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1. Introduction 

1.1. Scope of the Study (H. ZOJER) 

Thc invcstigacion area, tbe region between Semriach and Peggau, is the central 
part of ehe so-called "Central Styrian Karst". lt comprises the basin of Semriach 
eo the Limcstone areas of Eichber& via Tanneben east of the village Peggau. 

The water disappearing east ohhe paleozoic limestone area in the Katzenbach, 
Eisgrube and ehe Lurbach sinkholc traverses the karst massif of Tanneben and 
rc-emerges in ehe springs of the cave Lurgrorte- they arc unified eo a cave strcam 
called Schmelzbacl1 cmerging at the lower enrrance of thc cavc - and in ehe 
Hammerbach at the basis of the Peggauer Wand. 

Thc arca of Semriach-Peggau is closely linked wich the progress of the anificial 
traci.ng technology. After intensive swdies of ehe geologica1 and speJeological fcacures 
ic was tried for ehe first time io ehe yea.r 1927 to clarif y the subsurface drainage by 
mcans of artificial traccrs (G. KYRLF., 1928). The expcrimcnr fai lcd. So it was 1952, 
whcn an undcrground connection between the Lurbach sinkhole and the 
Hammerbach was proved (V. MA URIN, 1952). Furthcr experimcots wcre carried out 
in ehe following decadcs, starting in the sevcnties morc imensivcly on the occasion 
of imernational courses. 

Rcmembcring these experiments it must aJso be state<l, that t.hc region of 
Semriach-Peggau was the first ficld area of the International Workjng Group for 
Tracer Hydrology, and rhe common resulrs have been prescntcd at ehe first traccr 
symposium ("Seecialists' Confcrcnce on the Tracing ofSubterranean Waters in Graz, 
March 28-Apnl 1, 1966"; H. BATSCI IE et al., 1967). The combined ficJd experiments 
.ire thc basis for all future accivities related to cbe comparison on ehe bchaviour of 
artificial tracers. Thcrc, the karst :uea of Semriach-Peggau bccame of patticular 
sigoificance as it prove<l to bc most suitablc for tracing cxperimcnts afterwards. Thus, 
rhis karst arca can be considered somehow as a test ficld for ehe dcvelopment of 
artificial traccr cechnology and furthermore of environmcntal eraccrs coo. 

The individual karst invcstigations were integrated in several research programmcll. 
T t was thc lmcrnational Hydrological Dccade in the earl[ sevcntics, which pcrmics 
to involve cricium mcasurcments into ehe considerarions o a firsuynopsis of artificial 
an<l natural tracers. ln ehe middle of the eighries a prngrammc was starccd with ehe 
support of ehe Govcrnmcnt of Styria, ehe Ministry of Science and Research, tbe 
Waterworks of thc Ciry of Gra7. (Graier Stadtwerke A.G.) and ehe Styrian Water 
Power Corporation (STEWEAG) in which espcciaUy stablc isotope and hydro
chemical investigations werc included. Since about threc ycars rhe basic funding 
of joanncum Research allows to work ro a high extem on the mcthodolo~ical progress 
in kqrst hydrogeology. Thc :n1thors are pleased to express thcir gramuJe for the 
support. 

lt is the objcccive of this irwcscigation eo clarify d1c transir of waccr in a karst massif 
applying classical hydrolo~cal as well as tracer mcthods. The incercomparison of 
both should show also ehe limits of each individual mcthod considering ehe different 
boundary conditions. Special emphasis is direcced to the analysis of single evcnts, 
likc floods or snow melt, which permits ro separate runoff components and eo 
calculate the underground Storage. Also tracing experiments can be corrclatcd wirh 
special cvents. Finally all thcse resulrs should be included in mass transport modcls 
giving a beuer undcrstanding of regularities in the rcgencrarion of karst water·. 
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1.2. Conventional Use of Terms (R. BENISCHKE) 

In the following chapters all topographic names are based on the "Öste1Teichische 
Karte 1 : 50.000, BI. 164, Graz, rev. ed. 1985" (Topographie Map of A ustria). 

In some cascs it was neccssary to usc local namcs not iudicated in the official rnap, 
but they are either described or indicated in the hyd.rogeological map (Fig. 2.1). 

In several othet cases geological nom en clature uses an older style of writing 
topographic names. 

The older style is used ( e.g. Schöckl as topographic name and Schöckel limestone 
as geological uoit) because names of stratigraphic units which are fixed in literature 
should not be changed. 

Citations of caves an given in rhe same manner as they are registered in the 
A ustrian Cave Regist ry with the corresponding rcgistry number (subscquently 
referred asA.C.R. No.). 

In the cbapters treating mainly morphology, karstbydrogeology or modelling 
some terms are used which are explained here, because tbc use in anglo-americao 
manncris somcwhatdiffercndrom that in od1er European p:'lrticularly alpine arcas. 
In many cases it is d ifficult to separate karst phenomena which show transitional 
conditions (c.g. transition from conduit flow to diffuse flow. or transitions of 
roorphological elements). 

The term ch annel is not only used descriptively for a bed with bnnks where a 
body of water flows or rests but is used generally also for apart aloog an active or 
inactive water-course, which bears the wacer in a trough, has banks, or in a big karsr 
chamber, in a narrow subterranean canyon or in !arger galleries or in any vadose 
or phreatic underground tube or conduit (as a water-filled part under hydraulic 
pressure). Ttis also used for a water-course through fissures or sediment fillings in 
caves. 

Flow path is used generally for dcscription of the way wherewater actually fJows 
(like in a small stream) or more idealized where it is assumed that it is flowing ( e.g. 
general flow directions in a tracing experiment, different paths through a sediment 
body or similar). 

Flow system describes general hydrogeologic features as a complex network not 
distinguishing actual features like channels, conduits, flowpaths, shafts, galleries 
or joints and fissurcs. 

Vadose zone rneans the unsaturated zone of a karst mass.if only with seepage water 
percolating along distinct predominantly aerated paths. 

The phreatic zone summarizes aU parts of the saturated aqu"ifer (fissures and pores 
permanently or prevailing temporarily filled with water, with stagnant water or water 
wh.id1 can be mobilized only under increase<l hydrostatic head). Hcrc we do not 
use terms for the transition zone between permanent phreatic or permanent vadose 
parts. lt should be clear from the wrt. 

Karst water- t able-a term stressed in long discussions from the last ceotury to 
prescnt days- is also used more descriptively than genetically to avoid dispu tations 
whether it is a surfacc ( or i nterval) of a water bod y intercotrnected by communicating 
channels (s. above) of all kinds or it is a piezometric surface of one or more even 
separate aquifcrs established in the same altitudinal interval because of an w1iform 
morphogcnctic h istory. 
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1.3. Topographie Remarks (R. BENISCtlKI:.) 

The srudy area -about 15 km norrh of Graz - belongs to ehe "Central Styrian 
Karst" -originally "Mfrtclsreirischer Karst", a term introduccd at first by H. BOCK 
( 1913)- aod bas a tocaJ area of about 25 km2 incl. thc Orographie cacchment of cbe 
l.urbach, thc karsc massif of Tanneben berween Badlgraben in ehe N, Mur valley 
in ehe \VI and Mitterbach-Taschen in the Sand SE (Fi~. 1.1 ). \V/hcrcas ehe norchcrn 

Fig. 1.1: Location map of ihe swdy area. GB= „Grazer Bergland" (V::: Vumna). 

margin (ehe narrow gorge-like valley called Badlgraben), ehe souehern margin (valley 
of ehe smal l scream Mitterbach up to the Taschen, 814 m) and ehe western margin 
towards ehe Mur valley (the precipices of ehe Tanncbcn massif thcre are called 
Pcggauer Wand in the southern section aml Badlwand in ehe northern part) arc weil 
defi ned ehe eastern part of the stud y area is a transition z.one betwecn ehe karst massif 
and ehe Semriach basin. 

The westcrn side of ehe Mur valley is delimited by a rock wall callcd Fcistrit;:er 
Felscnwaod bctwccn Kugelstein (536 m) in tbe N and t.be church-hill (473 m) of 
ehe village Deutschfeistritz. in the S. 

Main summies 011 ehe Tanneben massif are ehe Angerleitenkogel (7 14 m), thc 
Hochbrand (813 m) in the norrhern parr, 'ßloderkogcl (816 m)1 Schn(;'iderkogel 
(824 m), Mösclkogcl (901 m) in ehe cencral pan and Hochglaserer (9 10 m) and 
Kriemr.erko$el (906 m) in ehe southern and eastern pan. The central placeau 
is characeenzc<l by dcnsely wooded hills and flat deprcssions (like Erdhube 
.tl 763 m), dolincs in somc cascs of considerable diarneter aod dry valleys likc 
Brunngraben in the S. 

Ta the E foUows the basin of Semriach (main village, 709 m) and the catchment 
of the upper Lurbach (called Boden). Thc Lurbacb drains this e:tstern part of thc 
study arca first in a EW-running course and chen closcly north of Semriach in a NS
direccion. Sornc 100 min the W of Semriach thc Lurbach turns suddenly from NS 
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to EW, enters ehe karst area downstream of Semriach ac about 666 m a.s.l and 
disappcars at last into ehe cave Lurgrone (A.C.R . No. 2836/l a). Thc last 100-200 m 
heforc it emers ehe cavc thc Lurbach Oows through a gorgc and finally through a 
largc collapse doline callcd Lurkessel. Thc southern bordcrline of ehe Semriach basin 
is a low ridge between the latter and ehe EW-running Rötscbgraben. 'J'he eascern 
rnargin is approximately tbe line Windhofkogel ( l,064 m), ehe villagc of Anger 
(956 m), :in unnamed summit at 1,009 m an<l thc Rechbergkogcl ( 1,020 m), and at 
ehe norchcrn side tbe line betwccn ehe lauer and ehe hi~hcsc summit of ehe tud y 
area callcd Fragnerberg ( l , 10') m). Becwccn Fragncrberg and Tanneben massif the 
Eichberg riscs up eo 89 1 m a.s. I. bclonging to the karst area too. At the northern 
flank of ic sinkholes are siruatcd about 300 min the W of the sm:ill vilbgc Neudorf 
(790 m). Two of these sinkholcs are larger dolines. One is callcd Eisgrube (A.C.R. 
No. 283614), which was in 1959 and 1985 injection placc for trncing experiments. 
h is a dolinc with transition to a sl1ortsteeply djppingpassagc, whit:h is finally blocked 
by ceiling slabs and sediments. Thc orher onc is callcd Bachsehwinde (A.C.R. No. 
2836/64) and is used as a dump. From ehe Eisgrube a road leads through the wood 
to the viU,,ge of Pöllau (74 l m). About 500 m north of it immedjatcly at thc W-sidc 
of the road opens a small sinkhole called Kat:t.cnbachschwindc (A.C.R. No. 2836/65), 
which was injcccion poim in 1966. 

Since the orographic borderline in thc N of the Trumcben massif is thc ßadlgraben 
and Bassgraben the karst area excends beyond chis vallcy eo thc area of Lamnikogel 
(759 m), Mühlbachgraben, Himmelreich, Mühlgraben, Schöneggkogel (772 m) and 
Schwarz.kogel (906 m). foor regional hydrologic considerations tbis area has tobe 
includcd but has probably no significancc for the water balance of the Lurbacb 
catchment an<l rbe Tanocben massif. Thc southern bordcrline along Mitterbach up 
eo Taschen is also a geological border as it will be describcd in ehe following chapcer. 
South of rhjs small valley rherc is a massif callcd Hienino with Draxlerkogel 
(806 m) and Hausberg (889 m) as highestsummits. On the top o1 the latteraresituated 
ehe ruins of Luegg. 

2. Natural Background 

2.1. Geology (V. M AURTN) 

2.1. l. Lithostratigraphy 

The most important faccors for the type and spatial devclopment of brstification 
are the pctrography of the geological units of a region as weil .is the decomposicion 
of the karstifiablc rocks eo permeable bcdding-planes and tectonic diaclases. 

The area of the Lurbach system shows a clear srracigraphic-lithologicsubdivision 
of rhc strara into two groups with exccedingly unpermcable schjscs (Passail Group) 
of ehe Semriach basin and the cxtremely karsrifiable Schöckel limesconc (Fig. 2. 1 ). 
These scries of rocks belongs to ehe "Tonschiefer-(Schöckelkalk)-Fazies" 
(Shalc/Schöckcl limesconc facies) of ehe Palcozoic of Graz (H.W. FLUG~L. 1975, 
F. EBNl:.R, 1983, H .W. FLÜGEL & F. NEVB/\lTcR, 1984, L. WFBE.R, 1990, H. f.Rn·1., 
1991). 

This complex can be subdivided from the top to ehe basis (valid for the area 
bctwecn Peggau and Semriach) iato: 
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Fig. 2.1: H ydrogeological map of the study areaPeggau-Tanneben-Semriach. E = Eisgmbe, HB = Hammerbach spring, K = Katunbachschwinde, L = La1'1ins. 
spring, N = N e11.dorfer Schwinde, S =Schmelzbach, SU = Schmelzbach spring. Continuation p. 17. 





A) Schöckcl Group: 
1. Schöckel limestone (Schöckel-Kalk): lt is a grey, grayish-bluc to white limcsronc

tccconitc, very dcnsc or micritic, ofrenl y straciculate<l, thickl y stratificd to platc-
. shaped, partly also massive. The primary thickness is probably some l 00 rn bur 
shows often greaccr thickncss because of tecronic comprcssion. 
In ehe medium ro upper strarigraphic pans it consists mostly of very pure 
limc.l>tones {up to morc than 97% CaCO>) and is onlyatfcw placesdolomiti7.ed. 
f n thc <lcepcr paru clay and scricite weighboards on bcdding-plnncs, incercalacions 
of dark or siliccous limcsronc layers and quanz hard-rocks are more frequent. 
These strara represent a tra.nsition to the underlying "Arzberg-Schichten" (AJ7.bcrg 
form:uion) and they belon~ therefore also to rne Schöckel Group. Bec:wsc of 
different mcchanic propert1es rhc deformation by overthrust-tcctonics lead to 
shear processes and an imbricate structured basis. 

2. Arzberg formation (Arzberg-Schichten): Itis a se1·ics of dark graphitic limcstones 
or carbonatic schists, interbedded wit.h black or sericitc schists, pardy with pyrites 
and intercalations of dark dolomitcs, sandy or quartzitic layers and quartz hard
rocks. 
In cxplorarion borcholes (on Pb/Zn ore) in Peggau (TI. S1~.LMl·. IF.R, 1944) thcy 
c;u1 be subdjvided imo a stracigraphic highcr, more carbonacic complex and a lowcr 
onc preJominandy consisting of black schists, claycy shalc and grccn schists. The 
primary rhickncss is abour 200-300 m (Tf.W. F1.üGm & P. NEUBAUER, 1984). 
The argcnriferous Pb/Zn-Baryte mineralization in rhc rcgion of Pcgg:\ll
Deutschfcistritz is bound tO rbat series. The higher, carbonalc-rich parts or ehe 
Arzberg fonnation corrcspond to rhc older tcrm "Grcnzphyllit" (H.W. ft.Ocm 
er al., 1952). 

B) Passail Group: 
J t is a cpizonic-mecamorphic, vukanogcne-sedimentary sequcncc with grey, violer 
or grccnish scricitc- or quartz-phyllites, sericitc quartzite, carboniferous phyllites 
and grcenstonc as dcscendants of basic tuff, tuffites and basalt. 
Becausc of repcated deformation, imbricate strnctures and fold tcctonics the 
thickncss is more th:in 1,000 m. 

Por a chronostratigraphic fixatjon of the cntire complcx in thc region of 
Peggau-Semriach rhcrc arc thc Striacopora limcstoncs (Striatoporcnkalke) of the 
/\n.berg fonnation, which are d;'lssificd as Middle Devoni11n. Fossil loc.tlicics arc 
known from thc "Blocksberg" in the Lurgrotte (I-i. BOCK, J 9 17), from the 
Bad lgrabcn, ehe Lllrkessel (upper cntrancc of the Lurgrottc) and from thc pressure 
runncl chrough ehe Kugelstein of rhe power plant Dcurschfcisrrirz (P. H FR!TSCl 1 & 
R. Set !WINNl'R, 1932). Recem investi~tions (W. Tsc111:'.l.J\Lrr, 1985) in thc .irca :iround 
Gugg<..•nbach (in ehe W of Deutschfcisrricz) brought ;i conodont fauna belonging 
ro carliesr Ocvonian. From regional gcologic aspects it is assumcu rhar tbc rocks 
of the Schöckcl Group (Arzberg formation and Schöckel limesronc) havc Devoruan 
a~c, rbose of thc PassajJ Group (?)Or<lovician, Silurian to (?)Early Dcvonian. 

ln the study area around the Kricnzcrkogel the Schöckcl limcstone of thc l'anncben 
massif and in ehe S the schists of Taschen are overlayn by a tcctonic nappc oudicr 
of rhe Rannach-Facies (R. Sc1 tWtNNl:R, 1925, V. Ml\URIN, 1954). Thcy sc.,rt at tbe 
basis wich li~ht, friable, sandy schisrs with cvenly surfaced fracwre-plancs, which 
are comparcd by F. ERNER & L. Wt::BER ( 1978) wich thc Kher formarion (Schichten 
of Khcr) in thc W of thc study arca. A separation from thc undcrlying schists of 
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Taschen is difficult because of paar exposurcconditions. Abo\'c this scquencc platc
shaped, crinoide-rich and coralliferous limcscones follow and arc ovcrlayn by 
dolomitic sandstoncs :md dolomitcs of ehe Dolomite-Sandstone-Stage. Thc tuff 
horiwn is apparcncly not reached or developcd. The encire series has Uppt.:r Silurian 
to Early Dcvonian .tge. For ehe developmcnt of ehe undcrground drainagc sysccm 
of ehe Lurbach this tccronic outlier has no significance. 

Neogene sediments appcar in thc Semriach basin only in some rcmnants 
(R. Se t IWINNER, 1925, V. MAURIN, 1954). They consist of bl uish-green or gray, 
argillaccous-rich loam in the Sand NW of Semriach, pardy with carboni7.ed rclic.s 
of planes. Thcy can be compared with miocene scdimencs of the Passail basin in ehe 
E. Their existcncc lcads to ehe conclusion, that this intramonranc neogene dcprcssion 
zonc influcnced also rhe region of Semriach. Morcovcr Pannonitrn gmvel deposits 
can be found sourh of Semriach on the ridge to the Rötschgraben. These dcposits 
and also the extensivcly wide-sprcad gravcls on ehe Tanncben platcau and thc 
scJimenrs of quaternary tcrraces in thc Mur vallcy will bc discussed in morc dctail 
in chap. 2.2. 

2.1.2. Tectonics 

Thc rcgion investigarcd is part of .i complicatcd multiphascd nappe srructurc of 
the whole Paleozoic of Graz on ovcrfolding and thercby partly a duplication of 
ehe rhickness of thcse limestoncs having occurred in t.be area of thc Schöckel nappc. 
This explains the foct that the rocks of the lyillg AIZbcrg formation and of the Passai 1 
Groupalso occur as top of theScböckcl limestones (R. SCllWINNl·R, 1925, L. WEBER, 
1990). The capping parts which are pard y ove1foldcd and in invcrted ordcr are known 
in litcrature as "Taschenschiefer" (Taschen schists) or ''Obere Schiefer" (Uppcr 
<;chim), whereas 1.he parrs remained in thc subjaccnt bcd of ehe Schöckel limcstones 
arc known as "Uncere Schiefer" (Lowcr schists). 

According to L. WEBER 1.he tectonic sicuation in ehe rcgion of Pc~gau-Tascheo 
is charncterizcd by a NW-vcrgenr compression fold-structurc, wh1ch forces ehe 
Uppcr Schists into a flat syncline and presses thcm towar<ls thc fixed block of thc 
Schöckcl li111csrones in the N, whereat locally schists cxccnd bcyond thc soutbcrn 
margin of thc Tannebco block. ln d1ree seructure drillings carncd out in this area 
(T 1-!1'3) bctwccn ehe uprighr Lowcr Schists :md ehe invertedly lying Upper Schists 
110 Schöckel limestones havc bcen fouod. 

Thc Schöckel limestone of the Tanneben massif was inrernally compre.c;scd by 
rcvcrse fouhs and dividcd into flat syndines and anriclines. This tectonic structurc 
can be weil rccognized when looking from thc church hill of Demschfeisrrirz at 
ehe stecp rnck wall called I>eggauer Wand. A dislocacion plane asccnding 45° towards 
thc N dividcs ehe whole rock wall inco a slight synclinc in the Sand the subj:i.ccnt 
pan dipping gcntly rowards NW (s. fig. 2.2). This corrcsponds weil with the fact 
thar ac thc sourhcrn end of ehe Peggauer Wand rocks of thc A 11~berg formation (dark 
limescones nnd clay schists) crop out whereas in the borcholcs 1I and 111 in rhe Mur 
vallcy in front of the cavc Lurgrotte and of ehe quarry of ehe ccmcnr works of Peggau 
the boundary zone bccwccn Schöckel limeseone and Arzberg formacion could not 
bc found umil 60-70 m below thc valley floor. 

On ehe whole cheSchöckel limestoncs of ehe Tanncbcn massif in thc SE are mostly 
lying vcry nat and plunge more aod more rowards thc N and NW to Badl graben 
and Badlenge of ehe Mur valley. 
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Fig. 2.2: The preapices of the Peggauer \Vand with location of caves. View from the church-hill of Deutschfeistritz. Total height between valley 
floor and Tanneben plateau is approx. 350 m. In ehe middle of the rock wall a significant upthrust. The southern limb is a gentle syn.cline, 
rhe subjacent northem part dips g(•ntly lO NW. The Schöckel limestone is partly thick-bedded partly massive. Caves are bound to bedding
planes and faulrs. HL =Hochstraden level, PLI 01 P LEI= approximate Level of ehe Pliocene!Pleistocene boundary, EQ = Early Quatemary, 
UQ = Upper Q1uitemary, HB = locarion of Hammerbach spring, V= ventilation tunnel, F = entrance levels of the tunnel system for "Felshütte 
Peggast" approximately coinddent with ehe fetJel of ehe Würm terrace, o = location of registered caves, important with registry numbers. 
(Photo: H. MA URIN). 



This Schöckcl nappc is uprhrusced on rocks of thc Pass:til Group. 1 es formcrly 
l.1rger cxtcnsion is documentcd by isobted rcmn:tnrs in thc castern pan of the basin 
orSemriach. Thc tect0nically depressed and constrictcd Schöckel limestonc residues 
in the arca of Kesselfall also bclong hcre. 

At thc wcsccrn side of the Mur vallcy thc Schöckcl n:tppe C)(tends to ehe tccp
sidcd prccipiccs of thc fcistritzcr Felsenw:tnd and of thc Kugclscein, and plunges 
chcn towards thc W undcr ehe Parmasegg synclinc. As ir c:tn bc scen ar the S-cnd 
of thc Pcggaucr Wand chere thc Schöckel limcstonc is undcrlayn h}' thc Arzberg 
forrnalion which builrs up the luw saddle bctwecn Zitoll and Deutschfeistritz. 
In thc S rhey art: ovedayn hy the isohued naepc outlicr of tht: church hill of 
Ocurschfeiscritz. At the Sl::.-Aank of ehe Kt1gclstcin rocks of rhc Arzberg formation 
crop mit wo. Thc wcsrern borderlinc of this Schöckcl lirncsronc mass is a N-S running 
foult ysrcm, along whicb Schöckel limeswne and Ar1.bcrg form:uion dip scecply 
to vertically towards rhe W or E (V. M /\URIN, 1?54, H. FRITZ, 1986, 1991 ). 

Above thc Schöckel n:tppe there lies the cectonicnlly highcr unit of rhe Rannach 
n:tppc. ln rhc arcn und er invcstigation only ehe isobtc<l nuppe outlicr of Kricnzerkogel 
has bccn rrcscrved. In ehe region of Hochtrörsch in ehe N, of dw PannMcgg in thc 
Wand o thc ll:tnnach in rhe S, howcver, this unit is bcing rcprcsemcd eo :t l.uge 
cxtcm. Tbc Lucgg nappc ouclier situatcd south of1aschcn also bclongs to thc latter. 

Be iJcs this nappe tecconics which forme<l rhe basc scrucrurcs ehe younger fracture 
tcctonics is more responsible for dtckarstification process. Dominam isa faultsystem 
with meridional trcnd. The limestones of thc Tannebcn m;issif arc rel:uivcly settled 
in comp;irison with the schisrs of the Semriach basin in the form of stcp faules. The 
k.lrsrhydrologically mosr cffective bordcrline is a foulL which dclimits rhe Schöckcl 
limestonc of thc Eichberg wich N 10 E and thc bascment of thc Krienzcrkogcl whicb 
was also builr up from thcse limestoncs towards ehe .E. Thcrc is a secon<l foult zonc 
rhar can be well recognized approx. 800 m west, here cucs off the Krien:t.erkogel 
nappe outlicr and rrends tO the Lurkcssel in rhe N. These meridional faulrs are also 
morphologic.1lly actjve in the precipices of thc Pcggaucr Wand .md in thc Fcistritzer 
Felsenwand. The fauhs in Lhe lithologically uniform Ta11nebcn placeau which is 
strcwn with tcrracc scdimcnts and mostly thickl y woodcd, howevcr, can hardly bc 
mapped. The Lrnnsicion zoncs bcrwecn Schöckel limcstonc and Ar7.berg formntion 
wbich crop m1l tn thc Badlgraben as weil .ts on thc southern m;irgin ncar thc 
Mitterbach, howevcr, i llustraLe the intcrnal rectonics of this massi f. Equall y ehe samc 
conditions c:m be found along ehe accessiblc underground flood ch:tnncl of Lurbach 
which also runs over long distances in this boundary arca (V. MA URIN, J 953, 1954). 
Bcsidc~ rhc lar~c N-S 1:•nilts orber fault dircct ions llS weil as lateral faules can be 
rccogn1zcd (s. fig. 2.1, f1g. 2.7). 

lmporlant for thc karstification prnccss is thc fact rhat thc limcstoncs havc 
un<lergone an intensive fracruring besidcs thc dislocat.ions chat can be rnapped. These 
joincs mosrly run vcnically on bedding-planes. Thc joinr spacing dcpends on ehe 
type or Stress as weil as on the thickness of the indivi<lu.11 bycrs. Tbin-stratified parts 
general ly show morc closcness of fissures. In the e gcncrally comp.lct limcstoncs 
ehe dcgrce of scparation rcsulring thereof and thc charactcr :tnd chc/osition of the 
bcdding-plnncs .ue dccisivc for rhc primary rock pcrmcabiüty an thcrcafter for 
thc characLer a11d stability of the brst cavitics dcvcloping. 

