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Fig. 5.13: Correlation diagramm of discharges of the Hammerbach spring and the total tracer 
recoveries for uranine and chloride at JJ ammerbach and Schmelz bach sprmg of all traang 
experiments 'l.cith injections into the L11rbach sinkhole. 

quaternary filling in the Mur valley (cf. chap. 2.3.5. and 2.3.6.). Therefore the 
percentage of tracer losses is higher at low water conditions. 

The transit times of the tracer uranine (expressed by the concentration p~ak in 
h after injection) between the Lurbach sinkhole and the Hammerbach spnn& as 
function of the mean discharge of the spring (and discharge extreme values dunng 
the experiments) are plotted in fig. 5.14. The exponential function indicates that the 
residence time in the karst aquifer depends significantly on the spring dischar&e and 
varies between 19 h (experiment 1975 at high water conditions) and 75 h (expenme~t 
1973 with the lowest discharges). The experiments with tracer detection also m 
Schmelz bach are marked separately in fig. 5.14. It is clearly visible that the over±1ow 
from Hammerbach to Schmelzbach aquifer is only active at higher discharges. 

6. Application of Tracer Models 

6.1. Mathematical Modelling of Tracer Experiments in the Karst of 
lurbach System (P. MALOSZEWSKI, T. HARUM, R. BENISCHKE) 

6.1.1. Introduction 

Wa~er storag_e an~ water flo~ in karstic groundwater systems focus a lot of 
attention, especial.ly m.the countnes where drinking water is mainly obtained from 
the karst. The est1matwn of the water volume in the karstic catchment areas and 
the prediction of protection zones against contamination in the surrounding of those 
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Fig. 5.14: Correlation diagramm of discharges of the Hammerbach spring and the transit time (tracer 
concentration peak in h since injection) for uranine at Hammerbach spring of calculated 
from all tracing experiments v.Jith injections into the Lurbach sinkhole. 

areas play then a very important role. Experimental works in the karst are mainly 
based ?n classical hydraulic methods in which the parameters are obtained from 
analysmg the recharge-discharge relations (S. DREISS, 1989, Th. PfAFF, 1987). 

For several years the applicability of environmental and artificial tracer methods 
has. been permanently increasing (R. BENISCHKE et al, 1988, D. RANK et al, 1991, 
J.~F. QUINLAN et al, 1987). Especially artificial tracer experiments have been already 
W,Idely applied. Several well described tracer experiments performed in karst of 
differ~nt types can be found in the literature (W. KAss, 1972, R. GoSPODARIC & P. 
BABIC, 1976, R. GoSPODARIC et al., 1976, H. BEHRENS et al., 1981, A. MoRns & 
H. ZOJER, 1986 ). In most cases the purpose of these experiments was the 
determination of flow directions and/or hydraulic connections between injection 
~nd detection sites. Unfortunately only some of these experiments have been 
mterpreted quantitatively. The interpretation is usually mostly based on the method 
of moments (A. KREFT & A. ZUBER, 1978) applied directly to the tracer concentration 
curve or on a simple one dimensional dispersion model developed for porous aquifers 
by A. LENDA & A. ZUBER (1970). 

It means that in most cases the transport parameters such as water velocity (mean 
transit ti~e of tracer) and dispersivity are being determined without model ~alibration 
?r by calibration of an unadequate model, bec_ause the tracer concentration curves 
m karst are characterized by strong tailing eftect and often by several peaks. 

As shown by P. MALOSZEWSKl & A. ZUBER ( 1990, 1992) the method of moments 
applied to the tracer breakthrough curves characterized by tailing effect provides 
a stro?g overestimation of longitudinal dispersivity and underestimation of water 
veloctty. The dispersivities obtained in this way range from hundred of meters to 
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kilometers (I. STOBER, 1988). Additionally these parameters used in one dimensi?nal 
dispersion model yield the tracer breakthrough curve far from the concentrattons 
measured. Even by applying the fitting procedure, the s.imple one dimensional ~ode! 
cannot fit the tracer concentration curve correctly. Thts means that the modelts not 
calibrated properly and, consequently, not validated ( s. P. MALOSZEWSKI & A. ZUBER, 
1992, for the definition of these terms). 

Three approaches have been proposed so far to deal with the tailing effect. T~e 
first consists of coupling of the dispersion equation for mobile water in condu.tt 
fractures with the diffusion equation for stagnant water in the microporous matnx 
(P. MALOSZEWSKI & A. ZUBER, 1985). The second consists of considering the tracer 
curve as a result of superposition of several flow paths (A. ZuBER, 1974, A. KREFT 
et al., 1974) and also different flow paths in series (R. RoGALSKI, 1988). The third 
is the combination of both above approaches (P. MALOSZEWSKI & A. ZuBER, 1985, 
K.-P. SEILER et al., 1989). In the present work the second approach is employed and 
further developed for modelling tracer transport in the karstic system of Lurbach. 

6.1.2. Mathematical Concept 

Most tracer experiments were performed in the karst of Lurbach system under 
quasi steady state conditions, i.e., the discharge of the Hammerbach spring was nearly 
constant during the tracer passage. The tracers were injected directly into the Lurbach 
creek entering the karstic system in a sinkhole and observed in two karstic outflows: 
Hammerbach and Schmelz bach springs (s. chap. 5.). All the tracer curves observed 
were characterize~ by strong tailing effects or even by additional peaks. Such effects 
cannot be descnbed only by single one dimensional dispersion model. The 
determination of transport parameters using any simple estimation method without 
model calibrations cannot yield acceptable results. The shape of the tracer curves 
sugg.ested that the tracer is transported in several parallel flow paths (subsystems). 
The tdea of the tracer transport is shown in fig. 6.1. R. ROGALSKI ( 1988) employed 
a model consisting of two parallel flow paths, whereas here up to five were possible. 

