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Abstract. Artificial tracers are powerful tools for investigat- 1 Introduction
ing karst systems. Tracers are commonly injected into sink-
ing streams or dolines, while springs serve as monitoringKarst aquifers are characterized by strong heterogeneity and
sites. The obtained flow and transport parameters represemiisotropy related to the diverse distribution of solution-
mixed information from the vadose, epiphreatic and phreatically enlarged conduits in the carbonate rock (Worthington
zones (that is, the aquifer remains a black box). Accessi-and Ford, 2009). Groundwater flow and contaminant trans-
ble active caves constitute valuable but underexploited natport in karst aquifers are difficult to predict because of the
ural laboratories to gain detailed insights into the hydrologicunknown configuration and geometry of the conduit net-
functioning of the aquifer. Two multi-tracer tests in the catch- work. However, the sustainable use and protection of karst
ment of a major karst spring (Blautopf, Germany) with injec- groundwater resources requires detailed knowledge of the
tions and monitoring in two associated water caves aimedinderground flow paths and spring catchment areas. Geo-
at obtaining spatially and temporally resolved information logical mapping and speleological investigations can deliver
on groundwater flow in different compartments of the sys-direct information about karst development and the pres-
tem. Two tracers were injected into the caves to characterizence of larger conduits (Goldscheider and Drew, 2007). Fur-
the hydraulic connections between them and with the springther insights into drainage structures and dominating tran-
Two injections at the land surface, far from the spring, aimedsit times can be achieved by observations of spring hydro-
at resolving the aquifer’s internal drainage structure. Tracemgraphs and environmental tracers (e.g., electrical conduc-
breakthrough curves were monitored by field fluorimeters intivity, hydrochemical components and isotopes) (Winston
caves and at the spring. Results demonstrate the dendritiand Criss, 2004; Ravbar et al., 2011; Mudarra and Andreo,
drainage structure of the aquifer. It was possible to obtain2011). Artificial tracer tests are often used to investigate the
relevant flow and transport parameters for different sectionsirainage pattern of karst aquifers. In contrast to other meth-
of this system. The highest mean flow velocities (275™h  ods, tracer tests deliver clear information on hydraulic con-
were observed in the near-spring epiphreatic section (opemections, spring catchment areas, transit time distributions
channel flow), while velocities in the phreatic zone (pressur-and linear flow velocities. Relevant conservative and reactive
ized flow) were one order of magnitude lower. Determinedtransport parameters, such as dispersion and retardation can
conduit water volumes confirm results of water balances ande obtained by quantitative analysis and modeling of tracer
hydrograph analyses. In conclusion, experiments and monibreakthrough curves (BTCs) (e.g., Geyer et al., 2007; Massei
toring in caves can deliver spatially resolved information on et al., 2006; Morales et al., 2007; Goldscheider et al., 2008).
karst aquifer heterogeneity and dynamics that cannot be obin most cases, tracers are injected into stream sinks, dolines
tained by traditional investigative methods. or other surface karst structures, while springs serve as sam-
pling and monitoring sites. Consequently, all obtained data
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and parameters represent mixed information from the en-
tire flow path between the injection and recovery sites (i.e.,
from the unsaturated (vadose), epiphreatic and phreatic (sat
urated) zones of the aquifer). However, flow velocities and
transport parameters are highly variable between and within
these zones.

Experiments and monitoring in caves make it possible to
obtain more detailed insights into the internal structure and
hydraulic functioning of karst aquifer systems (Goldscheider
et al., 2008). Owing to the difficult to near-impossible access
to active caves, as well as the associated cost and danger
this approach has not been used very often. In this sense
caves are valuable but underexploited natural laboratories fo
hydrologic research. Perrin et al. (2007) quantified the role of

tributary mixing in chemical variability at a karst spring by Fig. 1. (a) Catchment area of the Blautopf spring with location of

means of detailed monitoring inside a cave system. Méimanye gjye Cave system (southern cave), the Hessenhau Cave (north-
et al. (2001) conducted in-cave dye-tracer tests to delineatg, cave) and the four tracer injection sites (IP-1 to 1P@).Lo-