Tbc age of the fracturing srruccures of the T:mncbcn massif is quice varying. A 
part of it can be attributcd to tbe alpidic comprcssion tectonics, such as lateral faules 
and sLeep upthruses. Tht! laq~e meridionally running stcp foules art! supposed to havc 
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been traced dur:ing this time. They received their final formarion not beforc the uplift 
phases of thc basemcnt framcwork of the "Grazer Bucht" (basin of Graz) du ring 
the Younger Tcrtiary and rhe Quaternary. This process has bcen concinuiog until 
the latcst geological past (V. M.AURlN, 1953). 

2.2. Morphogeny, Paleohydrography and Karst Developmcnt 
(V. MAURlN, R. BENISCHKE) 

The temporal classification of karst processes, especially that of cave lcvcls ca11 
be made either by ehe analysis of karst phenomena and cave conrems (sedimenrs, 
paleomological and archcological data) or by means of thc parallelizacion with Jatable 
surface forms. 

A gre:u numbcr of scientisrs has been exploriog the morphological dcvelopmcn.t 
of the "Grazer Bergland" (Highland of Graz). A. WlNKLER-HERMADEN (1957) 
publishcd a summary which is still fundamental today. J-le is of the opinion that 
apart from scveral burie<l and pardy again uncovered oldcr form clemems the earlicst 
land surfacc rcsidues that can still be rccogniz.cd do not reach back forther than to 
thc Late Miocene. The erosion planes in the area of Schöckl and 1 Jochlantscb 
( 18 km north of Schöckl) belang here. 

ln the course of the Pannonian this hilly landscape was dissected in phascs and 
the mountaio edgc was pardy buried by lowering again. The thick gravcl deposits 
in the schist arca souchcast of Semriach andin the b:-isin of Passail bclong hcrc. Sincc 
the cquiv:ilenc gravcl horizons in the basin of Gratkorn (10 km north of Graz) and 
in the arca of Graz. lic significantly dceper, it seems that in thc Pannonian or soon 
afterwards cnormous flexures and displaccmcncs by faults must havc occurred. ln 
the latesr Pannonian a system dcsignaced as Trahütten-level by A. W1NK! rR
Hl:.RMADEN summits about 900 m a.s.I. (Hochglasercr 910 m, Mösrlkogcl 901 m, 
Kricnzcrkogcl 906 m, Hausberg 889 m, Eichberg S91 m and corresponding plains 
in thc schist area around Windhofkogcl)would havc tobe cbssified in thearea under 
invescigat.ion. Though ehe whole arca shows a vcry high degrcc of speleological 
exploration - on the wholc nearly 300 spcleological objccts luve bcen rcgistcrcd
we do not know any acccssible caves in thc rc.gion of Peggau-Scmri,1ch wltich could 
be dassifit'd in chis sysrem, rhough it is possible that this Fact might bc connected 
with the only fragmcntary conscrvat.ion of plains belonging to this altitude. Howcver, 
dolines of panly considcrablc dimensions car1 be observcd on thc Hochglaserer 
(900 m) and on ehe Möstlkogel (890 rn) and also on an inrermediatestep developed 
approx. in 820-840 m, like on the saddle on the Eichberg riclgc or on ehe wesrcrn 
and eastern sidc of H ochglaserer. 

Depression processes in thc St:yrian basin in the period between Pannonian/ Astian 
at first causcd a strong activacion of rhe crosion in thc hinterland (H.W. ft.OGEL, 
1975) and in ehe Uppcr Astian thc formation of a significant plain system which 
can be weil observed along rhe whole mountain edge (Kalldcitenmöstl-level by 
V. HLLUER, 1912, and Hochstraden-leveJ by A. WINKLER- 1 ll:RMADEN, 1957, resp.). 
Terra rossa and bean orc deposits and panly a dccply decomposcd bedrock indicatc 
a subtropical climace of tbat period. 

The Hochstradcn-level is also dominant within the study area, and owing eo rhe 
karst underground it is extremely well preserved (V. MAURlN, J 954, 1960, 1975). 
Special attention must bc drawn ro an old Yalley about half a kilometer wide, on 
the plateau of the Tannebcn massif. On many places it is covered with a srrongly 
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loamified gravcl l.tycr parrly sevcral mct1!rs thick. On the surfacc mostly quartz, 
quartzite and compacr homblendc schists occur in :i loamy-sandy matrix. The grain 
<;i7es vary from hazclnut size ro head siz·?. A two-meter deep bomb crater found 
during the middlc fo11jes in d1e forest south of Ertlhube showed that this is not only 
residual gravcl re<leposiced scveral times. ln the lowc:r part of the crat.cr there were 
gravcls associaced wirh crysralline schists and igneous rocks, but rhc micaceous and 
feldspathic rocks were completdy "rotten" and immediatcly bccame grus under 
mechanical stress. Carbonate pebblcs wcrc not found in this small exposure. This 
complex gravel accumularion shows, howcver, rhat- at least for the wcstern part 
of tlus erosion plain belonging to rhe Hochstraden-level - wc must assumc a 

·catchmc:nr area which reached back into the crystalline frame of the "Grazer 
Bergland". 

The present su1face of this Upper Plioccne l:md is Jividcd by dcnudation processes 
into flat basins and cupolas whicb are only a few mcters high er than thc surroundings. 
Numcrous dolines of all siies, extremely small to mucb more than LOO m diametcr, 
:irc eo bc found (F. VORMAIR, 1938, 1940). Many of cl1em are connccted with shaft 
zoncs dlf011gh which on account of subterraneous erosion ccrcainly rother great 
cubagcs of loosc se<limcnts havc sagged downward in thc coursc of time iota dccper
lying active horizontal subterranean runoff-channels and have bcc11 removed by 
thcm and arc still bcing removcd. There riscs the question eo which cxtcm rhe 
devclopmcnt of such extensive areas wich solurion dolines depends not only on 
climace and time but primarilr on ehe exisrence of water-sroring clascic deposits. 
Part of the Hochstraden-leve are moreover quitc extensive erosion plains in the 
Trötsch area, around the Hochbrand, norrh of the Krienzerkogcl, on the Pöllau (area 
around chc villagc Pöllau) between the Tanneben massif and ehe Eichberg, on the 
sourhern side of the Eichberg and in the schist area of thc basin of Semriach. 

Ourin~ rhat period the basic structure of today's drainage .pat:tern was developed. 
The eros1on plane at the wcstern edgc of the Tanneben mass1f around rhe Erclhube 
possibly alrcady belongs to the primeval Mur river. Presumably the sourheasr slopcs 
of thc I locbtrötsch and the basin of Semriach had a special N-S trcnded drainage 
path bclonging to the plateau near Pöllau (74 1 m) an<l the sad<llc souch of Semriach 
which has been lowcred to 715 m since thar time. This old drainagc scheme is still 
documented today by thc upper coursC' of ehe Lurbach oricntated towards SW 
(s. fi~. 2.3). 

W1th the Hocbstraden-level it is the fi rst time thac wc can clcarly recognize a 
conncction bctween surface morphology and subterraneous karstificarion in the 
area under investigacion. Such a pronounccd plain system can only dcvelop in a pe1iod 
of longer tecronic srability. With limcstone rocks in ehe groundwarer zone ic is 
inevitable that karstification develops befow andin the flanks of a vallcy, in which 
concomitant karst water circulaces under phreatic conditions an<l forms the basis 
for thc initial development of !arger cavc gallcrics. 

On thc otber hand we have alrea<l y had an accenruated rcl ief .u ehe period of ehe 
Hochsrraden-level where inruvidual ridgcs (Hocbglasercr. Eichberg etc.) overlook 
the locaJ outflow horizons (Ertlhube, Pöllau) by 100-1 SO m. Du ring chis rclatively 
long srable period these hills were cercainly drained subterraneously. lt is weil possiblc 
that ehe sinkholes on the NE-side of ehe Eichberg which are c;ull activc have aJready 
been developcd then (s. fig. 2.4). The largc dolines on ehe Eichb<!rg ri<lgc poinr to 
a very intensive karstification of thismountain. Somc of thcm scem ro be old collapse 
dolines. 
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IIJ Paleo - Drainage Paths 1,...~1 Subterranean Drainage ( ? supposed ) 

Fig. 2.3: Paleohydrographic features of the study area. Fu.rther mformation see also fig. 2.1. In the W crossing the Tanneben the course of the Paleo
M 11r, in the E the Semriach basin is drained completely above ground to the Rötsch graben in the S, arrows indicate schematically the recen t 
undergroimd dramage. The main paleo-drainage pachs are given for the ttppermost Pliocene. 



lf in a fluviokarst area the erosion base in ehe lowcr course of a surface stream 
or in thc region of an adjoining river is lowered by erosive or tectonic processes, a 
beheading and divcrsion of the karst water drainage may occur by regressive 
subterrancous corrosion and erosion. The surface streams bccame dry and their 
channels are being conserved on a karst plateau. 

Caves having formerly existed at this level havc bccn erodcd du ring dcvelopmenc 
of thc Hochstradcn-level. lt means thar after complceion of ehe I Iochstradcn-levcl 
formerly conneceed caves became disconneceed and rcprcsenc now isolaled objccts. 
As ehe 1 Iochstraden-level implies also a period of longer scability ehe before 
rncntioned isobted objects could develop horizontal passa~cs. But as we can sec 
from fig. 2.5 thcrc arc no accessible horizontal cavcs bur only shafl opcnings and 
a big numbcr of dolines (solmional and collapse structurcs) as it was pointed out 
by f. VORMAtR (1938, 1940). This facc lcads to ehe conclusion that horizontal cnves 
had not bcen prescrvcd o r bad been dcvelopcd only to an insignificant cxtcnr. 

T hc above mcntioncd concomitant karst water circulation bclow the valley floor 
or in the flanks initialized flow-patbs in thc undcrground du ring rhc formation of 
thc Hochstraden-lcvel which dcveloped larcr on (during ehe formation of thc next 
deepcr situated level of ehe landscape) to !arger passages. Funnel-shaped dolines 
on ehe surfacc of thc Hochstraden-level with a trnnsition eo dceper narrow vcrcical 
tubcs (karst shafts) show that the dolines arc rhc rcsult of youngcr spclcogencric 
proccsses than the shafts, despite they were eraccd during thc fornution of ehe oldcr 
level. The shafts thcrcforc enlarged undcr condirions wich scrongcr drainagc of the 
surface to the underground indicating a rapidly venical lowering of rhc adjaccnt 
karst watcr·table as the dcvelopmcnt of rhc ncxt decper levcl of the landscape 

Schöckl 

Fig. 2.4: The ponors Eisgrube (E; A. C.R. No. 2836/4)and Bachsehwinde (N; A. C. R. No. 2836164) 
near Neudorf north of Eichberg (891 m a.s.I.). View from southem slope of Fragnerberg 
(Photo: R. ßENISCHKE). 
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proceeded. Examples for these processes are possibly the dolines on the Eichberg 
and dolincs near thc .Ertlliube on the ceotral Tanneben plateau, which were excavated 
by speleologists at tbe beginning of this century. The excavation of narrow shafts 
offered the possibility to access a zone with ]arger horizontal galleries ( e.g. Gessmann
Dol inc, A. C.R. No. 2836/6) about 50-60 m below the surface of the Hochstraden
level. These passages were developed larcr probably during the time of thc 
development of a younger level. 

As it is pointed out below speleogeny is closely correlated with the morphogeny 
of the landscape. This fact can be secn in almost all karst regjons despite there are 
<leviations derending on lithologicaJ and/or tectonic influences. The described 
processcs wil be repeated each time rhc local or region:d bnse lcvcl with its cor
responding outflow zones is moved tQ a lower alLitude. In any casc a rapid lowering 
(by dcnudacion and/or linear erosion und er differeuc cümatcs) will prefcrably lcad 
to the devclopment of vcrrical passagcs (shaits, deeply incised underground canyons 
c.:tc.), rctardation of denudative or erosional proccsses and long-rerrn rectonicstability 
will lead to the dcvelopmem of horizontal systems. In both cascs aod at the same 
time vadosc and phreatic drainagc wich all its variations cxists. 

AL rhc transition of Upper Pliocene (Astian) to Early Plcisroceue (Calabrian) linear 
e.rosion wasagaio ac.:tivaced and conscquently a double plajn systcm was developcd 
designated as Stadelberg-a.nd Zahrerberg-level resp. by A. WINKLER- HERMADF.N 
(1957). Pl:tins .strewn with gravel have preservcd in tbe area of Peggau, i.e. in the 
Himmelreich norcJ1 of the ßadlgrabcn (640-660 m), on ehe Fcistritzer Felsenwand 
(660 m), on rhc NW-sidc of the Tanneben massif ncar Angcrlcitcnkogel (660-680 m) 
as weil as on the SW-side in the region of thc Brunngraben (660 or 620 m resp.) Thi~ 
signjficant lowering of the erosion base in the W is due to the erosional force of 
1 he Mur river. l n thc samc period, howcver, the small brooks east of ehe Tanneben 
massif dce_pencd onl y insignificantly. These were the obvious prerequisires for thc 
capturc of rhe old rivcrletS which had remaincd and for rhe deviation of ehe karst 
drainage. 

The drainagc development from thc Mur valley rowards rhc E on rhe Tanneben 
massif musr have pröcccdcd rapidly reaching the eastcrn border of ehe Schöckcl 
limestone mass in the Earlicsr Pleiswcene. Tliis eascern border is represemed by a 
significant N-S fault which delimits the Eichberg and the basemC!nt of thc 
Krienzerkogel towards the schists of thc basin of Semriach. Tims, however, pares 
of a surfoce ninoff pattern from the sourhern Trötsch region and the schist region 
north of Semriach werc i ncluded in the subrcrraoeous karst water systcm. Especially 
in the hooklilse cour~e of today1s Lurbach ehe capture and deviation of this earlicr 
uppcr course of the Rötschbach which bad fonncrly dr:tined towards the S can be 
casily rccognizcd (Fig. 2.3) . . For thc chronological cJassification of this process the 
fact is imponam that the ridge covrred wich Pannonian,gravels between ehe basio 
of Semriacb and rhe Rötschgrabcn wlllch is deepl y inciscd coday has still been 
prescrved in 715 m. 

The oldest Lurbach siukholes thatcan still be recognized lie at the southcrnfoot 
of the Eichberg in 720 m. Only a f ew years ago a largcr shaft has opened in this region. 
Tue recent lowercourse of the Lurbach passes the limestone~schist border at Pt. 666 
and flows approx.1 km in a panly gorge-like section to the entrance (629 m) of ehe 
cave Lurgrone (A.C.R. No. 2836/ 1 a). Here ir follows a fault zone with NW-SE 
trend probably ha'\Ting developed only by the collapse of forrner cave galleries. A 
magnificent example of this development can be seen in the 60 m high Lurwand 
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(the big rockwall at the entrance to thc cave) rising vertically above the main ponor 
of today. 

rrom ehe eru·liesr Quatcmary ehe Mur river is fixed tO the narrow trnn~ye?rse valley 
bctwcen rhe basin of Frohnleiten in the N and thc juncrion of thc Ubelbach, <1 

rribmary from ehe W. From rhis time on the karst drainage of ehe Tann eben rnassif 
is torally directe<l ro rhat streng lowcring of this base lcvcl with its corresponding 
out Oow zonc. ·rhe narrow li mcstone ridge ac ehe W~side of the Mur vaJley (Feistritzer 
Felsenwand) is now ct1c off from these processcs and- becausc of its smaJI catchrnenr 
- thercafter shows only minor karstif1cation. These condit1ons change in ehe lowcr 
pan of rhe Schöckcl limestonc close to the valley floor, particularly at the ßadlenge 
(beginning of the gorge-likc part of rhe Mur transversal valley ). Tbcre evidences 
of a significant concomirant subterranean drninagc can be found in the flanks :rnd 
bclow rhe former vaJlcy floor. Numerous caves with mainly hydrodynamically 
eontrollcd forms - mosc of them as phreatic tu bes- not only in the Kugelstein anJ 
in the region of rhe Badl wand bur;:tlso in thc lower Badl graben andin rhe Pcggauer 
Wand belong here. A tern~orarily complete subten-anean drainage of the basin of 
Frohnleiten during that t1me, postulated by II. BOCK (1913), is dassifie<l ro be 
doubtf ul. 

The Quarernary erosion in rhis arca by rhe Mur river is assumed tO be about 250 m. 
But Early Pleistocene erosion plaincs and horizons of strongcr karsufication can 
be hardly related ro thc ex.tensively devclopcd rerraces of thc Styrian basin. Tn the 
area of ß:ldl-Pegg:iu erosion planes between 500 :incl 580 m a.s.I. belang hcrc (for 
cxample at the SW-flank of ehe Lammkogel, in the r l immelreich, in the Badl wand 
above thc present road, on ehe Kugelstein and at the SW-edge of the Tanocben massif). 
Most of thar erosional levcls show gravel deposits with crystalline componenrs. r t 
is significant that for rhe first time a greater number of weil prcserved horizontal 
cavc systcms with predominantly hydro<lynamic controllcd Features developed in 
tbc phrearic zone can be correlaced with these levels. An impressive particular example 
is the cavc system with /\.ragonithöhle (A .C.R. No. 2836/14; 559 m a.s.I.), 
Naturbrücke (A.C.R. No. 2836/15; 557 m), with Kleine Badlhöhlc (A.C.R. No. 
2836/16; 536 m)anJ G1·oßeßadlhöhle (A.C.R. No. 2836/l?;upperentrance at547 m, 
lowcr entrance ar 495 m), the larter dcveloped as a hydraulic comrolled, labyriotbic 
network of passngcs. The Rcpolusthöhlc (A. C. R. No. 2837 /l; 520 m) at rhe opposite 
flank of the Ba<llgrabcn belongs to the same system. Passage morphology and 
speleogeny of this sysrcm is described rhoroughly in V. MAURlN ( 1951). 

The numerous caves in the upper sections of the Peggauer Wand :irc directed ro 
this early plcistocene oudlow level. 

To what extenc thcse horizontal passages represem former karst warer channcls 
or ourlets of the Tanncbcn m;:tSsif ancl thercforc of the basin of Semriach or represent 
possfüly a tcmporal'ily concomjtant grounclwater flow of ehe old Mur river, cannot 
be decided clearly. Obviously quartz pebbles are abundnnc in cavc sedimentS. 

After A. WTNr<Ltm-HEltMAl)EN ( I 955) thcse plains and cave-lcvels belang eo his 
"Obere Terassengruppe" (Upper Terrace Group; Calabrian to Günz). 

The lcvels of thc "Mit.~ere i:erass~ngrupp~" (Mid.dle Terrac~ G roup) after 
WINKLP.R-HERMAnEN (Gun7./Mindel-mterglac1al to Mmdel/Riß-1merglac1al) are 
relatcd to corresponding ten-aces in ehe rcgion of f rohnJeitcn. From rbe 
morphological point of view chey are developed in rhe region of Peggau
Dcutschfcisrritz only eo a small extenr. Onl y some sm:ill planations on rbe eastern 
edge of thc Kugelstein (at 450 m a.s.I.) and atthe churchhill (473 m) of Deutschfoist1itz 
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bclong hcrc, but numcrous caves in thc gurgc-like parc of ehe: Mur valley at lhdl 
(Kugclsccin, Badlw.rnd) and io the prccipiccs of ehe Pcggaucl' Wand (Fig. 2.5). ln 
!>omc or thcsc <.:aw!>, e.g. in those abO\ e thc old road, sedimcnr dcposits from the 
ancicnt Mur can be found. Ca\•es related eo chis terracc group are for example in 
thc Kugelstein the cavcs GrabhöhJe (A.C. lt No. 2784/5; 450 m) and Stufengrotte 
(A.C.R. No. 2784/6; 4-42 m), in the Badlw.md the Einsiedlerhöhle (A.C.R. No. 
2836/20; ~40 m) anJ ßiißcrgang(A.C.R. No. 2836/88; 460 m) .utd in the Pcggaucr 
Wnncl the Peggaucr-W:rnd-Höhlc l and t.1 (A.C.R. No. 2836/35 and 36; 465 m). 

Thc: Early Plcistoccnc " Untere Terrnssen g ruppe" (Lowcr Tcrrace Group; Riß 
to Würm glacial) can br lin.ked well to ehe gr:wcl tcrraccs of tlll' b.1sin of rrohnlcircn 
in ehe N. ßcsidcs ehe upper Pliocenc Hochstl'adcn-levcl dwn.· MC in thc rcgio11 nf 
Pc:l?it•iu for thc first rimc cxtcndcd thick Wiirm gravcl dcposits. f' hcsc glacial tc1•race 
pl.iin is prcservcd along thc easr.ern nMrgiu of rhc vallcy bclwccn ßadlcnge .tnc.I 
Pcgg.w cr Wn nd ovcr a distancc of 2 km a nd i1 maxi 111u 111 w idth of 300 111, along ll ie 

wc:swrn fl ank of thc va ll cy bdow tbc Fcistri tzcr Felscnw,rnd t1 nd thc chu rch- hill 
of l klllschfcistriti' uvcr a distance of about 1 km. Thc panly dcnudcd surfacc nf 
this 1crrncc is simucd today in an altirude bctwcen -1 10 .rnd ·120 m .1.s.I. Thc widc 
1 lul<Kl'nc plain is ineisccl into rhere fnr abum 10-15 m. 

lh~c:d 011 a numbc:r of <lrillings and gcophvsical 11wcslig.\l11>ns (f'. Wt BLR, 1 %9) 
thc pn;wiirmi.rn bc<lrnrk rclief can be rcctmstructcd VCI") wcll. As it is in thc mid 
sccrmn of die Mur v.tllcy thcre also hithc1to.rn11ndcrground t 1 'oll~h (l l.W. F1 UC:J 1 , 
1975) which rcachcs 40 m down below thc uppcr edgc of 1 hc Wifrm terrncc. l n t hc 
n,1rrow gorgc-likc p.ut of thc Mur vallc)' bct wccn Kugelstein .111d ßadlw.mcl lhis 
crough rould noc bc rccognizcd neithcr by drillings nor b) sci\mic t:i<ploratio11, but 
doubtlcss it must exccnd imo the basin ot rrohnlcircn. Tlw cx.unplc ol chis youn~<'C>t 
Würm/ l loloccnc dcvclopmcm of ehe vallcy, which bstcd onl~ about 100,000 yc.tr.s, 
shmv.s vcry weil th.n C;tcb crosional sul'facc and chcrefon· .tl~o c.u:h lcn·I of 
k.trMifü::uion is corrclarcd wich an intcrv:tl of disrincr .1hilUdl.', whosc cxtcnt is 
dctt•rmi11cd by di1mtic: ancl for the highcr silll,1tcd Early Plcisrnc:cnc and Uppcr 
Pli<ll'Cnc horizons ccn.1i11l) :dso by tecronk ractors. Such oscillatin~ proccsscs lcad 
to Lcmporary inund.uion and plugging ol oldcr kar~t ch.rnncls. 

Comp.tring with thc clt.:arly separ.Hcd oldcr plaim ol ehe "Untere 1ci ras
scngn1ppc" of Riß ;wd Wlirm intcrgbcial tltt•rc arc no s1gnific.lnl l'quivalents in thc 
region of Pcggau-Ocu1s1 hlcistritz, bu1 \011w ~.;i,·cc; in th1.: Kui.;clstcin. B.t<llwand, 
nc.11 ehe c:ntrnncc of thc 1 urgrottt: anti in rhc Pcgi:;.lllcr W.1t1d. Examplcs frnm 
Kt1gclstci n :trc thc Si11Ll•rröhrchenhöhlt• (A.C.R. No. 278•1/9; 420 m) and thc 
Sc:hl nssrlloch (A.C.lC No. 2784/ 19; 425 rn), 1w:tr rhl1 cn Lra11cc 11f i he Lurgrotw die 
Dirnbachcrgang (A.C'.R. No. 2826/ 1 c; -!47 m) Jnd thc .J nscfincnhcihle (A.C. lt No. 
28.26/32; 425 m) aml tht• Knuchcnhöhlc (A.C.R. No. 2826/33; '125 m). 

l n 1 'H4 witbin tlw pl'Ojcct "Felshütte l'<·~1;:1u" .m objc:ct of spcc1al intcrcsl IV.ls 

disnwcrcd duri11g bl.\sting opcr.ttions for 1hc l<>nstruc1ion nl .1vcmilation1uirncl 
,n 4 36 111 .1.s.I. for ,, 2,000 m long runncl systl'Ol nt thc t um of tlw Pcggaucr \'{1,md 
(l"ig. 2.2). Tlw 1>hic·c1 w,,„" scqucm;c of 1\CH: r,1) l\:lrsl rooms filh.:d .1lmost complctd~1 

will1 lu.1111 , sand .1nd gr.wd .. A ,·er) ditforcn,i .1ssoci:1io11 of pcbblcs o( crrst:\lli1~c 
rurks, p.11 th up to 20 cm di.1mcrer, mostlr ·rotten , prm cd, d1.n dunng cl1l' Riß 
~l.11~i:tl \>J 1 lw RiH/\Viinn 111tl·rgl:lcial a t1ibu1." y d1annd of .t 1 low 'i)'Stcm belon~in~ 
I<> thc .mcicm Mur ri' er im111d.ucd or flcrn c<l thmu~h dic!il' c.tws. Thc„c karst rrn101\ 
O'lfl' ,itu.tlcd bchind thc t.1da, 's prccipic.:cs ni d11' Pc~g.rnc1 Wand dircct.lr alio' l' tht· 
Hammcl'h:ich spnng (A.C. lt No. 2836/34). 
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The main tunncl systern is atan ahitude of 416 m a.s.l., i.e. at the levcl of the Würm 
tcrrace. The tunncls connected about 30 karst objects like shafts and horjzomal 
passages (V. WEISSENSTETNER, 1969). Most of them were plugoed by loam. A room 
at the end of tunnel no. V (170 m easr of the entrancc) was fified with sandy-silty 
sediments mixcd with coarse gravels. The components were schists from the basi11 
of Semriach. These me<\115 that the sediments were deposited in a higher situated 
genetically older horizonof theaccivc Hammerbach channeJ flowing outarnowadays 
about 6 m bclow. 

The Harn merbach- today still ascending from a siphon -has now incised some 
meters into the accu mulation body of the Würm tcrrace. During the last glacial it 
was enforccd to ascend to thc Würm outflow level. This is therefore a significant 
indication that karst processes had developed during Pre-WÜJ·m or Intra-Würm 
under the prescnL valley floor. 

f ron:i the morphogcneric poinr of view and the geological preset1:ings a part 
(probably only a small amount) of ehe water from the "Lurbach-Hammerbach
Schmelzbnch" karst .1quifer c;ould recharge wuecognizably tbe porous groundwater 
in rhe Mur valley aloog phrearic channels (small conduits, micro-fiss ures etc.). 