ENTRANCE 
TO THE SYSTEM 

N 

1 KARSTIC 
SPRING 

Fig. 6.1: Hydrological model of the water flow through drainage channels in the karstic system. 
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A similar multi~ow mod~l was presented. by A. ~UBER(1974) and used by A. KREFT 
et al. ( 197 4) for mterpretmg tracer expenments m fractured karstified rocks. In the 
present work this approach is employed to karstic conduits. It is assumed that the 
tracer transport can be considered separately for each flow path and that there are 
no interactions between the flow paths. Possible diffusion of tracer from the mobile 
water into the stagnant water in the microporous matrix and/or in temporarily 
nonactive parts of the karstic system is neglected. Under these assumptions on each 
parallel flow path the transport of an "ideal" (nonreactive) tracer is governed by a 
one dimensional dispersion model: 

D 
cFC; aci _ ac; 

i OX2 + V; OX - Ot ' ( 6.1) 

where C;(x,t)is the concentration of tracer in water, V; is the mean water velocity, 
~nd D; is the dispersion coefficient for the i-th flow path. The molecular diffusion 
m water in the comparison to the hydrodynamic dispersion is negligible due to high 
water velocities. The dispersion coefficient is then 

(6.2) 

where a; is defined as the dispersivity on the i-th flow path. 

The model assumes that the whole mass of tracer, M, instantaneously injected 
in time t = 0 at the entrance to the system, is there well mixed and divided into N 
portions which immediately enter theN flow subsystems. This mean~ that the tracer 
mass M; entering each subsystem is proportional to the volumetnc flow rate Q; 
through that subsystem. All the flow paths meet again in the outflow from the system 
(spring) where instantaneous good mixing of the tracer takes place. The conc.el?tual 
flow model is shown in fig. 6.2. It is clear that in nature some fl?w paths ma.y o~Igmate 
and end somewhere in the system (s. fig. 6.1), but not hke shown m fig. 6.2. 
Independently from that, the model parameters are always related to flow paths 
which begin in the sinkhole (injection site) and end in the outflow from the system 

Q1 I D ) 1
1 c1 (t) 

M1 l t 01,( vx 1 J 
INPUT 

OUTPUT 

Q Qi r-t-~---o---1 i Ci (t) C(t) ,.. 

l 01' ( vx) i J IY 
~ 

M Mj L----------

Fig. 6. 2: The conceptual flow model. 
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(spring). Due to this fact, the model has to be considered as a rough approximation 
of the reality. The number of possible flow subsystems N is one of the parameters 
of the model and has to be determined during its calibration (fitting). The parameters 
of the model found from the tracer data strongly depend on the tailing part of the 
tracer concentration curve and the accuracy of its measurement. The flow distances, 
x,, measured between the injection and detection site (sinkhole and spring, respecti­
vely) can be different for different flow paths and is not exactly known. Due to this 
fact it is always convenient to use as transport parameters: the mean transit time 
of water t0 x/v and the dispersion parameter D/vx olx. Assuming steady state 
flow conditions the mean transit time of water for the i-th flow path, t0;, is simultane­
ously equal to the ratio of the volume of water V; to the volumetric flow rate of 
water Q; through the flow subsystem: 

t 0· == X·lv· == V/Q. l l 1 l l. 

For an instantaneous injection described by the Dirac function 

ClO,t) M/Q, · o(t) 

the solution of eq. (6.1) has the following form: 

(6.3) 

(6.4) 

C; (t) _Mi. 1 . exp [- (1- tltoY ] (6.5) 
V; 'l'4n(D/vxHtlt0Y 4 (D/vx); (tlt0;) ' 

where 

(D/vx); == a/x; (6.6) 

is the dispersion parameter on the i-th flow path. 
The tracer concentration measured in the ouct1ow from the system is the weighted 

mean concentration from all flow paths 

N 

C (t) .I [Q;C; (t)]/Q, 
p;;;l 

(6.7) 

w~ere C,(t) is t?e tracer output c~ncentration at the end of the i-th flow path and 
Q IS th_e tot~l d1scharge measured m the karstic spring equal simultaneously to the 
sum ot parual flow rates: · 

(6.8) 

It can be deduced from eq. (6.7) that the tracer concentration C(t) at the end of 
i-th flow path is diluted by other flow paths 

1 

Cm;(t) Q;C,(t)/Q. (6.9) 

C,,(t) is now the tracer concentration from the i-th flow subsystem observed in 
the oudlow from the whole system. Combining eq. (6.5) and (6.9) one obtains: 

C (t) =_Mi. 1 [ (1-tltoY ] 
"" Q tc;'l'4n(D/vxHtlt

0
Y . exp - 4 (D/vx); (t/t

0
;) • (

6.lO) 

The tot~ I output concentration ( eq. 6.7) is the superposition of the partial 
concentratiOns, Cm;(t) 

( 6.11) 
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The theoretical tracer recovery R obtained in the outflow from the system is 

R=Q)C(t)dt, ( 6.12) 

whereas the part_ial tracer recoveri~s R; ob~erved at the end of each i-th flow path 
are calculated_ usmg th~ same equat.wn but mstead of q and C( t) one has to use Q, 
and C,(t). By Introducmg eq. (6.9) mto (6.12) one obtams 

(6.13) 

The mass of ~racer injected into i-th flow path, M1, can be then found using 
eq. (6.13) to the 1-th tracer concentration curve measured in the outflow from the 
whole system. Theoretically the sum of all partial recoveries is equal to the total 
recovery and to the mass ot tracer injected 

N 
R I, R1 M. 

i l 
( 6.14) 

The mathematical flow model for the Lurbach system is described by eq. (6.10) 
and(6.11). 

The parameters of the model are the number of flow subsystems (N) and the 
t:arameters for each of theN flow paths. Each i-th flow path has its own mean transit 
time of water, t01 , dispersion parameter, (D/vx)1 and the flow rate, Q 1, represented 
by the mass of tracer, M,. 

6.1.3. Determination of the Parameters 

The solution of the inverse problem, i.e. the determination of all parameters from 
the tracer curve cannot be done automatically due to the high number of unknowns. 
The.solution can be obtained by dividing step by step the experimental curve into 
partial curves, starting by the first peak of the experimental curve and looking for 
the best fit of the theoretical solution (eq. 6.10) to the concentrations measured at 
the initial part of the curve .. In the next step this theoretical curve is ~ubstracted from 
the whole tracer concentration curve and the procedure repeated unnl the background 
concentration is reached. 'The number of flow subsystems N will then be automati­
cally fol!nd. As a result of fitting the param~ters ~0 ~nd (D/vx)1 are det:rmined step 
by step tor ~11 flow pa~hs. The parameter M, IS :sumated next, by applymg eq. ( 6.13) 
t~ the pamal theoretical curves calculated with known values oft~, and (D/v~),. 
Fmally, the whole theoretical curve can be calculated (eq. 6.11) and compared wrth 
the experimental curve. 