subbasins within the Mammoth Cave aquifer. The hierar-cation of the test site (rectangle) within the southern German karst
chical structure of conduit systems is known from spele-region of the Swabian and Franconian Alb (shaded).
ological observations (Palmer, 1991) and numerical sim-
ulations of speleogenesis (Gabrovsek et al., 2004; Drey-
brodt et al., 2010). Tracer tests in caves can help to revea? Field site
the drainage structure of inaccessible conduit systems (e.g.,
Smart, 1988). In-cave tracer tests have also previously beemhe Blautopf (“Blue Pot”) spring is located at the southern
used to determine flow velocities and dispersion in open-margin of the Swabian—Franconian Alb, Germany’s largest
channel cave streams at local scales (Hauns et al., 2001) ardrst area (Fig. 1). It drains an area of 165kand has a
to compare the transport of solutes and colloids (Géppert andnean discharge of 2.3%s1, with variation ranging from
Goldscheider, 2008). Tracer injections at the land surface an@.3 n? s1 in dry periods up to 32.5 &s 1 during high-flow
monitoring of water inlets in caves can help to quantify water conditions. The stratigraphy is composed of a series of Up-
storage, percolation and contaminant transport in the epikargter Jurassic limestone and marl with a total thickness of up
zone (Pronk et al., 2009). to 400 m. The aquifer system consists of an upper and lower
In order to obtain spatially and temporally resolved in- karst aquifer, separated and underlain by marl aquitards
formation on conduit flow in karst aquifer systems, a karst(Bartenbach et al., 2009; Lauber et al., 2013). The landscape
catchment in southern Germany that includes two majoris characterized by numerous dolines and dry valleys. The
caves and is drained by a large spring was selected as a tdstwvering of the main valley during the Plio-Pleistocene and
site for this study. This paper presents the first tracer tests thahe subsequent backfilling with gravel have created a deep
were done inside the active conduit network of this karst syskarst system; that is, the basis of the karst aquifer is below the
tem, accompanied by detailed geological investigations andevel of the valley and main spring (Bartenbach and Ufrecht,
water balances (Lauber et al., 2013). The experimental ap2009; Ufrecht, 2009). Blautopf spring cannot safely be used
proach consists of two in-cave dye-tracer injections and twdfor drinking-water supply because wastewater and agricul-
injections at the land surface, with detailed monitoring at se-tural runoff have adversely affected the water quality of the
veral sampling sites inside the caves and at the spring (Figs. $pring.
and 2). Since 1975, more than 65 tracer tests have been con-
There were five major goals to this study: (1) localize andducted in the catchment area. All injections were done at the
quantify the hydraulic connections between the two waterland surface, mostly into dolines or stream sinks (Villinger
caves and towards the karst spring; (2) reveal and characteand Ufrecht, 1989; Selg and Schwarz, 2009). Therefore, the
ize the supposed hierarchical drainage structure of the aquifezatchment area of the spring is well known (Armbuster and
system; (3) delineate subcatchments within the large overSelg, 2006). However, the internal drainage structure of this
all spring catchment area; (4) obtain spatially resolved in-aquifer system had previously been unknown due to great
formation on flow velocities and transport parameters in thedifficulties in accessing existing caves.
vadose, epiphreatic and phreatic zones; and (5) estimate the To date, more than 150 caves have been mapped in the
water volume in the conduit network in comparison with re- area (Arbeitsgemeinschaft Blautopf, 2011; Bohnert, 2009).
sults of other studies. The most important one is the Blauhdhlensystem (“Blue
Cave system”, southern cave in Figs. 1 and 2). Previously,
the Blautopf spring was the only entrance to the systems.
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Cavers had to dive 1200m in order to access and ex-
plore the inner parts of this cave. The Blue Cave system is
more than 10 km long and consists of phreatic (fully water- e IP-1
saturated), epiphreatic (open-channel flow) and vadose pas- sp-1” "
sages (Fig. 2). Another important cave is the 3.5km long Ko
Hessenhauhohle (“Hessenhau Cave”, northern cave). The en- %
trance of the cave is a vertical shaft under a doline passing O%O
into a horizontal water cave at a depth of 130 m (Fig. 2). This

cave was presumed to drain towards the Blue Cave system

and Blautopf spring; however, there is no clear evidence for

this. Since 2010, a drilled shaft has permitted access to the

Blue Cave system without diving, providing an easier way

for scientific research to be carried out within the cave sys- @'P'z Blue Cave System

tems. (southern cave)
SP-2

Hessenhau Cave
(northern cave)