Similar condirions C<ln be found at rhe outlet of the cave Lurgrotle (A.C.R. No. 
2836/1 b) about 750 min the N . This karst channel too was directed to the level of 
the Würm terracc before tbe present drainagc tunnel was constructcd, and tbe watcr 
of thc Schmelzbach (S) ascended from deeper lying siphons to the overflow crest 
prcserved in the bedrockat the entrance. 

lt is more difficult lO classif y chronologically die morphogco y and thcrcforc the 
karsti fication processes in rhc region of Semriach. for rhe emi re srudy arca a paral lel 
dcvelopmenr is assumcd in the uppermost l'liocene (Hochstraden-level)1 but rhe 
condilions changed durin~ thc earliest Plcistocenc bcc;ausc of a very rapid 
retrogressive underground karst crosion (duriog this Stage erosiooal processes wcre 
prohably prcdominam over corros!ve processes) directed from thc Mur vallcy 
towards E. T he oldest Lurbach sinkholes are situatcd in an aJtirude of 720 m a.s.I. 
at the southern slopc of the Eichberg, the main present ponor ar 629 m (entrance 
of the Lurgrotte). As on the wcstcrn. side of the Tanneben iuassif in thc Murvalley 
this development covers an interval of about 250 m in heigl1t it is concentrated in 
the limestonc area in Semriach eo an interval of about 100 m as long as the Lurbach 
11ows as a surface stream. 

Parts of the cavc (T:Ulzboden, Wilde Burg) approx. 5-10 m above the present 
entrance of Lurgrotte Semriach could be seen as former ponors but are difficult to 
bc classified chronologically. 

lt is important tbat in ehe upper part of the lurgrotte Semriach near the "Großer 
Dom" (Big Hall) fragmems of oldercavelevels couJd be found at640 m1 which can 
bc classified on the basis of spcleothems and thick fillings of terra rossa tobe of oldcr 
Quatemary warm period. 

'l'he karstification process, howcver, ha.s significantly advanced in the mcancime. 
frnm Pt. 666 (at the border betwecn li rnestones and schisrs) the Lurbach looscs 
constantly waterto ehe undcrground :111d has repeatedly run totally dry in rhis area. 
'fhe discovcry and cxploration of the large approx. 600 m long cavc •fßlasloch" 
(A.C.R . No. 2836/229) in the Lt1rkcssel (H. KLJSCH, 1991), perfonncd successfully 
not beforc 1990, has provcd that therc are not only narrow aquiferous fissures. 

'J 'he"' Blasloch" cave has asteplike p:mern and shows shafts and !arge horizontal 
gallcries (11ig. 2.6) 'vhich lie partly 20 m below today's entrancc of the Lurgrottc. 
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The decpcst poim hitherco reached in thc Blasloch lies approx. 50 m below the level 
of thc prcsent surface strcam Lurbach. 

Today thc Blasloch is not reached under normal to medium watcr conditions by 
the watcrs percolaring in ehe Lurbach bcd; in otherwords the undergrouod draiJlage 
of the Tao neben massii reaching back from die Mur valley has ad vanced so far tbat 
the phreatic karst water zonc is alrcady lying significanrly deeper in the E of ehe 
limcstone massif too. Only at extreme high-water conditions while the Lurkessel 
is flooded tbe ßlaslocb is inundatcd too or only if sinkholes in the Lurbacb surface 
cbannel, which are directly coru1ccted with theBlasloch, becomc occasionaUyactivc. 

The funhcr course of rhe pcrcolation warers rhrough sinkholes in the surface 
channel-bed as wcll as rhrough the main ponor in the uppcrmost part of the Lurgrotte 
is not known in detail. Numerous tracing cxperiments have showo that du ring low 
and medium water conditions the water flows under predominantly phreatic 
conditions to the Hammerbach spring (HB). Under flood condirions more and more 

Fig. 2. 6: Fra.cture cormolled dry gallery in the deeper (approx. 40 m below the Level of the Lurbach) 
part of the Blasloch (A. C. R. No. 2836/229). (Photo: R. ß ENISCHKI!.). 
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highcr situatcd and oldcr karst horizons in the vadose region arc activatcd. For both 
zones an cxtendcd complcx karst drainage system is assumcd, whcrein plugging and 
rcactivation and redcposition of sediments happcned several timcs du ring the coursc 
of time. 

Tlw most outst,inding cxample of the study area for spclcological invc~rig;uion.s 
and rhcrdorc eo stucly spclcogcny and its relacionship to l:rndscapc morphogcny 
is thc c.wc Lurgrottc (A.C.R. No. 283611) which runs probably dosc to thc gcological 
basis throu?h the Tanncbcn massif from Semriach eo Pcg~au. 

Thc vcrctcal projcction (Fig. 2.7) shows chat ehe cavc rcprcscms today a type of 
vadosc drninagc systcm with prcscrvcd morphological clcmcnts (l.u~c flute:. anJ 
scallops on walb .1ml ccilings) of f ormcr phrcatic phascs. Othcr in<lic:uors arc phasc.s 
of scdimcnc filling panicularly in the uppcr parr, :md remnanrs of scdirncncs in highcr 
parrs inactivc wcby rcprcscntin~ oldcr filling phascs. 

ß rcakdown cvc·nts lcad to b rgc cciling slabs thus fonning thc so-callcd "Grof~cr 
lJnm" (Hii:; 1 lall) and "Bluckshcrg" (a lrnll with big boulJcrs). Pcrimls ol longcr 
stabili1y nnly with pcrcolatio11 watcr from ehe 1.rncl surf:icc dcvclopcd c:ikitl' 
prccipit.ltions likc stalagmites :111d stalagtitcs of considcrablc siz.c (c.g,. 1hc biggcs1 
dripsto1lc wlumn which ic; callcd "Riese" [Thc Giaml) and dcsrructing rhcm ,u somc 
placcs larcr on by crosion processcs. 

frcim this r.1mificd kam drainage systcm only thc acccssiblc pan of thc sul> 
tcrranc.rn Lurhach OooJ channcl bctwccn Scm1·iach aud Peggau is known until nnw. 
Thc rcsu hs of :ill thcsc nltcrn:uing processcs cm bc obsc:rved wdl along thcsC' p.1l>l>.1~l'S. 
for cx.implc, die conncctivc gallcry ("Bruncllogan1() bctwcc1\ LurlMch sinkholC' 
insiJc thc c.ivc .md ehe '"Großer Dom" (Big Hall) w:is complctcly pluggcd h) gr;wcl 
dcposirs :incl 1 hick si nccr formarions ovcr n long pcriod ancl was clcarcd l.nc1 on and 
n1.1dc pass,1blc for floods. 

'J'IH.' vcrtical projcction of the C<\VC shows also a stcp-likc dcvclopment wich thrce 
main st,it;cs of formin~ horizom.11 passages. 

A first Stage was Lhc urpcrmost part in Semriach having devclopcd .sornc substagcs. 
A 1ll.ljor "cvcnt" cauSCl the lowl"ring of 1hc conesponding basc lcvel and rcsultcd 
in thc f ol'mation of a scqucnce of shafts .md canyons along a big fracturc zonc (calle<l 
"(' . h 1 ") 1c1stcrsc ac lt . 

'l"hc m•xt lcvcl rcachcd was ahout 40-50 m dccpcr and cau bc folluwd d1nH1gh 
wcl:i y onl y cpisodic;\ll}' activc ~iphon zoncs down ro thc "Blocksberg". Bclmv this 
poi11t aftcr .111othcr stcp of about 30 m Lhc l.ist scction of thc c.ivc is cmcrcd, whid1 
rcprcscnts .rn activc zone wich Schnwl7hach spring (SU) and L;\tlrins spring (1.). 
This zo1w is dil'Cl' tc<l ro die Qu:ncrnary tcn«1ccs in thc Mur vallcy (cvidcnrly ,,11 rhc 
significam horii'Ontal scctions nf thc cavc .Hl' c.lircctcd to such tcrr.m? lcvcls) 
p.iniculnrly eo thc Wiirlll ll'rracc rcmn:um of it hcing visible 1lcar thc c1111-.1nn· .1l 
Peggau. 

Thc l.ist parr closc to thc cntrnncc .it Peggau is charactcrizcc.l by scvcr.11 .Ktivl' 
.111d 11ow.1d:ws t wo inacliw s1r•ho11,. Thc !arte• had bec11 activc unril a d1 ,1111a~~ tu1rnd 
h.1d hc1.·11 ~·onstru~tcd which lowcrcd thc watcr· tablc for :ibmn 8 m. Tod.\\ rhcM.' 

t1,1ss.1gl·~ .1n· dn phrc:itic loops, anti .;hov: dt:ll karstification wal> .1l .1 lowl'I" lcvd 
wfon: 1 hc scdi111cm;lliu11 of thc Wi.it·1;1 tCn':\C~'. Tlw \X!lirm scd1mcnt., had ,1 tii.;htcning 
cf leer cnf or~ing thc c.1vc to Jirccr ic ... m.iin outlct upwardly ag;1in tn rhc surfacc of 
th.n tcrracc. Thc s.1mc cffcct c:an bc ~ccn .lt thc l bmmcrb.1rh spring whcrc .1l~o .m 
-;ic1i' ~ siphun gtic' .1bout ·l m hc:lu'' rl c prcscm 011tll·t. 'l'hc h·, cl of it l'rn11c1dcs wich 
that of rhc Wiit'm ccrr;icc too. 
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GEOLOGICAL - HYDROGEOLOGICAL 
CROSS - SECTION 

of the Tanneben Massif and Lurgrotte 
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2.3. H ydrologie and Climatologic Conditions (T. HARUM, H. STADLER) 

2.3.1. General C limatological R eview 

ßec:lllsc of its position souch of the J\lps and thc prevailing wind dircction from 
N and NW the a.rca of investigation is situaced on ehe lcesidc rclalivc to prccipication. 
For this reason thc frt.?quenc acmospheric condicions wich dcpression z.oncs in rhc 
N and NW of the Alps don't bring such high prccipitation amounts likcin rcgions 
north of thc Alps. Thc highcst rainfalls a.re rransponcd to ehe rcgion in pcriods with 
dcprcssion zones in thc Sand SW ( over ehe Mediterranean Sca) :md NE and E, buc 
the frequency of such events is not very high. High prccipication amounts with 
important intensity are mcasure<l frequcncly during local thundcrscorm evcnts in 
summ er. 

Figurc 2.8 shows thc scasonaJ variations of the mean monthly prccipitation at 
the official station of Semriach (alt. 720 m) in comparison w ith thc mcan monthly 
air cempcrature at tbe meteorological Station Frohnleiten (alt. 440 m) situated in 
thc Mur valley about 20 km north of the investigation area (observation period 
1971-1980). Thedata are publishedinHYDROGRAPHISCHES ZENTRALBÜRO (1983). 

Tbc clitnate is characterized by relatively low wintcr prccipitation (minimum in 
December wirh 27 mm) and a significant maximum in summcr (169 mm in July) 
due to frequent thunderstorm cvents. The h.ighest daily .rainfall height was measmed 
inJuly 1975 with 93.5 mm. In normal ycars 262 days arc witbout prccipition, 10.5 
days havc daily sums of more than 20 mm, most of them in summcr. 

Thc tcmpcracure minimum is reached in J anuary (s. fig. 2.8), maximum inJuly. 
In compa.rison with alpine regions the mean period of total snow covcr is shon with 
54 days (beginningof Januaryuntil thccndof Fcbruary), onlyon2.1 days the snow 
dcpth is higher than 50 cm. 
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Fig. 2.8: Mean monthly precipitation (in mm) at the raingauge Semriach and mean monthly air 
temperatiire at the meteorological. station frohnleiten ("C) for the period 1971-1980. 
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The mcan .mnual prccipitacion depth at thc raingauge of Semriach is mcasured 
with 880 mm with annual variations bctween 669 and l,35J mm (period 1971-80). 
The mcan annual air tcmperamre in frohnleiten is 8.5° C. 

2.3.2. Hydrographical Network 

The topographic posicion of the hydrograph.ical nerwork is visible in fig. 2.l. Tbe 
precipitation is continuously controlled at two raingauges in Semriach (daca available 
sioce 1965) and on the karst p lateau ofTanneben togcrhcr with the air tcmperaturc 
(sincc 1986). 

The Lurbach creek is draining a carchment arca of 14.5 km2
, which is siruarcd 

primarily in less permeable schists (s. fig. 2. 1 ). The discharge of thc Lurbacb as input 
into thc karst systcm is measurcd at a gauging station in Semriach upscream of the 
border betwecn schists and the karstified limcstones. Data arc avai lable from the 
period l 965- J 973 and-with ioterruptions duc to technical problcms with the gagc 
height rccordcr - since 1987. 

Thc karst 111assif of Tan11eben (surfacc 8.3 km2) is d rained primaril y by thc two 
kam springs H ammerbach and Schmelzbach. The wschargc of H ammerbach has 
been cootinuously measured r rom l 965-l 975 and sincc 1983, that of Schmcl:t.bach 
from 1 %5-1970 and wich imcrruptions sincc 1983. 

T he fluctu:uions of ehe grou ndwater level in thc porous aquife r of rhc Mur valley 
have bcen mcasured since 1973 io three observation wclls of the hydrographical 
survey of the Government oi Styria. 

2.3.3. H ydrological Conditions 

The investigation area can be divided into rhree hydrogcological uni es with rather 
different flow and input conditions: 

1) The ljmestonc massif of Tann eben (surfacc 8.3 kmZ) is intensive! y karstified and 
is being draincd completely through the underground. There arc two principal 
(Hammerbach and SchmeJzbach, s . fig. 2.1) and fcw small karsrsprings (Q l-Q6, 
s. fig. 2.12). 

2) Thc drainagc basi..o of the Lurbach creek (1 4.5 km1) j5 situaccd primarily in lcss 
permeable paleozoic schists with Jow infiltration capacity. 

3) Tbc porous aquifer in the Mur valley consists of gravels and sands of the quatemary 
fifüng wich a total thickness up to 40 m. 

The watcrs from Lurbach and rwo smallcr creeks (Eisgrube and Kaczenbach
schwindc) disappear into sinkholes. Thc mosl important o nc is the sinkho le of 
Lurbach at thc uppcr cave encrancc of the Luq~rotte in Semriach. Thc Lurbach creck 
infiltraccs conrinuousl y imo the karstificd limestoncs and disappears at mcan eo high er 
dischargcs into the cavc entrance (at lower discharges somc l 00 m upstrearn). After 
a disrance of about 200 m the creek infi ltrates in ponors rhe rest oI ehe fo llowing 
part of the Lurgrottc heing dry. 

Two springs arise in thc lower part of the Lurgrotte: the big spring of Schmelzbach 
(SU) and ehe smaller Laurins spring (L). Both form the subtcrranean scream 
Scl1mdzbach (S) which flows through the cave and emerges ac ehe cavc enrrance 
in the Mur v.illey: H ighcr Ooods of thc Lurbach flow dircctly lhrough the cnlire 
cave sysccm the capacity of rhe sinkholes in rhc higher pan of ehe cave not being 
sufficicm. 
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Thc dischargc dara of Lurbach, Hammerbach and Schmelzbach, are liste<l in 
tab. 2.1. 

Tab. 2.1: Discharge ckitain/Jsfrom the input ( l.11rbach, observatio11 period J965-197J, 1987- 1989) 
and ehe karsl springs (1 lammerbad>, 1965-1975, 1983-1989; Schrnehbach, 1965-1970, 
1983- 1989; l.aurins rpri.n& 1986-1987). NQ = lowesL discharge, MQ = mean anm1al 
dischargc, H Q = higbert f Lood. • probably infl1ienced. 

NQ MQ HQ IIQ:NQ 
Lurbach •4 141 lS,300 3,817 
Hammcrhach 33 193 2,000 61 
Schmelzbach 15 79 11,400 760 
Laurins spring 0.4 3.7 12 30 

The high flow values of Lurbach and consequemly Schmelzbach arc only rough 
approximati.ons, because ehe short flood crests wich extremcly quick changing of 
the watcr level at the gauging stations provoke high errors concerning thc 
extrapolation of tbe discharge rating curves. For these reasons and as indicated b y 

LURBACH 

Fig. 2.9: Mcan diJ·chargc hydrographs of Lurbach (inpul), Ilammerbach and Schmelzbach 
spring with mean daily extreme values computed from mcan d4ily dischnrges (l/s). 
Contirmatio11 p. 37. 

the watcr ba1ance dat:i. it is probable that above all rhe high runoff data of Lurbach 
arc too low. 

In fig. 2. 9 the mean discharge hydrographs of Lurbach, Hammerbach aod 
Schmelzbach compuced from all mean daily discharges mcasured are plotted in 
comparison with tbe mean daily extreme valucs. Thc hydrographs show rathcr 
different characteristics. 
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Th~ Lurbach hydrogrnph is typical for a small drainagc b:tsin in less permeable 
ruck formarions (schists) with low infiltration capacity, a hjgh portion of surfacc 
flow and extreme dischargc Rucruations (s. tab. 2.1 ). Thc hydrograph shows rwo 
scasonal maxima duc to rhe climarological conditions (s. also fig. 2.8): a first one 
in March/ April in conscqueoct.• of lhesnow melr and a second mulripeak maximum 
duc to the high summer precipitation, whcre ehe frequent rhundcrstorms provoke 
numerou Ooods which frequcntly produced dcstrucrions in ehe Lurgrorte. The stcep 
rcccssion limbs of thc hydrograph indicatc a low storngc capacity of the aquifcrs 
(porous and fissured) in thc catchment arca. 
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Many tracing experiments with traccr injectioos in tbc Lurbach sink.hole havc 
shown that the Hammerbach spring represents the permanent resurgence of 
Lurbach the residcncc time dcpcnding on the particular flow conditions du ring 
rhe expcriments (s. chap. 5.2.). Only during thrcc cxpcrimcnts at highcr flow 
conditions the tracers injected could be detecte<l in H ammerbach a.nd Schmelzbacb 
spring. These results proved that at low water conditions both springs drain two 
isolated aquifer systems which have an episodic connection on(y at higher 
discharges. This overflow from the Hammerbach to the Schmelzbach aquifer is 
not identical with the direct connection between the Lurbach sinkholc and thc 
Schmelzbach spring due to floods of Lurbach which flow <lircctly through ehe 
acccssible gallcrics of Lurgrotte. 

The bydrograph of ehe Hammerbach spring as the permanenr resurgence of 
Lurbach is chi}raccerized by similar but attenuated discharge flucruations bccausc 
in casc of extreme floods of Lurbach a high portion of Lurbach water Oows through 
r.hcLurgrotte and ehe ovcrflow zone (comp. high flow data in tab. 2.1 ). For the most 
part of rhc ycar tbc dischargc of tbe spring is highcr chan chac of Lurbach, which 
proves that the spring <lrains not only water from thc Lurbach sinkholc but also 
infiltraced water from the karstificd plateau of Tanneben. Thc low slope of ehe 
discharge rccessions indicates chac the aquifer consists not only of main drainage 
paths (karst chaonels, gallcrics etc.) but also of :c.oncs with high storage capacity 
(micxofissured zones, scdimenc fillings). 

'fhe hydrograph of the Schmelzbach spring is only episodically influenced by 
thc Lurbach catchment area. At low flow conditions the spring is drainiog apart 
of thc northcrn kam platcau an<l two sinkholes (Eisgrube and Katzenloch) with 
low discharges as proved by tracing cxperimencs (s. chap. 5.2.). A connection bcrween 
ehe Bassgraben (uppermost part of Badlgraben) and the Schmelzb.tch ;yseem seems 
tobe possible but is not yet proved. ln tim es of low flow condicions ehe flat dischargc 
teccssions indicate an aquifer wich high Storage capacicy. The episoJically active 
ovcrflow from ehe H ammerbach aquifor :md furthcrmore ehe high floods of Lurbach 
flowing dircctly through ehe cavc provoke extreme dischargc nucruations of the 
Schmelzbach cave stream ehe wacer level in the lowcr part of thc Lurgroctc rising 
sometimcs morc chan 10 m (at some places abour 30 m). Conrrarily to ehe 
I Iammcrbacb spring thc Schmelzbach frcguently effected imindarions nei'lr ehe cave 
cntrarn;e in thc vi lJagc of Peggau the residence time of ehe flood waves in ehe cave 
being extrcmely short (approx. a half an hour). 

In flg. 2. 10 ehe valucs of discharge exceeding prnbability of ehe H:11nmcrbach spring 
computed from mean daily values as a measurc for ehe filling srnge of ehe karst 
rcservoir arc plo_Ltcd agai ns_t ~he correspond i ng c'l{cecdancc val ucs of Sch mel~~ach 
and Lurbach. Tt 1s clearly vJS1ble ehat berween low Flow and mcan f!ow cond1t1ons 
of ehe Hammerbach spring chere is a strict linear correlari on of both parametcrs 
due to ehe permanent connection between Lurbach and Hammerbach on ehe one 
hand and ro thc catchmcntarcas of bocl1 springs wich partly similar hydrogcological 
and mctcorological conditions 011 ehe othcr hand. Whenever ehe dischargc of ehe 
Hammerbach spring exceeds a valuc o( .ibom 200 J/s ( which corresponds tO the mean 
annual dischargc) usually dry kai·scch:mnels become activc and provoke :m overflow 
of water from thc.: Hamm~rbach to tbe Schmelzbach aquiJer (T. HAJWM et al., 1990; 
abouc considerations in the past on ehe relationship bccween discharges of 
Hammerbach and Schmelzbach ref er to chap. 5.2.). This dischargc value corresponds 
lo a ccrtain lcvcl of Lhc karsc water cablc, rhe "overAow levcl" being depcndent 
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signi.ficantly and first of all on thc discharge of Hammerbach. The overflow can 
also be active at low discharges of Lurbach intimes when thc Hammerbach aguifer 
is filled to high cxtent. Correlations with thc Lurbach dischargc by T 1. ZOJER & 
J. ZöTL (1974) showed that tbere is not a constant relationship between Lurbach 
discharge and the portion of Lurbach warer in Schmelzbach. 

This overflow level can temporari ly change due to changings in sedimcntation 
and erosion of cave sediments in the karst system. But the corrclation of thc 
cxcccdancc curves of individual ycars gave weU comparable results, so thatit can 
be deduced rhat fo1· the most part of the observarion period the level of abour 200 l/s 
was valid. Changings seem to bc only of temporary character. 

Cönccrni1'g thc hydrological condirions in both karst aquifcrs and their different 
types of discliarge hydrographs three typical hydrological states can bc deduced 
corresponding ro lhree clearly distingui:;hab le flow paths in the brst system not 
e>:cluding possible minor flow sysrems (s. chap. 6. 1.); 

1) At discharges below the overflow lcvel of abour 200 l/s of Hammerbach discharge 
both aquifor systems are complerely separared. ln chis c~se thcHammerbach spritig 
is draining rhe total disclrnrge of thc Lurbacb sinkhole an<l ehe southcrn ean of 
r.he karstified plateau of Tanncben. Tbc isolated Scbmcl~bach aquifer drarns the 
norchcrn pan of the placeau and two si n kholes wirh snu11J discharges. Under thcse 
conditions there exists no conoection between the sink hole of Lurbach and 
the two spr ings in the lowerpart of the Lurgrotte (Schmelzbach and Laurins 
spring). 

2) Tbe overflow from the Hammerbach to tbe Schmelzbach aqujfer bccomes active 
at flow rates of the H ammerbach spring bjgber than the mean annual discharge. 
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Under these conditions the Schmelzbach spring is draining a portion of water 
from the Lurb:ich catchment area (basin of Semriach). 'fhis portion incn:ascs 
with thc increasing Hammerbacb discharge. 

3) Extreme floods takc three different flow paths in the underground. Thc grcatesc 
ponion of Lurbach waccr Ilows diredy through thc prcscmly accessible cavc 
(lcnbtth 5 km), rcsurgcs in ehe Schmelzbach spring and c.1uses ics extreme dischargc 
fluccuacions. A second porti<m flows througb the sinkholes in the highcr pan 
of ehe cave rn thc 1 famrncrbach aquiferwhere it is oncc morc separ:ited inco two 
componencs, onc flowing eo thc ourlet of the Hammerbach spring and thc ochcr 
chrough the overflow zone to ehe Schmelzbach spring. 

2.3.4. Characterization of Discharge Recessions 

2.3.4. l . Mcthodology 
After longer dry weather periods the decrease of d ischarge can bc charactcrized 

by the cxponential function (E. MAI LLET, 1905) 

Q,=Qoeu', 

whcrc 

Qt = discharge after thc timet of the recession period (l/s), 
Q0 = clischarge at time c = 0 (intersection with the ordinate), 
ex. = rccession cocfficient (d-1

), 

e = basc of ehe natural logarithm. 

(2. 1) 

Thc slopc a is characteriStic for the deplecion of the groundwatcr rcservoirs in 
the c:uchment area and givcs informacions about ehe scorage capaci ty of thc aquifor. 

Plotting log Q versus t the hydrograph rcccssions which follow this cxponentional 
function wilJ bc a straight line. Not straighdincd sections in the first part of thc 
reccssion limb with grcater slopes represent ehe sum of sevcr.\I e>eponcmial function 
corrcsponding eo flow components with shorrer retention. 

for the scpar:ition of the flow componcnrs of the discharge bydrograph ir is 
necessary to splir the curvc in separate exponential functions, starting at the point 
with ehe lowcst discha.rgc (end of recession). for ehe last reccssion limb of thc 
hydrograph whichfollows the above mcntioned eq uatiou after E. Mt\ILLE'f ( 1905) 
a curve is fitted using tbe method of the least squares. 

This f unction which corresponds to ehe base flow component is cxtrapolated 
back undcr the hydrograph (usuaUy for karst rcgions until thc theorctical basc flow 
pcak uodcr rhc discharge 111aximum). T hen the differct1cc betwccn total hydrograph 
and computed basc llnw is plortcd again giving the sum of direct and interOow 
component (for spri ngs usually only thc direct flow componem). 

Thcn die s:unc proccdure is r<.·pcaccd - if possible - for the separation of dirccr 
rtow anJ intcrflow (B.S. ßl\RNI~, t 939). 

Thc two or three cx.-valucs compured in this way corrcspond ro the flow 
components with different storagc conditions and- as function of ex - depletiun 
cimes. 

Th.is method is used by a recently developed computer program (F. G1v\P, 1991), 
which analyscs thc recession limbs of mean daily disdurges. Periods with cominuous 
runoff reccssions are chosen automatically and compared with times witbout 
precipit:ition or with probably no groundwater rechargc. Rccession limbs with the 
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best fit (high corrcl.ition coefficicnt and random disLrihurion of ehe rcsidu:ils) arc 
selccrcd for f unher c~lculations. In a next srep the a-valuc and thc Uitcrscction wirh 
thc ordinate of each rccession and its componcncs and thc deplcrion cime of rhe 
diff ercnt Storage components arc cakulared, ditto ehe mean values, scandard dcviation 
and variance of a and Q0. The volumes of quasi mobile w.ucr (walcr which c.in bc 
discharged without hydraulic stimulation) are compuccd by thc cquarion 

V= Q0 • 86.4/a (mJ) . (2.2) 

2.3.4.2. Rcsults 
For ehe cvaluation hydrological dara arc availablc as mean daily discharges becwecn 

the ycars J 96S and 197S. Twenty-si>t significant rcccssion pcriods wcrc chosen from 
Lhc g\luging si:..-itions Lurbach (i npUl, cacchmcnr arca in less permeable .schists) ;incl 
d1e karst springs Hammerbach and Schmelzbach (output). Thc rcsulcs arc shown 
in tab. 2.2 and 2.3. The mean dcpletion functions calculatcd from ehe 26 rcccssioo 
limbs are plottcd in flg. 2. 11. 