In practice, the total recovery of tracer (eq. 6.12) is very often smalle~ than the 
ma~s injected (M). In such a case the real recoveries R, have to be used mstead ot 
M; ~~ ~q. (6.11) and (6.10). . . 

Similarly, when the tracer curves are observed m sev~ral outflows from ~he karst1c 
system, each single outflow must be separately considered and R ~sed mstead ot 
M. The ratio of i-th recovery Ri to the total recovery R obs.erved Ill the outflow 
produc~s the portion of tracer ri transporte~ th_rough the 1-th f~ow subsystc~. 
Accordmg to the model assumption this quan!Ity 1s equal to the ratio of volumetnc 
flow rate in i-th flow path Qi to the whole discharge Q of the outflow 

ri = R/R = Q/Q . ( 6.15) 
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From the above equation it is clear that the estimation of the r; parameter from 
the recoveries ratio enables to calculate the flow rates Q; on each flow path (for known 
discharge Q) and then from eq. (6.3) the volumes of water V; in different flow 
subsystems 

V; Q; · t0; = r; · Q · t0;. (6.16) 

The sum of V; is equal to the whole water volume V in the drainage channels of 
the karstic system between the sinkhole of creek and its outflow 

(6.17) 

6.1.4. Results of ModeJling and Discussion 

It was mentioned earlier that the tracers were injected into the Lurbach creek 
(input) and observed in the outflows: Hammerbach and Schmelzbach springs 
(outputs). Twenty tracer experiments have been performed since 1927 - three 
experiments were not completed but 17 tracer concentration curves were suff!cient~y 
well recorded to be modelled. The tracer passage was detected mamly. m 
Hammerbach spring (15 curves). Only at discharges of the Hammerbach sp~mg 
higher than about 200 1/s, the tracer passage was also detected in Schmelz bach spnng. 
This phenomen was observed in 1970,1975, 1981, 1987 to 1989experiments (s. chap. 
5.2.) but only two of them ( 1981 and 1989) could be modelled. In 1988 a multi tracer 
experiment with three "ideal" tracers uranine, bromide and eosin injected 
simultaneous! y was performed by the ATH -group. The tracer curves obtained for 
uranine and eosin have nearly the same shape as that for bromide. It shows that the 
strong tailing effect observed in the experiments was not a result of possible sorption 
or diffusion, but can well be explained by the flow conditions. In some experiments 
the water samples were collected not long enough to obtain the whole tracer curve 
and it was necessary to extrapolate the tailing parts. The discharge of Hammerbach 
spring was nearly constant during most of experiments (steady state conditions). 
H_owever,_the mean discharge was different from year to year (80-360 1/s). The re~ults 
?t modellmg for Hammerbach and Schmelz bach drainage systems arc summanzed 
m tab. ?.1--6. 9. The velocities an~ dispersivities on different flow paths were calculated 
assummg the same lenghts ot the N flow paths x, in each system separately 
(x 3.1 km for Hammerbach and x 3.0 km for Schmelzbach). 

The model froposed in this study yields a good fit in all experiments. It means 
that the mode was in all cases properly calibrated and that the idea of multiflow 
seems to be applicable for this system. The examples of model calculations for tracer 
experiments performed in I 952, 1979 and 1988 are shown in fig. 6.3-6.6. The final 
rcs_u_!t~ of mode_lling can on! y be discussed for Hammcrbach system. There arc not 
suthoent data tor the Schmclzbach system to make any general conclusions. 

6.1.4.1. Flow Paths 

In the Ham~crbach_system ?c~wcen three and five flow paths (flow subsystems) 
were found. It ts qucstwnable tf ftve flow paths really exist because it is difficult to 
model the end parts of tracer curve due to low concentration, close to background. 
On the other hand, some experiments, particulary for low discharges, were ended 
too early and conse_quently_the detc;mination of all flow paths was not possi~le. 
However, the cxpenmem With brom1de and uranine in 1988 showed that up to fwe 
flow subsystems probably exist. 

122 



Tab. 6.1: Results of calculations for!! ammerbach system (tracers, mean transit times, dispersivities 

Year 

1952 

1971 

1973 

1977 

1979 

1981 

1983 

1985 

1987 

1988 

1989 

1991 

ondifferent flow paths). FPl, FP2, FP3, FP4 and FP5 mean flow path 1, 2, 3, 4 and 
5; ··)=tracer expenment was ended to early and the whole tracer cur-ve 1.oas not a"•ailable " 

Tracer 
Mean transit times t 0, (days) Dispersivity a, (m) 

FP1 FP2 FP3 FP4 FP5 FP1 FP2 FP3 FP4 FP5 l 

Chlori I 2.0 2.6 3.3 23.0 6.3 12.9 -

Ura 1.7 2.4 3.1 "') 25.0 16.5 16.5 -

Uraninc 3.3 4.5 ") 24.3 13.9 - -

Uranine 3.2 4.5 ''') 20.5 28.3 - -

Uranine 2.0 2.6 3.4 4.6 - 20.6 6.6 23.2 13.6 
I 

-

Uranine 1.5 2.0 I 2.9 I 4.4 15.5 32.0 37.0 39.3 

Uranine 2.8 3.6 5.0 ''') 18.7 15.8 9.2 -

Amid or. 1.8 2.5 1 3.2 4.1 5.4 12.7 19.0 7.5 20.0 1 15.o 

Uranine 1.6 2.2 3.0 4.4 20.1 13.3 31.2 37.8 

Bromide 1.7 2.2 2.8 3.6 5.0 11.3 9.8 16.5 8.5 27.0 

Uranine 1.7 2.2 2.9 3.6 4.3 11.6 16.5 14.3 7.5 6.5 

Eosin 1.7 2.2 2.8 ''") 12.0 12.8 11.0 -

Uranine 0.9 1.3 1.8 2.4 3.5 27.0 27.5 26.0 30.0 40.0 

Uranine 1.9 2.5 3.3 4.3 6.6 18.0 22.0 20.0 22.0 30.0 

Chloride 1.8 2.4 3.2 4.3 6.0 15.5 17.5 i 19.5 22.0 30.0 . 

