the density for obtaining the
along the positions of dry valleys, which are believed to mass exchange term. The resulting exchange equation is de-
be former riverbeds that have dried up during karstification.fined in Eq. (6):
For these, 1-D structures are the most fitting representation. 1'%
Since the Subsurface Flow Module does not offer a similarr 2 x Qm = (He — Hm) x _'/“ X p X 27r (6)
functionality as fracture flow for 1-D elements in 3-D do- b

mains, & hybrid model was set up employing Comsol's PDEwith H, being the hydraulic head in the conduit aHgh be-
Interfaces for simulation of one-dimensional pipes. The in-jng the hydraulic head in the matrix). 2 r is the perimeter
terface chosen is called Coefficient Form Edge PDE becausgf the pipe (L). The exchange term is used as mass flux for
it allows calculations along the edges (1-D elements) of a 3the matrix and as mass source for the conduits with a changed

D model. The interface offers a partial differential equation glgebraic sign. Dirichlet conditions were set as boundary
(PDE) (Eg. 3) for which coefficients have to be defined. conditions at the springs.

with Qs being the mass source term for the fracture
(ML ~—3T—1) andVt the tangential gradient operator. The hy-
draulic conductivity of the fracturé&; is the second calibra-
tion parameter beside the matrix conductivity, (Eq. 1b) in
scenario 2.

f=V(=cVv+y) (3) 2.4 Scenario4

In Eqg. (3),c is defined as the diffusion coefficient,as the  Scenario 4 was based on the same structure of the conduit
conservative flux source anfl as the source term. By de- system as scenario 3 but differed in the assumption for the
fault, the source term is dimensionless. Its unit can be definedonduit radius. While for scenario 3 the radius is constant
in the interface and the units of the coefficients are then calwithin the entire conduit system, for scenario 4 a change in
culated accordingly is the dependent variable in this equa- conduit radius towards the spring was introduced. Liedl et
tion. In the application using Darcy Flow,corresponds to  al. (2003) showed with their karst genesis simulations that
the pressure (ML~1T—2). The source terny equals the for a conduit derived from solution processes a change in
mass source tern@, of the Darcy equation (Eq. 1a). The diameter is likely to occur along its extent. They introduced
first of the remaining terms describes the effect of water presseveral simulations with different boundary conditions and
sure gradients, the other the effect of gravitation (comparederived different types of solutional widening and resulting
Eq. 1b). In this case the diffusion coefficiendepends on  conduit shapes.

the hydraulic conduit conductivitKc which is normalized For situations where diffuse recharge prevails, Liedl et
for a unit cross-sectional area. Thus, after multiplying with al. (2003) showed a nearly linear increase in conduit diame-
the conduit arearr? Eq. (3) translates to Eq. (4). The con- ters towards a karst spring. Thus, in scenario 4 a linear widen-
duit area term replaces the two missing dimensions whileing function was applied to each conduit along its arc length.
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At each intersection the radii of both branches were addedquipotential maps constructed from hydraulic head mea-

to account for the larger volume of water flowing there. The surements for high and low water levels in the area. Further-

largest simulated radius is 4.6 m at the main karst spring. more, several artificial tracer tests especially in the west of
the area were repeated under different flow conditions and
showed little to no alteration in flow directions.