Tab. 2.2; M ean values oj'the i·ecemon f1mctw11 parameters Jor /.11rbach (input), Hammerbach and 
Schmelzbach ( 011tp11t). 

VOLUME (m3 ) 
DEPLFTIO;.J 

a<lirecc Qo ttbJSC STD. Qo TIME(d) ERR. 
total direct base dircc[ ba~c 

(d ') (I/~) (d 1) 
abasc 

(l/.s) 

Lurboich 387,000 14,200 373,000 12.5 180 0.5114 56 0.0422 0.0009 181 
1 lammcrb::ich l.109,000 6,000 1.103,000 19.0 505 0.2690 16 0.0149 0.0002 190 
Hammc:rb.-Lurb. 722,000 0.0146 173 
Schmcl7bach 508,000 9,000 499,000 22.0 555 0.2493 23 0.0118 0.0002 68 
K:irs1 total J.230,000 

Tab. 2.3: Total watervolumes relt1ted to MQ aml MoMNQr (mea11 mm1th~}' NQ). 

MQ VMQ MoMNQ, V~lu\1Nq1 Depl. time Defl. time 
(c from (Vs) (m1) (l/s) (m') (d from MQ) 

MoMNQ 1) 

I.urbach 129 264,000 72 147,000 187 172 
1 lammerbad1 180 1 .044,000 135 783,000 547 529 
Schmelzbach 97 710,000 57 ~17,000 612 596 
Total Tanncbcn 148 1.490,000 120 1.053,000 

Lt is dcarly visible that the Lurbach hydrograpli is ch:iractcrizcd by a mcan 
depletion cui-vc with a significantly greater slope for direct ancl base flow (highcr 
a-valucs) and asho1ter deplction time (after 187 d ehe groundwater reservoir is empty, 
i.e. Q < 0.1 l/s) than both karst springs. 

lt provcs that parts ol the karsr aquifer havc a higher storagc capacity than ehe 
drainagc basin of thc Lurbach, siruated in noncarbonaric rocks. The karst aquifer 
can bc characteri~ed by two rather ilifferem drainage systcms, onc with low retcntion 
is formcd by greater conduits (directflow) and thc othcr one (basc flow) by zones 
wich high Storage capacity (micro flssured zoncs, scdimcnt fillings). The watcr 
volumcs calculatcd in tab. 2.2 show the significant differencc betwccn direct flow 
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Jiig. 2.11: Mean discharge recessions of Lurbach (input), Hammerbach and Schmelzbach spring 

and karst water from Tanneben (o: difference between Hammerbach and Lurbach 
recession ). 

and base flow, ehe base flow volumes being between 55 (Schmelzbach) and 186 
(H ammerbach) times grcatcr than the direct flow volumes. 

A~ discharges of ehe Hamm~rbach spring bclow 200 l/s (no active overflow to 
thc Schmel.zbach systcm) ehe 1 Jammerbach aquifcr is completely rccharged by the 
Lurbach drainage basin and from the precipitation on thc karst platcm.1 of Tanncben. 
Tbc difference of Hammerbach and Lurbach deplecion cur-ves, plotte<l in fig. 2.11, 
g.ives informations abour thehydrodynamic fearurcs of the porcion of karsr warer 
from Tanncbcn and represents the main output portion of water from the karst 
aquifer stored over a langer time. 

'l'he depletion cur'Ves in fig. 2.'11 arc computed from reccssion periods with a 
maximum length of 35 days and extrapolared to 200 days assuming a corresponding 
period without groundwater recharf?e and validity of the cx-values calculated for 
ehe complcre deplerion of the reservoirs. Theseassumptions can o.nly be rheoreric:U 
(not so lang dry wcathe1: pcriods in the investigationru:ca, thc sh<">rt recession pcriods 
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wirhout prccipitarion givcno ioforruations about thc deplction function of the aquifcr 
pans with the bighest storage capacicy). 

J t is visible in f1g. 2.1 'I r.hat at a Hammerbach discharge of about 200 l/s ehe inpui: 
from Lurbach and ehe cotal Hammerbach output arc equal. At higher discharges 
the overflow to ehe Schmelz.bacb aquifor is active, inpul from Lurbacb is bigher rhan 
Hammerbach outpur. 

J n ehe first part of rhe recession curves the difference of input anti output is 
incrcasing, reaching its maxinrnm about 36 days after the starting point (t = 0) of 
thc reccssion curvcs with 71 l/s. This peak rerardation of rbe difference curve can 
be explained by the hydrodynamic proccsscs duringand after a flood of ehe Lurbacli. 
At high discharges ehe elevaced karst wacer lcvel provokes a positive hydraulic 
gradient bctwecn rhc main conduirs an<l the zoncs wich lowcr perrneability, i.e. 
"older" reservoi r water is recarded and event warer flows f.e. from the karsr channels 
inco the micro fissu res and is storcd therc ovcr a longe1· time. SubseljUenlly thc falling 
water lcvcl in the channels provokes a change of the hydraulic grad.iem eo rhe oppositc 
direction. Therefore the inflow of "older" rcservoir water from the less permeable 
zoncs increru;c.c; with decrcasing spring discharge and reaches its maximum wich high 
rcrardation compared to the dischaq~e pcak at the karst spring. The assumptions 
mentioned above are confirmed by thc fact, rhat the recession curvcs of singubr 
cvents have ncnrly ehe samc shape. Devi:nions from the mean values are dependent 
on the maximttm discharge values and thc hydrolo{,rical conditions beforc the runoff 
event. 

The portion of older reservoirwater in the spring discharge increases continuously 
and reaches 100% whcn the Lurbach reservoir (input) is theoreticaUy empty approx. 
180 days after recession sran. 

The volume of this water stored over a longer time is 65% of the total Hammerbach 
volume (s. tab. 2.2), which proves thehigh Storage capacity ofthe retardation zones. 

2.3.5. lnteractions between the Karst and Porous Aquifer in the Mu r Valley 

Most of the mtcing experiments with injcctions inro thcsinkhole of L~1rbach gave 
as resulrs recovery rates 111 thc range of 60-70% ar ehe Hammerbach spnng (s. chap. 
5.2.), Due to the fact chat thcre exist no orher importnnt springs which could drnin 
rhe remaining 30% of thc tracers injecrcd, it was assumed in literature (e.g. V. MAU KIN, 
1952, H. BJ\TSCl m et al., 1967) chat rhe porous aquifer in the Mur valley is recharged 
directly by karst water from the Tannebcn massif. This assumption seems lO bc 
possible because the karstification base (paleozoic schists) is deepcr than the 
substratum of tbe quatcrnary gravcls and sands which is formed by tbe same 
paleozoic limescones as ehe T:mneben massif. 

All karst springs are situatcd at the alticudeof the Würm rerracc. ln the Lurgrolte 
thcre are no i11dications tbac the karstification gocs decper t.han the present outlet. 
As ro Hamrnerbach spring it is known tbara siphon some mcters behind is4 m decpcr 
than ehe ourlct. Therefore :t grnundwacer recharge by brst watcr from the sarnrated 
L.onc of the Hammerbach aquifor seems poss1btc. 

Thc invcstigatio11s by G. SCHlCKO~ ( 1983) show that the porous aquifer consists 
of guaternary gravel and s:mds wich relntivcly high pcrmeability (cocfficicnt of 
permeabiliry 2-3 x 10 1 m/s) and an aguiferthickness up to 16 m tn a N-S Jirecred 
ern~ion cbannel near ehe easrern vailcy border wirh ehe outcropping paleozoic 
limestoncs. The groundw~ter is used for thc water supply of tbc village Peggau and 
for some private water supplies. 
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Thc qucstion of possible interactions between k:lrsc and porous a9 ui f er was one 
of the main ~oints of the investigations of the ATJ 1-group. Addirion,11ly tO thc 
cxisting morutoring nerworkinstalled by tbe governmencal hydrographical survey 
and by G. SCHJCKOR ( 1983) ehe piezometric head was measured in all cxisting wclls 
of ehe groundwacer field :n two different hydrological situations (higher and lowcr 
groundwatcr level). Thc watcr table contours for cbc examplc of a high groundwatcr 
lcvcl in spring 1991 are represented in fig. 2.12. Thc situalion is charactcrized by a 

o Observation weil 

• Observation well hydrographlcal survey 

@ @ Spring 

-396.6 Groundwater contour ( alt. In m a. Adrlatlc Sea ) 

Fig. 2.12: Groimdwater contours at higher groundwater Level (910607) m tbe porous aquijer near 
the Hammerbach spm1g. 
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gcncral N-S direction of the groundwater flow parallel to the river Mur and the 
eastern valley border fonned by rhe outcropping limestones. The gradient of the 
groundwater tableis lowwith a mean value of 1.1X10' 3• Evcn in the zonenearthe 
oudet of tbe H ammerbach spring no grnundwater mound is visib le which cou1d 
indicacea significant grou11dwater recharge by karst water. South of the spring near 
the Hammerbach crcek rhc groundwater table is elevated a little (about 10 cm). This 
elevation can bc effected by warer losses from the Hammerbach creek (the bed of 
the strcam is somc metcrs higher rhan ehe groundwatcr level) or by a rccharge by 
small amoums öf karst wacer. The watcr table contours at low groundwater level 
(March 1991 ) givc the samc flow dircctions and therefore are not represented. 

The seasonal fluctuations of the grnundwater level in three observation wells of 
tbe hydrogr:iphical survey of rhe years 1973-1975 are represenced in fig. 2.13 in 
comparison to the discharge hydrographs of the river Mur <,gauging stnrion Graz) 
and the Hammerbach springas main oucletof rhe karstaquitcr. Both hydrographs 
are charactcrized by rnther different seasonal fluctuations of the discharge due eo 
the different hydrological conc:litions in their drain:ige basins. Thc.:river Murdrains 
a carchment area of 6,989 km2, an important part being siruate<l i11 regions with high 
altirudes (menn nlticude of the drainage basin c. 1,250 m, highesr rcgions more than 
3,000 m). The latc snow rnelt i11 ehe high er alpine regions effccts a large runoff peak 
in spring and summer followed by cl1c floods due to rhe summer precipitatioo. On 
ehe co1)trary rhe snow rnclt in rhe srn:lll Hanunerbach catchmenc area (surface 
19.4 km2, mean alticude 800 m) is finished earlier giving only a shorter discharge 
peak in March/ J\pril. The comparison of the significantly distinc:t h ydrograpbs of 
thc Mur rivcr :rnd the Hammerbach spring with ehe seasona l Ouctuations of the 
groundwater lcvel enables us to draw conclusions on d1c origin of the groundwater. 
The three observation wells are situated in different discances from the Mur (s. fig. 
2.12) and are characterized by vcry simil.ar fluctllations of the groundwarer level. 
l r is clearly visible thac thcy dcpend in a significam way on rhc runoff Bucruations 
of thc river Mur ehe reactions of thegroundwatcr levcl on Aoods of the river showing 
a retardation of about two weeks. Thc groundwater table rcaches thc same !arge 
maximum in spring and summer as ehe river due to rhe laLesnow melt in thc highcr 
regions of the grc:itdr:1inage b:isin. Therefore it can be deduced that the river infiJtrarcs 
in ehe groundwarcr field downstrcam of its emrancc from the narrow part of the 
vil lley north of Peggau into ehe !arger ba:;in. 

The con1parison of ehe normalized seasooal fJuctuations of Mur and Hammerbach 
with thosc of ehe groundwater levcl of cl1e year 1974, cheir correlation an:ilysis and 
double-mass curvcs (Fig. 2.14) confirm that rhe groundwater field is majnly 
influenccd by the Aow regimc of ehe rivcr Mur both paramctcrs sbowing a significanr 
staristical correlation (corrclation cocfficient r = 0.79) in comparison wich the 
corrclation analysis of the discharge of I fammerbach and ground watcr level which 
only gives a correlation cocfficient of r = 0.05. 

Summarizing the results of the recharge cooditions of the groundwater field one 
can deduce that there are no indications that tbe porous aquifer in the Mur valley 
could be rccharged by greatcr amounts of k.arst water from tbe Tanneben massif. 
The fluctuacions of thc groundwacer level and rhe flow directionü1 the field indicate 
r.hat the aquifer is primarily rccharged by water from the river Mur infiltrated in 
the nonhern part of rhe basin. A small amount of karst water exfiltrati on tbrough 
the fissured limescones in ehe deeper zone of tl1e Hammerbach aquifer in the range 
of some J/s cannot be excluded due to the small elevation of the groundwater level 
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Fig. 2.13: Mean daily discharges of the Mur river (gauging station Graz) and the Hammerbach 
spring cornpared with the Jluctuations o.f the groundwater Level in three observation wells 
(period 1973-1975 ). 
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Fig. 2.14: Correltition analysis of the dischargesof r hc M tff river ancl t he Hammerbach sp»i1ig with 
the corresl!ot1dingpiezometric heads in the pomus aqttifer ( observation well 317 3 ). Data 
are used jrom the year 1974. 

south of ehe I Tammcrbach spring, but it could also be explaincd by small losses of 
water from the bcd of the Hammerbach watercourse. 

2.3.6. Water Balance 

For ehe cstimation of ehe mean water balance ehe hydrological data from thc 
obscrvation pcriod 1966-70 werc used where completc mcasuring scrics for all 
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paramctcrs ex ist. The water balance eguation for ehe total catchment arca (22.8 km1
) 

including the input from ehe Lurbach drainage basin can be written as 

Q ... = P-ET,., (2.3) 

whcrc 

Qr = Q1 m + Os+ Q50 = sum of mean annual discharges of the karst springs Ham
merbach (HB) and Schmel~bach(S, both are measurcd) and a possiblc sub
ccrraocan outflow (SO) into the porous aquifer (uoc measured). 

P = mean annual arcal prccipitation, 
ET, = mean :mnuaJ real evapotranspiratlon. 

The discharge of the springs Q1- Q6 (only a few l/s) is included in QT the gau
ging measurcmc.nts bcing always executed downstream of their inflow in thc 
Hammerbach, ehe dischargc of Schmclzbacb springand Laurins spring is include<l 
inQ5. 

Thc crnirc catchmcnc area of ehe karsr springs (s. fig. 2. l) is weil dclimitablc in 
the N by the southcrn border of the small valley of Badlgrnbcn, in thc S by ehe 
ou lcropping k.mtification basis formed by schists (s. chap. 2.1.) and in thc E by 
thc orographic watcrshcd of rhe Lurbach drainage basin {lcss permeable schisu;). 
From the enrirc surfacc of 22.8 km2 14.5 km1 are ehe porcion of the Lurbach dr.1inagc 
basin, Lhc rcmaining S.3 kml rcpresent thc forested karst plateau ofTanneben which 
is complctely draine<l d1rough ehe undergrnuod (no surface flow). An cxact 
delimirarion of the catchment areas of Hammerbach :md Schmelzbach on the kann 
plateau is not possiblc, but it can be assumed that the Hammerbach spring drains 
ehe southern part of thc platcau (c. 4.9 km2), the Schmelzbach and Laurins spring 
thc northero part (c. 3.4 km2). 

As mean arcal prccipitation thc measured values of the raingauge in Semriach 
are assumcd to bc rcprcsentative for ehe catchment area the station bcing siruated 
in ehe Lurbach basin (alt. 720 m). The real evapotranspiration was calculated by means 
of the equation ofTURC (cie. in D.M. GRAY, 1970): 

ET. = P//0.9 + [P/(300 + 251' + o.os T 3)]2)05 = 441 mm, (2.4) 

whcre 

P = 897 mm = mean annual prccipitation dcpth, 
T = 7.4° C = mean annual air temperature. 

T was calculatcd by linear correlation of ehe measurcd temperaturcs and 
corresponding altitudes of ehe neighbouring metcornlogical stations j n Graz-Andritz, 
Frohnleiten (both in the Mur vallcy) and Tcichalpe (in the N of thc invest!gation 
area, alt. 1,180 m). 

Thc resulcs of rhe water babnce calcularions reprcscnted in fig. 2.15 can only bc 
considercd as a rough approximnrion of rhc rcality taking into accounr all possiblc 
errors füst of all concerning the measurement of rainfaU :rnd snow and cxcrapolation 
eo areaJ precipiracion, calculacion of rhe real cvapotranspiration only wich ehe 
paramercrs precipimtion and air temperature(no complere mcrcorolog1cal srarion 
in thc investigation area), dischargc measuremem. dclimir:uion of thc catchment 
area etc. Thereforc one can sa y tbae thc results of tht! water balance agrec weil. Thc 
relativcly high cvapotranspiration seems tobe realistic taking into account thar an 
important part of rbe catchmcnt is forested. 
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Thc imcrpreeacjon of tbc remaining eerm from ehe water balance equation (7.5% 
of thc mcan annual precipitation resp. 49 l/s) is difficult. Thcre arc chrcc possibilities: 

1) The mcasurcd output (discharge of both springs) does nor rcprcsent the total 
outflow from ehe karst aquifer. ln this case this deficit can bc considercd complcccly 
or parrially as a subterranean flow componcnr of brH water imo thc porous 
groundwatcr field. Comparing with ehe tracer rccovery rares of 60-70% at the 
Hammerbach spring (s. chap. 5.2.), this explanatacion is possible ehe dcficir being 
27% of ehe mcan discharge of Hammerbach. Taking imo accounr ehe flow 
condicions in thc porous aquifer (s. fig. 2. 12) only a not punctual diffuse 
groundwarcr rechargc by karst water thr0t1gh finc fracturcd fissurcs in decper 
7.ones of ehe limcstones seerns tobe possiblc but could not be provcd on the basis 
of tbe cxisting mcasuremem oetwork. 

2) Thc pcriod f or a water balauce is too short, d1c deficit in thc watcr babncc 
rcprcscncs a retcntion componcnt in this casc. 

3) Thc dcficit is effected by errors in calculation of mainly the cvapotranspiration 
and/or the mean area1 precipitation. 
Summ:uizing thc resuJrs of ehe hydrological invcstigations onc can Jcducc ehat 

a ccrtain :imount of groundwaccr rechargc hy karst warer from rhc "fannebcn massif 
cannot bc cxclu<led. lf a subtcrranc.m outflow of karst wacer exists it probably 
happcn5 in thc arca ncar ehe outlet of the Hammerbach spring (saturatcd zone of 
rhc karst aquifer) and can only be in the rangc of about max. 50 l/s which flow in 
a diffuse way chrough finc-f ractured fissures (not punctunl through kam channcls) 
into ehe porous aquifcr. A groundwater recharge near Lhe Schmelzbach outlccseems 
tobe improbablc ehe sub~crrancan cav:scr.can~ having no lasses in tl.1~ cn~irc lowcr 
patt of the Lurgrottc wh1ch shows l'lo 111<l1catJons of a deeper k:irst1f1cat1011. 

On ehe ochcr hand ehe numerous traccr experimcnts never gave in<lications of 
a groundwaccr rechargc by karst wacer thc injecced t raccrs nevcr bcing decccccd ac 
thc wells samplcd in ehe groundwatcr field (camp. chap. 5.2.). 

P:648 lfs:100 % 

Rest=49 l/s:7.5 % 

O(SB)=97 l/s:15.0 % 

ETr:322 l/S:49.7 % 

O(HB)=180 lls:27.8 "4 

Fig. 2.1 J; \'flate»bala11cedata of the karstaq11ifer(penod 1966-1910). P = mean anm4aJprecipitatio11, 
ET,= mean ammal real cvapoiranspiration after Tu11c 
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3. Long-Term Investigations with Natural Tracers 
(T. HARUM,H. ZOJER, H.P. LEDITlKY,R. BENTSCHKE, W STICllLER,P. TRIMBOHN, 
D. RANK, V. RAJNER) 

3.1 . lntroduction, Sampling Sites and Analyzed Parameters 

AdditionaJly to ehe short-term iJwestigations, which givc informations about the 
hydrodynamic processcs du1·ing one hydrologic cvent (s. chap. 4.), ehe long-rerm 
obscrvation of thc fluccuations of theconteots of natural tracers leads eo results about 
thc seasonal variatioos of aquifcr storage and recharge. U nfortunatcly, on account 
of financial problems ehe sampling intervals are usually too long in aquifers with 
a high portjon of water wich short residente times in ehe underground sucb as the 
Lursyscem. 

In the period from Fcbruary 1986 to July 1987 samples werc taken from re
presentat1ve watcrs in intervals of 14 days and analyzed on the major ions and 
contcnts of ehe environmentaJ stable isotope Oxygene-18. 

As represencative inptH into ehe karst system waters from threc sinkholes Lurbach 
(LB), Katzenloch (K) and Eisgrube (E) were sampled. Thc sampling program 
included the main karst springs in the Murvallev Hammerbach spring (HB), Qt, 
Schmelzbach spring (SU), Laurins spring (L)-both last-named ot1dets are siruated 
in the lower parc of the Lurgroue-and rhe Schmelzbach (S) at ehe entrance of the 
Lurgrotte i.n Peggau, which principally drains the Schmelzbach sp1·ing and Laurins 
spring. Funhermore the wacers from two wells in the porous aquifer of the Mur 
valley were sampled (onc well for a private water suppJy callcd Mild and the well 
for Lbc water supply of tbc vrnagc of Peggau). The position of the sampling sites 
has been represeoted in thc hydrogeological map in fig. 2.1, for thc porous aquifer 
in fig. 2. J 2. 

The samplcs werc analy1.cd on the major ions calcium, magnesium, sodium, 
potassium, chloridc, nicrate, suJpbare and bicarbonate in the laboratory of thc lGH 
Graz. The parameters clcctrical conductivity, water tcmperaturc and pH were 
measured togcthcr with ehe dischargc dircctly in the ficld. The stable isotope oxygene
l 8 was mcasurcd in the bboracory of the Institu te for H ydrology (GSF Munich). 

3.2. Hydrological Conditions During the Observation Period 

The mean annual precipitation of the years 1986 and 1987 in the investigation 
area corresponds wirh values of 825 mm and 950 mm resp. at the Station in Se::mriach 
to anormal year. Also the mean annual discharge of the Hammerbach with 180 l/s 
corresponds to the mean discharge of the pcriod 1966- 1975. 

The daily precipitation amounts in Semriach are pJottcd in fig. J . I in comparison 
with the discharge hydro(;raphs of the pri ncipal karst springs Hammerbach and 
Schmelzbach (mean daily d1scharges, in periods with breaks due to cechnical problems 
wich cbc water lcvel recorders the values of single discharge measurements are 
plocted), Laurins spring (only single measurements) and the flucruations of tbe 
groundwatcr level at the water supply weil of Peggau). 

ßoth winters were relativeJy cold wich high amounts of snow (morc tban L m 
in February J 986) and low flows of the springs. Tbc discharge bydrographs of ehe 
karst springs are charactcrized by two periods wich high discharges: a fust one in 
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Fig. J.1: Hydrometeorological conditions ditdng ehe period of thc hydrochemical and isotopcal 
ir1vestigatiom (1986-1987). Daily precipitation at the raingauge Semriach, mean daily 
dischnrges (parr.ially only single discluzrge measurements) af Hammerbach arid Schmelzbach 
spring, discharge of the lattrins >1ning and fl11ctut1.tions of the groundwater level al the 
water mpply weit in Peggau (pos. of all measuring sites s. fig. 2.1 ). 
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February/March due to the snow melr and a second one in summcr due lo storm 
cvenrs with high precipitation intensity. 

The fluctuations of the groundwater level, represcntcd in fig. 3.1, show a minimum 
in Fcbruary/March an<l a significant maximum inJune due to rhc later snow rnelt 
in the highcr regions of the catchment area of the river Mur (c. chap. 2.3.). 

3.3. Hydrochemical lnvestigations 

3.3.1. H ydrochemkal Characterization of the Flow Condfrions by Means of 
Computed Calcite Saturation Indices and C02-Partial Pressures 

The C02-partial prcssure depends primarily on thc vegctation an<l the soil types 
in thc catchment aren.1 n licerature valucs are m.emionecl in thc range of Lo-1.a-10 1·· at 
(f. C. An„tNSON, 1977), whcreas the Pcoz of ehe atmospherc is in the range of 10 u ac. 
Duc to rhc dircct contact with the atmospherc surface wnters arc usually in 
equilibriurn with the Pw 2 of ehe air. Groundwaters with an impornrnt venical 
infiltracion component usually reach an equilibrium srarus wirh ehe Pcoz of thc soil 
air (J. FANK et al., 1989). 

Thc solution capacity of calcite and dolomite in wat.er is norm:tlly small, it increases 
with the CO i-contcnt. Duc eo the carbonatc solution C02 is consumed (decrease 
of C02-partial prcssure), in closed syscems without input of C02 thc Pcoi can 
decreasc undcr ehe almospheric CO~-parciaJ pressurc. In open systcms ükcshallow 
groundwaters and karst aquifers higher solution rates are possible due to thc 
supplcment of C02 con umed by the solucion proccsses. 

For lhcse reasons the calculated saturation Indices and C01-parrial pressures 
reprcsem a good natural tracer cnabling us to draw conclusions on the origin of 
different wacer types in dcpendance on the different infiltrnrion conditions in rhcir 
catchmcm arcas. Warer types with thc same origin (comparable infiltration condiLions 
rcferring to vcgecation, llthology, soil cypes and alcitude of ehe calchmenr area) arc 
charactcrized by a linear correlation between the paramerers calcite sarurarion indcx 
{Sic-„i.-;„) and thc logarichm of the COrpartial prcssurc (log Pcoz). l n fig. 3.2 rhc values 
of calcite Saturation i.ndices (Sic..1..11j are plottc:d against thc con·csponding C02-parrial 
pressures (pco2). Bolh parametcrs are calculatcd with ehe progr:tm WATEQ 
(A. BATll,1980,J.11ANK, 1988). 

Such linear rclations between both parameters are clca.rly visible for rhe waters 
of the KatzenJoch sink hole, the Laurins springand at low w:iter conditions for the 
Schmelzbach spring. 

Thc Laurins spring (L) draining only waters of ehe unsaturatcd zonc infiltratcd 
011 the forested karst pl:Hcau of Ta11nebci1 which are rich in C02 is characterit.cd 
by a supcrsaruration and high calcium concenuations. Thcstrong linear correlation 
du ring ehe wholc obscrvation period provcs thal tbere is no mixrurc with warer from 
the saturnted zone (l lammerbacb systcm ). Thc low seasonal Fl uctuations of d1c val ues 
in fig. 3.2 indicace that ehe spring is draining primarily zoncs wich fine fissurcs an<l 
edimcm fillings wich high storage capacity and relatively long rcsidence cimes. These 

resulcs are in accordance with tho:;e of the isotopical investigations (s. chap. 3.4. and 
6.2.) and thc results of the tracing ex:periments (s. chap. 5.2). 