Tab. 6.2: Results of calcul.aions for Hammerbach system . discharge dur~ng experi-
ment, portion of tracer and mean partial <•olumetnc flo'~:.' rates for different floc.. 
subsystems). FPI, FP2, FP3, FP4 and FP5 =mean flo~· path I, 2, 3, 4 .md 5; '')=tracer 
experiment was ended to early ,md the u:hole tracerctm.Jt: ~·as not available;;, =bromide; 

''=chloride;"'= uranine; ·· eosin. 

Year 
MeanQ Portion of tracer r, Mean p.1rtial flow rates Q; {!/ s) 

(lis) FP1 FP2 FP3 FP4 FP5 FP1 FP2 FP3 FP4 FP5 

1952 170.0 0.82 0.09 0.09 139.4 15.3 15.3 -

1971 133.0 0.63 0.21 0.16 ''") 83.8 27.9 2!.3 -

1973 91.5 0.75 0.25 ") 68.6 22.9 -

1977 81.3 0.64 0.36 ''") 52.0 29.3 
' 

-

1979 141.0 0.69 0.09 0.15 0.07 97.3 12.7 i 21.2 9.':! 

1981 195.0 0.43 0.35 0.15 0.07 83.9 68.3 29.3 13.7 

1983 116.0 0.65 0.28 0. 
,,. ) 75.4 32.5 8.1 -

1985 186.0 0.55 0.18 0. 0.11 0.07 102.3 33.5 16.7 20.5 13.0 

1987 0.17 0.07 106.0 -+6.0 34.0 i 14.0 
200.0 0.53 0.23 

182.0"i 0.13 0.09 0.03 0.06 125.6 23.7 i 16.4 5.5 11.1 
0.69 

1988 182.0"' 0.64 0.21 0.09 0.03 o.oz 116.5 38.2 16.4 5.5 3.6 
l 

182.0<' 0.74 0.18 0.08 
,, ) 13-+.7 32.8 H.6 

1989 360.0 0.44 0.30 0.15 0.07 O.C3 158.4 108.0 54.0 25.2 10.s 1 

185.0"1 0.47 0.19 0.12 0.12 0.09 87.0 35.2 22.2122.2 I 6.7 
1991 

185.0') 0.51 0.17 0.15 0.11 0.06 94.4 31.5 27.8 20.4 11.1 
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Tab. 6.3: Results of calculations for Hammerbach system (total volume of water in the system, 
mean partial volumes of water in different flmj) subsystems and mean water velontzes 
of "··ater) FP 1 FP2 FP3 FP4 and FP5 =.mean flow path 1, 2, 3, 4 and 5. w , 

' ' 
Mean partial water volumes V, Mean water velocity vi 

Year Total V (103m3) (m/h) 
(103m3) 

FP1 FP2 FP3 FP4 FP5 FP1 FP2 FP3 FP4 FP5 

1952 31.3 23.3 3.5 4.4 - 65.8 49.6 39.4 

1971 23.7 12.4 5.8 5.5 - - 75.0 54.2 41.7 

1973 28.7 19.7 9.0 - - - 38.5 28.4 

1977 24.3 12.9 11.4 - 40.3 28.5 
1979 29.6 16.8 2.7 6.1 4.0 - 64.6 49.8 38.0 28.1 

1981 35.9 14.3 9.2 7.5 4.9 83.3 64.6 44.4 29.2 

1983 32.1 18.3 10.4 3.4 45.4 35.4 27.5 
1985 39.6 15.9 7.2 4.6 7.4 5.8 71.1 52.1 39.9 31.3 23.9 

1987 39.0 14.8 8.8 9.0 6.0 80.3 59.2 42.5 29.0 

35.6 20.2 4.8 4.2 1.7 4.7 75.4 58.6 45.8 36.1 25.8 
1988 33.9 18.4 8.1 4.3 1.8 1.4 76.3 57.5 44.5 35.5 30.0 

32.1 21.5 6.8 3.7 - - 76.0 57.4 45.4 
1989 39.0 11.5 11.7 7.6 5.0 3.0 150.0 103.2 72.9 54.2 36.7 

1991 43.7 14.3 7.8 6.6 8.3 6.7 64.6 50.0 37.5 28.8 20.8 
42.1 14.6 6.5 7.7 7.9 5.4 69.6 52.5 39.6 29.2 20.8 

Tt~b. 6 . .f: Results of calculations for Schmelz bach system (tracers, mean transit times, dispersi·vities 
on different flow paths). FPJ, FP2, FP3, FP4 and FP5 mean flow path 1, 2, 3, 4 and 
5; ')=tracer experiment was ended to early and the whole tracercur-ve was not available. 

Year Tracer 
Mean transit times (days) Dispersivity (m) 

FPl FP2 FP3 FP4 FP5 FP1 FP2 FP3 FP4 FP5 
1981 Uraninc 1.8 2.8 4.3 o;.) 50.0 55.0 42.0 -
1989 Uranine 1.0 1.6 2.4 4.2 0.7 49.4 39.5 42.0 60.0 3.7 

T,tb. 6. 5: Results of calculations for Schmelz bach system (mean discharge during experiment, portion 
of tracer and mean partial volumetricflow rates for different flow paths). FP 1, FP2, FP3, 
FP4and FP5 =-mean flo~· path 1, 2, 3, 4and 5; •:-; =-tracer experiment was ended to early 
,md the z:._·hole tmcercurve ~·as not available 

I Yc,tr 
McanQ Portion of tracer Mean partial flow rates (1/s) 

(lis) FPI FP2 FP3 FP4 FPS FPl FP2 FP3 FP4 FPS 
f 19!!1 112.0 0.39 0.32 0.29 •:·) 43.7 35.8 32.5 - -bt-r-· S9 152.0 0.52 0.23 0.13 0.11 0.02 79.0 35.0 19.8 15.2 3.0 

l:rb. 6.6: Remits ofmlculatzons f(n·Schmelzbach system (total volume of water in the system, mean 
p.rrtt,d ·volumes of <:.',Iter m different flow subsystems and mean water ·velocities of "ik··ater ). 
lPI,FP2,FP3,FNandFP5 meanflowpath1,2 J 4and5 