X

3 Methods
3.1 Tracer tests

The first two tracer injections into cave streams were done on
21 April 2012: 100 g of uranine was injected into the north-

ern cave at IP-1, and 200 g of sulforhodamine G (sulfoG) was
injected into the southern cave at IP-2 (Figs. 1 and 2). One
week later, on 28 April 2012, two injections were done at the
land surface, in distal parts of the catchment area. Due to the B cave passage, phreatic . 8
first two tracers being injected directly into the cave streams, I cave passage, epiphreatic ?%
it was possible to use the same two dye tracers again. In the [ cave passage, vadose ‘

conduit systems, no significant storage possibilities were tq:ig. 2.Map of the two caves with indication of phreatic, epiphreatic

be gxpected under stable ﬂ,OW conditions. Monitoring in theand vadose cave passages, injection points IP-1 and IP-2 in the cave
active caves and at the spring demonstrated that tracer Coyeams. and sampling points (SP-1 to SP-4).

centrations from the first experiment had dropped below the
detection limit. Based on this, 1500 g of uranine was injected

into a vertical karst shaft at IP-3, about 10km away from  pjscharge measurements were conducted in the two cave
the spring. For decades, this shaft had been used to dispog@stems at SP-1 and SP-2 one week before the tracer tests
of overflow water from a sewage treatment plant. At IP-4, ysing the salt-dilution method. The data make it possible to
19km away from the spring (Fig. 1), 20009 of sulfoG was re|ate cave stream flow and spring discharge. Continuous dis-
injected into a doline. A minimum of 78%nof water was charge data from the spring were obtained from the regional
used at each surface injection site to flush the tracer througBthority for water balance calculations and for estimation of

the vadose zone. _ the total recovery and water volumes in the cave system.
In order to obtain detailed tracer breakthrough curves,

a total of three field fluorimeters (GGUN-FL 43, 334 and 3.2 Evaluation and modeling of the results

335; Albillia, Switzerland) were installed at sampling points

in the cave system (SP-2 and 3) and at the spring (SP-4flow velocities and dispersion/dispersivity were calculated
(Fig. 2). The fluorimeters were calibrated using water from with and without considering tortuosity € x,/x). While the
the cave system; the sampling interval during the tracer testsurveyed lengthx(;) of the phreatic cave passage between
was 4 min. At SP-1, water samples were collected by caversSP-3 and the spring is 1200 m, the linear distangeq only
water samples were also collected at other sites in ordef00m (Fig. 2). Thus, a tortuosity of 1.7 can be defined for
to check the fluorimeter results. Additionally, charcoal bagsthis karst system. For the sake of simplicity, all velocities
were placed at several sites in the cave system and replacethd dispersions mentioned in the text do not consider tortu-
at intervals of two weeks or less. Qualitative results from osity. The complete results (with and without tortuosity) are
the charcoal bags were obtained to better resolve the spatigirovided in Table 1.

flow pattern, in particular the location of the confluence be- All breakthrough curves (BTCs) were analytically mod-
tween the two caves. Water samples and charcoal bags werded with a conventional advection—dispersion model (ADM)
analyzed in the KIT laboratory using a spectrofluorimeterand a two-region non-equilibrium (2RNE) model using the
(LS 55, Perkin Elmer). software CXTFIT (Toride et al., 1999). The models calculate
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Table 1.Results of the tracer test.