3 Field site

Simulations were performed for several karst springs l0-4 Model design and calibration
cated at the Swabian Alb in southwestern Germany (Fig. 2).
The Gallusquelle spring is the largest of the springs lo-The model area is constrained by fixed head boundaries at
cated within the investigation area of approximately 158 km the rivers Lauchert, Fehla and Schmiecha (Dirichlet bound-
(Fig. 3). The size of its catchment area is estimated to bearies). No flow boundaries are derived from the dip of the
45kn? based on a water balance approach and artificialaquifer base and artificial tracer test information (Fig. 3).
tracer tests (Sauter, 1992) (Fig. 3). The spring is used foiThe size of the model area is about 15C%kfihe assumed
drinking water supply of approximately 40 000 people andcatchment area of the Gallusquelle spring lies completely
has an average annual discharge of ®Sm. It is a suit-  within the model area (Fig. 2). The positions of dry valleys
able location for distributive karst modeling due to the exten-were adapted after Gwinner et al. (1993). Highly conduc-
sive studies that have been conducted in the area before (e.dive pipes connected to the Gallusquelle spring were imple-
Sauter, 1992; Geyer et al., 2007; Hillebrand et al., 2012). mented according to Mohrlok and Sauter (1997) and Doum-
Geologically the area consists of Upper Jurassic limestonenar et al. (2012). The lateral positions of model bound-
and marlstone. The main aquifer is composed primarily ofaries, highly conductive faults and the pipe network along
massive and layered limestone of the Kimmeridgian 2 and 3dry valleys were constructed in ArcGt%0.0 and imported
(ki2/3), which are dominated by an algal sponge bioherm fa-to ComsoPas 2-D dxf-files or interpolation curves. Verti-
cies (Sauter, 1992). Beneath those rocks there are marly limezally, the highly conductive conduits were positioned ap-
stones and marlstones of the Kimmeridgian 1 (kil) which proximately at the elevation of the water table simulated in
mainly act as aquitards due to their lower hydraulic conduc-scenario 1. Lacking other information, it was assumed that
tivity. The whole sequence dips with approximately°1t@ the homogeneously simulated water table roughly represents
the southeast (Sauter, 1992). the one existing during the onset of Kkarstification. There-
Two major fault zones cross the model area. The Hohenfore, the conduits lie between 710 m and 600 ma.s.l. with a
zollerngraben strikes northwest to southeast, the Lauchertdip towards the springs. The highly conductive 2-D fracture
graben crosses the area in the east striking north—soutfor scenario 2 was positioned along the northern fault of the
(Fig. 2). While there is no information about the hydraulic Hohenzollerngraben. The documented fault was linearly ex-
conductivity of the Lauchertgraben fault zones, the Ho-tended to the east to cross the river Lauchert at the position
henzollerngraben was crossed by tunneling work related tof the Gallusquelle spring (compare Fig. 5a and c).
the construction of a regional water pipeline (Albstollen, Vertically the model consists of two layers. The upper one
Bodensee-Wasserversorgung). The northern boundary fautepresents the aquifer. In the east it stretches from ground
was found to be highly conductive from the significant surface to the base of the Kimmeridgian 2 (ki2). The for-
amount of water entering the tunnel while crossing it (Gwin- mation is tapering out in the west of the area but reaches a
ner et al., 1993). A high hydraulic conductivity of this zone thickness of over 200 m in the east where the Gallusquelle
can further be assumed from the fact that the Gallusquellespring is located. In the west the underlying Kimmeridgian 1
spring lies exactly at the extension of this fault where it meets(kil) approaches the surface until it crops out. In that region
the river Lauchert (Fig. 2). Parts of the area show intensdt shows karstification and thus is part of the aquifer. The
fracturing. There are two main fracture directions, one withdepth of the karstification was derived from drilling cores.
a strike of 0-30 and one with a strike of 100-14@arallel The unkarstified kil acts as aquitard and composes the sec-
to the Hohenzollerngraben (Sauter, 1992). ond vertical layer of the model. It was simulated down to a
The average hydraulic heads in the area were derived byorizontal depth of 300 m a.s.l. since its lower boundary is
Sauter (1992) for the period 1965-1990. The total range ohot expected to influence the simulation. The ground surface
hydraulic head variations during this time differs betweenis defined by a digital elevation model (DEM) with a cell size
6m and 20 m depending on the observation well (Sauterpf 40 m. The position of the ki2 base was derived from bore-
1992). The monthly rainfall varied from less than 10 mm holes and a base map provided in Sauter (1992). Two cross
to more than 180 mm and the annual rainfall from aboutsections were constructed through the model area for illus-
600mma?l to 1200 mma?. Even though these variations trating the geology (Fig. 4). Their positions are illustrated in
are high, Villinger (1977) deduced, that the boundaries ofFig. 2.
the catchment area for the Gallusquelle spring do not change Current Coms8isoftware has major difficulties inter-
significantly throughout the year. His analysis is based onpolating irregular surfaces that cannot be described by
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Scenario 1 Scenario 2 Scenario 3 & 4
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Fig. 1. Conceptual geometry of the simulated scenarios. For explanation of the flow equations see scenario description in Sect. 2.
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Fig. 2. Model area, including the catchment of the Gallusquelle spring and positions of all simulated springs. The highly conductive elements
feeding the Gallusquelle spring were modeled after Doummar et al. (2012) and the ones along the dry valleys after Gwinner et al. (1993).

