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Abstract

Artificial tracers are powerful tools to investigate karst systems. Tracers are commonly
injected into sinking streams or dolines, while springs serve as monitoring sites. The
obtained flow and transport parameters represent mixed information from the vadose,
epiphreatic and phreatic zones, i.e., the aquifer remains a black box. Accessible ac-
tive caves constitute valuable but underexploited natural laboratories to gain detailed
insights into the hydrologic functioning of the aquifer. Two multi-tracer tests in the catch-
ment of a major karst spring (Blautopf, Germany) with injections and monitoring in two
associated water caves aimed at obtaining spatially and temporally resolved informa-
tion on groundwater flow in different compartments of the system. Two tracers were
injected in the caves to characterize the hydraulic connections between them and with
the spring. Two injections at the land surface, far from the spring, aimed at resolving
the aquifer’s internal drainage structure. Tracer breakthrough curves were monitored by
field fluorimeters in caves and at the spring. Results demonstrate the dendritic drainage
structure of the aquifer. It was possible to obtain relevant flow and transport parameters
for different sections of this system. The highest mean flow velocities (275 m h‘1) were
observed in the near-spring epiphreatic section (open-channel flow), while velocities in
the phreatic zone (pressurized flow) were one order of magnitude lower. Determined
conduit water volumes confirm results of water balances and hydrograph analyses. In
conclusion, experiments and monitoring in caves can deliver spatially resolved informa-
tion on karst aquifer heterogeneity and dynamics that cannot be obtained by traditional
investigative methods.

1 Introduction

Groundwater flow and contaminant transport in karst aquifers are difficult to predict,
because of the unknown configuration and geometry of the conduit network. However,
the sustainable use and protection of karst groundwater resources requires detailed
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knowledge of the underground flowpath and spring catchment areas. Therefore, tracer
tests are often used to investigate the drainage pattern of karst aquifers. Tracer tests
primarily deliver clear information on hydraulic connections, spring catchment areas,
transit time distributions and linear flow velocities. Relevant conservative and reactive
transport parameters, such as dispersion and retardation can be obtained by quanti-
tative analysis and modeling of tracer breakthrough curves (BTCs) (e.g. Geyer et al.,
2007; Massei et al., 2006; Morales et al., 2007; Goldscheider et al., 2008). In most
cases, tracers are injected into stream sinks, dolines or other surface karst structures,
while springs serve as sampling and monitoring sites. Consequently, all obtained data
and parameters represent mixed information from the entire flowpath between the in-
jection and recovery sites, i.e. from the unsaturated (vadose), epiphreatic and phreatic
(saturated) 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 in-
sights into the internal structure and hydraulic functioning of karst aquifer systems
(Goldscheider et al., 2008). Owing to the difficult accessibility of active caves and
the high experimental efforts, this approach has not been used very often. In this
sense, caves are valuable but underexploited natural laboratories for hydrologic re-
search. Perrin et al. (2007) have quantified the role of tributary mixing in chemical
variations at a karst spring by means of detailed monitoring inside a cave system.
Meiman et al. (2001) have conducted in-cave dye-tracer tests to delineate sub-basins
within the Mammoth Cave aquifer. The hierarchical structure of conduit systems is
known from speleological observations (Palmer, 1991) and numerical simulations of
speleogenesis (Gabrovsek et al., 2004; Dreybrodt et al., 2010). Tracer tests in caves
can help to reveal the drainage structure of inaccessible conduit systems (e.g. Smart,
1988). In-cave tracer tests were also used to determine flow velocities and dispersion
in open-channel cave streams at local scales (Hauns et al., 2001) and to compare the
transport of solutes and colloids (Géppert and Goldscheider, 2008). Tracer injections at
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the land surface and monitoring water inlets in caves can help to quantify water storage,
percolation and contaminant transport in the epikarst zone (Pronk et al., 2009).