U. Lauber et al.: Information on karst conduit flow from in-cave dye tracing

Injection Points IP-1 IP-2 IP-3 IP-4
Injection  Tracer Uranine SulfoG Uranine SulfoG
m Type of injection point Cave stream Cave stream  Karst shaft Doline
Sampling Points Parameter Unit
SP-1 Time of first detectich h o ) 981 .
Maximum velocity mhl = injection point  no detection 69/118 no detection
Time of first detection h 1.2 320
Peak time h 23 360
Maximum concentration pgtt 50 0.6
Maximum velocity mhl ) 578/983 ) 51/87
SP-2 Peak velocity mhL o detection 290/493 no detection 45,77
Mean flow velocity mhl 275/468 -
Dispersion mMh=1 4920/14 200 -
Dispersivity m 18/30 -
Time of first detection h 26.0 12.0 136 335
Peak time h 31.8 15.9 155 385
Maximum concentration gt 1.9 6.0 115 0.5
Maximum velocity mhl 96/163 152/258 68/115 54/91
SP-3 Peak velocity mht  78/132 115/195 60/102 46/79
Mean flow velocity mhl  74/130 112/191 56/100 45/%4
Dispersion mMh~1  734/2350 1160/3360 794/2290 6230/16700
Dispersivity m 10/18 10/17 14/23 138/225
Time of first detection h 41.0 25.6 153 357
Peak time h 48.8 29.2 177 405
Maximum concentration potl 1.1 4.0 10.3 0.14
Distance to spring km 3.2/5.4 2.5/4.3 10/17 19/32
Maximum velocity mhl 78/132 98/167 65/111 53/91
Peak velocity mhl  65/111 86/147 56/96 46/80
SP-4 Spring discharge Fs1 124 1.32 1.04 0.97
Recovery % 52 79 63 5
Mean flow velocity mhl  64/110 74/133 56/95 45/%6
Dispersion mh-1  784/2270 1120/3300  727/2100 3260/9240
Dispersivity m 12/20 15/25 12/22 74/121
Partitioning coefficienp ~ — 0.96 0.89 0.97 0.81
Mass transfer coefficiennt — 0.57 0.82 0.39 1.%7

Note: mean flow velocity and dispersion are calculated by using the ADM of the software CXTFIT (Toride et al., 1999). Coefficients of determination are all greater than 0.931
except for IP-4 (?2 > 0.8). Values are determined without/with respect to tortuosity. Partitioning coefficients and mass transfer coefficients are calculated by using 2RNE model of
CXTFIT. @incomplete BTCP parameters are only calculated for the first peak.

one-dimensional flow in karst conduits, which is predomi- The 2RNE model further accounts for exchange between mo-
nantly characterized by advection, i.e., flow velocity,@nd  bile and immobile fluid regions in the karst system (Field and
mechanical dispersior)) in the direction of flow. The gen-  Pinsky, 2000). Therefore, the advection—dispersion equation
eral advection—dispersion equation (Ayjis solved analyti- is extended by two parameters, a partitioning coefficignt
cally by assuming homogeneous profiles, a uniform and uni-between mobile and immobile fluid regions and a mass trans-
directional flow field that is constant in time and space, andfer coefficientw between the two regions. Thus, a total of
constant flow parameters (van Genuchten et al., 2012). Adour parameters D, 8, w) need to be fitted simultaneously,
inverse modeling tool of the ADM provides best estimates ofresulting in less robust (i.e., more ambiguous) estimates (van
the two flow parameters)( D) by fitting a modeled BTC to  Genuchten et al., 2012). Due to the nearly symmetric shapes
observed values. of the breakthrough curves and the short tailing, most of the
BTCs were fitted well by both models. Therefore, the ADM
was used to obtain more robust values; the results are listed

2
dc = E —v dc in Table 1 and used for discussion.

at ax2 ax

1)
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Fig. 3. Breakthrough curves resulting from in-cave dye-tracer injection at IP-1 (uranine) and IP-2 (sulfoG) obtained at sampling points in the
cave (SP-2, SP-3) and at the spring (SP-4).