analytical functions. Therefore, the three-dimensional posi-The exact values for all model parameters are provided in
tion of these layers, including displacement by faults and dipTable 1.
of the aquifer base, were constructed with the geologic mod- The model was calibrated employing Comsol
eling software Geological Objects Computer Aided DesignMultiphysic®Parametric Sweep option, which calcu-
(GoCADP). The surface points were imported to Confas  lates several model runs considering different parameter
text files and used to constrain parametric surfaces. Thoseombinations. The focus of the calibration lay on the
were converted to solid objects for defining 3-D domains. hydraulic head distribution. The measured hydraulic head
At the ground surface a constant recharge was appliedalues are long-term averages derived from twenty explo-
as a Neumann condition. The recharge was derived byation or observation wells that were drilled within the
Sauter (1992) as long-term average for the years 1965-199@nodel area (Fig. 2).
Geyer at al. (2011) derived the same value for the extended For the calibration of spring discharges five smaller
period 1955-2006. The base of the model was defined as springs were included in the model besides the Gallusquelle
no flow boundary, while the base of the aquifer was set asspring. Other springs within the investigation area are either
a continuity boundary allowing undisturbed water transfer.very small or have not been measured on a regular basis
for reliably estimating their average annual discharges. The
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Fig. 3. Top view of the model area. Tracer tests within the area are illustrated with their major and minor registration points (excluded:
uncertain registrations and registration points in rivers) after information from the Landesamt fur Geologie, Rohstoffe und Bergbau (LGRB).
Dry valleys were simulated with ArcGf&10.0 and counterchecked with field observations of Gwinner et al. (1993).
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Fig. 4. Cross sections of the study area as constructed in GJGain northwest to southeast with a vertical exaggeration of 1(x)tross

section 1 through the Lauchertgraben and the Gallusquelle sfbingross section 2 through the Hohenzollerngraben, the Lauchertgraben
and the Konigsgassenquelle spring.
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Hydraulic head distribution after Sauter (1992)
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Fig. 5. Hydraulic head distributions and simulated catchment afeagafter Sauter (1992), derived from borehole measuremgijtafter
the homogeneous simulatioft) after the simulation with fracture flow along the northern fault of the Hohenzollerngrétheafter the
simulation with a 1-D conduit network with constant radi(ey.after the simulation with a 1-D conduit network with increasing radius.

Gallusquelle spring and three of the other springs considkarst conduit network (Fig. 2). Localized discharge was also

ered in the model calibration, the Bronnen spring, the Ahlen-simulated into the rivers Fehla and Schmiecha in the west
bergquelle spring and the Konigsgassenquelle spring, are loof the area, where several springs exist (Fig. 3). The highly
cated at the river Lauchert; the Schlossbergquelle spring i€onductive karst conduits used in the simulation connect
situated at the river Fehla; a group of springs called the Bitpoints in the proximity of the Hohenzollerngraben with the

tnauquellen spring is located at a dry valley (Gwinner etFehla-Ursprung spring at the Fehla and the Balinger Quelle
al., 1993; Golwer et al., 1978) (Fig. 2). The Buttnauquellenspring at the Schmiecha. The karst conduits were identi-
springs and the Ahlenbergquelle spring probably share mostied by tracer tests (Fig. 3). However, there is not enough
of their catchment area and are likely to be fed by the samealata for the discharges of the Fehla-Ursprung spring and the
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Table 1. Input and calibration values of the different scenarios. The root mean square error of the hydraulic head distribution is given as an
index for the quality of the model fit.