In order to obtain spatially and temporally resolved information on conduit flow in
karst aquifer systems, a karst catchment in South Germany that includes two major
caves and is drained by a large spring was selected as test site for this study. More
than 65 tracer tests have been conducted in the area since 1927, but all injections were
done at the land surface, mostly into dolines or stream sinks (Villinger and Ufrecht,
1989; Selg and Schwarz, 2009). Therefore, the catchment area of the spring is well
known (Armbuster and Selg, 2006), while the internal drainage structure of this aquifer
system was completely unknown, owing to the extreme difficulties in accessing the
caves. Since 2010, a drilled shaft permits access to the larger of the two caves without
diving. This paper presents the first tracer tests that were done inside the active con-
duit network of this karst system. The experimental approach consists of two in-cave
dye-tracer injections and two injections at the land surface, with detailed monitoring at
several sampling sites inside the caves and at the spring (Figs. 1 and 2).

The study had five major goals: (1) localize and quantify the hydraulic connections
between the two water caves and towards the karst spring; (2) reveal and characterize
the supposed hierarchical drainage structure of the aquifer system; (3) delineate sub-
catchments within the large overall spring catchment area; (4) obtain spatially resolved
information on flow velocities and transport parameters in the vadose, epiphreatic and
phreatic zones; (5) estimate the water volume in the conduit network in comparison
with results by Geyer et al. (2011).

2 Field site

The Blautopf (“Blue Pot”) spring is located at the southern margin of the Swabian—
Franconian Alb, Germany’s largest karst area (Fig. 1). It drains an area of 165 km?
and has a mean dischar%;e of 2.3m> s, with variation ranging from 0.3 m> s~ in dry
periods up to 32.5 ms” during high flow conditions. The stratigraphy is composed of
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a series of Upper Jurassic limestone and marl with a total thickness of up to 400 m. The
aquifer system consists of an upper and lower karst aquifer, separated and underlain
by marl aquitards (Bartenbach et al., 2009; Lauber et al., 2013). The landscape is
characterized by numerous dolines and dry valleys. The lowering of the main valley
during Plio—Pleistocene and the subsequent backfilling with gravel have created a deep
karst system, i.e., the basis of the karst aquifer is below the level of the valley and main
spring (Bartenbach and Ufrecht, 2009; Ufrecht, 2009). Waste water and agricultural
sewage affect the water quality of the Blautopf karst spring that cannot be used for
drinking water supply.

More than 150 caves have been mapped in the area (Arbeitsgemeinschaft Blautopf,
2011; Bohnert, 2009). 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. Cavers had to dive 1200 m to access and explore the inner
parts of this cave. Since 2010, a drilled shaft allows direct access to the cave system
without diving. The Blue Cave System is more than 10 km long and consist of phreatic
(fully water-saturated), epiphreatic (open-channel flow) and dry passages (Fig. 2). An-
other important cave is the 3.5 km long Hessenhauhdhle (“Hessenhau Cave”, northern
cave). The entrance of the cave is a vertical shaft under a doline passing into a horizon-
tal water cave in a depth of 130 m (Fig. 2). This cave was supposed to drain towards
the Blue Cave System and Blautopf spring, but without clear evidence.

3 Methods
3.1 Tracer tests

The first two tracer injections into cave streams were done on 21 April 2012: 100g
of Uranine were injected in the northern cave at IP-1, and 200 g of Sulphorhodamine
G (Sulpho G) were injected in 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
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the catchment area. It was possible to use the same two dye-tracers again, because
monitoring in the active caves and at the spring has demonstrated that tracer concen-
trations from the first experiment had dropped below detection limit. 1500 g of Uranine
were injected in a vertical karst shaft at IP-3 near the community of Laichingen, about
10 km away from the spring. For decades, this shaft had been used to dispose of over-
flow water from a sewage treatment plant. 2000 g of Sulpho G were injected in a doline
at IP-4 in the village of Zainingen, 19 km away from the spring (Fig. 1). A minimum of
78 m°> of water were used at each surface injection site to flush the tracer through the
vadose zone.

In order to obtain detailed tracer breakthrough curves, three field fluorimeters
(GGUN-FL 43, 334 und 335, Albillia, Switzerland) were installed at sampling points
in the cave system (SP-2 and 3) and at the spring (SP-4) (Fig. 2). The fluorimeters
were calibrated using water from the cave system. At SP-1, water samples were taken
manually by cavers; water samples were also collected at other sites in order to check
the fluorimeter results. Additionally, charcoal bags were installed at several sites in the
cave system and replaced at least every two weeks. Water samples and charcoal bags
were analysed in the KIT laboratory using a spectrofluorimeter (LS 55, Perkin Elmer).