' ' I Mean partial water volumes V, Mean water velocity V, 
Yc,tr Total V (10; m') (m/h) (10' m') 

FPI FP2 FP3 FP4 FP5 FPl FP2 FP3 FP4 FP5 
1981 28.0 7.0 8.6 12.4 - - 70.8 45.8 28.9 
1989 23.2 7.6 5.4 4.2 5.8 0.3 131.8 80.6 52.7 29.7 189.2 
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HAMMERBACH (1952) 
CHLORID 

6~------~--------------------------~ 

5 

0+-~k.--.--.~~~~~~---.~~~~--~~~ 
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

TIME IN DAYS 
Fig. 6.3: The calculated (solid line) and observed (triangle) tracer concentration cur·ves for the 

experiment performed in 1952 with chloride (dashed lines correspond to the partial wr~·es). 

HAMMERBACH (1979) 
URANINE 

6.---------------------------------------------· 

5 

o+-~~L-~~~~~~~--~--~~=r~--.-j 
1.0 1.5 2.0 2.5 3.0 3.5 

TIME IN DAYS 
Fig. 6.4: The calculated (solid line) and obseroed (triangle) tracer concentration curves for the 

experiment performed in 1979 with uranine (dashed lines correspond to the partzal cun;es). 
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HAMMERBACH (1988) 
URANlNE 

6·~------------------------------------~ 

5 

~2 e 
0 

Fig. 6.5: The calculated (solid line) and obser-ved (triangle) tracer concentration curves for the 
experiment performed in 1988 with uranine (dashed lines correspond to the partzal curves). 

HAMMERBACH (1988) 
BROMID 

6.------------------------------------------, 

5 

2.5 3.0 3.5 4.0 4.5 5.0 
TIME IN DAYS 

Fig. 6.6: The c:zlculated (solid line) and observe4 (triangle) tracer concentration curves for the 
expmment performed m 1988 wuh bromzde (dashed lines correspond to the partial curves). 
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6.1.4.2. Dispersivities 

The di~persivities <?btained for different flow paths are summarized in tab. 6.1. 
Tab~e 6.7J.n~ludes their me~n values. Figures 6.7-6.10 show a relatively low scatter 
of dJspersiVlty values for different flow paths. This scatter increases from 10-25 m 
for the 1" flow path to 8-40 m for the 4'h flow path. The mean values calculated 
separately for. each flow path differ not so much (19.9-24.7 m). The dispersivities 
are generally mdependent from the discharge (s. fig. 6.7-6.10). The average value 
of all dispersivities is about 20 m. 

Tab. 6.7: Metm dispersivities on the different flow paths and the average dispersivity for the 
Hammerbach and Schmelz bach systems. FPJ, FP2, FP3, FP4 and FP> =mean flow path 
1, 2,3, 4and 5. 

System 
Dispersivity (m) 

Total FP1 FP2 FP3 FP4 FPS 

Hammerbach 19.4 18.4 17.2 18.8 22.3 24.8 

Schmelzbach 49.0 49.7 47.3 42.0 

6.1.4.3. Mean Transit Times 

Th~ mean transit times and water velocities vary very strongly but the general 
trend Is tha~ to;. decreases (v; increases) wi~h increasing discharge Q (s. fig. 6.11 ). The 
mean transit time for the whole system 1s calculated as 

N N 

2:: V/Q = L (r; · t0J. 
i 1 i= 1 

( 6.18) 

6.1.4.4. Flow Rates and Volumes of Water 
The portions of the tracer transported in each flow path, r;, found from the tracer 

recoveri~s, were used tc; calculate thefartial flow rates Q; (s. tab. 6.2) and then, takir;.g 
to;, to estimate the partial volumes o water V; and the whole volume of water V m 
the s:rstem (s. tab. 6.3). Figures 6.12-6.14 show that V; are nearly independent from 
the discharge Q. Figure 6.15 suggests that the total volume of water V may depend 
on the.d~scharge Q for lower Q values. However all experiments with low discharges 
were fu~shed too early and the additional flow paths could not be found. The rough 
a~prox1mation of the missing parts of the tracer breakthrough curves and 
remterpretation of those experiments showed that the whole water volume V should 
be also considered as constant with rising discharge (s. fig. 6.15). 

It seems that for the discharge variation between 80 and 400 lis the whole drainage 
system is always saturated and has the total capacity for water li~ited to the volume 
of about 40 x 103 m3. The arithmetic means ofV; calculated for d1fferent flow paths 
and their sums (understood as the maximum water volume in the system) are 
summarized in tab. 6.8. 

The water volume in Schmelzbach system is estimated to be about ?6 X 10
3 

m'. 
The whole drainage part of the karstic system between the Lurbach-smkhole and 
~he Hammerbach and Schmelzbach springs has about 65 x 103 m3

• The. wa~er volumes 
Ill the Hammerbach and Schmelzbach drainage systems are shown m fig. 6.16 and 
6.17. 
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Fig. 6.7: Dispersi-vities a obtained for the l"flo'l.o path in experiments with different discharge Q. 
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rig. 6.8: Dispersivities a obtained for the 2""d flow path in experiments with different discharge Q. 
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Fig. 6. 9: Dispersivities a obtained for the J•h flow path in experiments ~·ith different discharge Q. 
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Fig. 6.10: Dispersivities a obtained for the 4''flow path in experiments ~·ith different discharge Q. 
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Fig. 6.11: Mean transit time of the Hammerbach system (solid line) and partial transit times on 
different flo·~· paths as a function of discharge Q. 
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Fig. 6.12: Volume of water found in the 1" flow path of Hammerbach system as a function of 

dzscharge Q. 
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Ftg. 6.13: Volume of water found in the 2"" flow path o( Hammerbar:h system as a function o( 

diScharge Q. . 
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Fig. 6.14: Volume of water found in the 3'' flow path of Hammerbach system as a function of 

discharge Q. 