Based on the modeling, mean flow velocities and dispertected at SP-3 and at the spring (SP-4). The first detection
sion coefficients were determined between the four injec-occurred 26 h after injection. The maximum concentration
tion sites and the four sampling sites. In order to quantifyof 1.9 ug -1 was reached after 32 h. At SP-4, uranine was
flow velocities between individual sampling points (e.g., the first detected after 41 h, and the maximum of 1.1 g bc-
section between SP-2 and SP-3 or between SP-3 and SRurred after 49 h. Spring discharge was about 1.24Th
4), peak transit times were used. Effects of the vadose zon®espite direct injection into the cave stream, total tracer
were estimated by comparing parameters from surface andecovery only reached 52% (Table 1). Mean flow veloci-
cave injections. Additional flow parameters for epiphreaticties of 74mh? and a dispersion of 734t~ were cal-
and phreatic zones (i.e., the partitioning coefficient and theculated between IP-1 and SP-3 (without considering tortu-
mass transfer coefficient) were determined with the 2RNEosity). Between IP-1 and SP-4, mean flow velocities were
model for selected BTCs of cave injections. Water volumeslower, 64 m 1, with dispersion of 784 fh~1. The flow ve-

(V) of the karst conduit system were estimated by multiply- locities in the phreatic sections between SP-3 and SP-4 are
ing the mean discharg@®gean and the mean transit time of based on peak transit times and are about 4T tntranine
the tracer {nean (Field and Nash, 1997). was not detected in the more distant and upstream part of the
southern cave at SP-2.
SulfoG (IP-2) was detected at all three sampling points

4 Results and discussion — SP-2, SP-3 and SP-4 — tracing the flow path through the
southern cave. The first arrival at SP-2 occurred 1 h after in-
4.1 Results of the tracer injections in cave streams jection; the maximum of 50 pgt! was reached after 2.3 h

. S (Fig. 3). At SP-3, first detection was after 12 h, and a maxi-
All observed BTCs resulting from the two injections in cave myum concentration of 6 ugi! was measured after 16 h. Sul-

streams (IP-1 and IP-2) show a single and nearly symmetfoG arrived after 26 h at the spring, where the maximum of
ric peak and a short tailing (Fig. 3). Uranine (IP-1) was de-
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Fig. 4. Breakthrough curves resulting from injections at the land surface, at IP-3 (uranine) and IP-4 (sulfoG), observed at sampling points in
the cave (SP-2, SP-3) and at the spring (SP-4).

4.0 ug L1 occurred after 29 h. During breakthrough, spring of 10.3 ug -1 was measured after 177 h. Despite the injec-
discharge was 1.32%s 1, and 79 % of the tracer was re- tion via the unsaturated zone (into a karst shaft), the BTCs
covered (Table 1). Highest mean flow velocities, 275thh  display a single peak and nearly symmetric shapes. During
were calculated for the epiphreatic section between IP-2 andreakthrough, spring discharge was about 1.84mh, and a
SP-2, with dispersion of 49207h~1. Significantly lower  recovery of 63 % was calculated (Table 1). Maximum flow
values for mean flow velocity (112 nth) and dispersion velocity between IP-3 and SP-1 is 69 mth Mean flow ve-
(1160 mh1) were found between IP-2 and SP-3. Coeffi- locity from IP-3 to SP-3 was calculated at 56 mth dis-
cients of determinationR?) from modeled BTCs in the cave persion being 794 Ah—1. The ADM provides good curve
system are greater than 0.931, showing good curve fittingfitting, with R? values greater than 0.973. Approaching the
The lowest flow velocities, 47 nih, were measured in the spring, flow velocities between SP-3 and SP-4 decline to
phreatic section between SP-3 and the spring and are bas@¥ mh1 and are based on peak transit times.
on peak transit times. After 75 h, concentrations at the spring SulfoG from IP-4 was only detected in the southern cave.
had decreased below detection limits (Fig. 3). All BTCs at SP-2, SP-3 and the spring (SP-4) display
two peaks with maximum concentrations between 0.1 and
4.2 Results of the tracer injections at the land surface 0.7 ug Lt (Fig. 4). First detection at SP-4 was 357 h after
injection, and the first tracer maximum occurred after 405h
Uranine (IP-3) was detected at SP-1, SP-3 and the springith 0.14 ug L1, Mean spring discharge was 0.97 s1?,
(SP-4) (Fig. 4). Due to poor accessibility to the northern cave,and only 5% of this tracer was recovered. The results indi-
sampling at SP-1 was only temporarily feasible; as a resulcate that sorption processes in the vadose zone and remobi-
the BTC is incomplete. Uranine was first detected at SP-1 aflization after a rain event caused the second peak. The rain-
ter 98 h. The first arrival at SP-3 occurred after 136 h, and thefall event caused spring discharge to increase to 125
maximum of 11.5 ug £ was reached after 155h. At SP-4, after peak 1, resulting in additional dilution of tracer. Mean
first detection was after 153 h and a maximum concentratiorflow velocity for the first peak is 45 nTH. The existence
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Fig. 5. (@) Theoretic structure of a hierarchical karst network with a schematic sketch of injection glojivsrified structure of the Blautopf
spring catchment area that consists of two subcatchments, one draining towards the northern cave and the other towards the southern ca
(modified from Lauber et al., 2013). The caves converge about 700 m linear distance upstream of the spring.