In both cave systems (SP-1 and 2), discharge measurements were conducted one
week before the tracer tests using the salt-dilution method. Discharge data from the
spring were obtained from the regional authority.

3.2 Evaluation and modeling of the results

Flow velocities and dispersion/dispersivity were calculated with and without consider-
ing tortuosity. For this karst system, a tortuosity of 1.7 was obtained by dividing the
surveyed length of the phreatic cave passage between SP-3 and the spring (1200 m)
by the linear distance (700 m) (Fig. 1). For the sake of simplicity, all velocities and
dispersions mentioned in the text are without considering tortuosity. Transit times and
velocities between individual sampling points were calculated on the basis of peak
transit times. By observing breakthrough curves (BTCs) at different parts in the cave
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system (SP-2, SP-3) and at the spring (SP-4), it was possible to obtain flow pa-
rameters for individual epiphreatic and phreatic sections in the cave system (Fig. 2).
Breakthrough curves were analytically modeled with a conventional advection disper-
sion model (ADM) and a two-region non-equilibrium (2RNE) model using the software
CXTFIT (Toride et al., 1999). The 2RNE model accounts for exchange between mobile
and immobile fluid regions in the karst system (Field and Pinsky, 2000).

Due to the nearly symmetric shapes of the breakthrough curves and the short tailing,
most of the BTCs were fitted well with both models. As the 2RNE model may deliver
multiple pairs of values, the ADM was used to obtain more robust values; results of
the modeling (ADM) are listed in Table 1 and used for discussion. Mean square errors
(RMSE) of all BTCs are greater than 0.931. Additional flow parameters for epiphreatic
and phreatic zones, partitioning coefficient and mass transfer coefficient, were deter-
mined with the 2RNE model for selected BTCs of cave injections. Effects of the vadose
zone were estimated by comparing parameters of surface and cave injections.

4 Results and discussion
4.1 Results of the tracer injections in cave streams

All observed BTCs resulting from the two injections in cave streams (IP-1 and IP-2)
show a single and nearly symmetric peak and a short tailing (Fig. 3). Uranine (IP-1)
was detected at SP-3 and at the spring (SP-4). The first detection occurred 26 h after in-
jection. The maximum concentration of 1.9 ug L~" was reached after 32 h. At SP-4, Ura-
nine was first detected after 41 h, and the maximum of 1.1 ug L=" occurred after 49 h.
Spring discharge was about 1.24 m3s™. Despite direct injection in the cave stream,
total tracer recovery only reached 52 % (Table 1). Mean flow velocities of 74 m h~! and
a dispersion of 734 m?h~"' were calculated between IP-1 and SP-3 (without consider-
ing tortuosity). Between IP-1 and SP-4, mean flow velocities were lower with 64 m h™;
dispersion was 784 m?h~". The flow velocities in the phreatic sections between SP-3
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and SP-4 are about 41 mh™". Uranine was not detected at SP-2, in the more distant
and upstream part of the southern cave.

Sulpho G (IP-2) was detected at all three sampling points, SP-2, SP-3 and SP-4, trac-
ing the flowpath through the southern cave. The first arrival at SP-2 occurred 1 h after
injection; the maximum of 50 pg L~" was reached after 2h 15min (Fig. 3). At SP-3, first
detection was after 12 h, maximum concentration of 6 ug L~" was measured after 16 h.
Sulpho G arrived after 25 h at the spring where the maximum of 4.0 ug L~ occurred af-
ter 30 h. During breakthrough, spring discharge was 1.32 m3s™', and 79 % of the tracer
were recovered (Table 1). Highest mean flow velocities, 275 m h™ , were calculated for
the epiphreatic section between IP-2 and SP-2; dispersion is 4920 m?h". Significantly
lower values for mean flow velocity (112m h'1) and dispersion (1160 m h'1) were found
between IP-2 and SP-3. The lowest flow velocities, 47mh‘1, were measured in the
phreatic section between SP-3 and the spring. After 75 h, concentrations at the spring
had decreased below detection limit (Fig. 3).