131 



VOLUME OF WATER IN THE SYSTEM 
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Fig. 6.15: The u·hole volume of water in the drainage channels of Hammerbach system as a function 
of discharge Q (triangles represent results from experiments which ·were finished to early; 
empty squares are estimated ·1.oater volumes in those experiments). 

Tab. 6.8: ilefaximum total and mean partial water volumes in drainage systems of Hammer bach 
and .Schmelz bach. FPJ, FP2, FPJ, FP4 and FP5 mean flow path 1, 2, 3, 4 and 5. 

Volume of water in 103 m3 

Svstem 
Total(max) FPl FP2 FP3 FP4 FP5 

Hammcrbach 40.0 16.2 8.0 5.5 5.3 5.0 

Schmelzbach 25.5 7.3 7.0 8.3 2.9 

6.1 .4.5. Prediction of Tracer Transport 
The linear regression analysis applied to the Hammerbach system showe~ that 

~he partial flow rates Q 1 can with a satisfactory accuracy be estimated as a lmear 
tunction of the total discharge Q: 

( 6.19) 

Results of the calculation of!); for the four flow subsystems are shown in fig. 6.18-
6.21 and agree well with the mean values of r; found from individual experiments 
(Tab. 6.9). 

As the system was found to be always saturated, eq. (6.19) gives the possibility 
to predict the mean transit time of water for single flow paths for different stea~y 
state ~l.ow conditions. Taking additionally into account nearly constant dispersivit~es 
for ddferent flow paths, the model proposed in this study can be used to prediCt 
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HAMMERBACH 

MAXIMAL VOLUME OF WATER: 40000 m3 

VOLUME OF WATER IN EACH FLOW PATH (m3) : 

5 

16200 (40.5%) 

1 

5500 (13.8%) 

2 
Fig. 6.16: Schematic diagram of water balance in the Hammerbach drainage system. 

SCHMELZBACH 

TOTAL VOLUME OF WATER appr. 25500 m3 

VOLUME OF WATER IN EACH FLOW PATH (m
3 ) : 

7300 (28.6%) 

8300 (32.5%) 

2 
6.17: Schematic diagram of water balance in the Schmelz bach drainage system. 
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Fig. 6.18: Partial discharges in the 1'' flow path as a function of the whole discharge Q, f(Q) 

iipproximated using linear regression. 
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Fig. 6.19: p,1rtial discharges in the 2''" flow path as a function of the whole discharge Q
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approxrmatcd using linear regression. 
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PATH 3 - VOLUMETRIC FLOW RATE 
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Fig. 6.20: Partial discharges in the 3'" [lou' path as a function of the whole discharge Q3 = f(Q) 
approximated using linear regression. 
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Fig. 6.21: Partial discharges in the 4'; flow P,ath as a function of the u·hole discharge Q, = f(Q) 
approximated using linear regresswn. 
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Tab. 6.9: Mean porti~ns ofvolumetric flow rates Q (discharge) flowing through different flow 
subsystems m dramage systems of Hammer bach and Schmelz bach. FP 1, FP2, FPJ, FP4 
and FP5 mean flow path 1, 2, 3, 4 and 5. 

Portion of discharge in flow paths 
System 

Total FPl FP2 FP3 FP4 FPS 

Hammerbach 1.0 0.55 0.22 0.12 0.07 0.04 

Schmelz bach 1.0 0.45 0.27 0.21 0.06 0.01 

the travel time of conservative solute (tracer or pollutant) in the Lurbach system 
for any state of steady flow, i.e. for any Q if this Q can be assumed as constant during 
the solute travel. 

6.2. Modelling of Environmental Tracer Data 
(P. MALOSZEWSKl, T. HARUM, H. ZOJER) 

6.2.1. Introduction 

The idea of the groundwater flow through a karstic catchment system was 
presented by R. BENISCHKE et al. (1988), K.-P. SEILER et al. (1989) and D. RANK et 
a!. ( 1992) and is shown here in fig. 6.22. Generally, a karstic reservoir is approximated 
by two different flow svstems . 

. The first system con~ists of a fissured-porous aquifer and has to be considered 
as a double porosity medium including mobile water flowing through the fissures 
and quasi stagnant water, or stagnant, in the microporous matrix. The surface of 

INPUT- PRECIPITATED <INFILTRATED> WATER 
,... c ( ) c in t r in ( t) 

Qc ( t) Qp (t) 

" 7 \." 

FISSURED-POROUS 
AQUIFER 
Vp,tt(top> 

Cp (t) 

DRAINAGE CHANNELS 
Vc. toe " v 

OUTPUT­
KARSTIC SPRING c (t) 

Q(t)•Qc(t)+Qp(t) 
Fig. 6.22: Conccpwal model of the waterflow in the karsticcatchment area (after D RAVK et al. 

1992). 1' . ' ' 
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the system !s in most cases the recharge zone of the catchment area. This system 
may b~ partially unsaturated and have a much greater storage volume than the s~cond 
one. 1 he tracer ~low through this system is described by the dispersion -convection 
transport equation coupled with the diffusion term describing diffusive exchange 
of tracer between mobile and stagnant water (P. MALOSZEWSKI & A. ZUBER, 1984, 
1 ?91 ). The second system consists of the drainage channels. They can be connected 
directly with_the surface of the catchment area through the sinkholes. The storage 
volume of this system is relatively small and the water flow very rapid. The tracer 
transpo~t can be approximated by the piston flow model (taking into consideration 
the et;IVIronmental tracer data) or by the dispersion model (for artificial tracer 
expenments). 

The environmental tracer data were collected in the area under investigation mainly 
for a _better understanding of the circulation of water in the system and for a 
quantitative estimation of the water storage volumes in different parts of the system. 
The mathematical modelling of the water flow through the ~rainage part of the system 
was performed on the basis of information obtained trom the artificial tracer 
experiments described in detail in the previous chapter. This means that the drainage 
part of the system was considered as known for the modelling of environmental 
tracer data. 

6.2.2. Basic Hydrologic Information 

According to information given in chap. 2.3. the w~<;>le ~atchment area ofTanneben 
(Sr == 22.8 km~) consists of schists of low_permeabduy m the Lurbach catchme~t 
area (S1 B == 14.::> km2) and of the karst massif of the Tanneben Plateau (Sr1 = 8.3 km-). 
The whole catchment area of Tanneben is drained by two karstic springs 
Hammerbach and Schmelzbach with the mean discharge QHB = 192 lis and 
Qs = 971/s, respectively. 