Scenario 1: Scenario 2: Scenario 3: Scenario 4:
homogenous single fracture conduit network conduit network
with constant radius  with increasing radius

R (mmad1) 1 1 1 1
Km(ms™ 51x107® 3.1x107° 2.3x107° 2.6x107°
K (ms™1 1.0x 10710 10x10°10 1.0x 10710 1.0x 10710
Kil Kc(msh - 2.7 6.5 2.0
dz (m) - aquifer thickness — -
dy (m)/ radius (m) - 0.129 1.282 linear with slope 1-180~4, maximum: 4.6 m
RMSE (m) 15.0 13.3 13.4 7.7

R = groundwater recharge by precipitatidtiy = hydraulic conductivity of matrixkK| = hydraulic conductivity of lowly conductive kilk; = hydraulic conductivity of
fracture,K¢ = hydraulic conductivity of conduitsjz= fracture depthgy = fracture aperture, RMSE root mean square error for the hydraulic head distribution.

Balinger Quelle spring to calibrate the model in this area.5.1 Hydraulic head distribution
Since the Gallusquelle spring is the most intensively investi-

gated spring in the area and thus not only has the most disthe model can approximate the hydraulic head distribution
charge measurements but the most tracer tests as well, thg a)| scenarios. However, there is a significant difference of
main weight during calibration was laid on this spring. The the model fit between scenario 1 with a root mean square er-
simulation had to fit the Gallusquelle spring discharge within yqr (RMSE) of 15 m and the best fit (scenario 4) with a RMSE
arange of 10L s, if this could be achieved with a reason- of 7.7 m. Scenario 2 and 3 show similar RMSE of about 13 m.
able fit for the hydraulic head distribution. The measured hydraulic head values in the observation wells
The radii of the highly conductive conduits were calibrated and the difference between measured and simulated head for
for a conduit volume of 200000¥nfor the Gallusquelle  aach scenario are given in Table 3.
spring catchment that was deduced from an artificial tracer The measured hydraulic heads show a lateral change in
test (Geyer et al., 2008). For the other springs in the modehydraulic gradients. In accordance with observations in the
area, there was no such information. For scenario 3 a systenyarst aquifer of Mammoth Cave (Kentucky, USA) reported
atic approach for relating the cross-sectional areas of the COMyy Worthington (2009), the Gallusquelle spring catchment
duits connected to each spring to the one of the Gallusquellghows lower hydraulic gradients in the east towards the
spring was employed. The conduit area for each spring wagpring than in the rest of the area. This is probably caused
defined as the area for the Gallusquelle spring multipliedpy the higher hydraulic conductivity due to the higher kars-
by the ratio of the spring discharge to the discharge of thetification in the vicinity of the karst spring. After Worthing-
Gallusquelle spring. For scenario 4 where a linear relationon (2009) this is one of the typical characteristics of karst ar-
ship between the arc length and the conduit diameter wagas. The observation is also supported by Lied! et al. (2003)
defined, it was assumed that the shorter conduits of th§yho found a widening of karst conduits in spring direction.
smaller springs lead to accordingly smaller cross-sectionalt the field site, the steepest hydraulic head gradients were
areas without any further adjustments. At the springs, fixedgphserved in the central area.
head boundary conditions were set at the conduits. Scenario 1 cannot reproduce this behavior of the hydraulic
gradient (Fig. 5b and Fig. 6a). It shows the opposite of the
observed gradient distribution with steeper gradients close
5 Results and discussion to the river Lauchert, where most of the springs are located.
This effect usually occurs in homogeneous aquifers with
The four scenarios were evaluated and compared regardingvenly distributed recharge conditions. The highly conduc-
hydraulic head distribution, hydraulic parameters, spring dis-tive fracture in scenario 2 crosses the model area completely
charges and catchment area delineations. Figure 5 showsom west to east. Therefore, it mainly lowers the hydraulic
the simulated hydraulic head distributions for all scenar-head values in the central and western part, thus opposing the
ios. They are compared to a hydraulic head contour mapbserved gradient distribution. In the west, where the fault
that Sauter (1992) constructed based on field measuremensgsarts to drain the area, its very high transmissivity leads to a
(Fig. 5a). Figure 6 gives a detailed overview of the measuredstrong distortion of hydraulic head contour lines (Fig. 5c¢).
and simulated hydraulic heads and hydraulic gradients. The The conduit network in scenario 3 drains the area predom-
calibration parameters can be found in Table 1. Table 2 andnantly in the central part. This results in a much lower hy-
Fig. 7 compare the simulated and observed spring dischargedraulic gradient than actually observed in the field (Fig. 5d
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Table 2. Simulated spring discharges ¥ra~1) for all scenarios.