4.2 Results of the tracer injections at the land surface

Uranine (IP-3) was detected at SP-1, SP-3 and the spring (SP-4) (Fig. 4). Due to the
poor accessibility of the northern cave, sampling at SP-1 was only temporarily feasible
and the BTC is thus incomplete. Uranine was first detected at SP-1 after 98 h. The
first arrival at SP-3 occurred after 136 h, and the maximum of 11.5 ug L~! was reached
after 155h. At SP-4, first detection was after 153 h and maximum concentration of
10.3ug L~' was measured after 181 h. Despite the injection via the unsaturated zone
(into a karst shaft), the BTCs display a single peak and nearly symmetric shapes. Dur-
ing breakthrough, spring discharge was about 1.04 m®s™', anda recovery of 63 % was
calculated (Table 1). Maximum flow velocity between IP-3 and SP-1 is 69 mh~". Mean
flow velocity from IP-3 to SP-3 was calculated with 56 m h, dispersion is 794 m?h™".
Approaching the spring, mean flow velocities decline to 56mh~' and dispersion de-
creases slightly to 727 m?h~".
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Sulpho G from IP-4 was only detected in the southern cave. All BTCs at SP-2, SP-3
and the spring (SP-4) display two peaks with maximum concentrations between 0.1 and
0.7 ug L (Fig. 4). First detection at SP-4 was 357 h after injection, the first tracer max-
imum occurred after 405h with 0.14 pg L™'. Mean spring discharge was 0.97 m3s™
and only 5 % of this tracer was recovered. The results indicate that sorption processes
in the vadose zone and remobilization after a rain event have caused the second peak.
Due to rainfall, spring discharge increased up to 1.25 m>s~'between the two peaks,
causing dilution of the tracer. Maximum flow velocity from IP-4 to SP-4 is 53mh'1,
mean flow velocity for the first peak is 45m h~'. The existence of two separate flow-
paths can be largely ruled out, as a previous tracer test at the same injection site in
1986 exhibits a breakthrough with a single peak. Spring discharge had been about
3.20m%s™" and recovery about 90 % (Villinger and Ufrecht, 1989). Therefore, only the
first peak of the BTC of this injection is modeled with CXTFIT.

4.3 Structure of the drainage network

Uranine BTCs from injections IP-1 and IP-3 monitored at SP-3 demonstrate that there
is connection between the two caves (Figs. 2—4). Uranine was also detected at the
spring (SP-4), but not in upstream parts of the southern cave (SP-2). The high similarity
and the single-peaked shapes of the BTCs observed at SP-3 and SP-4 suggest that
there is only one flowpath connecting the two caves. Results from charcoal bags make
it possible to further constrain the location of the connecting conduit — this is valuable
information for the further exploration of the cave.

Two main branches of drainage have been developed with approximation to the
spring — the two known caves (Figs. 2 and 5). This is confirmed by discharge mea-
surements, conducted in both cave systems. In the northern cave, a channel flow of
0.77m°s™! was determined, while a flow of about 0.69 m°s~' was measured at SP-2
in the southern cave. At that time, discharge at the spring was 1.30 mis™, Therewith,
both cave streams contribute approximately 50 % to the whole discharge of the spring.
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Based on continuous tracer monitoring in the caves, it was possible to subdivide the
catchment area of the Blautopf karst spring into two sub-catchments contributing to
the two active water caves (Fig. 5). The northeastern part of the area drains via the
northern cave to the spring, while the southwestern sub-catchment is connected to
the southern cave (IP-2). In a distance of 700 m to the spring, the two cave streams
confluence just ahead of SP-3 and form a single, large phreatic cave passage towards
the main outlet. Similar drainage structures are known from numerical models (e.g.
Worthington and Ford, 2009) and proven by using tracer tests in the catchment area of
Milandre cave (Perrin et al., 2007) and Mammoth cave system (Meiman et al., 2001).