Assuming that the whole groundwater system is closed (there is no underground 
Water inflow or outflow) the mean yearly infiltration rate of I 400 mm/a can be 
easily calculated from the sum of both discharges and the surfa~e o~ the catchment 
area. For the mean annual precipitation e9ual to 900 mm/a It y1e.lds the mean 
evapotranspiration of about 500 mm/a w~1ch agrees reasonably with calculated 
440 mm/a based on the classical method atter TURC (s. chap. 2.3.6.). 

Assuming the mean infiltration rate as c<?nst~nt on.the whole surface of Tarmeb.en, 
the volumetric flow rate of water infiltratmg m the fanneben Plateau and tlowmg 
through the karst massif into both springs is estimated to be Qi't I · S~'! = 105 1/s. 
The water infiltrating through the surface of the Lurbach catchment area rs collectcJ 
by the Lurbach creek and inflows with Q1 B = 184 1/s (co.mputcJ from the w.Her 
balance equation, s. chap. 2.3.) directly through th.e sinkhole mto the dram age channel 
systems of Hammerbach and Schmelzbach spnngs. 

The mean discharge of each spring consi~ts o~ tw? water components: first­
Lurbach creek water and second_ water inf1ltratmg m the Tanneben pl.m.-.w .1nd 
flowing through the 'karst massif. 

6.2.3. Environmental Tracer Data 
The measurements of the environmental tracer tritiUI? were used to_~stimate w~ter 

volumes in the karst massif of the Tanneben plateau an.d m t~e porous-hssured aqwfer 
of the Lurbach catchment area. The tritium input functiOn C1nr(t) was calculated 
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for each year as a yearly weighted mean based on the simple infiltration model given 
by G.H. DAVIS et al. (1967): 

(6.20) 

where P; is the mean monthly precipitation amount, C; the tritium co.ntent in_Pre­
cipitation and U; the infiltration coefficient for the i-th month, respectively. I.t IS as­
sumed that the infiltration coefficients have the constant values a 5 and Uw m two 
periods: summer (from April to September i 4,9) and winter (from October to 
Marchi= 10,3), respectively, and that these values do not change from year to y~ar. 
For the hydrological situation in the Tanneben catchment area the summer to wm­
ter infiltration coefficient was assumed a a 5/aw = 0.5. J. GRABCZAK et al. (1984) 
have shown that if a~ 0.4, the result of modelling is nearly independent of the as­
sumed value of a. The input function was calculated for the period 1950-1990 ta­
king monthly precipitation amounts from the meteorological station of Frohnlei­
ten (about 20 km toN in the Mur valley) and the tritium contents in precipitation 
for the Vienna station. 

The output functions, C""'(t) were the tritium concentrations in the water 
outflowing from different parts of the system: in the Lurbach creek at the sinkhole, 
in the Hammerbach and Schmelz bach springs and in a small spring (Laurins spring) 
in the vicinity of the Schmelzbach spring. 

6.2.4. Mathematical Modelling 

For the groundwater system being in a steady state (constant volumetric flow 
rate Q through the system and constant volume of water V in the system) the re­
lation between input and output environmental tracer concentrations is given by 
the well known convolution integral (P. MALOSZEWSKI & A. ZUBER, 1982) 

( 6.21) 

where A is the radioactive decay constant (0.0564 a~t for tritium) and g(-c) is the so­
called weighting function or transit time distribution function which for the di­
spersion model is (P. MALOSZEWSKI & A. ZUBER, 1984 ): 

.. [ (1 - t/t,)2 
] 

exp - 4 (PrS (-cit,) ' 
(6.22) 

where t, is th~ n:ean transi.t time of tracer and (Pn)' is the artificial dispersion pa­
rameter descn~m.g the vanance of the distribution of the transit times. Both para­
meters ~re the httmg paramet~rs of the model. Their values are found by fitting t~e 
t~1corettcal outp~t concentratw.ns calculated using eq. (6.21) with ( 6.22) to the tn­
tlum concentrations measured 111 the output. 

In the saturated porous media, the mean transit time of tracer L is equal to the 
mean transit time of water: , 

(6.23) 

where V m is the volume of the mobile water in the svstem. In a karst massif consi­
dered as a double-porosity medium the mean trans'it time of tracer t can be used 
to estimate the total volume of water in the system (V,

01
), i.e. the sum ~f the mobile 
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w~ter in karstified fissures (Vm) and the stagnant water in the micro porous rock ma­
tnx (Y;m) 

t, Y;o/Q = (Vm + \'im)/Q • (6.24) 

The above equation is valid only when the mean transit time of water is long 
enough ( t0 gr.e~ter than about on~ ~ear), see P. MALOSZEWSKI & A. ZUBER ( 1984 ). 
After determmmg the mean transit time of tracer (or water) from the environmental 
tracer data it is easy to find the volume of water in the system bv applying eq. (6.23) 
or (6.24) for the known volumetric flow rate through the sy;tem Q. The surface 
of the c~tchment area (S), the mean total porosity (n), and the mean thickness of 
the aqUifer (H) are related by: 

H = Qt,(Sn). (6.25) 

6.2.5. Results of Modelling 

. The best fit of the theoretical tritium output curve to the concentrations measured 
1n Lurbach creek, shown in fig. 6.23, was obtained with (t,)LB 4 a and (PnY' 0.15. 
By applying eq. (6.24) to the mean discharge ofLurbach creek Q 1H = 184 1/s it yields 
the mean total volume of water (stagnant and mobile) in this porous-fissured 
catchment area of about VLB = 23.2 X l 06 m3• For the aquifer thickness of 4-6 m and 
the catchment area of 14.5 km2, the mean total porosity of weathered zone of schists 
calculated from eq. (6.25) is n = 0.3 which agrees well with the estimated from the 
geological data. 