Thc values of ehe Lurb'1ch (LB) show higher deviations of ehe parametcrs from 
the straight Saturation 1.ioc in fig. 3.2. This effect is typical for walCr from a catchment 
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Fig. 3. 2: Correlntion diagram of COrpartial premire (lug Pcm rmd tbe corresponding calcite 
s1wm1tion indit:ts (Sie,,) of the snmpled waters (data from the obserutJtion periofJ 1986-
1987). 

area wich low infiltration capacity(less permeable schists), high dischargc fluccuations 
and a high portion of surface flow on ehe rotal dischargc hydrograph (s. chap. 2.3.). 

The valucs of theH ammerbach spring (HB and also sprinl}Q 1, which belongs 
to thc samc aquifer and is not plotted in fig. 3.2) are placcd becwcen thosc of Lurbach 
(permanent connection) and infilrration waters from ehe karst platcau (rcpresemed 
by the Laurins spring). The nucruacjons being lowcr chan chose of Lurbach reAect 
ehe temporarily and quamitatively changing mixture of both w:ncr components. 

The Schmelzbach spring (SU) at low water conditions in autumn and winter 
shows the samc relation of tbe parameters Sic,k.cc and Pco2 as rhe Laurios spring, 
both springs bcing wichouc connection in these pcriods wich the Hammerbach resp. 
Lurbach systern. Du ring low warer seasons ehe Schmelzbach spring drains only the 
northern part of ehe Tanneben placeau (samc infilmuion condirions as ehe waters 
of the Laurins spring) and thc sinkholcs K:uzenloch and Eisgn1bc. Thcir conncccion 
with both sinkholes is proved by tracu1g experimcnts (s. chap. 5.2). Thc warers of 
rhe sinkhole Katzenloch draining a local kam aquifer arc situaccd on rhc same 
saturation line as thc Schmelzbach spring, those of tbc sink hole Eisgrube being oo 
ehe same linc as the Lurbach catchmenc area (both in lcss permeable schiscs). 

The snow melt in sprin~and the hjghcr summcr precipitation provoke the fiUing 
of rhc Hammerbach aquifer and the temporary overflow of Hammerbach water 
into ehe Schmelzbach aquifer. The mixcure effects a srrong dilUtion of the 
Schmelzbach water by lower miueralized Hammerbach water aod a rnove io ehe 
direction of ehe Sic:.J<,1~-Pcrn-relacion of ehe Hammerbach spring (Fig. 3.2). This 
overflow cao only be observed when the dischargc of ehe Hammerbach spring 
excccds an "overflow mark" of about 200 l/s. 
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Extreme floods of the Lurbach take their way directly through thc Lurgrorte an<l 
reach ehe Schmelzbach spring wich only short rctardacion. T n this casc lhe porrion 
of Lurbach warcr in ehe total discharge of ehe spring is so dominant thac ehe wacer 
rcachcs nearly ehe Sicooic-Pco1-relation of ehe Lurbach. Nacurally it is not possible 
to dctermine ehe hydrodynamic processes of such shon cvencs with a sampling 
intcrval of 14 days, buc somc indications in fig. 3.2 show that ehe flow chrough ehe 
cave was sometimes activc. 

Contrary to ehe Schmelzbach spring ehe Laurins spring never shows an cpisodic 
or permanent conncction wich tbc Hammerbach sysccm. 

The waters sampled from cwo wells in the porous aqulfcr in the Mur valley, which 
are sicuatcd near ehe ouccropping limescones at ehe valley bordcr, are characterizcd 
by thc highcst P<.ol-values due to tbe highcr COi-input through thc unsaturarcd 
~onc wich low thickness and high pcrmeabiliry (gravel, sand). All ploctcd poincs 
in fig. 3.2 are siruatcd on rbe same straight line in such a manncr thac no indication 
of a mixcurc wich karst wacer of the Hammerbach or Schmelzbach cypc can be 
deduced. Comparing with rhc resulrs of the bydrological invcstig:nions (s. chap. 
2.3.) ic seems improbable rhat the aquifcr in ehe Mur valley is recharged by greatcr 
amouncs of karst w:ner from the investigarion arca. 

3.3.2. Calcium-Magnesium-Ratio 

A simple correlntion of the calcium-magnesium concentrations (fig. 3.3) allows 
a diffcrcntiation of the geological catchmcnt areas of the different watcr typcs. The 
input waters of tbc sinkholes Lurbach and Eisgrube having their catchmcnt arcas 
primarily in schists are charactcrized by comparativcly low calcium and higher 
magnesium concentrations. 
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Fig. 3.3: Calcium-magnesü~m correlation of the sampled waters ( data from the obscrvatton pcriod 
1986-1987). 
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Thc Laurins spring beingrechargcd only by the unsaturaced :Gone of ehe central 
and northern part of tbe karstic plateau shows low rnagnesium values due to the 
catcbmenc area in non-dolomicic paleo7.oic limestone~ and high calci um concen
rrations due eo the high contents of C02 of ehe inpm water. The low seasonal 
fluccuations indicare a long residence time in thc unsacuraccd zone. 

TheSchmelzbach spring havinga similar cacchmentarea at low water conditions 
in thc norchern part of the karstic plateau is character ized by a water type simi lar 
to char of Laurins spring with a linle higher magnesium coments due m a permanent 
small component of waccr from ehe sinkhole.s Eisgrube and Katzenloch. 

Thc Hammerbach spting represents rhe mixture of two c:omponents (water from 
Lurbach and ehe karscic placeau of the Laurios type). 

Ir is cl early visible in fig. 3.3 that ehe Schmelzbach water sometimes shows a 
mixture with waler of ehe H ammerbach aquifer duc to the periodically active 
ovcrflow of Hammei·bach watcr into the Schmelzbach aquifer in ti mes of higher 
discharges of thc t -farnmcrbach spring. 

3.3.3. Seasonal Variations of Selected Chemical Parameters 

Thc seasonal variatious of the electrical conductivity as a measure of the total 
mineraJization are reprcsented in fig. 3.4, in fig. 3.5 the dischargcs are plotted against 
the corresponding conductivities. 

Duc to the permanent connection between rhe Lurbach sinkhole and the 
1 Jammerbach spring (and the spring Q 1 respectively which belongs to the 
Hammerbach aquifer as proved by tracing experiments, s. cbap. 5.) both graphs show 
similar seasonal fluctuations wich distincc dilurion effocts in periods of higher 
discharge (s. also fig. 3. 1 ). 

Thc conducrivity curve of the H ammerbach spring (and spring Q l resp.) is 
characterizcd by h1gher values and is atrenuated in comparison wich Lurbach duc 
to a ccnain residence Üme of thc Lurbach water in the aquifer, soh.1tion proccsses 
in ehe karst aq uifcr and ehe mixture with higher mineralizcd water from cJ1e 
unsaturated zone of the b.urins spring type wjrb low and inverse scasona1 
fluctuacioos of the electrical conducrivity. 

The graph of the Laurins spring can be assumed as represcntative for this type 
of watcr. Contrary to the karst springs draining tbe satuxated 7.one tJ1e mi neralization 
is increasing with increasing discharge (s. fig. 3.5) due to the high enrichment with 
C02 transported by the infiltrated waters which leads con.scquently to high so1ution 
rates. 

The Schmelzbach spring being isolated from ehe Hammerbach nquifer iu pe1iods 
of low Hammerbach discharge (below rhe Overflow mark of abom 200 l/s, s. chap. 
2.J.) conseq ucntly shows slmilar flucrnations as rhe Laurins spring in these rimes. 
The snow melt in spring and thc higher summer precipitacion provoke rhe rising 
of the karst water levcl in ehe Hammerbach system and consequcmly the sudden 
activation of karst channels and an overflow of Hammerbach water into thc 
Schmelzbachaquifer. The episodical mixture with lower mineralized H ammerbach 
water is clearl y visible by strong dilution cffects concerning the total mineralization 
(conductivity) in fig. 3.4and 3.5 (events in March/ April andJune 1986 andFebrnary 
and May 1987). 

The seasonal variations of the conductivity of two wells in the porous aquifer 
in the Mur valley (not plottcd in fig. 3.4) indicate a quite higher miner:alization of 
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the porous aquifer (conductivity 700-840 µS · cm-1/25° C). This effect and also the 
fluctuations seem to dcpcnd on local anthropogenic influences. There are no 
indications on temporary dilution processes due eo rccharging by karst water. From 
the major ions chloride was selected as a conveotional mobile tracer. The graphs 

l1MH l!ll.00251!.!r/297.00~ SC!i1.IJ51. lD.tXHl6.!ill-464.00-l
HMR!ml m.oo 312.29 331.00 --1r- UUlltmi. :ns.oo 4ll.69 m.oo-+-
o 1 283 .00 319 .2Hii .00 -+-

Fig. 3. 4: Seasonal variatio11s of ehe electric conductivity (µS • on-1125° C). 
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Fig. 3.5: Correlatirm diagram of discharge (Q in Lls) an.d corresponding electric cunductivity 
(µS · cm 1/25° C, data from the obscrvation period 1986-1987). 

are plotted in fig. 3.6. The water from the unsaturated zone is characteriz.ed by low 
chloride contents wich small seasonal variations. The highest contents with the h.ighest 
fluctuations were measured for the input water at the Lurbach sinkhole. Floods of 
thc Lur rivcr provokc strong dilution cffects. 

Duc to the low background concenti;ations of the waters in the karst rnassif, the 
significant differences becween karstwatcrs and input waters and its high chemical 
stability and mobility chloride represents a good natural tracer for the determination 
of the processes of karst wacer recharge and h ydrod ynamics. The chloride response 
curves at ehe output (Hammerbach and Schmel:t.bach) confirm rhe above mentioned 
resulrs concerning the electric conducriviry (and also of other ions their graphs not 
being presentcd iu this study), 

3.3.4. Separation of Flow Components 

On the base of the chcmical parametcrs it is possib!e to separate thc portion of 
infiltration water from the Tanneben plateau from the discharge hydrographs of 
both main springs (Hammerbach aod Schmelzbach) applying die mixing equation 
(comp. chap. 4.) 

Qe = QT (CT- Cr)/(Cll - Cr), (2.5) 
where 

QT = total discharge at the spring (Hammerbach, Schmelzbach) in l/s, 
Q s = "base flow component", discharge from the karscic plateau in J/s, 
Cr, Cs = corresponding tracer concentrations in ppm, 
C1 = tracer concentration of ehe input from Lurbach in ppm. 

As patameters ehe elect:rical conductiviry and rhe chloride comem:s were sdt!cted 
due to ehe significantdiffercnces berweenkarst water and inputwater. Conccrning 

57 



9.!II.--------------~--------------. 

l.ffiBOOI 4 10 s.eo 8.25 -(9-- SClt1.UlSP. 2.10 3.49 5.50 .,__ 
14V1HOO'CH 3.llU UD 6.10 -6- UlJRltm.I . 0.05 l.ll 2.00 -+-
Q 1 3.40 4.49 6.ll --+-

Fig. J.6; Seasonal variauons of thc ch/oride contents (in ppm). 

the electrical conductivity it has to bc taken into account that solution and adsorption 
processes can influence the results. Chloride is a conventional tracer wich high 
chemical stability and mobiliry in tbe aquifer, therefore physicochcmical rcactions 
can be neglectcd. 

58 



Due to the long observation intervals (14 days) und the well-known quick changing 
of the hydrodynamic conditions in the aquifer ehe results can only represent a rough 
approximation of the reality, but thcy agree weil with thc results of the hydrogi-aph 
separacion during a flood event(comp. chap. 4.) and also give an idea of the seasonal 
variations of aquifer recharge and storage. 

In fig. 3.7 the discharge hydrograph of the Hammerbach spr ing is plotted in 
comparison with the discharges coming from the karst plateau computed by means 
of the conductivity and thc chloride contents. As input concentrations of both 
patametcrs the seasonal variations of rheir contenrs in the Laurins spring were used 
assuming tbem to bc rcpresentative for the flow component from the karstic plateau 
(input through rhe unsatura:ed zone). Both curves agrec wcU at low water conditions, 
at higher discharges ehe cuive computcd from thc conductivity gives highervalues 
probably due to quick soll1tion effccts in t:he karst aquifer during floods. 

Bach curves indicatc cb1'! permanent connection between Lurbach and Ham
merbach the percentage of Lurba.ch water 1n the 1 Ianunerbach dischargc bcing 
high during all seasons. 

For the Schmelzbach spring the discharge component from the karst plateau 
compi.ned with the same two parameters gjves a better comparability of both curves 
(Fig. 3.8) probabl y due to the shortcr flow r:ime of Lurbach water to the Schmelzbach 
spring so that processes of solution cannot occur. It is clearly visible that therc is 
no connection with the Hammerbach system resp. Lurbach in periods of low 
discharges thc flow componcnt from the karst massive being 100% during these 
times. At higherflow conditi0l'1s ( especially in periods of snow melt and floods in 
summer) an imporrant percentage of the total discharge of the Schmelzbach spring 
consists of water from the Hammerbach aquifer. 

In tab. 3.1 the mea.ndischarges and percentages of the calculated flow components 
are listed. 

Tab. 3.1: Flow components in the discharge of Hammerbach and Schmehb11ch S1Jring com{mted 
by means of chemical tr.icers. 

HAMMER- SC HMEL7,- Total discharge 
BACH BACH llB + s 

Vs % l!s % J/s % 

Mea.n Q 207 100 86 100 293 100 
Karst water comp. from Tannebea (Cl-) 56 31 58 67 114 39 
:Karst water comp. from T:i.nneben (Cond.) 77 37 57 66 134 46 
Comp. Lurbach watcr (Cl-) 151 69 28 33 179 61 
Comp. Lu1·bach watet (Cond.) 130 63 29 34 159 54 

Comparing thesc rcsults with the mean discharge of Lurbach (s. chap. 2.3.3.) one 
can deduce that rnore than 80% of the mean Lurbach dischargc drains to rhc 
Hammerbach spring having a permanent connection with the Lurbach sinkhole 
and only about 20% to the Schmelzbach spring through an episodically activc 
ovetflow zone. 

Only during short-termed floods of the Lurbach which take thcir way dirccdy 
thr~iugh the Lurgrotte greater amounts of Lurbach water drain to the Schmelzbach 
spring. 
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3.4. Investigations by Means of EnvironmentaJ Isotopes 

As dcscribed above oxygen-18 data from various sites are availablc for the ycars 
1986 and 1987, the saropling pcriods for tritium are morc scattered during the 
scventtes. 

3.4.1. Oxygcn-18 Measurements 

Thc sampLng intervals of two weeks between March 1986 and July 1987 offer 
a rcasonable number of analyses for the i.ntcrpretati.on relatcd to cach sitc. 

Considering thc mean valucs, four drainagc systcms can bc recognizcd. The 
Semriach basin is rcpresented by the Lurbach as weil ;\s br ehe Eisgrube (mean 
oxygen- 18 - 10.6 0%0). Most complcx is rhc catchmcnt arca o Hammerbach as well 
as of Schmelzl.m:h. ßoth arc influenced by Lhe Lurbach, effccting a slighdy lower 
oxygcn-J 8 comcnt. Thc Laurins spring however rcprcsents cxclusivcly ehe· in:filrration 
in thc norrhwt:slcrn Tanncben plateau. The avoragc 180-valuc indicateswith sumc 
0.4 B%o lower rhan ch:u of Lurbach somchow the exisccnce of an altiLUdc cffcct. The 
last systcm can bc defincd as rhe Quaccrnary porous aquifcr of the Mur valley. Thc 
mean 180-contcnc is placed in the rnagnimdc of - 10.1 Ö%o. Thc groundwater is 
isotopic;tlly mixcd showing the facc drnc groundwater rcgcncrarion originatcs from 
the Mur nver and direct prccipitation in the valley floor. Thc ;.ilimcntation from 
the Tannebcn karst scems eo be rathcr negligible. 

'fhe calcubtion of representative mean values of the scablc isotope usually pcrmics 
thc :tpplication of thc altitude effect. ln ehe particular casc a dcar identification of 
thc mcan altitudes is hardly possible since rhe depletion of dara does not cxcecd 
0.6 ö%c,. J\dc..licionally to this fact instca<l of two site only Eisgrube can bc used as 
o randard, ic · drainage arca can be delimired easily by geological, morphological 
.rnd hydrological critcria. Fora rougb classification of rcchargc arcas a decrcase of 
somc 0.2-0.3 896<./ 100 m is suggested according eo orher studies in rhc Eastern Alps 
(W. STICI !LER & H. ZOJER, 1986). 

Dcriving from these considerarions Laurins spring would con·cspond to n mcan 
alrirudc of 650-700 m, thus nol reprcsentin~ ehe rcchargc of the whole platcau bul 
only of thc nonhwestern part. The :werage valucs of l lammcrbach and Lurbach 
~u·e not ·ignificantly different, which shows dun thcir systems arc interconnecled, 
and Hammerbach drains ehe main uppcrparr of 'fanneben plateau. Rcfcrring to thc 
Scmri:ich basin Lhe water of Eisgrnbe indicaccs a subfürf ace drainagc from a higher 
locaced (800-850 m) but local recharge arca. On rhc ochcr hand tbc contcnc of 
Lurbach is composed of a various ruixturc of surface and subsurfacc water from 
thc wholc basin, corrcsponding a mean clcvacion of abour 870 m. Sliglnly lowcr 
locaced is the rccharge area of Schmelzbach, due to thc foct, di:u iLs drainagc is 
innucnced by Lurbach ooly tcmporarily. 

Knowing ehe meceorologicaJ and hydrologic.11 conditions ehe seasonal 
fluctuations of the 180-conlcnt can gain somc hints ac ehe scoragc charactcristics 
of ehe invcscigaLcd waters (Fig. 3.9). Por tbe rechargc of rhc schisr rocks within ehe 
cmriach basin ehe curves of Eisgrube and Lurbach are highlv signific:un. The melting 

pcri1)d of April J 986 is cxpresscd bya clear drop down of the cooccmration at both 
sitcs, followcd by a racher parallel course of the curves till Occobcr 1986. "fhe latc 
autumn and ehe wimcr 1986/87, a time of low runoff, show a good coincidence of 
lhe rwo graphs. lt can be conduded, that Lurbach drains at such con<litions almost 
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only subsurface water, wh.ich is stored mostly in the weathered zone. Therefore at 
low water conditions Lurbach represents tbe same drainage dynamics as Eisgrube. 

The concent.ration curve of Laurins spring reflects the drainage system in the 
w1saturated zone of the karst massif. lt does not respond to snow melting in April 
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1986 and to intt'nsivc rainfnlls durin~ the summcr ns wcll ns eo thc following dry 
period. Thc Oucruations are limited w1thin the measurement accuracy, thcy illustrare 
a high scornge capacity in rbe m.icro fissures of eh~ carbonate rock and cavc scdimem 
fillings. Du ring ehe wintert 987 the isotope conrcm incrcascd about 0.5 Ö%o. This 
could be considercd i1s an activation of water movemt'nt within the fissurcd aod 
fracturcd carbonate rocks. This effect shows, that thc classical application of the 
exponential modcls is not valid for the drainage in ehe unsaturated zone of solid 
rocks. Such processes can be correlated to events happened even a longcr time ago. 

Thc seasonal variacions of thc isotope content Ln the shal\ow aquifer of rhc Mur 
valley are relativcly damped. The snow melting is only suggesred and dcbyed till 
rn thc carly summcr, rhc hcavy rainfalls in c:he summer can bc rccogni7.ed just in 
ehe autumn. Tims ehe fine clastic Sediment covcr of the Quaternary gravels prevcnt 
a quick penctration rhrough ehe unsarurated zone wichin ehe unconsolidated 
accumu lations. 

The isotope fluctua.tions of both springs, Hammerbach and Schmch.bach, indicate 
the complex drainage and sroragc conditions of thc karst massif. Thc fact of a 
continuous conneccion between Lurbach and H ammerbach and an alimcntation 
of the Schmelzbach systcm only in a time of high inflow bas bccn confirmed by 
ehe isotope mvcstigations. During periods of rather higb inflow of Lurbach (March 
and August J 986) both curves are similar, however, in thc time when ehe discharge 
of Hammerbach remains below 200 Vs, both curves show a significant noncon
formity. Whereas in this time the isotopic composition of Hammerbach is gemng 
closer to Lurbnch, Schmelzbach is reprcsenting the discharge of ehe karst water 
origioating from precipitation on ehe 1anneben platcau and ehe area northcast of 
it (Eichberg and s\u-rouacling region with sinkholes). ror such particular time pcriods 
Schmelzbach is more reprcsentative c:han Laurins spring which sccms to have a more 
local rcchargc area without accive sinkholes. 

3.4.2. Tritium Data 

figurc 3.10 illustrates the curves of thc momhly tritium values beginning with 
Fcbruary 1971 till] une 1973. The curve of the precipitation nccd not be explained, 
as a typical yearly course can be read from it. Somewhnt more difficult is the 
interpretation of surface watcrs (Lurbach) or elsc spring waters (Schmelzbach, 
Hammerbach and Laurins spring). 

A generally declining trend of tritium content is to bc observed in Lurbach, 
indicating that even schist areas are subject ro some kind of u.ndcrground stora~c. 
Thc snowmelt in february 1972 pronou nccs most clearly that ir complics fully w1th 
thc propertics of a surface runoff. Tbc Schmelzbach reflccts a nonsynchronous, gcntly 
fluctuating dischargc pattern. 

Thc annual curve of the tritium content of Hammerbach suggcsts a relationship 
as weil with Lurbach as with Schmelzbach. This Statement becomes obvious in a 
frequency discribution (H. ZOJER & J. ZöTL, 1974) whicb indicates thac Hammerbach 
carrics Lurhach water, and additionally ir is alimcntated from ehe karst water body. 

Comparing with ehe other data a significant declining trend at Laurins spring 
caonor be observed. A reasonable portion of old watcr is suggcstcd, thus agreeing 
with thc intcrprctation of stable isotopes. The quantitative assessment with regard 
eo turnovcr timcs of the particula.r watcrs is discussed in chap. 6.2. 
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4. Short-Term lnvestigations by Means of Natural Tracers 
(T. H ARUM, H. ZOJER, W. STICI ILER, P. TRlMBORN) 

4. L Purpose of the Investigations 

Long-term invc.stigations with nan1raJ tracers (chemical para.mecers and l!nviron
memal isotopes can only give appro'Xi marivc ideas about ehe fluctuarions of thc 
parameccrs :md ehe hydrodynamic processes in karsticaquifers. Usually ehe sampling 
intcrvals arc too long (in thec;'ISC of ehe Lur system 14 days, s. chap. 3.) eo dcrcrmine 
rhc hydrodynamic featurcs in aquifcrs wich a high pcrccntage of young flow 
components wich quick changings in time of thc inpuc-ou~put con<litions. 

From othcr invcscigacions (e.g. P. fJUTZ et al., 1976, H. M OSER & W. RAUER'I', 
1980, 1. MüLLl.::R & J.G. Zü'l'L, 1980, V.C. KENNEOY et aL, 1986) it is known, that 
the mcasurcment of nan1ral cracers in short intervals during flood cvcnts can providc 
important ;'ldditional informations about the mixing proccsse.s in karst aquifcrs and 
givcs ehe possibility of separating thc discbarge of karstic springs into flow 
components with different transic times. 

4.2. Input Conditions 

In thc summer of l 988 du ring ehe combined mulritracing cxpcriment of the ATH
group with injcccions in thc sink.hole of the Lurbach (s. chap. 5.1.) watcr samples 
werc taken of ehe Lurbach (input), ehe two springs in the lower parc of chcLurgrotte 
(Schmelzbach spring and Laurins spring) and ehe main outlcts Hammerbach spring 
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and Schmelzbach in incervals of 1.5 h. The water samples wcrc .malysed on the ions 
calcium, magnesium, sodium, potassium, chloride, nitracc and sulphate in the 
laboratory of thc I GH Graz and for their contcncs in cbc stablc isotope ox ygcne- l 8 
in tbe laboratory of GSP Munich. 

Onc day after ehe injection onJune 28th, 1988 a local thundcrstorm in the higher 
part of thc basia provokc<l a flood event of thc Lurbach creek (peak flood 1.6 ml/s). 
The l wo r:iin gauges onc in the lower part of the Semriach basin and the other oo 
thc T:rnncben pl:ueau mcasurcd only 2 mm/d. lt can be assumed, rhcrcforc, that the 
inpuc from tim mcteorolo<•ical evenr in thc karstsystem camc only from the upper 
Lurbach C.'ttchment area, whereas the input of precipitation 011 thc Tannebeo platcau 
through thc unsaturated zonc can be ncglectcd. 

fligurc 4.1 shows the time-concentration curves of thc cb.cmicaJ parameters 
cakium, potassium and nitrate and the stableisotopc 180 mcasured at thc Lurbach 
sink hole (input) du ring rhc flood event in cornparison with thc discharge hydrogr~ph. 
Thc.! high portion of sudace water in thc Lurbach discharge provokes a clilution effcct 
for mosc of tht' chcmical parametcrs mcasured (Ca21, M!f+, Cf, SO/). After a short 
time of hydraulic stimulationof groundwater from the catchment arca (piston effect) 
dilurion begins al thc s:une time as theflood pcnk (s. fig. 4.1). 

On the orhcr hand thc concentrations of the pollution pararnctcrs potassium and 
nitrate increasc in a significant way with the discharge with the same retardacion 
as ehe <lilution proccsses of thc othcr ions. This cffecc can bc explaincd by thc 
oucwashing of manure from c:he fields and grasslands in tbc catchment area 
(T. r lARUM et al., 1990), which is mainly uscd by agriculture (farming). 

Duc to ehe isotopically light precipitation event (summcr thunderstorm) the 
contents of thestable isotope 180 rise with Lhc dischargc the maximum concentr:ition 
being about 1 Ö%u higher than the backgroun<l {s. fig. 4.1). 

The significant flucruaLiuns of some of thc hydrochemical and isocopicaJ para
mcccrs at the Lurbach sinkholc (inpuc) du ring rhe Ooo<l evcm rcprcscnt good natural 
traccrs for the characterization of thc hydrodynamic proccsscs in ehe karst aquifer, 
abovc all, bccausc there W..lS practically oo precipitation on lhc kam plarcau of 
Tanncbcn. For this reason thc iuput from the platcau during this evcnc could bc 
neglected for the hydrograph scpararion procedureof the discharges of thc rwo ka.l'Slic 
springs, Hammerbach and Schmelzbach. 