4.4 Flow velocities and flow parameters in the karst system

Whereas conventional tracer tests with injections at the surface and monitoring at the
spring represent mixed information from the entire flowpath, the tracer tests presented
in this study made it possible to differentiate flow in vadose, epiphreatic and phreatic
cave sections. In the two cave systems, clear relations between flow types, hydraulic
gradients and flow velocities have been found. The highest (mean) flow velocities of
275mh~" were found in the epiphreatic passage between IP-2 and SP-2. Considering
a tortuosity of 1.7, maximum mean flow velocities may reach 468 m h™'. The hydraulic
gradient is highest in this section with about 40 %. (Fig. 6). Flow velocities decrease
with approximation to the main outlet as the hydraulic gradient decreases. Until SP-3,
flow velocities decrease down to 84mh™" ata gradient of 2 %.. The different hydraulic
gradients can be related to different stages of cave development. Lowest flow veloci-
ties of 26 to 47mh™" were found in the phreatic cave passage between SP-3 and the
spring. There, conduit cross-sections (A) become very large and result in a decrease
of flow velocities (v) according to the condition of flow continuity (Q = vA). Additionally,
large phreatic conduits lead on to a high conductivity and therewith a very low hydraulic
gradient. This gives rise to impoundment in the phreatic zone and the formation of un-
derground lakes in the nearby epiphreatic cave passages. As observed at the phreatic
cave passage, flow velocities also vary with flow conditions during all four tracer tests.
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Dischar1ge fluctuated between 0.97 to 1.32m%s™" , while flow velocities varied between

21mh™" during lower flow conditions and 47 mh™" during higher flow conditions.

Spatially, dispersion coefficients vary with flow velocities. Highest values for disper-
sion were calculated for remote parts of the cave system with 4920 m?h~" (Fig. 6).
There, cascades, waterfalls and rapids cause very high dispersion (Hauns et al., 2001).
However, with approximation to the spring, low hydraulic gradients and low flow veloc-
ities result in a lower dispersion of about 734-1160 m?h~" for in-cave injections (IP-1,
IP-2). A decrease of dispersion and flow velocities in approximation to the spring were
also made in a cave system in Slovenia (Gabrovsek et al., 2010).

The strongly karstified vadose zone at IP-3 reveals little hydraulic impact on ground-
water flow. Maximum flow velocities of 69mh~" were found for the flow through va-
dose and epiphreatic zone from IP-3 to SP-1, whereas maximum flow velocities of 68—
96 mh~" were found for the following cave passage between SP-1 and SP-3 (IP-1, IP-3,
Table 1, Fig. 7). The BTCs of injections IP-1 and IP-3 are both exhibiting a symmetric
peak and a short tailing, no essential difference between cave and surface injection
has been observed. The minor influence of the vadose zone may be provoked by injec-
tions in highly karstified zones, e.g. karst shafts and dolines. But also may be a scale
effect: the thickness of the vadose zone is about 100 m and therewith insignificant in
respect to the whole flow path of at least 10 000 m. However, water must flow two times
through a marly formation to reach the spring which has previously assumed to have
a low permeability. Low flow velocities were found for IP-4, but can be reduced to low
flow conditions during the tracer test (Fig. 6).

Dispersion coefficients of in-cave and surface injections are partly different. Results
from IP-3 exhibit a low dispersion of 727 m?h~", which is similar to in-cave values (IP-
3, Fig. 7). However, geologic profiles show that the karst water lies within the lower
karst aquifer and flow paths must cross the marly formation twice to drain to the spring
(Lauber et al., 2013). Despite that, dispersion does not increase significantly, indicating
a high permeability in the vadose zone. In contrast to this, values observed from IP-
4 show significant higher values of 3260 to 16 700 m?h™" fitting to the predominating
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circumstances: long flow distances and flow through unsaturated zone. These results
are related to analysis of the first peak and therefore may have uncertainties.

To eliminate the influence of flow velocity, the dispersivity (@ = D/v) was calculated
for all measuring points. Most values lie within 10—-18 m (IP-1 to IP-3). There is appar-
ently no significant increase with flow distance within the active cave system. In con-
trary, the reverse was observed for IP-2: dispersivity decreases with increasing flow
distance (Fig. 6). This may be reduced to flow in large channels with few turbulences
and heterogeneities. Similar effects have been observed by Gabrovsek et al. (2010) in
a cave system in Slovenia. However, Hauns et al. (2001) found a strong correlation of
dispersivity and flow distance in a cave system in Switzerland. An increase of disper-
sivity has also been observed by numerous previous surface tracer tests in this catch-
ment area of Blautopf (Villinger and Ufrecht, 1989). Values from 12.4 to 38.1 m have
been determined for distances between 3.7 and 19.0 km. The low values of the cave
system (IP-1 and IP-2) fit well to these dispersivity values. It seems that flow through
unsaturated zone may reveal two diverse effects on dispersivity; only little increase of
dispersivity (IP-3) probably due to extreme karstified zones and a major influence (IP-4)
due to less karstified zones.