In both karstic springs the interpretation of triti~n:t data is more. ~omplicated 
because the output concentrations result from m1xmg of two ddferent flow 
components. The Laurins spring which collects water only from the karst massif 
(free of additional components) has shown the mean transit time of tracer of about 
40 a (s: fig. 6.24 ). Unfortunately this spring is not representative for the who!~ karst 
massd. The total mean volumetric flow rate of water through the karst massd was 
estimated to be Qr1 105l/s but this water flux is divided ~nto two co~ponents 
CQrr)(lB and (Qp1) 5 of the Hammerbach and Schmelzbach spnn_gs, respectJvely. The 
art1f1ctal tracer experiments have shown that Schmelz bach .water IS free of the L urbach 
creek water as long as the discharge of Hammerbach spnng was lower than 200 1/s. 
This finding allows to calculate the mean discharge of Schmelz bach spring resulting 
from the infiltration of water into the Tanneben plateau (Qrl ), as equal to about 
351/s. Consequently, the rest of water flux given as 

(QrdHil = QrL (Qrds (105 35) = 70 1/s 

is the w.ater flux through the karst mass_if flowing to the Ha~n:nerbach ~pring. The 
mean discharge in the Schmelz bach spnng was Q 5 = 97l/s g1vmg a portwn of Lur­
bach creek water in this spring equal to 

(Q18) 5 = Qs _ (Qr1) 5 = (97 35) = 62 1/s. 

The portion of the Lurbach creek in the Hammerbach spring is then equal to 

(QLB)HB = QLB- (QLB)S = (184- 62) = 1221/s · 

Taking into account tritium concentrations m~asured in the Schmelzbach spring 
only when the discharge of the Hammerbach spnng was lower then 200 1/s, the mean 
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Fig. 6.23: Theoretical 'H-output concentration curve obtained as the best fit to the concentrations 

measured during base flow conditions in the Lurbach creek. 
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Fig. 6.24: Thcorctic,d 'H-output concentration curve obtained as the best fit to the concentrations 

measured in the Laurins spring (Schmelzbach system). 
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Fig. 6.25: Theoretical 3 H-output concentration curve obtained as the best/it to the concentratzons 

measured during louJ flow conditions in the Schmelzbach spring (free of Lurbach 
component). 
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Fig. 6.26: Theoretical; H-output concentration curve obtained as the best fit to the concentrations 

measured during base flow condztzons m the Hammerbach sprmg. 
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transit time of tracer equal to 30 a was found (s. fig. 6.25). It shows that the discharge 
of the Schmelz bach spring- which is draining the part of the karst massif like the 
Laurins spring- has even at low flow conditions (i.e. without connection to the 
Hammerbach system) a younger water component than the Laurins spring. This 
younger component probably consists of water from the two sinkholes Katzenbach 
and Eisgrube their connection with the Schmelz bach spring being proved by tracing 
experiments (s. chap. 5.2.). 

TANNEBEN CATCHMENT AREA 

TANNEBEN PLATEAU 
(Karst Mass~) 

S 22.8 km 2 

I = 400 mm/a 

S = 8.3km
2 

Vw= 139.106 m
3 

OPE' 105 1/s 

Two subsystems: 

Schmelzbach 1 Hammerbach 

Vw= 33•10
6 m3 I Vw= 106•106 m3 

I 
I 
I 

Schmelzbach 

l 
Os = 97 1/s 

LURBACH CATCHMENT 

Hammerbach 

l 

Drainage 

Channels 

Fig. 6.27: The reser-voir features of the Tanneben karstic catchment basin found using artificial 
and envnonmental tracer data (s. text). 
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The volume of water in the system observed from the Schmelz bach spring was 
then calculated to be 

(V rL)s = 33.1 X 106 m3
• 

In ,the Ha~merbach spring the mixing of two components (Lurbach and karst 
mass1f water) 1s permanently observed. The mean transit time of tritium found there 
w,as equ~l to 20 a (~he best fit curve is ~h<;>wn.in fig. 6.?6). Assuming the g()od mixing 
~t water m the spnng, the mean transit time 1s the weighted mean value ot the transit 
times of two water components 

(6.26) 

After rearrangements the mean transit time of water component flowing through 
the karst massif to the Hammerbach spring is 

(t,)PLrlB = [(t,)rlB' QHB (QLB)HB '(t,)LB)/(Qpt)HB · (6.27) 

Putting (t,)HB 20 a, (t,)Ls 4 a, QHB 192l!s, (Qu1hw = 1221/s and (Qpt}1111 = 
?O lis one obtains finally (tt)PLHB = 48 a. It yields from eq. (6.24) the volume of water 
m the karst massif system of the Hammerbachspring(VrLh18,equal to 106 x 106 m3

• 

!he total volume of water in the karst massif V PL• the sum of (V PL)Hs and (Vn)s, 
IS about 139 x 106 m 3• For the mean thickness of karst massif of 340m the total 
porosity of 4.9% (water saturated- mobile and stagnant) can be estimated from 
eq. (6.25). 

Finally, it is interesting to point out that the ratio of water fluxes through the 
karst massif to the water fluxes through the drainage channels was nearly 1 : 2 
(1 05 : 184 ), whereas the ratio of the water volumes in the karst massif to the water 
volumes in the drainage channels was about 2,000: 1 (139,000: 65). Figure 6.27 shows 
~he conceptual model with the values of water fluxes and water storage volumes 
m the area under investigation. 

7. Summary and Conclusions 

7.1. General Remarks (H. ZOJER) 

The common use of environmental and artificial tracer methods has been 
incorporated into the concept of karst water resea~ch in the investigated area. It shows 
Very clearly, that tracer studies are important .adjuncts to ot~er more. coJ~vet:tional 
methods. All these considerations lead to thetr methodologJcal appl1cat1on m two 
main fields of karst hydrogeology, the calculation of subs~rface water srora~e a.nd 
the localization of recharge areas of spring~ and .wells. I~ tim reference quantitative 
aspects in karst hydrogeology can be obtamed m creatmg tracer models expressed 
as a mass transport. . 

The results of artificial tracing experiments on t.he.one h~nd and envmmmental 
~racer studies on the other simulate some contradtcuons, smce tracers.are.usually 
~njected at locations with a quick water input from the surface .. Th1s gtves the 
tmpression of a short subsurtace turnover time, but not representmg the general 
infiltration conditions in the total recharge area. The environmental trac~rs on the 
other hand, measured at the outlets of the system, refer to the whole dramage and 
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