of two separate flow paths can be largely ruled out becauséve water caves (Fig. 5b). The northeastern part of the area
a previous tracer test at the same injection site in 1986 exdrains via the northern cave into the spring, while the south-
hibited a BTC with a single peak. Spring discharge at thiswestern subcatchment is connected to the southern cave (IP-
time had been about 3.2Cs 1 with recovery of about 90 %  2). At a distance of 700 m upgradient of the spring, the two
(Villinger and Ufrecht, 1989). Therefore, only the first peak cave streams merge just ahead of SP-3 and form a single,
of the BTC of the current test injection is modeled with large phreatic cave passage towards the main outlet. It has

CXTFIT, resulting in lower values ak? (> 0.8). been demonstrated by numerical modeling that solutionally
. enlarged pathways will form such dendritic drainage struc-
4.3 Structure of the drainage network tures in karst aquifers, as increasing flow and dissolution

) L _ are self-enhancing processes (Gabrovsek et al., 2004; Wor-
Uranine BTCs from injections IP-1 and IP-3 monitored at y,inq10n and Ford, 2009; Dreybrodt et al., 2010). Although

: . , only a few preferen-
spring (SP-4), but not in upstream parts of the southern CaVRal flow paths prevail with increasing flow distance (Fig. 5a).

(SP-2). The high similarity and the single-peaked shapes ofrye apig enlargement of such initial conduits results in re-
the BTCs observed at SP-3 and SP-4 suggest that there e ntation of flow field towards these conduits and thus the
only one major flow path connecting the two caves. Based 0, ation of tributaries in the epiphreatic and phreatic zones.
tracer detection by means of the charcoal bags placed arounginijar grainage structures have been proven by using tracer
SP-3, it was possible to precisely identify the location of the e in the catchment area of Milandre Cave (Perrin et al.,

connecting conduit; this is valuable information for the fur- 2007) and the Mammoth Cave system (Meiman et al., 2001).
ther exploration of the cave (Fig. 5b). '

There appear to be two main branches of drainage towardg. 4  Flow velocities and flow parameters in the karst
the spring — the two known caves (Figs. 2 and 5). This is con- system
firmed by discharge measurements conducted in both cave
systems. In the northern cave, a channel flow of 0.73th Although conventional tracer tests with injections at the sur-
was determined, while a flow of about 0.68 a11 was mea-  face and monitoring at the spring represent mixed informa-
sured at SP-2 in the southern cave. At that time, discharg¢ion from the entire flow path, the tracer tests presented in
at the spring was 1.30%s 1, meaning that each cave stream this study made it possible to differentiate flow in vadose,
contributes approximately 50 % of the total flow to the spring epiphreatic and phreatic cave sections. In the two cave sys-
(Lauber et al., 2013). tems, clear relations between flow types, hydraulic gradients
Based on continuous tracer monitoring in the caves, it wasand flow velocities have been found. The highest (mean) flow
possible to subdivide the catchment area of the Blautopf karstelocities of 275mh* were found in the epiphreatic pas-
spring into two subcatchments contributing to the two ac-sage between IP-2 and SP-2. Considering a tortuosity of 1.7,
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Fig. 6. Schematic sketch of injection (IP) and sampling points (SP) of the two tracer tests in the southern drainage system (Blue Cave
system) and information about vadose, epiphreatic and phreatic cave passages. Below, determined flow and transport parameters are give
flow velocities and hydraulic gradients are calculated for individual cave sections, whereas dispersion and dispersivity values are valid only

for sections between IPs and SPs.