Model results with 2RNE-model of CXTFIT show a high percentage of karst water
flowing in the mobile phase (89-97 %). This was calculated for cave and surface in-
jections, showing highly karstified and permeable flow paths. The mean value of mass
transfer coefficient from in-cave injections is 0.62 demonstrating low mass transfer be-
tween immobile and mobile phase in epiphreatic and phreatic zones, whereas higher
mean value from surface injections (about 1.2) indicate a higher mass transfer, proba-
bly present in the vadose zone.

Large areas of the catchment area are dominated by diffuse infiltration. By using
water balances, spring hydrograph analysis and natural tracers the water volume in the
fractured matrix was estimated with 90 to 95 % of the total karst water (Geyer et al.,
2011; Bauer and Selg, 2006; Schwarz et al., 2009; Selg and Schwarz, 2009), the total
water volume was denoted with 27 Mm?®. The mean residence time was calculated with
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up to 15yr. During the tracer tests of this study, a water volume of 0.68 resp. 1.42 Mm?
was calculated for each sub-catchment area (IP-3 resp. IP-4). The water volume in the
phreatic conduit between the confluence of the sub-catchment streams and the spring
is about 0.08 Mm®>. The total water volume of the conduit water is about 2.0 Mm?® during
low flow conditions at 1m®s™" and therewith corresponds to a fraction of about 7 % of
the total karst water of 27 Mm®.

5 Conclusions

The results of the in-cave dye-tracing and monitoring enabled detailed knowledge of
the internal drainage structure and hydraulic properties. It was possible to demonstrate
that there is exactly one hydraulic connection between both caves; the confluence is
located about 700 m (linear distance) upstream of the spring. In combination with land
surface injections and in-cave monitoring the dendritic drainage structure of the karst
system was proven for the first time. Within the whole catchment area of the spring two
sub-catchment areas were identified, drained by an active karst conduit contributing to
about 50 % to the discharge of the spring. The northeastern sub-catchment drains via
the northern cave, whereas the southwestern sub-catchment is linked with the southern
cave. In a distance of approximately 700 m to the spring, both main drainage conduits
converge and form one big phreatic cave passage.

For the first time high resolved information about flow velocities and transport pa-
rameters were obtained for single cave passages. Flow velocities vary strongly within
the cave systems; highest flow velocities are coupled with high hydraulic gradient and
found in epiphreatic cave passages. Significant lower flow velocities were determined
for the phreatic cave passage, showing a very low hydraulic gradient and large conduit
cross-sections. This leads to impoundment of water in these parts of the cave system.
Dispersion is highly variable due to flow velocities. Highest dispersion was attested for
epiphreatic conduits with high flow velocity in remote parts of the cave system, whereas
low dispersion exists generally in conduits with low flow velocities close to the spring.
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Dispersivity displays relatively constant values and does not significantly increase with
increasing flow path, reflecting a strong karstification. With approximation to the spring,
large conduits with less turbulences and heterogeneities influence flow parameters.

Water volume of the conduit system was estimated and correlates with values from
water balances and spring hydrograph analysis. During low flow conditions, the fraction
of conduit water is about 7 % of the total karst water. Due to rural and agricultural land-
use, the water quality of the Blautopf is affected. The obtained parameters and spatially
high resolved information allows a better understanding of the structure of the karst
system and may help to protect and preserve karst water resources.
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Table 1. Results of the tracer test.

Injection  Injection Points IP-1 IP-2 IP-3 P-4

Tracer Uranine Sulpho G Uranine Sulpho G

Sampling Type of Injection Point Cave stream Cave stream Karst shaft  Doline

Sampling Points  Parameter Unit

SP-1 Time of first detection® h =injection point no detection  98.1 no detection
Maximum velocity® mh™’ 69/118

SP-2 Time of first detection h no detection 1.2 no detection 320
Peak time h 2.3 360
Maximum concentration Hg L 50.7 0.6
Maximum velocity mh™! 578/983 51/87
Peak velocity mh™' 290/493 45/77
Mean flow velocity mh™' 275/468 -
Dispersion m?h™’ 4920/14 200 -
Dispersivity m 18/30 -