Thc fol lowi ng natural tracers were used: 

Ca2': lt shows a srrong dilution effect at the input (s. fig. 4.1). Disadva11tages 
are quick solucion effccts in the aquifcr and proccsses of ion exchange 
(W. KOLI MANN, 1979, H.P. L!WlTZKY, 1978, J. GOJ.DHRUNNER & H.P. 
LEOtTZKY, 1979, H.P. LEDJ1'ZKY, 198 J ), wbere calcium is rcplaccd by 
pocassillm in clay minerals of the cave sediments. This reversible effect is 
known by tracer cxperiments with salt::; in the Lurbach sysccm. 

Mg2•: lt is a convention:il natural tracer, which gives good results in karst aquifers 
in comparison wich stablc isotope~ (l. M ÜLLER &J. ZöTL, 1980), bmduring 
thc flood event the dilucion was nor as significant as for cakium. 

N01- : T n thil> casc ic scems tobe an applicablc traccr, on thc onc hand bccause of 
the significant conccntration peak at the input (s. fig. 4.1), on the other band 
because the nicrace input from ehe forested karstic platcau is lower (low 
background concentration). In this case physico-chcmical reacrions in ehe 
karst aquifer seem to be neglectable. 
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Fig. 4.1: Lurbach sinkhole (input), flood event 880629-880701. Discharge at the gauging station 
Lurbach in l/s, time-concentration curves of the ions calcium, potassium and nitrate ( conc. 
in ppm) and the stable isotope 180 ( 8'/oo). 
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1"0: Thc stable isotope rcpresencs a convencional "ideal" natural traccr. The peak 
du ring thc flood evcnt was si~nificant enough. Errors can bc provoked by 
the rclativcly high background fluctuations (measuremenc crror ± 0.15 B%o). 
For this rcason rhc cime-concentracion curvcs of rhc two karstic spri ngs wcre 
parti.11ly smoorhed by using a running mean. 

Potassium, which shows like nitrate a significam pcak at thc input du ring the nood 
event, was not use<l, because it is usually charactcrizcd by rerardacion effects in the 
aquiferduc ro adsorption and ion exchange (H.P. LEDlTZKY, 1978). Thc ions sodium 
and chloridc wcrc not applicable, becausc their timc-concentration curves fo r the 
Hammerbach spring were inOuenced by thc passage of thc sah tracers injcctcd in 
ehe Lurbach sinkholc (s. chap. 5.J .). 

4.3. Output 

Beforc d1c flood evem ehe discharge of thc Hammerbach spring was in rhe rangc 
of 188- 190 l/i; ehe overflow to the Schmelzbachsystem 11ot being activc. For this 
rcason aJI ehe dissolved artific.ial tracers, injectcd onc day bcforc the flood cvcnt i.n 
tl1c Lurbach sinkholc rcappeared onJy in rhe Hammerbach spring andin some smaU 
springs (Ql- Q6) belonging to the Hammerbach systcm :lt ehe samc time as thc 
<lischarge of Hammerbach began to rise (s. chap. 5.1.). 

ln fig. 4.2 the time-conccntration curvcs of ehe ions Cal•, er, NC\ and the stable 
isotope 180 are plotted in comparison with the discharge of thc Hammerbach spring. 
Likc magncsium also calcium shows - with a certain retardation - a continuous 
<lilution, which is not so significant compared with the input duc to processes of 
solurion and cation exchange (H.P. LEDl'rl.KY, 1978) and of mix.ing with higher 
mincralizcd wacer coming from rhe Tannebcn platcau. 

The ions sodium, potassium and chloride werc influcnced by ehe ·alt t:racers 
injccccd (s. chap. 5.1.). 

Nitrate shows a light dilution uncil ehe peak dischargc duc eo the dischargi..ng of 
"oldcr" rcservoir water, hydraulically srimulated by ehe flood, wich lowcr njcrate 
conccncs. The passage of the manure, outwashed from fields in thc Lurbach catchment 
area by thc thundcrstorm event begins after ehe dischar~e peal lt is charactcrized 
by ehe incrcasc of nitratc concentrations in fig. 4.2 and 1s rcpresenrat.ive for evenl 
watcr oucflowing from ehe aquifer. 

The arcificial tracers injectcd into thc Lurbach sinkholc one day bcforc the flood 
arc rcp rcsenccd by the chloridc concentrations shown in fig. 4.2. They arrivcd in 
thc Hammerbach spring at rhc same time, whcn rhc spring discharge began to risc. 
So thcy arc rcpreseming- in comparison with the cvcm water componcnt from 1.he 
flood of Lurbach - an "older" flow componcnt. 

Thc fluctuacions of thc s~ble isotope 180 show thc same effect as thc chemical 
parameters. Ac first "oldcr" rcservoir warcr with the same background concentrations 
as ehe input (Lurbach waccr and water from ehe Tanncben pfateau havc nearly 1.hc 
same coments in 180 duc to the similar mean altitude of both catchmcnr areas) is 
discharged hydraulically stimubted {pistoo cffoce). Tbc outflow of isotopically lightcr 
cvem wacer is characterized by increas1ng concencrations (peak 0.6 6%., above thc 
background). 

The dischargc hydrograph of the Schmelzbach spring is characterized by a 
quicker hydraulic reaction. Thc circumstance that ehcrc was no conncction wich 
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the Lurbach sinkholc and the Hammerbach systcm beforc thc flood provokes more 
significant fluctuations of thechemical and isotopical parametcrs. Thc sudden inflow 
of Lurbach water effects at first, that "older" reservoir water from the Schmclzbac h 
aquifer with highcr mineralizatioa chan T-fommcrl>ach warcr is dischargcd hy
draulicallyscimulatcd by ehe flood. The dilurion represcnred by ehe calcium contcnts 
in fig. 4.3 bcgins about 6 h latcr and reachcs its maximum 17 h aftcr the discharge 
pcak. The high dilucionfroccss cominucs du ring 1.5 days and rcprcsents ehe pcriod 
with activc overflow o water with lower mincralization from thc I lnmmcrbach 
aquifcr (Q > 200 l/s, s. fig. 4.2). The calcium contents begin to increase, when thc 
dischargc of thc Hammerbach spring dccreases undcr thc overflow mark (s. chap. 
2.3 .). 

'fhe rutrate com:entrations of thc Schmelzbachshow the inverse effccr. Tbey bcgin 
to incrcase at the same timewhen thc dilution of calcium and also magnesium srarts 
and rcach chcir maximum 22 h after the: discharge pcak. Duc ro chcir origin by 
outwashing of manure in the Lurbach cntchmcnt nrca by thc thunderstorm 
prccipication, they prove rhe short-termcd connecti<)n with ehe H.ammerbach system 
as weil as thc appcarencc of ehe undissolved artificial tr;iccrs microspheres and phagcs 
(s. ch:ip. 5.1.), which wcre probably rer.udcd by cave scdimcnts and fine fissurcs 
i11 the uppcr pnrt of rhc Hammerbach sysrcm. Thc dissolvcd u·acers bcing transportcd 
with lower retardation could onl y be dctccced in rhc Hammerbach c;pring. Fo1· this 
rcason ir can be assumed chnt thc periodical ovcrflow from llammcrbad1 to 
Schmelzbach system takes place in ehe upper part of thc Hammerbach aquifcr. 

Thc fluctuations of ehe scablc isotape '80 (Fig. 4.3) confirm tbe results with ehe 
chcmical pitramcrcrs. The peak of 180-concemration cannot be determincd due to 
rhc bck of somc water samplcs in rbe period of highcr di charges. 

The Laurins spring shows no significant flucruations o( discharge and ehe chcmical 
and isotopical pammecers measured (Fig. 4.4). lt provcs thc results of thc long-tcrm 
invcstig;uions :rnd tracer experimcms (s. chap. 3. and 5.), chat thc spring i draining 
an isolated aquifcr system (catchmcnr area 111 ehe cemraJ an<l northcrn parl of thc 
Tanncbcn pbteau) wich long rnean transit L1rne of ehe infilrrated watcr and has no 
connection with thc H.lmmcrbach :md Schmelzbach aquifcr. 

The fluctuations of calcium of rhe Laurins spring arc not corresponding to 
hydrod ynamic proccsscs, they are probably relatcd to prccipitation effecrs of cakite 
from thc supersarurared water. 

4.4. H ydrograph Separation by Means of Natural Tracers and Runoff 
Depletton C urves 

Thc discharge of karscic spring consists of different components with different 
residcncc times in thc nquifcr. Por karstic aquifers the dischal'ge of springs can oftcn 
bc cparatt:J into two componenrs, which arc usually cermcJ baseflow and direct 
flow corrcsr,onding to their differcm residcnce time. Thc du·cct flow componcnt 
represl·nrs l ic portion of water infiltrated from prccipitation, which flows dirccdy 
wich short rerardacion through ehe main channcls in thc karsc sysccrn to ehe spring. 
The base flow componem consists of water stored in ehe aquifcr over a langer time. 

The conventional hydrograph separacioo proccdurcs using thc cxponcnrial 
function afccr E. MAILLF.T (1905, s. chap. 2.3.) and cxcrapolaring this dcpletion 
f unction back und er the peak of t..he rot:tl hydrograph allow an approximative 
separation of the t wo componenrs base now an<l direcr flow (for surface drainage 
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basins surface flow). This mcthod gives only informations about thc hydraulic 
behaviour of rbe aquifer (I. MüLLER &J. ZöTL, 1980). The watcr volumes calculaced 
are corrcsplmding ro the volumc of mobjJewater, not including quasistagnant water, 
i.e. watcr, which can only be discharged by hydraulic stimulation. 

Contrary the measurcmenc of natural tracers (stablc isotopes, chcmical paramcters) 
of input and output gives ehe possibility of esrimating ehe portions of older reservoir 
water and even t water Jischarged at the spring and provides informacions about 
the mixing processcs and piston cffects in the aquifcr. The watcrvolumes calculared 
by means of natural lraccrs include the volume of quasisragnant watcr in the syslcm 
and :ire noc dirccdy comparahlc wich rhevolumesof dirccc and basc nowc1)mponcncs 
compuced by ehe classical hydr:rnl ic scparation method. For hydrogeologic~I 
investigations it secms to bc important ro include both methods, becausc lhey give 
complcmcntary informarions abouc ehe aquifer characcc1iscics. 

The discharge componcnts can be separatcd combining tbc simple mixing 
equations 

Qr=Qo+Qn 
and 

Q rGr = Q oCu + Q sCu 

[O 

Qll = Q r (G, - Co)/( Cs - Co). 

where 

Q„ = toral dischargc at rbe spring (Hammerbach, Schmelzbach) in l/s, 
Q8 = basc flow componcnt, "older" reservoir water in l/s, 
Q 0 = dircct flow component, cvcnt water input from Lurbach in l/s, 
C„, C 8, Cu = corrcsponding tracer concentrations. 

(4.1) 

(4.2) 

(4 .3) 

Assumption of this method are significant differcnces in the concents of the nalural 
traccrs in inpm and ourput. 1n thc case of the flood cvent in thc Lurbach systcm 
in thc summer of 1988 thc input was performcd only by thc flood of thc Lurbach, 
precipirarion input from thc karstic plateau of Tannebeo could be neglecced. 

For both sp1ings cl i fferent assu mptions ha ve to be considcrcd. Thc H am me1·bach 
spring has a permanent connection with the Lurbach sinkholc. For chis rcason even 
hcf orc ehe flood runoff cvC'nt. :i pan of rhc spring discharge has eo bc taken inco 
accoum as clircct flow componcnt in rhe m<tio flow channcls. P<.)J' thc scparatiun 
proccdurc using oitratc JS traccr it was possiblc to dcterminc this ponion by rhc 
mixing cquation assuming the samt: NOl--backgroun<l of ehe watcr from ehe knrst 
pl:ueau as for Schmclz.hach :tt low water condirions beforc Lhe flood. This was not 
possiblc with ehe stable isotope 180 due to the similar background concentr:uions 
of karsc water and Lurbach watcr (sim.ilar mcan altitude of both cacchment areas). 
For rhis rcason thc discharge of Hammerbach bcfore ehe flood evcnt cannot be 
sep:iratcd using cl1e stable isorope. 

Tbc rcsults arc demonstrated in fig. 4.5, wherc the total discharge hydrograph 
and baseflow componcnt cakulated by ehe classical hydraulic mechod arc comparcd 
wich the event watcr and baseflow components, using N03- and '80 as cracer. In 
spile of thc fact, that different assumprions for both traccrs were uscd, chc r esults 
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the nat1mil tracers nitraLe (11pper diagram) and oxygene-18 (lower diagram) rompiirea 
-wllh tlu: basc flow component computed from the equation after E. MAIU F.r (1905). 
Qr= total spring discharge i11 lls, Qu = tlirect /low (l!'Vent water) comptment, Q11 = basc 
flow ( older reser-.;ofr water) compone11t, a = recession coefficiem ( eq. 1.1 ). 
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fig. 4.7: Schmelzbach spring, flood evem 880629-88070 /. l Jydmgraph separation by mcam of 
nawral trtrrl!l'S. Older reservoirwarer componems (Q 8) compmcd f rorn the wnamtmtions 
of calcim11, magnesium, nitrate and oxygene-18. 

are well comparable. lt is clearly visible, thac ac the beginning of the flood evenr a 
high portion of thedischarge consists of thc base flow component, i.e. that "older" 
rcse.rvoir warer is discha.rged hydraulically stimulaced by thc rising karsr water level 
in ehe system. The event water component bcgins to increasc wich retardation, the 
maximum of direct flow being reached some hours afcer ehe pcak of ehe total 
discharge. 

The hydrnulic hydrograph separation extrapolating back the exponential function 
after E. MAILLiff ( 1905) provides quire different rcsults with a much lower portion 
of the base flow componcnr under thc peak of ehe dischargc hydrograph in 
comparison with the event water componenrcompmed by means of naLUral rracers 
(s. fig. 4.5). The reason can be explained by ehe abovc memioncd methodological 
difft:rences and assumptions of boch 1necbods. 

The hydrograph separarion procedure for rhc Schmelzbach spring was pcrformed 
using the ions calcium, magnesium and nitrace and the stable isotope oxygcne- l8. 
The flow componentS computed are plotre<l in fig. 4.6 and 4.7 in comparison with 
the total hydrograph. lt is clearly visible, that a srrong piston flow effcct is provoked 
by ehe sudden inflow of Lurbach water in ehe Schmelzbach system, ehe overflow 
zone beingactivated due to ehe rising karstwater levcl in the Hammerbachsystem. 
Tbe percentage of older rescrvoir water under the discharge peak is in rhe range of 
90%. The dilution with water inilowing from ehe Hammerbachsystem begins wich 
high retardation, whereas the event watcr componcnt reachcs its maximum 16 h 
after the peak of thc total discharge. 
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Both flow componcnL-; are ch:i.-acterized by a significanc secondary peak. ln 
accordancc with ehe rcsults of rhe artificial rracing expcrimems (s. chap. 5.2.) and 
modelling of ehe tracer breakthrough curves (s. chap. 6.1.) it c:in bc assumcd, ehat 
thcsc sccondary pcaks arc prob:ibly assocjaced wjtb different flow systems (flow 
pnrhs) with diff crem transit tirnes of the 1utural tracers in ehe Schmelzbach aquifcr. 

Like for the T Jammerbach spring the basc flow curvc computcd from ehe MNLU:.'T
cquation givcs quitc lowcr values under the peak. 

Figure 4.7 gives a cont,arison of rhc baseflow curvcs computed from calcium, 
magncsium, nitrate :md 1 0. Calcium gives for ehe tailing part too high values Juc 
ro proccsscs of so]ltlion an<l ion cxchange in rhe aquifer. The curvcs computetl by 
ehe tracer conccntmtions of nitr:uc and magnesium have ncarly ehe samcslmpc. Thc 
1~0-basc now curvc is influcnced by the background fluctuations ehe Jiffcrcnce 
betwccn pcak and background fluctuacions not being vcry high. 

Thc water volumes of thc d.ischarge components of both springs H;i.mmerbach 
and Schmelzbach computed by means of the t raccrs N03- and 180 and by hydraulic 
hydrograph Separation arc compared in tab. 4.1. 

Tab. 4. 1: WaLer volumes computed from hydrograph separation by mcans of the l'/1lLltral tracers 
11itrate and oxnene-18 and extrapolation of zhe runoff depletion rurves ( discharge data 
from the gauging stations llammerbach and Schmelzbach). Watervolumes in mJ during 
thc runoff event 880623-880701 (input from the Lurbach sinkhole 28,736 mJ). 

HAMMER- SCHMELZ- 'fotal volume 
BACH BACJJ oucput 

ml % rnl % ml % 

Total volurnc 42,778 100.0 9,763 100.0 52,541 100.0 
~older" rescrvoir watcr (NOi ) 24,888 58.2 5,315 54.4 30,203 57.5 
''Oldcr" rcscrvoir watcr (1•Q) 29,444 68.8 7,341 75.2 36,785 70.0 
Base flow (rec. curvc:) 38,714 90.5 7,594 77.8 46,308 88.1 
Evenr watcr (N03 .) 17,890 41.8 4,448 45.6 22,338 42.5 
Evem water ('"O) 13,334 31.2 2,422 24.8 15,756 JO.O 
Dirtct flow (rcc. curvc) 4,064 9.5 2,169 22.2 6,233 11.9 

The results show that the event water componcnts computed with the stablc 
isotope 180 are gcncrally lower in comparison with the volumes compmcd by nitrate. 
'l'he rcason is that ehe f1uctuations of the stable isotope yvere not significaut enottgh 
in compari.son with the background fluctuations duc ro analytjcal errors (crror 
± 0.15 Ö%o) . .For this rcason in the case of the flood event in summcr 1988 ehe chemical 
parameters, particu larly nitratc, can be assumed as bener natural traccr. 

Comparirtg thc evcnt watcr volumes (computed from the nitrate and 180-contems) 
from tab. 4.1 with the inputvolumc from Lurbach of 28,736 ml, we receivc thc traccr 
Outputs in % for both springs lisred in tab. 4.2. 

The rcsulcs show chat pan of the cvent water input from Lurbach was not yet 
discharged at bothsprings. Assuming, lhat chere are no losses of the narurnl rraccrs 
in thc aquifer Juc to adsorption or recharge of the porous groundw;i.ter ficld, it can 
be supposed thar part of ehe cvenr water input is srored ovcr a langer time in rhe 
karst sys(em and is dischargec.l later. This assumption scems eo bc rcaliscic, if we 
compare wich ehe rcsulcs From thc arrificial rracing cxperimcnrs wich similar 
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Tab. 4.2: Event watl!I" output volumes in % of inp1'L L11rbach (28,136 m1). 

N03- 1~0 

Hammerbach 62.3 46.4 
Schmel7.bach 15.5 8.4 
Total outpuc 77.7 54.8 

breakthrough rates of " ideal" tracers (s. chap. 5.2.). The matbematical characterization 
of ehe discharge reccssion curves of in pur and ou~put (s. chap. 2.3.) co11 firm :tlso, 
rhat a high arnount of warer percolating ehe karst system at rhe Lurbach sinkhole 
is stored over a lon~er time in fine fissutes and cave sedimems in boLh aquifers. Tbis 
high sroragc capacny of less eermeablc ~ones in the karst massif is also verified by 
the isotopical investigations (s. cbp. 3.4. and 6.2.). 

5. Tracing Experiments 

5.1. Cotnbined Tracing Experiment 1988 

5.1.1. Organization, Injection and Sampling (R. BENJSCHK.E.) 

5. U .1. lnjection Site 
The injccriön of all the tracers used for this experiment was in tbe cavc 

LURGROTTE (A.C.R. No. 2836/la) in Semriach in a section called "Halle der 
Eingeschlossenen". 

The possibilities to inject rr;'\cers vary with the inflow characterisrics of the 
Lurbach. D t1ring low warer conditions thc cham1el bed is dry and rhe Lurbach 
disal'pcars soinc J 00 rn upstream at asediment barrage in a sink hole at thc southem 
b:m <. Ouring medium to high wacer conditions ehe Lurbach whilc ir looses 
continuously water flows also into the cave and clisappears afi:e1· 100-150 m behi.nd 
~hc cntrance imo unaccessible sinkholes, and onl y at extreme water condhions the 
en1.i re cave systcm from Semriach eo Peggau (in rhe Mur valleyac ehe W-cnd of the 
Tanneben massif) bccomes a<;tive (s. chap. 2.3.). 

During the experiment 1988 ehe rnain amount of the Lurbach flowed into ehe 
cavc anddisappearcd into thesinkholes inside, therefoi:e thc injection was carcied 
out a t that site. 

5.1.1.2. Hydrnmeteorologic Conditions During rhe Experiment 
The discharge of th e Lurbach measured at the entrance of the Lurgrotte (s. fig. 

2.1) on June 28t11
, 1988 was 471/s. 

Tab. 5.1: Discharge rates (lls) at gaitging statiom dttring the experiment 1988. 

Station Period Max. Min. Var. Mean 

Lurbach (LB) 880628- 880706 l,568 64 1,504 141 
Schmelzbach (S) 880628-880715 113 31 82 36 
Hammerbach (HB) 880628-880715 263 168 95 194 
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Tab. 5. 2: Prwpitat1011 in mm (calc. from dt1iiy ra.inf all at T at111ebe11 /00.00-00.00} and Semruich 
{07.00-07.00/). 

Station Ahicude Period Sum Max. Mcan 

Semriach 670 880626-880715 61.5 25.2 (880713) 2.05 
Tannebeo 750 880626-S80715 90.6 27.J (8807 14) 4.53 

Most of thc mcasured runoff data can be classified as lower mcan water conditions. 
On thc day of thc rracer injection thcre was no precipitation. Onc day afrer thc 
injccrion on June 28'11, 1988 a local thunderstorm in tl1c higher part: of the drainage 
basin of Lurb:tch caused a flood event {peak flood 1.6 ml/s ar thc g:iuging station, 
Lurb:tch hydrogmph s. fig. 4. 1 ). The two rain gauges in Semriach (in ehe lowcr parr 
of the basin) an<l on thc Tanncben plateau measured only 2 mm/d. A morc clcmllcd 
exr,lan:uion of this cvcm is given 111 chap. 4. 

fhc gClleral hydrometcorologic condicions arc prcsemcd in chap. 2.3 . 

5.1. l .3. U sed Tracers 
Fluorescent tracers 
Naphthionatc Naphtliionsliurc Na-salz 
Pyranine Pyranin 108% 

Ura111nc Uranin /\P kom. 

f.osin Basac1d-Ro1 3 16 

Sulphorhodamine G Orcoac1d Sulpho
Rhodaminc G ex. 

Rhodaminc 8 ßasonyl-Rot 540 

Anorganic tracers 
Lithium chlo ridc LiCI (min. 99.3%) 
Sodium bromide N2ßr (min. 99%) 
lmilum-114 ll•·•in-EDTA 

FLUKA A.G., CH 
C.l. No. 59040 
BAYER A.G„ Germany 
C.l. No. 45350 
MERCK, Cermany 
C.L No. 45380 
BASF A.G .• Genn:i.ny 
C.l. No. 45220 
ORGANIC DYESTUffS 
Corp., USA 
C.I. No. 45170 
ßASP A.G., Gcrmany 

C.I. Solvent Green 7 

C.I. Acid Yellow 73 

C. I. /\cid Red 87 

C. f. Acid Red 50 

C. I. Basic Yilllcc 10 

Cl IEMETALL GmbH, Germany 

Accivation by GSf 

Particle trncers 
Microsphcrcs, YO. O.R'J µ FluorcsbrircTM Carboxylatc Microsphercs (2.5% Solid- Latex), 0.89 µ 

diameter, ycllowish-orange, POLYSCIENCES LTD. 
Po lybcadn1 fluurcscent Nuncarboxylate Micmspheres (.Z.5% Sulid
L:ucx), 0. 95 µ d iametcr, yellowish-grccn POL YSClEN CES L TO. 
FlumcsbriterM Carboxylatc Micrusphercs (Z.5% SoliJ-Latt:X), 1.00 µ, 
bright blue, POL YSClENCES L'1'D. 

Microsphcres, YG, 0,95 µ 

Microsphcres, Bß, 1.00 µ 

Salmonella pbgcs P22HS 

5.1.1.4. Injeccion 

Prcparcd by INST.OPBIOLOGY, UNIV. LJUBL.JANA,Sl.OVENIA. 

All_rhe tracers (13 total) havc been injecte<l onJune 28d', 1988. Tablc 5.3 gives an 
overv1cw. 

5.1.1.5. Sampling (Sitcs, Organizacion) 
Du ring thc cxpcrimcnt ehe main springs at ehe wescern sidc of the Tanneben massif 

have been cxamined. This sampling sites are named Schmelzbach (S), Schmelzbach 
spring (SU), Laurins spring {L), Hammerbach spring (Hß), Q2, Q3, Q4, Q5, Q6 
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·1:1b. 5.J: Tested Lracen (type, amormt, MIR and time of inp;ction, rcsponrib1litie:; for in1ection) luted 
m chronological order. The names for the individual tracers are given in a .short fonn. 
( commercral 11ame). Abbreviations of laboratories responnble for the injection s. tab . .5.5. 

Tracer Amounc Time Rcsponsibiliry 

Pyranine 5kg 09.00--09.02 CGII 
Microsphtres, YO, 0.89 µ 1 ml (6.5 X 1010) 09.15 KÄSS 
Microsphcrcs, YG, 0.95 µ 1 ml (5.3 X 1010) 09.15 KÄSS 
Microsphcrcs, BB, l.00 µ 1rnl(4.5X1010) 09.15 KÄ.SS 
Salmonella-phages P22H 5 8 X 1014 pfu 09.28 BIO 
Rhodamine ß 4kg 09.34-09.36 /\GK 
Sodium bromidc 50 kg 09.55-09.57 GSF 
Litruum chloride 100 kg 10.10- 10.12 KÄSS 
l ndium- 114 60 01Ci 10.22 GSF 
Sulphorhodaminc G 3.kg 10.25-10.29 CGJ! 
Eosin 5 kg 10.35-10.38 IGH 
Nilphthionate 25 kg 10.45-J 0.48 GEOFRB,GSF 
Uranine 2kg 10.50-10.54 ICH 

Tab. 5.4: Ba.sie data of the sampling site>, altit11de (m a.s.i.) of111jection plaw is 629 m. fhe altitudes 
arc taken from the official ropogtaphic map or from geodetic rnea.surements, cl1sta11ces 
from the mjection point arc approximnu: val11eI raken Jmm the map, the "'DiffAlt. "
va!tie is thcrcfore calculated tmdcr ehe previous assmnptions. 

Distance 
Diff. alt. Alcirude from 

Name Abbrev. (ro a.s.I.) in)ection lnJ.- Charactcri~tics 

(m) sampl. 