Spring Measured Scenario 1: Scenario 2: Scenario 3: Scenario 4:
discharge homogeneous single fracture conduit network  conduit network
with constant radius  with linear radius
Gallusquelle 0.500 40104 0.500 0.495 0.506
Buttnauquellen and Ahlenbergquelle 0.485 4204 35x 1074 0.422 0.340
Schlossbergquelle 0.065 25104 0.004 0.036 0.031
Bronnen 0.055 2.%10°4 21x 1074 0.056 0.022
Koénigsgassenquelle 0.026 43104 3.4x 1074 0.039 0.038

Table 3. Measured hydraulic head values that were used for calibration. For each scenario the difference of the simulated to the measured
hydraulic heads is given in meters. The positions of the observation wells are given in Fig. 5a.

Well Measured Scenariol Scenario2 Scenario3 Scenario 4
ma.s.l. m m m m
B2 652.0 22.9 23.4 18.4 9.8
B4 653.8 19.6 17.5 16.8 4.7
B7 660.7 17.4 14.5 16.3 0.9
B8 663.5 15.7 135 15.1 -0.4
B9 660.8 18.9 17.3 18.5 5.8
B10 673.0 7.2 6.1 6.7 -2.7
B1l1 673.0 7.7 6.9 7.0 0.4
B12 667.0 15.1 14.6 13.9 10.8
B13 673.7 13.3 12.8 10.3 9.7
B14 687.9 3.4 2.9 —-1.7 0.6
B15 697.3 -1.8 -2.4 -9.2 -3.8
B16 713.5 —-6.4 -6.9 -14.9 —-4.4
B17 727.4 —-14.0 —14.7 —-21.4 -94
B18 727.0 -75 -8.8 -8.6 -2.2
B19 680.3 16.5 8.8 3.8 9.1
B22 660.4 26.9 24.1 17.6 15.1
B21 710.3 -3.0 -8.0 -19.8 -3.1
B24 680.2 17.8 10.5 4.9 11.1
B25 671.9 22.2 16.2 10.0 13.5
Abendrain 679.4 8.4 7.9 5.7 7.2

and Fig. 6¢). This effect is due to the constant and relativelyspring (Fig. 5e). This corresponds to the matrix-influenced
high conduit diameter of 2.56 m for the conduits connected toflow regime according to Kovacs et al. (2005), where the dis-
the Gallusquelle spring. This allows large amounts of watercharge is controlled by the matrix rather than by the conduits.
to flow into the conduits in the central part of the catchment. The effect is not strong enough to completely avoid an over-
While the low hydraulic conductivity of the matrix is limiting ~ estimation of hydraulic heads in the east and an underestima-
groundwater flow in this part of the catchment, the ability of tion in the central part and in the west (Fig. 6d). This leads to
the conduits to conduct water becomes limiting close to thethe assumption that the change in gradient is not purely de-
Gallusquelle spring and causes water to flow out of the con+ived from the higher karstification but that other, probably
duits and back into the matrix. According to the classificationgeologic factors contribute to the lateral differences in hy-
after Kovacs et al. (2005) the flow regime in this part of the draulic conductivity. A more dendritic and farther extended
model area thus is conduit influenced. conduit system could also lower the hydraulic head in the
Scenario 4 shows a significantly better fit for the hydraulic east. Due to the gradual widening of the conduits, the troughs
gradient distribution (Fig. 5e and Fig. 6d). The increase ofin the hydraulic head contour lines are less pronounced in
conduit diameters towards the spring represents the highescenario 4 than in scenario 3 and occur further east.
degree of karstification and thus higher transmissivity close
to the spring. As a consequence, the hydraulic gradient is
steeper in the central part of the catchment than close to the
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Fig. 6. Comparison of the hydraulic head values measured in the observation wells and those simulated at the well fesafters.
the homogeneous simulatiofh) after the simulation with fracture flow along the northern fault of the Hohenzollerngréteafter the
simulation with a 1-D conduit network with constant radi(dy. after the simulation with a 1-D conduit network with increasing radius.