maximum mean flow velocities may reach 468nthThe  served by Hauns et al. (2001). However, close to the spring,
hydraulic gradient is highest in this section at about 40 %olow hydraulic gradients and low flow velocities result in a
(Fig. 6). Flow velocities decrease as they approach the maitower dispersion of about 734 to 116G tm* for in-cave in-
outlet due to the decreasing hydraulic gradient. Above SPjections (IP-1, IP-2). A decrease in dispersion and flow ve-
3, flow velocities decrease down to 84 mthat a gradient locities in proximity to a spring was also observed in a cave
of 2%o. The different hydraulic gradients can be attributed system in Slovenia (Gabrovsek et al., 2010).
to different stages of cave development. The lowest flow ve- The tracer injection at the land surface, at IP-3 (charac-
locities of 27 to 47 mh® were found in the phreatic cave terized by open shafts), revealed the very low water reten-
passage between SP-3 and the spring, where the conduit®n capacity of the vadose zone. Maximum flow velocities
are mostly below the level of the spring and thus fully sat- of 69 m ! were determined for the vadose and epiphreatic
urated. Approaching the spring, the hydraulically effective zone between IP-3 and SP-1, whereas only slightly higher
cross-sectional area] of the phreatic conduit becomes very flow velocities of 68 to 96 mh! were found for the down-
large, resulting in a decrease of flow velocities §ccording  gradient cave passage between SP-1 and SP-3 (IP-1, IP-3;
to the condition of flow continuity @ = vA). Additionally, Table 1, Fig. 7). The BTCs of injections IP-1 and IP-3 both
large phreatic conduits produce a high hydraulic conductiv-exhibit a symmetric peak and a short tailing; that is to say,
ity and therefore a very low hydraulic gradient. This leads tono essential differences between cave and surface injections
impoundment in the phreatic zone and the formation of un-have been observed. However, the two injections only deliver
derground lakes in the upgradient epiphreatic cave passageisformation on the active conduit system, where flow veloc-
As observed at the phreatic cave passage, flow velocities alsities are highest. Higher water retention and lower velocities
varied with flow conditions during all four tracer tests. Dis- can be expected in the less karstified parts of the vadose zone.
charge fluctuated between 0.97 and 1.3zm, while flow Furthermore, the seemingly minor influence of the vadose
velocities varied between 27 nth (during lower flow con-  zone may be attributed to scale effects: observed values of
ditions) and 47 m h! (during higher flow conditions). surface injections refer to a large distance and deliver mixed
Spatially, dispersion coefficients vary with flow velocities. information from the vadose and epiphreatic zones (Fig. 7).
The highest value for dispersion, 4928h71, was calcu-  The thickness of the vadose zone is about 100 m and there-
lated for remote parts of the cave system (Fig. 6), and can béore insignificant in respect to the whole flow path of at least
attributed to the joint effect of rapids and pools in the cave 10 000 m. Results from IP-3 further exhibit a low dispersion
section between IP-2 and SP-2. Similar effects have been olzoefficient of 727 Ah~1, which is similar to in-cave values
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Fig. 7. Schematic sketch of the two tracer tests in the northern drainage system (Hessenhau Cave), including injection (IP) and sampling
points (SP), and information about vadose, epiphreatic and phreatic cave passages. Below, determined flow and transport parameters al
given: flow velocities and hydraulic gradients are calculated for individual cave sections, whereas dispersion and dispersivity values are valid
only for sections between IPs and SPs.