Schmel7.bach s 406 3,000 233 Cave strcam ourlet 

Schmelzbacb spring 
(Lurgrotte Peggau) 

su 424 2,130 215 C:wc ~pring (Lurgrottc Peggau) 
Laurins sbring L 416 2,420 223 Cave ~pring ~Lucgronc Peggau) 
Hammer ach spring HB 405 3,080 234 Outlct of sip ion 
Q 2-sprtng Q2 405 3,080 234 Rcsurgcncc in adjacent detrims 
Q 3-spring Q3 405 3,080 234 Rcsurgcncc in adjaccnt detritus 
Q 4-spring Q4 405 3,080 234 Rcsurgence:: u1 adj11ccm dctritus 
Q S·spring Q5 405 3,0SO 234 Rcsurgencc in adjaccnt c.lctritus 
Q 6-spring Q6 405 3,080 234 Resurge::ncc in adjaccnt dctritus 
Lurbach Lß 640 - - Surfacc strcam (inpur) 

and for input-control the hydrochemistry of the Lurbach (Lß). For Jocation refer 
to fig. 2. 1 and 2.12. For basic <lata s. rab. 5.4. 

The samples have been raken by aucomatic samplt!rs in imervals of 1.5 h. 
Gencrally thc traccrs have beendctccted only in Hammerbach spring (H'B) and 

the adjaccm outlcrs (Q 1-Q6) bur noc in Schmelzbach (S) except thc dcrection of 
microspheres and phages (s. resp. chap. 5. 1.5. and 5. 1 .6.). Samplc of tbe tracers in 
Qt-Q6 were analyzed only by IGH. 

5.1.1.6. Analytical Procedures 
After sampling thc original samplcs have been divided into working samples as 

necessary and thcn distributcd by lGH to rhe individual analytical Iaboratories 
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00 
0 Tab. 5. >: Analytzcall.aboratoms andmethods. Abbre'V1atzons OJ the lahoratones: AGK; Dept. of Applied Geology, Techn. uni;v, Karlsruhe, Gem1any; 

BIO= Inst. oj'Biology, Univ. ljubljana, Slovenia; GEOFRB = Depc. f. Hydrology, Inst. f. Geogr.'tf'hy, Univ. Freiburg, Germany; GSF 
= GSF-lnst. f Hydrology, Mv.nil'h, Germany; H MZ =. Hydromett:profogical Tnst., ljubljana, Slovema; JGH = Inst. f Geothermics and 
Hydrogeology,]oanneum Research, Graz, Austria; KASS = W KASS, Umkirch, Germany. Annotations see p. 81. 

Tracer Laborarory Method Instrument 

Naphthionatc GEOFRB SFL (synchro-scan, pH-rreatm.) PERKIN ELMER 500 
GSF SFL (synchro-scan, pH-treatm.) AMINCO SPF 500 Rario 
AGK SFL (syochro-scan, pH-treatm., MCD) PERKIN ELMER LS 3 

Pyranine GSF SFL (synchro-scan, pH-rreatm., MCD) AMIN CO SPF 500 Ratio 
IGH SFL (synchro-scan, pH-treatm., MCD) AMINCO SPF 500 Ratio 
HMZ SFL (synchro-st:an, pH-trcarm.) PERKJN ELMER204 
AGK SFL (rynchro-scan, pH-rreatm., MCD) PERKIN ELMER LS 3 

Uranine GSF SFL (synch.ro-scan, pH-treatm., MCD) MvUNCO SPF 500 Ratio 
IGH SFL (synchro-s1...-an, pH-trcatm., MCD) AMINCO SPF 500 Ratio 
HMZ SFL (sy nchro-scan, pl l-treatm., MCD) PERKIN ELMER 204 
GSF CC-scp., SFL (synchro-scan, pH-treatm.) AMIN CO SPF 500 Rario 

Eosin IGH SFL (synchro-scan, pH-rreatm.) AMTNCO SPF 500 Rario 
HMZ SFL (synchro-scan, pl T-tre.1tro., MCD) PERKIN ELMER 204 

AGK SFL (synchn.i-scan, pH-treatm.) PERKlN ELM.ER LS 3 

Sulphorhodaminc G GSf SFL (synchro-scan, pH-crcann.) AMTNCO SPF 500 Ratio 
IGH SFL (synchro-scan, pH-trcatm., MCD) AMlNCO SPf 500 Ratio 
HMZ CC-sep., SFL (synchro-scan, pH-treatm.) PERKIN ELMER 204 

AGK SFL (synchro-scan, pl I-trcatm.) PERKJN ELMER LS 3 

Rhoda.rnine B GSF SPL(synchro-scan, pH-treacmcnt), MCD AMINCO SPI- soo Rario 
IGH. SFL (synchro-scan, pH-trcatmenr), MCD AMINCO SPF 500 Ratio 
&\12 CC-sep., SFL (synchro-scan, pH-trea1m.) PERKIN EUv1ER 204 

Lithium KÄSS FLAES ZE1SSFMP4 
GSF FLAES, DCP-AES V ARIAN Spectra A-40, BECKMA.N)J Speetraspan VI 

Bromide GSF JC (Electrochemical Detection) DTONEX 
Chloride lGH IC (Conductivity Detection} DIONEX2010i 
Indium-114m GSF Gamma-Spectrometry Multi-Chaonel Analyzcr , (Harshaw, Canberra) 
Microspheres KÄ.SS Fluorescencc Microscope Couming ZEISS Ax.ioscope 

Phagcs BIO Agar Layer Merhod 



(Tab. 5.5). From tbe originally injectcd traccrs also a small quantity to prepare 
standards has been provided for each laboratory. 

Annotntions: 
SFl.: Spccrrolluorimctry. 
Synchro-scan: Simultaneous scanning of excitation and emission m1.rnochromalOr$ with a constant 

wavclength Uiff erence (Lhe appropri:ne valuc dcpends on thc .inalyud dyc tracer and 
Lhc sclccrcd pH-condic:ions of the working ~.1lution). for rnorc information s. chap. 
5. l.2.1. 

pl-1- trcalmcnl: For the used organjc dye traccrs clcfmed pi 1-condiLions in lhc working solution are 
neccssary cither to achicvc a maximum fluorcsccncc and/or eo scparaLc the imlividual 
traccr from cach orhcr; for morc information s. ch<tp. 5. l .2. 1. 

IC: Ion Chromacography 
lGH: DlONEX-Conductiviry üctcctor; clucm: 1.7/ 1.8 mmol Na.l 1CO/Na1C01; 

1•cgc11c1·a1it: 1.4 ml 111Sü.-cooc.12 1 H:O-dcsc.; injcction volumc: 50 µI; now 1·.uc: 
2.0 ml/min; 5:1mpll's n1·c fi lcrnccd wi1h 0.4511 prinr w injec1i.in; ~1·p:1r.11inn c:nlumn: 
DIONFX lo111'ac AS4A;suppn!5$0r. UIONEX AMMS l;gunrcl '"llunn: DIONEX 
lonPac AC; 4A (s:rn1c type asscp.1r:1tnr bm shoncr). 
GSr:: Eleetrochemicot1 Octcc:tor: DIONEX (with Ag/ AgCl-clccLrmlc); clucnt: 0.011 m 
N:i.NOi; rcgcncr:inl: t1(1nc; injccticm vulumc: 0.5 111!; flow rate: 2 rnl/min; sampb wen· 
n<>l lrc:uct!;s('p:i.ration ctilumn: DIONl:.X 1 IPIC AS 5; ~uard n•lurnn: DJONEX NG 1; 
!JOle11Lial: 0.J mV. 

FT.AES: r~ta,me Aromic Emission Spet.:rromctry 
KASS: Lithium was mcasured m cmission mode at A = 670.8 nm. ßorh standards and 
s.implcs werc.: crcated with ammonium ox;i.\ate 10 overcomc C.1-vHcrfercnce on the 
Üthium si~nal. 
GSF: Lithium W<tS m1.'35ured in ehe laboratory ofTcchnical Univcrsity (Munich), Inst. 
f. Was~crgütcwirtschaft, with .i deu:ction limic of abuuc 30 ppb, wirh air/acet)•lcm: flamc 
at A; C.70.8 nm, without any rrcatmcnc. 

DCP-AES: Oirect Currenl Plasma Atomic Emission Spcctromctr}' 
GSF: L1Lluum was measured at GSF-Institutc uf Ecological Cherrustry. Thc dc
tcctio11 limit wai: reportcd aS 5 ppb, withouc :rny trcaLmcnt. 

MCD: Mo.thcinatical mulli-componem discriminncion or spectra ba~eJ on the Solution of n 
li111:ar cquations. 

5.1.2. Results with Fluorescent Tracers 

5. l.2.1. General Remarks (R. ßENISCr lK E) 

Thc prcscntation of the tra~certransi t curves in diagrams f ollows a suggcstion of 
H. ßEHRENS, i.e. that thf results of tbe diffe1·em laboratorics are rclated to the 
sa111e time pcriod and the concentrations are no'ttnalized as fractions of the injected 
arnount of traccr (as 10 5 · M; in mg). 

Normalized valuc (m-3l= Conc (mg/m3) • 105/M (mg). 

'l'his prcsemalion has some advantages fo r comparison of differcnc Lraccrs wich 
diffcrcnc injccted amounls. Fora prcsenralion vf the Jifforenc rcsulcs of the sarne 
traccr from individu:ll labor:uoric$ it is equivalcm to give concemrations or fr:ictions 
or norrnalizcd valucs. Sm ic is cnsier to compare the Jiff crcnt tracers in the samc 
or diff crcnt Jiagrams. 

All Ouorescent tracers havc been analyzcd by two or evcn four laboratories. lt 
was not the aim of the experiment to carry out interlaboratory tests to 
standardi7.e the analytical methods and to evaluate under defined statistical 
assumpt ions. Nevertheless the results show the necessity of a stand:irdization 
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of trace1· analytics particularly for separation procedures, if two or more tracers 
are present in the same sample. 

Problems for the evaluation and comparison originatcd from ehe ti mc lag between 
sampJing and analysis, from transporc and different Storage conditions. The samples 
were brought to ehe IGH-Jaboratory and there divided into working samples and 
chen sene by mail to thc cooperat:ing laboratories. All laboratorics had different 
capacity to analyze the samples. So it was reported for the GSF-samples, that becau~e 
of shortncss of Jaboratory labour capacity, samples of the Lurbach expcrimcnt could 
only be proccssed about 10 moncbs after sampling. By comparing GSF-resulrs on 
fl uorcsccnt tracers with thc very stable tracer bromide and with prcvious Auorimecric 
measurcmcnts of othcr laboratorics, in ehe stored samples partrnl decay of pyraninc, 
naphthionatc and uranine was evident which was probably caused by microbial 
dcgradation. 

'fhis dccay took place in a vcry irregular manner w hich can be seen in fig. 5.1. 
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Fig. 5, 1: Samples o/J-Jammerbach from 880630110 . .10 (1, 2), 12.00 (J, 4), JJ . .10 (5, 6), 15.00 (7, 8) 
and 16.JO (9, 10). Evaluated are only total fluorescence inrensities irnder synchro-sei:m 
(25 nm wilh EDTA). Samplcs !, 3, 5, 7, 9 measured cm 880706, con·cspondmg measurements 
of the same sampleJ as 2, 4, 6, 8, 10 on 890502. Storage CQ1lflitions: dark, under room 
temperature (18-25° C). 

Storage conditions and time of analysis: 
GEOrRB: Storage dark and ac c. 16° C, 

Samplcs of 880628-880715 (each selecml) in 8807. 
AGK: Storage dark and at room tcmpcrarure, 

Samplcs of 880628-880715 (cach sdected) in 8809. 
GSF: Storage dark and at room temperature without further treatmcm, 

Samplcs of 880G29-88070J (each selectc:d) in 8904. 
lGH: Storage dark and at 18- 25° C without funhcr tn:atment, 

Samplcs of 880628- 880701 (each sclcctcd) on 880706, 
Samplcs of 880701-880703 (each selected) on 880711, 
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HMZ: 

S.implcs of 880703-880704 (each selcctcd) on 880714, 
:>amplcs of 880704-880705 ( each selcclc<l) on 88071 '.11 

Samplcs of 880705-880707 (each selectcd) on 880722, 
Samplcs of 880707-880710 ( e.ich sdcctct.I) on 880727, 
Samplcs of 880710-880712 {each sdccted) on 880801, 
S:1mpb of 880712-880715 ( cach sclected) on 880802. 
Storage dark and at 18-24° C, 
Sampb of 880627-880702 (four samples/day selected) on 881018-881021, 
amplc~ of 88070J-880715 (two .samples/day sdected} (.111 !l81018-1181021 :ind 8tl 1207-

881231. 

Annotation: 
(n the following ~uhscctions for cach laboratory ;i.n<l each dye traccr thc spccific mcasurcmcnt 

conditions arc givcn in a tahle: 

A,,„.(nm) 
D."A (nm) 
pfl 
Rcagcor 

c.c. 
MCO 

= Cl uorescencc cmis:;ion peak 
= specific wavelcngth <liffcrencc between cxcitalion and emission monochrornaror 
= pH-vnlui:: sct to <1chicvc thc best result 
= substaocc eo 51.:t thc pH-valuc 

EDTJ\ = 'l'etrnnatriurncthylendiamintetraacctatc 
AGK ( lO g/10 ml; 20 µ1to3.5 ml cuvene) 
GSF {lO g/10 ml; 20 µI to 3.5 ml cuvctte) 
IGH (22.61 g/100 ml; 2 drops to 3.5 ml cuvcuc) 

AMM = ammonia-buffer 
samples were exposed lo Nl lrvapour for c. <. h 

CARB = sodium-carbonate-huffer: 
HMZ (11 ml 10% [w/v] Na1C01 : 9.5 ml 10% lw/vl Nal IC01; 300 µI to 
10 ml samplc) 

ACt:T = acecarc-buller 
AGK. (l: 1 mixrnrc of 4.5 M K-acctatewith 5.5 M aceC1c.:1c1d; 20 µJ to 3.5 mJ 
cuvecce) 
GSF ( 1 : 1 mixrurc of 4.5 M K--act'tale with 5.5 M Jcecic acid; 20 µl ro 3.5 ml 
cuvctcc) 
GSf (accric acid conc., 10 µl to 3.5 ml cuveue for pH 3) 
IGH (1 : 1 mixnire of 4.S M K-acctuc with 5.5 M acclic acid; 1 drops to 
3.5 ml cuvene) 
HMZ (1 : l mixlure of 4.5 M K-acecatc with 5.5 M :u:cr1c acid; 50-60 µ1 to 
10 ml samplc) 

H1SO, = sulfurica(.'id 95-97% 
AGK (1 drop to 3.5 ml cuvcme) 
IGH {1 drop to 3.5 ml cuvcttc) 
I IMZ (20 ~LI H~Oi (1: 3) to 10 mJ ~:\rnple) 

= column chromnrograpliy to separate tn1ccrs 
= mat.hematical multi·componentdiscrimination, in this column ehe spcctrally intcrfering 

trnccrs are li.stcd, which wi;rc eliminat1:d by MCP 
0.L. = detcction limil (ppb) if reported by thc laboracory 
Srd. Matri.tc = D ib distillcd water or equivalcnt.; SW i.~ dye-fn:e supply w:iu:r 
Trcatm. = Fis sample filtrarion prior to analysis 
n.o. = nOl applicd 

5. l .2.2. RcsuJts with Naphthionate (H. B EHRENS, Ch. Lt„IBUNDGVT) 

The G EOFRB-samples between 880628 and 880715 wcre analyzed vcry quickly 
and wcrc cornplctely evaluared . 

In the GSF-samplcs naphthionate showcd strong decay cffccts (rclaced to a 
probable biological dcgradation), as weil as in comparison to thc bromidc craccr 
and in comparison to carlier measurcmems made by GEOFRB (rcf. to fig. 5.2). 

83 



c-~ 0 
•0---tl"l•S V• 

s. 00 

.00 
/\ 

.. .o.oo 

10 00 

'· 1111.0C 

/ 1\ 1\ 
/ '\ "' I \ "" Q 

2. IQl.OC 

2 . 120 Oll 

.oo \ 
.\ 

.oo 

II .oo 

n 

~!'-.. 

(\ ~ 
) ~ 'u ~ ......_ ..,,__ 

M - ~ --• 1 ... 
s l!I !'l ~ 8 l!I 8 l!l 

Flow time ( h 1 

Fig. 5.2: Trac111g exp1mment 1988: brMkthro11gh cu1"1Jcs at J-lammc1·bad1 >p1ing of ehe tratcr 
naplnhio11111e m1tasurecl by differtnt labor<11oricr compared wicb bromith· as rttfl!Ml<I! 
tracer (meas11red by GSF, bold-fated /im:). Abbrevwriom. of laboratc>nt!> J, tab. 5.5. 
c ... „ = mmnalizetl cunct:ntration, Q = clischargt: in lh f/tru,• timt: 111 h Jlnft! 111/1'1 ''""· 

squart!s = mcamrt!d by GFOFRB. triangles:: mt!murt:cl by GSJ-. 

Tab. 5.6: Comp1mson of analyricttl and mstmmental settings for naphthionatt\ Abbn·v. of lnbor"
tory names sec annotattons in previous subsectwn anti tab. 5. 5. 

Lab.-Name A. ... ;a, 

Synchro- D.L. Std. scan pH Reagem cc MCD 'l'rcatm. 
(nm) fl"A. (nm) (ppb) matrix 

GEOFRB 420± 5 \15 7.5 AMM n.a. n.a. 0.5 S\V/ scdimcntation, 

GSP 419 104 4.8 ACET n.a. n.a. 0.08 sw 
slphoning 

n.a. 

5. '1.2.3. Results with Pyranine (H. BEf IRF.NS, R. BENfSCHKE, B. REJCI IElff, M. ZUP/\N) 

Pyranine was a11alyzcd by fourdiffcrendaboratorics (AGK, GSF, TGH, HMZ). 
Rcf. to fig. 5.3. 

ßecausc of a tcchnical problem with an automaric sampler thc scrics for AGK 
and 1-JMZ arc incomplete bctween 880630/03.00 and 880630/09.00. Tbe missing 
vaJues for thc traccr conccntrations wcre added by Jinear intcrpolacion, thcrcfore 
the tracer transir curvc looks in that region like a straight line. 

In GSF-samplcs pyranine was almost completely destroyed. OnJy in rwo samples 
from ehe breakthrough maximum distinguishable but dramatically rcduccd amouncs 
of the traccr were found while in tbe rcst of the samples only traces were still 
detcctable. The evaluarion of GSF-samples covered only the period bctwcen 880629 
and 880701. 
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Fist.. >.J: Tracing experimo111 1988: break1hro11gh c11rvrs a1 Hammerbach sprmg n/ the o·accr 

pyranine mt!llsured b)' differelll laboratorics comptm:d witb brom1dc ru refcrence 
1r11ce1· (measured b)' GSF, bold-faced line). Abbrev1a1ions of laboratorics s. tab. ).) 
C. , ... = nonmi/1zetl crmcmtralion, Q = disc/Jarge in lll, f/ow 1ime in b since injcc11011, 
sq11arcs = me,1511red by AGK, triangles = meamred by C F, + = measured by ICH, 
l.' = measurl!d by ITMZ. 

Tab. 5.7: Comparison of analyticaland instmmental settings for pyrm1i11e. Abbr(!1). of laboratory 
names ree annotations in pre'IJiom su bseaion and tab >. ). meam lower limit of working 
range. 

Lab.- N:unc A.,.." 
Synchro- D.L. Std. 

(nm) scan pH Reagcnt cc MCD (ppb) macrix Treatm. 
6.A(nm) 

AGK 512 103 4.8 ACET n.a. UR 0.06 sw F (if ncccssary) 
GSF 51 l 104 4.8 ACET n.a. UR 0.0 1 sw n.a. 
lGlf 511 108 2 H 2S04 n . .i. UR 0.025· D 11.a. 
HMZ 510 108 2 I I2SO., n.n. UR 0.08 sw n.a. 

With rcspcct to thc interpolatecl valucs thc rcsults of AGK :rnd TGH gavc a fa.irly 
j$OOd corrcspon<lencc. The resuJcs from GSP arc significantly lowcr and showed a 
more flucluating behaviour. This can bc explained from phocochernical and/or 
biological dcgradation (from chemical analyses of ehe Hammerbach it was known 
thac a very hi~h bacteriological contamination from a wascc watcr inflow from the 
Semriach basm via Lurbach might cause degradation cff ect~). Degradation of the 
GSF- amplcs occured probably due to a longcr Storage time undcr room rempcrarurc 
bcforc ehe analysis. In comparison wich thc AGK and IGI 1 samplcs tbc resuhs from 
HMZ brought too high values for the rising part of thc transit curve. After 
880630/12.00 ehe values corrcspond wirb chosc of the ochcrs. 
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5.1.2.4. Rcsults with Uraninc (H. BEHRENS, R. BENISCHK.E, B. RE.ICHERl~ M. Z UPAN) 

1n GSP-samplcs uraninc showed a moderate decay in somc samples aftcr ehe 
brcakthrough max:imum, whilc in the rest of ehe samples tbe tracer appeared tobe 
still unchanged showing a representative tracer behaviour in comparison of the 
reference bromide (ref. to fig. 5.4). 

Tbe IGH-samplcs are in good correspondence with theAGK-, GSt'- and HMZ
samples. Differences can be sccn in thc time of the peak. MCD-correcrion was 
pcrformed by a system of four to five linear equations established by measuremcnt 
of pure standards. 
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l~g. J.4: Tracing t!xperimem 1988: break1hro1,gh ettrocs at Hmnmerbnch ipring of 1.JJe 1mcer 11r1mi11e 

m1.1asured by Jifferem laboratories compared with bromide as rl!fl!rence tracer(mens1m:d 
by GSF, b(J/d-faced line). ltb/mviations of laboratories s. Lab. J.5. c,„„„ = nmmalized 
co11ee11traii'<m, Q = thschar~e in lls,flow time i11 h since injection, squares = meas1m1d by 
AOK, trumglcs = mensurecl by os1-: += measured by fGN, X= measured by f JMZ. 

Tab. 5.8: Comparison of anal,1tical and instrumental settings for u.rnnine. Abhrev. of laboratory 
names see aunotations in previous subseaion and tab. 5.5. 

Lab.-Namc "-n,„~ Synchro D.L. Std. 
(nm) scan pH Reagent cc MCD (ppb) matrix Trcatm. 

6./... (nm) 

AGK 514 25 > 10 EDTA PYR, EO 0.002 sw F n.a. 
(if neccssary) 

GSF 5l2 25 - 10 EDTA n.a. PYR, EO 0.002 sw n.a. 
IGil 516 25 - 10 EDTA n.a. PYR, EO, 0.002 D n.a. 

SRG 
liMZ 513 25 - 10 CARB 11.a. PYR 0.02 sw n.a. 

86 



The MCD-correction in HMZ-samples was pcrformed afcer H. ßEHRENS {1988). 
All samples arewell comparablein the risingpart of ehe breakthrough, later only 

GSF-samples (sec above) showed strenger fluctuacion (probably due eo the late 
analysis cjmc). 

As mentioned in chap. 5.1.1.5. samples of the springs Q l - 06 wcrc analyzed only 
by lGH. They have for all tracers a similar or cvcn ehe samc shape of transit curves 
as ehe Hammerbach spring (HB). 

5. 1 .2.5. Rcsults wich Eosin (H. B EHRENS, R. BENISCHKE, M. ZUPA N) 

For breakthrough curves in comparison wich bromide refer to fig. 5.5. 
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Fig. 5.J: Trnci11g r).71cmnent 1988: brMkthrough curoes .1( Hammerb11ch spring af the tracer eosm 
mea5un·d by different laboratmws comp11red w1th lnomulc as refercnce tmcer (mearnred 
/1y GSF. bald-faced lme). Abbrev1acions of laborator1c~ s. tab. 5.5. C •• „. = normalized 
conccntration, Q = discharge in lls,flow time in h w1cc· inject1-0n, sq11ar~s = mMntred b y 
OSF, trianglos = meas1m:d by JGH. + = measured by H M Z. 

Tab. J.9: Cumparison of analyticaland instmmentalsettings for eosin. Abbrcv. of laboratory nt,mes 
sce annotations inpreviou.s si~bsectiori and tab. 5.5. -metms tho Lowcr Limit of workingrange. 

Lah.-Namc Äo~.~„ Synchro D.L. Std. 
(nm) scan pH Reagcnl cc MCD {ppb) matrix Treatm. 

/\A. (nm) 

GSF 535 25 5.1 ACET appl. PYR, UR 0.08 sw n.a. 
IGH 540 25 EDTA n.a. PYR, UR, 0.025 D n.a. 

SRG, RHB 
541 25 .... 5 ACET n.a. UR,SRG, 0.025· D n.a. 

RHB 
HMZ 538 25 4.6 ACET n.a. n.a. 0.10 sw n.a. 
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GSF-samples wcre obviously not effected by decay and showed a representative 
traccr behaviour. 

IGT 1-sample showed differences in the risingpart of the breakthroughcomparing 
them wich GSP-analysc , also a time lag is possible. Both attempts from measure
ments madc in alkalinc or slightly acid solution brought comparable rcsults when 
applying MCD as givcn in tab. 5.9. The discrimination from sulphorbodaminc G 
was pcrformcd by MCD, which has its limit if high concentration diff crences le.id 
to complcte spectral overlapping by the interfering substance. Therefore a CC
procedure (H. Bm !RENS, t 988) is recommended. 

HMZ-samplcs arc in good correspondence with GSF-analyses with rcspect to 
thc intcrpolated valucs du ring and after the peak. 

5.1.2.6. Rcsults with Sulphorhodamine G (H. BEHRENS, R. BENTSCHKE, ß. REICI mKr; 
M. ZUPAN) 

GSF-samplcs showed a morc or lcss rcpresentative rracer behaviour with cxccprion 
of some small rcduction of couce.ntration in the breakthrough maximum. This could 
have been causcd by sinall losscs due to sorption processes. 

TGH-samplt!s are significancly lower than AGK- and GSF-samplcswhich may 
bc caused by sol'ption effccts cluringstorage prior to analysis but not by a degraded 
series of thc uscd Standards. 

HMZ-samplcs werc analyzcd by synchro-scau (~A. = 25 nm) af tcr adsorption on 
silica sand(0.2-0.5 mm) and desorption by water at pH 7aftt:r1 T. BEHRENS (1982). 
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rcfercnce tracer(mcamred by CSF, bold-faced line~ Abbrevidtions uflaboratCJrie:. s. i.1b. 
5. 5. C ..,„ = normalizeci conccncration, Q = dircharge in lls,flow time in h smce m1ect1on, 
square) = meamred by ACK, tria11gles = mearnred by CSF, + = meamretl bv J(,/l, 
.\ = memured by 11 MZ. 
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Tab . .5.10: Compa1·ison of an11lytical and instwmental settmgs for sulphorhodamine G. Abbrev. 
of laboratory names see armotalions in previous subseaion and tab . .5 . .5. means [cn;Jer 
Limit of the working range. 

A..,."i„ Synchro D.L Std. 
Lab.-Namc (nm) scan pH Reagent cc MCD {ppb) matrix Treatm. 

6.A. (nm) 

AGK 555 25 <4 H 2SO. n.a. o.a. 0.003 sw F (if nccessary) 
GSI• 555 25 -3 ACET n.a. RHB 0.007 sw n.a. 
LGH 557 25 -5 ACET n.a. UR,EO, 0.025' D n.a. 