5.2 Hydraulic parameters in scenario 1 with 5.% 10~°ms™L. This is due to the fact
that K, for the homogeneous case averages the hydraulic
conductivities of all structures in the area, since none of the

In heterogeneous aquifers the _hydra_ulic_ Condm:ﬁ\’itydiscrete features is considered individually. Therefore, the
strongly depends on the scale of investigation of the ap- alibrated K is within the range given by Sauter (1992)

plied method (Geyer et al., 2013). Sauter (1992) employe or the regional scale. The highly conductive fracture in

several approaches to determine the hydraulic conductivityscenario 2 allows rapid local flow and therefore lower hy-

in the catc_:hment area of t_he Gallusquelle_sprlng from_lo'draulic heads can be achieved with a lower value for the ma-
cal to regional scale. Regional methods like the grad|enttrix conductivity of 3.1x 10-5ms-1. This trend continues

(Darcy) approach or the baseflow recession method average . <cenario 3 and 4 wherE, drops to 2.3 10-5ms1
over thE who{e aquifer S);stem land yielded \_/alues.betwee%md 2.6x10°ms? ’respectively. In these scenarios the
2x107>msand 2x 107" m s, Values obtained with lo- draulic conductivity values approach those obtained by

h
cal borehole methods such as pumping or slug tests rangegy ; ;
auter (1992) with borehole tests, suggesting that most of
approximately from & 10°°mstto 1x 10°ms2. ( ) ggesting

. ; .. the highly conductive features in the area are explicitly taken
The simulated , values for all scenarios are well within gnly phctty

. . . 3 into account.
the aforementioned ranges. The highgtvalue is obtained
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The fracture conductivityKs is introduced in scenario 2. Spring discharge
Despite being in the typical range of literature of 2—-10Th s measured vs. simulated
(Sauter, 1992) the obtained value of 2.7 probably is
too low, because all other karst features, which can drain 06
water from the Gallusquelle spring catchment towards other
springs, are neglected. If additional highly conductive fea-
tures are included, higher fracture conductivities will be nec- 1 3
essary to provide the observed average spring discharge of
the Gallusquelle spring. This effect is partly responsible for 04 —|
the relatively high conduit conductivitk. of 6.5ms? in
scenario 3. Even though the discharge at the Gallusquelle
spring is the same as well as the integrated conduit volume,
the conduit conductivity of 2 g obtained for scenario 4
is significantly lower than the value of 6.5 m'sobtained for 02 —
scenario 3. This is because the karst conduit system with con-
stant diameter needs a higher overall transmissivity to trans-
port the same amount of water due to limiting flow capacity
of the conduits close to the spring.

The conduit diameter in scenario 3 corresponds to a repre-
sentative constant diameter for the Gallusquelle spring. Birk
et al. (2005) used artificial tracer tests for calculating the rep-
resentative diameter. The authors calculated a diameter of
about 5m, which is higher than the 2.56 m simulated with
scenario 3. This is probably due to the fact that these traceFig. 7. Spring discharge: measured and simulated values using a
tests were conducted approximately 3 km northwest of theconduit network with constant radius (scenario 3) and with linearly
spring while in the model the conduits extend approximatelyincreasing radius (scenario 4).