SP-3 Time of first detection h 26.0 12.0 136.0 335
Peak time h 31.8 15.9 154.6 385
Maximum concentration ug L' 19 6.0 115 0.5
Maximum velocity mh™"  96/163 152/258 68/115 54/91
Peak velocity mh™' 78132 115/195 60/102 46/79
Mean flow velocity mh™"  74/130 112/191 56/100 45/74°
Dispersion mZh~'  734/2350 1160/3360 794/2290 6230/16 700°
Dispersivity m 10/18 1017 14.2/22.9 138/225°

SP-4 Time of first detection h 41.0 25.6 153 357
Peak time h 48.8 29.2 180.9 405
Maximum concentration Hg L1 4.0 10.3 0.14
Distance to spring km 3.2/5.4 2.5/4.3 1017 19/32
Maximum velocity mh™' 78132 98/167 65/111 53/91
Peak velocity mh™"  65/111 86/147 55/94 46/80
Spring discharge ms™! 124 1.32 1.04 0.97
Recovery % 52 79 63 5
Mean flow velocity mh™  64/110 74/133 56/95 45/76°
Dispersion m?h™' 784/2270 1120/3300  727/2100 3260/9240°
Dispersivity m 12/20 15/25 12/22 74/121°
Partitioning coefficient g - 0.96 0.89 0.97 0.91°
Mass transfer coefficient @ — 0.57 0.82 0.39 1.37°

Note: mean flow velocity and dispersion are calculated by using ADM of the program
CXTFIT (Toride et al., 1999). Coefficients of determinations are greater than 0.931. First
values are determined without/with respect to tortuosity. Partitioning coefficients and mass
transfer coefficients are calculated by using 2RNE-model of CXTFIT.

& incomplete BTC.

b parameters are only calculated for the first peak, coefficients of determinations are greater
than 0.800.
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Fig. 1. (a) Catchment area of the Blautopf spring with location of the Blue Cave System (south-
ern cave), the Hessenhau Cave (northern cave) and the four tracer injection sites; (b) location
of the test site (rectangle) within the South German karst region of the Swabian and Franconian

Alb (shaded).

11328

| Jadeq uoissnosiq | Jaded uoissnoasiqg

i

Jaded uoissnosiq

Jaded uoissnosiq

HESSD
10, 11311-11335, 2013

Spatially resolved
information on karst
conduit flow from
in-cave dye-tracing

U. Lauber et al.

(&
S



http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/11311/2013/hessd-10-11311-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/11311/2013/hessd-10-11311-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

IP-1

Hessenhau Cave

%‘LCN (northern cave)
%4 SP-1

<:k5
o
N
St
o
3

SP-3

Blue Cave System
(southern cave) SP-4/

spring

I cave passage, phreatic
I cave passage, epiphreatic
[0 cave passage, above water level

Fig. 2. Map of the two caves with indication of phreatic, epiphreatic and dry cave passages,
injection points IP-1 and IP-2 in the cave streams and sampling points (SP-1 to SP-4); mapping
of caves by Arge Blautopf and Arge Blaukarst.
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Fig. 3. Breakthrough curves resulting from in-cave dye-tracer injection at IP-1 (Uranine) and
IP-2 (Sulpho G) obtained at sampling points in the cave (SP-2, SP-3) and at the spring (SP-4).
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Fig. 4. Breakthrough curves resulting from injections at the land surface, at IP-3 (Uranine) and
IP-4 (Sulpho G), observed at sampling points in the cave (SP-2, SP-3) and at the spring (SP-4).
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Fig. 5. Theoretic structure of a hierarchical karst network, and verified structure of the Blautopf
spring catchment area that consists of two sub-catchments draining towards the northern and
southern cave, respectively. The caves converge about 700 m linear distance upstream of the

spring.

dendritic karst-network
(theoretic structure)

verified structure of the karst-network at Blautopf
(speleology and tracer tests)
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Fig. 6. Schematic sketch of injection and sampling points of the two tracer tests in the southern
drainage system (Blue Cave System) with determined flow and transport parameters.
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Fig. 7. Schematic sketch of the two tracer tests in the northern drainage system (Hessenhau

Cave) with determined flow and transport parameters.
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catchment area of the 0.08 Mm?®
Blautopf spring

Fig. 8. Conduit water volumes estimated for each drainage system and the phreatic cave pas-
sage on the basis of the tracer test results. The total conduit volume is about 2.0 Mm?.
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