(IP-1, Fig. 7). However, geologic profiles show that the karstment area of Blautopf: Villinger and Ufrecht (1989) found
water lies within the lower karst aquifer and flow paths mustdispersivity values from 12.4 to 38.1 m for distances between
cross the marly formation twice in order to drain into the 3.7 and 19.0 km, largely in agreement with the values ob-
spring (Lauber et al., 2013). Despite this, dispersion does notained for the two cave streams during the present study.
increase significantly, indicating a high permeability along Results with the 2RNE model of CXTFIT show a high
the flow path. percentage of karst water flowing in the mobile fluid region
Concerning the results at IP-4, the generally lower flow (89 to 97 %). This was calculated for cave and surface injec-
velocities can be reduced to low-flow conditions during thetions (IP-1 to IP-3), showing highly karstified and permeable
tracer test (Fig. 6). However, maximum flow velocities are flow paths. The mean value of mass transfer coefficient from
53m 1, demonstrating that potential contamination would in-cave injections is 0.62, demonstrating low mass transfer
still reach the spring within a short period of time, even underbetween the immobile and mobile regions in the epiphreatic
low discharge from the karst system. In contrast to IP-3, dis-and phreatic zones. The higher mean value from surface in-
persion coefficients from injection IP-4 produce significantly jections (about 1.2) indicates a higher mass transfer, most
higher values of 3260 to 16 7001, likely due to long likely in the vadose zone.
flow distances and a lower permeability of the vadose zone. Large portions of the catchment are dominated by diffuse
These results come from analysis of just the first peak andnfiltration. By using water balances, spring hydrograph anal-
therefore may have uncertainties. yses and natural tracers, previous studies have estimated that
To eliminate the influence of flow velocity, the dispersivity the water volume in the fractured rock matrix accounts for 90
(a = D/v) was calculated for all measuring points. Most val- to 95 % of the total karst water volume, which was estimated
ues lie within the range of 10 to 18 m (IP-1 to IP-3). There is at 27 Mn®. The mean residence time was calculated to be
apparently no significant increase with flow distance within < 15yr (Geyer etal., 2011; Bauer and Selg, 2006; Schwarz et
the active cave system. In contrast, the reverse was observal., 2009; Selg and Schwarz, 2009). During the tracer tests of
for IP-2: dispersivity decreases with increasing flow distancethis study, water volumes of 0.68 and 1.42 Mwere calcu-
(Fig. 6). This may be due to flow in larger channels with lated for the conduits system of each subcatchment area (IP-
fewer turbulences and heterogeneity. Similar effects have8 and IP-4, respectively) including the water in the phreatic
been observed by Gabrovsek et al. (2010) in a cave system ioonduit between the confluence of the subcatchment streams
Slovenia. However, Hauns et al. (2001) found a strong corre-and the spring (Fig. 8). The water volume in the phreatic con-
lation between dispersivity and flow distance in a cave sys-duit upstream of the spring is about 0.08 Mand may be
tem in Switzerland. An increase of dispersivity has also beertaken into consideration only once when calculating the total
observed by numerous prior surface tracer tests in the catctwater in conduits. Thus, the total water volume in conduits
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conduit cross section. This leads to impoundment of water in
these parts of the cave system. Due to the heterogeneous dis-
tribution of flow velocities, dispersion varies in the cave sys-
tems. The highest dispersion was found for epiphreatic con-
duits with high flow velocity in remote parts of the cave sys-
tem, whereas low dispersion generally exists in conduits with
low flow velocities close to the spring. Dispersivity displays
relatively constant values and does not significantly increase
with increasing flow path, reflecting strong karstification. In
proximity to the spring, large conduits with less turbulence
and heterogeneity influence the flow parameters. Although
tracer tests in active karst systems are laborious, the benefits
are worth the effort since unique information on groundwater
flow and flow parameters is obtained.

The volume of the conduit system was estimated and cor-

Fig. 8. Conduit water volumes estimated for each drainage systenf€lated with values from water balances and spring hydro-
and the phreatic cave passage on the basis of the tracer test resul@faph analysis. During low-flow conditions, the fraction of
The total conduit volume is about 2.0 Mm conduit water is about 7 % of the total karst water.

Local rural and agricultural land use affects water quality
of the Blautopf. However, tracer tests available to the public
is about 2.0 Mm during low-flow conditions (L is™%),and  have already helped to sharpen awareness of the vulnerabil-
corresponds to a fraction of about 7 % of the total karst wa-ity of water resources in the region. The obtained parameters
ter of 27 Mn?. In conclusion, water balances, spring hydro- and spatially resolved information allows for a better under-
graph analyses and tracer tests deliver comparable estimateganding of the structure of the karst system and may help to
for conduit water volumes. protect and preserve karst water resources.

catchment area of the 0.08 Mm®
Blautopf spring

spring
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