10 km to the northwest. Thus, this supports the idea that the
diameters of the conduits closer to the spring are higher than

Legend

O measured
< Scenario 3
X

Scenario 4

discharge [m®s]

Bronnen —| X @
&

Gallusquelle
Koenigsgassen-
quelle

Buettnauquellen

Ahlenberg- &
Schlossbergquelle | & O

those farther away (see Sect. 2.4). inexact karst conduit network or to an underestimated dis-
charge into the river. For the Bronnen spring, different results
5.3 Spring discharge can be observed for the two scenarios. While scenario 3 has

a very good fit, scenario 4 underestimates the discharge. This
Scenario 1 fails to simulate the locally increased dischargesuggests that the conduits leading to the spring are assumed
at the karst springs (Table 2). Since there are no areas of faoo short in the simulation leading to underestimated conduit
cused flow, there is only diffuse groundwater discharge intodiameters in scenario 4.
the rivers, mainly the Lauchert. In scenario 2 fracture flow The most pronounced difference between the two sim-
along the fault allows the simulation of increased discharge atilations occurs at the Bittnauquellen springs and Ahlen-
the Gallusquelle spring (Table 2). The other springs that werébergquelle spring. Both simulations underestimate their dis-
not connected to highly conductive elements show no locallycharge with a significantly stronger underestimation in sce-
increased discharge (Table 2). The slightly raised discharg@ario 4 (Fig. 7). This is probably due to the simplified ap-
of the Schlossbergquelle spring compared to scenario 1 reproach of treating them like a single spring and attaching
sults from generally increased water flow into the river Fehla,them to the same conduit. While the Ahlenbergquelle spring
not from locally raised discharge at the spring location. Theis perennial, the Buttnauquellen springs are intermittent. This
local discharges at all springs can only be represented by scesuggests that there are karst conduits in at least two different
narios 3 and 4. The simulation is satisfactory for both scenardepths and thus that the representation with a conduit net-
ios. The simulated discharge of the scenarios is very similawork in a single depth is not adequate. A too short conduit
for the Gallusquelle spring, the Schlossbergquelle spring andystem with too little side branches has a stronger impact on
the Konigsgassenquelle spring (compare Table 2 and Fig. 7)scenario 4 because of the dependence of diameters on the to-
The fit for these springs is good, even though the dischargéal length and amount of intersections leading to a stronger
is slightly overestimated for the Kénigsgassenquelle springunderestimation of conduit volumes than in scenario 3.
and underestimated for the Schlossbergquelle spring. Since
the Schlossbergquelle spring is the only spring included ab.4 Catchment area delineation
the river Fehla and no registration of discharge values of the
river itself was conducted, it cannot be distinguished, if theThe spring catchment areas were delineated according to
underestimation at the Schlossbergquelle spring is due to athe hydraulic heads within the matrix. For the delineation
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a bending of contour lines towards the springs is requiredent. Since the simulation was performed stationary, the de-
meaning they can only be generated with localized dischargdineated catchment areas are only valid for the average hy-
at the spring positions. Therefore no catchment areas cadraulic head distribution. As known from literature (Sect. 3)
be delineated in scenario 1. In scenario 2 a catchment arethey should be representative for the usually observed varia-
for the Gallusquelle spring can be delineated. It has approxitions in the Gallusquelle spring area. For reliably simulating
mately the size that can be expected from water balance capossible shifts in the catchment areas during extreme flow
culations, but does not include all injection locations of tracerconditions, more detailed information on recession behavior
tests with recovery at the Gallusquelle spring. Since the hy-of the aquifer and lateral and temporal recharge distribution
draulic conductivity of the fault is assumed to be constant, itshould be included. This is beyond the scope of this paper.
receives most of the inflow in the west and cannot receive For the smaller springs, no catchment areas could be gen-
more water close to the spring. Thus, the catchment arearated in either of the scenarios. They produce a very small
mainly includes the western part of the model area (Fig. 5c).ratio of the total discharge of the model area (<5 %) and the
In scenario 3 catchment areas can be simulated for theesolution of the simulation was not fine enough to reliably
Gallusquelle spring and for the Buttnauquellen springs anddraw their catchment boundaries.
Ahlenbergquelle spring (Fig. 5d). The unusual looking shape
of the areas is caused by the filling of the conduits with water
in the west of the model domain which prevents drainage of6 Conclusions
the fissured matrix by the conduit system in the east of the
area. Therefore the Gallusquelle spring mainly receives waThe results show that distributive numerical simulation is a
ter from the western part of the area, where its conduits drairuseful tool for approaching the complex subject of subsur-
enormous water volumes due to their relatively large diame-face catchment delineation in karst aquifers as long as effects
ter. Due to outflow of water into the matrix in the east, only of karstification are sufficiently taken into account. Even
part of the water from the shown catchment area is transthough the Gallusquelle spring area is significantly less kars-
ported to the springs. In the west it can be observed thatified than for example the Mammoth Cave (Kentucky, USA)
the catchment areas of the Gallusquelle spring and the BitfWorthington, 2009) and does not show significant troughs
tnauquellen springs and Ahlenbergquelle spring reach acrosis the hydraulic head contour lines, it cannot be simulated
karst conduits leading to other springs (Fig. 5d). In this casewith a homogeneous hydraulic parameter field. The geome-
the catchment areas of the springs overlap. The catchment atry of the conduits is of major importance for the simulation.
eas were constructed in 2-D according to surface values, sélthough the Gallusquelle spring is positioned on the linear
that they envision the flow above the smaller conduits in theextension of the northern fault of the Hohenzollerngraben the
west. In the east it can be observed that the catchment aredrydraulic conditions cannot correctly be simulated without
do not include all parts of the respective karst conduit net-consideration of dry valleys. For catchment delineation, the
work. In these areas the conduits cannot accommodate morgpproach of using conduits with constant geometric parame-
water and outflow occurs. The catchment area for the Galiers is not satisfactory, either. While it is possible to fit spring
lusquelle spring that was delineated in scenario 3 includes altlischarges with a double continuum model (e.g., Kordilla et
but one tracer test conducted. The Gallusquelle spring drainal., 2012) or a single continuum model with a highly conduc-
nearly all water from the springs at the river Fehla. The hy-tive zone with constant hydraulic properties (e.g., Doummar
draulic heads in the west are lowered leading to influent flowet al., 2012) the hydraulic head distribution and hydraulic
conditions along parts of the western Fehla. This contradictsonductivities cannot be correctly approximated with these
the development of several springs in this area and makes thiapproaches.
scenario highly unlikely (compare Fig. 3). Using numerical models for catchment delineation allows
Scenario 4 is the only simulation leading to reasonablefor the combination of several methods and observations
results regarding the catchment areas (Fig. 5e). The size ainder consideration of the geological and hydrogeological
the Gallusquelle spring catchment area is in accordance witlproperties of the area. The model can be used for advanced
water balance calculations and includes all tracer tests consimulations of transient groundwater flow and transport and
ducted in the catchment of the Gallusquelle spring. The sizecan also account for heterogeneous distributions of recharge
of the catchment area for the Buttnauquellen springs andr aquifer properties. It therefore represents a flexible tool
Ahlenbergquelle spring is probably underestimated due tdor risk assessment and prediction in heterogeneous flow sys-
the underestimation of spring discharge (Table 2). Since theems.
underestimation is more pronounced for scenario 4 than for The uncertainty of the results depends mainly on the avail-
scenario 3, the catchment area is significantly smaller (comable input data. The modeling approach allows an integrated
pare Fig. 5d and Fig. 5e). A small overlap of catchment areagnalysis of data from different sources. Theoretically, the
can still be observed in the west but in scenario 4 the Gal-method requires average annual spring discharge and hy-
lusquelle spring only drains small amounts of water from thedraulic head measurements in the catchment. Nonetheless,
western part, so that the western Fehla is completely effluthe measurement of the discharge of several springs in the
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