RIIB 
IIMZ 555 25 -7 n.a. appl. n.a. 1.00 sw n.a. (but C.C.) 

Thc scparation with thjs method from rhodam.ine B was problematic, anotheractef!1pt 
(:lftcr H. BEI IRf.NS et al., 1976) showed bad rcsults too. Thcrcforc the rcsults differ 
significantly from rhc other (s. fig. 5.6). 

5. 1.2.7. Rcsuhs with Rhodamine ß (H. B EI IRENS, R. BEN ISCI IKf., M. ZUPAN) 

Brenkrhrough curves are shown in fig. 5.7. 
Rcsulcs from /\GK-samples arc giveo only for ehe pcriod 880701/10.30 to 

880702/ 10.30. Duc t<> the lnck of an appropriare scpararion mcd1od rhcsc valucs nrc 
not represcnrarive for rhe rhodaminc ß l>reakthrough. 
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1'1g. 5.7: Trt1ci11g expcr1ment 1988: bret1kthro1igh rnrves a1 l lamml!rbach sprmg of rhe micer 
rhodaminc B meamred by diff!!rent labora1or1es compared i;m/, bromide <tS refercnce 
tracer (measurrd by GSF, bold-faced line). Abbrl!Villtions of laborawnes s. Lab. j,5. 
c .... „ = nonnalized concenlracion. Q = discharge ;„ lll, f/ow 1ime in h since m;eaion, 
sq1uires = measured by AGK, triarigles = measured b)' GSf, +: meamred by IG/l, 
.<t = meamred by H MZ. 
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Tab. 5.11: Comparisu11 of analytic,1l and instmmental seuings for rhodt1m1m: B. AbbrMJ. of labo
>'<1tory names see amzotations in previous mbsec1io11 and tab 5.5 means lower limil 
of the workmg mnge 

Ä....„ Syncbro- D.l. Std. 
Lab.-Name (nm) scan pH Reagcnr cc MCD (ppb) m.atrlX 

Trcatm. 
D.f...(nm) 

AGK 576 25 < 4 H2S04 n.a. n.a. 0.005 sw fl (if ncccssary) 
GSF 582 25 -3 ACET n.a. SRG 0.008 sw n.a. 
IGll 579 25 - 5 ACE1' n.a. UR,EO, 0.025' D n.n. 

SRG 
IJMZ .575 25 -7 n.a. appl. n.a. 0.05 sw n.a. (but C.C.) 

GSF-samples showed a represenrative behaviom wit.h respect to thc time rcsponse 
of the traccr brcakth.rough. In q uantitative respect, howevcr, the measured 
conccntrations wcrc clearl y reduced in relation to e.'Cpected valucs for a rcprcsentative 
tracer behaviour. 

IGH-samplcs showcd a dramatic reduction during the time of the pcak but good 
correspondencc in the cailing partof ehe breakthrough afrcr 880630/ lO.OO with ehe 
rcsults of ehe other. For thc reduccion of fluoresccncc the samc is possiblc as for 
sulphorhodaminc G. 

The separation of rhodamine B from sulphorhodamine G in HMZ-samplcs 
showcd thc samc difficultics in analysis as obtained wich sulphorhodamine G. 

5.1.3. Results with Salt Tracers 

5. l.3.1. Results wich Lithi\lm (W. KÄSS) 

The lithium-kation was investigated ac chree different laboratories (rcf. eo chap. 
5.1. l.6.) : 

- Umkirch (W. KASS) with FLAES, 
-Neuhcrbcrg (GSF-Ecology with DCP-AES, 
- Muni eh (Technical U nivcrsity) with FLAES. 

A significant increase of lichium was only detectablc in the I [ammcrba.chqucllc. 
The results werc in fai rly goo<l correspon<lence with each other (Fig. 5.8). Tbe natural 
backgroun<l was found with 0.4 ppb in the Schmelzbach, with 0.5 ppb in thc 
ITammcrbach. 

5.1.3.2. Rcsults w.ith Bromide (H. BEHRENS) 

Bromide is assumcd as chemical stable and as an extremely conservaüvc tracer. 
Because of chis behaviour and of the fact that bromide occurs only at very low 
background concentrations (often negligible) itwas selected for comparison purposcs 
as a rcfcrcncc cracer (Fig. 5. 9). 

5.1.3.3. Results wich Chloride (R. B ENISCHKF.) 

Chloride is asst1mcd tobe a chemical stable and conservative tracer ükc bromidc 
and with comparable geochcmical mobility. The only disaJvantagc is that thc natural 
background of chloridc is much higher than that of bromide, thus inüiating problems 
how to takc inro considcration natural fluctuations during the traccr transir. 
Convcntionally thc background eo be taken is eithcr an averagc v<\)uc prior to rhc 
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Fig. 5.8: Tracing experimellt 1988: breakthnmgh curves at f lrlmmerbadJ sp1'ing ofthe mtcer /ithimn 
meaSHred by different laboratories compa„ed with bromide as refere11ce micer (measimui 
by CS}~ bold-faced line). Abbreviatiom of laboracorios s. cab. 5 . .5. C„0 ..,. = riormalized 
concenirarion, Q = discharge in l!s, flo7t• time: in. h sinc:e injectmn. squares = measured b)' 
W. !O.ss, triangles == measiil'ed by GSF (Trist it ute of f:cology ), + =-rneasuretl b)' TU M rmich. 

first arrival of the tracer or rhc highest value analyz.ed before that time. This 
backgroun<l value must be subtracted from all sample values to achieve the net 
concentration. In most cases the natural background wi ll bc stable under more or 
less constant runoff conditions. When the period of rhe tracer transit is one with 
flucruaring discharge strong dilution or concentration cffccts may occur, which 
cannot be takcn into accountduring the tn111sit. Thc.n a biggcr e.rror in thecalculations 
p:1rticularly for recovery rares will arise. Tn this experiment chloride as an arcificial 
traccr comes from thc injecte<l lithium chloride (Fig. 5.9). Ir can be seen from rhc 
brealuhrough curves tbac chloride has reached the background much quicker than 
the othcr ionic rraccrs indicatin& rhat ehe natural cbloride background whicb is 
significanrly higher chan l'har of ehe others has been dfü1ted du ring ehe flood e\!ent 
having occurred during ehe expcriment. 

5. 1.4. Results with Indium-114 (I I. BEilRENS) 

5.1.4.1. Tntroduction 
11410lndium is a y-emining radionuclicle with a halllifc-period of 49.5 d, en:Utting 

r-energies of 190, 558 and 725 MeV.To be suitableas a water tracer it has tobe used 
in the properchemical form forwhich the EDTA-complexhas proven to be a good 
choice. 

5.1.4.2. Production of the Radiom1clide aod Tracer Preparation 
For ehe production of 114mindium about 2.6 g of indium metal-pow<ler scaled in 
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Fig. 5.9: Tracing experimcnt 1988: breakthrough curves at llammerbach lpring oj' the tracers 
chloride and indium-114 compared with bromide as reference tracer (measured by 
GSr~ bold-faced lme). Abbreviations of laboratories s- tab. 5.j . C.0 ,,,, = nom1alized 
concentration, Q = dischm-ge in l/s,flow time in h since infection, squares = meamreti by 
/GI/, tri4ngles = measured by GSJ-: 

a quart7. ampoulc wcrc irradiarcd with neurrons in ehe rescarch reactor of thc 1'cchni
cal Universicy of Munich for a pcriod of three days du ring thc week prcccding the 
tracing cxperiment. The produced activity was about 60 111Ci. 

To avoid transporracion in liquid for111 wich would afford largc shicJded container, 
thc untouchcd ampou lc was tr:msportcd to rhe cest sice postponing thc prcparation 
of the tracerdircctly to thc injcccion site. Thc irradiated indium powdcr was brou~lu 
into a 1 1-glass borrlc and dissolvcd wich dilute hydrochlo1-ic acid undcr gentlc hcating 
in a warer barh. Esc.1pi ng of radioactive acrosols was prevenccd by vcming ehe botdc 
through a raschig tubc. Af rer dissolurion and dilurion th1..• complcxing agcnr EDTA 
was addcd in a l 0-fold cxccss and the solution was neutrali%ccl with :unmonia. The 
solution was madc up to 11 and a referencc of 10 ml was separnted. The remainin \)" 
tracer solution was t1scd as inject.ion volume (990 ml) and inscantancously injcctc~ 
in ehe Lurbach sinkhole in t hc Lurgrotte (s. time schcdule chap. 5.1.1.4.). 

5.1.4.3. Tracer Analysis 
Mcasurcmcnt of the radioactivity fo r tbe 114mindium detcrmination was madc as 

soon as possible to avoid attcnuation of the signal as a consequence of radioactive 
decay. This could be carricd out umil the end of July, 1988. 

To achicvc ma:ximum counting eHiciency it was attemptcd to concentrate ehe 
radiotracer from thc available samplcs (500 ml) for effecting an optimal counting 
geometry. For this purpose the anionic indium complex was scparatcd from thc 
solutions by sorptioo on an anion cxchanger (DOWEX 2x8, 200-400 mesh), in small 
columns of 3.5 ml bed volume. After air drying, the resin samples were counted 



with a GeLi semiconductor setup using high rcsolmion y-spcctrometry of the 
725 MeV line. To obtain better counting statistics for samples of ehe tailing part of 
the tracer transit curve, concentrates of thrce succccding samples were combined. 
5.1.4.4. Rcsults 

11~m1ndium was detected in samples of r hmmcrbach, hut nor in those of 
Schmelzbach. 1f thc rndiotracer apf eared in thc lauer, the conccntration should have 
bccn bclow thc detcction limit o about 10-<I nf ehe injccted an\ount of tracer per 
unit volume of warer (m 1). Thc traccr brcakthrough curvc for ehe l la111111erbach is 
documcnted in fig. 5.9. 

5.1.5. Results with Microspheres (W. KÄSS. R. BEN1$C1 IKE) 

Thc cxpcrimcnc 1988 at Lurbach system was thc first .iucmpt to usc a s~cci:tl type 
of rnicrusphcres in a karsr drainage systcm. Earlicr cxpcriments w1th sporcs 
(uncoloured, coloured or fluorescent) and solid mauer (wood, cork crc.) suffcred 
from a limit:ttion because of their siz.e. So a lot of dcvclopmenrnl work had tobe 
done tO uptimizc for example tbe behaviour of spores in flow proccsscs (A. MAYR, 
1953, M. DECHANT, 1959, 1967,J. DREYER, 1987). Therefore in scarch of additional 
particle tracers microspheres were found to be .1pplicable not only for tracing 
succcssfully karst water drninagc but also porous groundwater. 

Microsphcrcs have bcen devclopcd for invescigarions of blooc..I circulation. For 
cxample rhey arc applied in human medicinc intmvenously. 

From tab. 5.3 it can be scen rhat rhe microsphcrcs havc a considcrable smallcr 
diamctcr (ahou t 1 µm) than Lycopodium sporcs (rcporrcd rn hc abour 35 µm). Thc 
material is a carboxyl.uc (polycarboxylare, YO, BB) or noncarboxylare (polysryrene, 
YG), which is coloured with different fluorescent dycs. 

In thc Lurbach cxperiment rhe microspherc.s werc suspendcd in dilutc dc:tcrgcnt. 
Sampling was carricd out with automacic samplcs. Samplc volume was 250 ml. Thc 
analyte was conccntrared on black membrancfilrers (providcd wich :l councing grid), 
:end the cvaluatioa was carricd out by counting undcr a fluoccsccncc mitroscopc. 

Thc results are sccn in fig. 5.10 and tab. 5.12 and 5.13. The microsphcrcs mainly 
rcappcarcd in ehe Hammerbach spring and sporadically in ehe Schmel7.bach duc 
eo the hydrologic com.litions (decreasing discharge ratcs aftcr a runoff cvcnr). from 
thc individual typcs of microsphercs only thc noncarboxylacc (polystyrenc) micro
spheres rcnppcarcd and nonc of the ochcrs. This can bc cxplained by<lifferctltcharged 
Sttrfaccs of thc sphercs and polarity, i.e. thac polystyrcne had probably low affiniry 
to clay mine~ls (in cavc scdiments). The ochcr twu types of microsphcrcs probably 
bad bccn adsorbcd strongl)1 to clay sedimcnts. 

5.1.6. Results with Salmonella Phage P22HS (M. BRIC l~LJ , G. K.os1) 

A~ sinkin~ watcrs as weil as springs in rural arcas arc t)ftcn pollutcd witb coüform 
bacccria, coliphages cc\n occur in considerablc back~round numbcrs, thus making 
thcir usc inconvcnicnt in cascs of possiblc high dilut1on. Cun-.equently the P22H5 
phageofSalmonclJa typhimurium LT2 strain (H.0. SMITll & M. Lf.VINF, 1967) \Vas 
mtroduccd in tracing cxpcrimcncs by the resenrchcrs of thc lnsrituce of Biology, 
L1ubljana (M. BRICELJ et al„ 1986). lt is wcll known that the bacceriopha~es uf mouse 
ryphoid fcvcr pro<lucing baclCria rarely occur in natural watcrs (N.D. StmLY & 
S.B. P RIMROSE, 1982). The injection of phage tracer was carried out on Junc 
28111• 1988 at 9.28 a.m. just after thc injection of microsphcres and before the 
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Fig. 5.10: Tracing ex-perirnent 1988: breakthro11gh curoes at Hammerbach spring of th.c t1•ace1·$ 
noncarboxylate (pol;istyrene) microsphcres m1d Salmo11ella phage f>22 H 5 compared with 
bmmide t1s reference lt1tcer (111e4s11red by GSF, hold-faced line). Abb1·ev1aiions of 
l.abomtories s. tab. 5.5. c .. ,,. = uormalized ccmcentratiun, Q = dischargc in l!s,flow wne 
bi b since injection, squarcs = measured by W. l<ÄSS, triangles = meas1t1•ed by 810. 

rhodamine B. Tbc total quantity of phage tracer was 8 x 'I 011 p.f.ll. (plaque forming 
units) and the phage pulp was poured instan.taneously (wirhin c. 2 sec) imo ehe 
Lurbach. Nalidixic acid resistant..su·ain of Salmonella typbimurium LT2 strain was 
used as the host bacccrium for the clcar plaque mutant P22HS phage. 

The sa111ples we1·e examioed in screening tests applyi.ng ehe Most Probable Num
ber mcthoc..I (MPN-method) and the positive results in Hammerbach spring were 
compleled by agar layer method. 

The agar layer method consists of mixing thc suspension ofhost bacccria in a stagc 
of activc mulriplication wich thc watcrsample and melted soft agar in rbc tube at 
45° C. Withour dclay d1e coments of the rube are plated on the top of petri dish 
and rbe c..lishes are incubatcd at 37° C betwcen four and 18 bours. 1f rhe samplc 
contains infective phages, de:ir circlcs or plaques appear on thc medium clouded 
by tbc bacterial growrll. Each plaque is considered tobe formed by one phagc. The 
numbcr of phages in water samples is expresscd as the nurnber of plaque forming 
units (abbrev. p.f.t1.) in l ml of watcr samplc. 

The MPN-method for thc determination of phages in water samples was 
developed from theMPN-method for the evaluacion of the coliform bacteria in water 
samples (Y. KoTI' et al., 1986) 

Tbe limitof detection of phage particles by agar layer methods was 0.2 p..f.u./ml 
of sample and 6 p:f.u. in 100 ml sample for the MPN-method. 

Tbe phage tracer reappcared in Harn merbach spring (HB) and Schmelzbach (S). 
Thc zero samples and all the collected samples before the fi..rst positive sample wcre 
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negative, so we could conclude tbat there was no background of salmonella phage 
in the Lurbach system. Tbe first positive sample in Hainmerbach spring was obtained 
aftcr 31 h and maximum velocity was calculated as 2,430 m/ d. The maximum 
concentration of phage tracer, 2, 440 p.f. u. appearred after 41.S h. The centre of gravity 
of the traccr curve exprcssed as t.i was evaluated as 53.4 band vm<d was calculated 
as 1,411 m/d. The calculated recovery rateof rhephage tracer was 2.5%. The position 
of the peak of all tracers curves was very similai· but the recovery rates were very 
different. Parcicularly the values for particle tracers such as mic.rospheres and phages 
were very low (fig. 5.10). 

The particlc tracers were cbe onJy tracers recovcred from Schmelzbach (S). The 
recovcry of microsphercs was 0.07% and that of ehe ph-ages wa~ not calcu)atcd, 
because phages werc found in numbers that could be asscssed only scmiquanritativcly 
by the MPN-method (Tab. 5. 12). But nevertheless the reappearance of particle tracets 
in ehe undergrouncl sy~~em of the Schmelzbach (S) indicaces that thesc traccrs have 
been adsorbed to underground water bed st1rfaces in Lurbach system and pu!!hed 
by higb waters to Schmelzbachsystem af ter thc storm that followcd ehe injeetion. 
Wc bel icve chat thc ruain rcasoo for such low rccovery of panicJ~ Lrncers originatcs 
from their abiJity to adsorb continuously to cbargcd surfaces. Therefore apart of 
the tracer gets lost resulting in low recovcry values. 

5.1.7. Summary and Ch aract eristic Data (R. BENISCI IKE) 

The reference tracer 
Thc breakthrough curvcs (Fig. 5.2- 5.10) of the traccrs can be found in the chapters 

above. All of them are compared with bromiJe as a reference tracer. Bromide is taken 
as a very stable, conservative tracer with low natural background coocentrations 
and high analyticaJ sensitivity. l tS mobiliry can bc compared with t11at of chloride 
but the latter has the disadvantage of a relatively high naturaJ background 
conce-ntration. 

Backg round and matrix effects 
The natural background of fluorcscem tracers, microspheres and phages was zero, 

chac for aoorganjc salts measured before the first arrivaJ of each of them was low 
for lid1ium and brnmide and slightly hjgher for chloride. For the evaluation the 
greatest problcm is to define for anorganic salts a background level which is valid 
during thc observation period because it is not possible to measure the fluctuations 
of ehe natural background during the experimem. When varying background 
concentrations it is possible eo calculatc any recovery rate, which means t11at thc 
background levcl has tO be cstablished carefolly. Difficulties ma y arisc if the naturaJ 
background e.g. for chloride will bc dilurnd du ring a flood evcnt wh,icl1 ince.rferes 
the tracer transit. So it may happcn that thc natural background before the experiment 
is higher than at the end of tbe experiment, which leads to the question whether a 
line-tr or non-linear interpolation or an avcrage value for the background is allowed 
or not. 

Another more artificially produced Lackground is that of sample bottles or 
rcsulting from in proper esrablishmcnt of calibration sta11dards. Glass bottles relcasc 
from thei1· inner waJls very often anorganic ions particularly alkali elements that 
conu·ibu te ro the background. /\ check bcfore using such bottle.s will overcome this 
source of error. On thc other hand plasticbottles are often very adsorptivc to cat1ons 
dcpcnding on the material. So a good compromise should be found taking inw 
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account what ions are tobe mea.sured whcn purchasing sample bottles. lt is recom
mendcd for calibracion Standards panicularly when analyzing contaminated waters 
to macch ehe sample matrix as far it is possible and practicablc. 

Physico-chemical behaviour and analytical methods 
The analyticaJ methods applied are givcn in chap. 5. l.1.6. and for all used traccrs 

in chap. 5.1.2.1.- 5.1.2.6. 
For ehe fluorcscent traccrs and anorganic saks a numbcr of very si milar anal ytical 

mcthods is available. The most sensitive are Auorirnetric and radiochcmical followed 
by normal photomctric or fbme yhotometric methods and wer chcmistry. Thc results 
documcnted show that in ehe future it is vcry nccessary to dcvelop scandardized 
mcchods which arc tcstcd in intcrlaboratory comparisons. Prom ehe fluorcscenc 
traccrs thc best agrccment of the results were achicvcd with uraninc also in 
comparison wich bromide, slightly lcss wirh cosin. These two dycstuffs :irc 
predominandy anionic craccrs under natur:d pH-condiwons, i.c. th:ica pnrt of thcm 
may rcact ,1s cations which are sorptive to clay minerals occurring in c.tvc scdimcnts. 
Whcrcas sulphorhodamine G and rhodaminc Bare vcry sensitive nuorcsccnt traccrs 
wirh low detcction limits they suff er on adsorption bccause of thcir cationicscrucru1·e. 
This can bc sccn in fig. 5.6 and 5.7 comparing them wich bromide. Naphthionatc 
<\s a UV- ·ensitivc rracer showed good results bm wich reductd scnsitiviry (excitarion 
:m<l cmi ion wavclcngrh~ are uifluenccd by a natural high UV-background of rhc 
waccr and by cff ccts originaring from Rarnan-scatter of water molcculcs). Bur it is 
possiblc to ov<:rcomc these disadvantagcs applying a grcatcr amounc of traccr. Tl1c 
wor t rcsults of thc nuorcscenr tracers brought pyraninc. Thc reason i~ not an 
analycical onc. lr scems chat it was highly affcctcd by binlogical dcgradarion. 
Hammerbach spring water has coli and coliforme baclcria up to cxccssive amounts 
originatiog from uutrcate<l wastc-waccr from ehe basin of Semriach. 

Thc lithium rraccr howed .i smaller response comparing ic wich the bromide 
refcrencc. Diffcrcnccs in the results of the different laboratorics arc cxplaincd in 
chap. 5.1.3.1. 

Indium and chJoride correlate weil wich bromide, but ch loride seems to have to 
high conc.:enrrations due to backgrollnd effects (which influencc thc evaluation), 
whcrcas the indium concentrations are lowcr duc to possiblc sorption on scdimcnts 
dcspitc it was injccced as EDTA-complex. 

The nnalylics of ehe panicle trncers 1s based on microscopic couming techniqucs 
or biologid mcthods. Tbc microspheres applied f or the fim time in this area showccl 
a vcry fluctu:uing responsc i11 Lhe spring wich diffcrcnccs from onc sampling cimc 
ro thc ncxt of up to morc than 100%. As it was pointed out in the relatcd chap. 5.1.5. 
only thc polystyrenc sphcrcs could be dctected probahly duc thcir low nffinity to 
c:hargcd surfoccs of clayey sediment panicles. Therc was no cxtcndcd cxpcriencc 
On thc neccssary amount eo inject, on improved sampling an<l cvaluaLion rechniques 
hut ncvertheless the rcsults proved the applicabiliry C>f such a traccr. The samc can 
be said about the phages whose brcakchrough graph of ehe normali?.cd values is lowcr 
d1an that of the microspheres bm had a smoocher shapc. 

Time of analysis and torage conditions of samples 
lt is obvious for Lhc Auorcscenr tracers that \Vieh respect eo ehe concaminaccd warcrs 

ehe time lag bctwecn sampling and analysis and chcrcfore thc storagc condilions 
(s. ch,\p. 5.1.2.1.) have bcen very c.lccisive for ehe rcsults. f\s it was reporccd for GSF
samplcs abom naphrhionate and pyranine a strong dccay mok place, bccause sample~ 
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Tab. 5.12: Rec0'1Jery rates of injected tracers obtained duri:ng the tracing expe~iment 7988 at Hammerbach spring (HB ). The first value of each line 
represents the recovery rate(%) at ehe end of the observation period of each l.aboratory, the second for a comparable observation period 
Uor anorganic and particles it is 880704/00.00) valid for each tracer. The ca/.wlaced recovery rates are roimded values. For abbrev. of 
laboratories refer to tab. 5.5. 

Tracer AGK GEOFRB GSF IGH HMZ KÄSS BIO 

Lithium - - - - - 68.6 (880715) -
- - - - - 60.6 (880704) -

Bromide - - 56.4 (880704) - - - -
- - 56.4 (880704) - - - -

Chloride 
- - - 74.7 (880708) - - -
- - - 72.5 (880704) - - -

Indium - - 56.3 (880706) - - - -
- - 54.1 (880704) - - - -

Phages - - - - - - 2.6 (880715) 
- - - - - - 2.5 (880704) 

Microspheres - - - - - 7.9 (880701) -
- - - - - 7.9(880704) -

Naphthionate 
- 46.1 (880715) 13.4 (880701) - - - -
- 39.4 (880701) 13.4 (880701) - - - -

Pyranine 7.5 (880715) - 1.7 (880701) 7.9 (880715) 12.2 (880714) - -
7.1 (880701) - 1.7 (880701) 7.2 (880715) 11.2 (880714) - -

Uraninc 
59.6 (880715) - 41.2 (880701) 56.2 (880715) 57.8 (880715) - -
47.3 (880701) - 41.2 (880701) 45.4 (880701) 46.3 (880701) - -

Eosin - - 45.7 (880701) 58.5 (880715) 58.2 (880715) - -
- - 45.7 (880701) 42.5 (880701 ) 46.2 (880701) - -

Sulphorhod. G 60.2 (880715) - 42.0 (880701) 40.9 (880715) 23.9 (880701) - -
42.5 (880701) - 42.0 (880701) 28.2 (88070 [) 23.9 (880701) - -

Rhodam.B 4.6 (880702) - 25.9 {880701) 33.0 (880715~ 35.8 (880709) - -
0.4 (880701) - 25.9 (880701) 20.1 (880701 27.5 (880701) - -



Tab. 5.1 J: Flow times and flow velocities are based on the time of 1" appearance (t.., •. J, time of concentration peak (tp„;J as weil as ume of centroid 
(t0,.„) since the time of injectum and on the discance between injection eoint and Hammerbach spring (HB). The calcu'4ted flow times 
anti flow velocities are ro1mded valnes. v(t) means that ehe first valite /or each tracer is always 'iJelocity the seco11d in brackets the flow 
time. GSF-'V(ilues for tithium tire from GSF-Instituce f Ecological Chemistry. Rhodamine ß values of A GK differ significantly due to 
the small data set available and the diffic11!ties in selective analytic.al separation from sulphorhodamine G. For abbrev. of laborai.ories 
ref er to tab. 5. 5. Continuation p. 99. 

Tracer v(t) AGK GEOPRB GSF lGI-1 HMZ KÄSS BlO 

Max. - - 92.4 (33.3) - - 101.5 (30.3) -

Lithium Peak - - 78.3 (39.3) - - 75.4 (40.8) -
Centr. - - 66.8 (46.1) - - 36.8 (83.7) -

Max. 100.7 (30.6) - - - -

Bromide Peak - - 77.S (39.6) - - - -
Centr. - - SS.3 (52.9) - - - -

Max. - - - 101.5 (30.3) - - -
Chloride Peak - - - 78.3 (39.3) - - -

Centr. - - - 53.0 (58.1) - - -

Max. - - 102.2 (30. 1) - - - -
lndium Peak - - 75.8 (40.6) - - - -

Centr. - - 51.8 (59.5) - - - -

Max. - - - - - - 99.2 {31.0) 

Phages Peak - - - - - - 74.2 (41.5) 
Centr. - - - - - - 54.5 (56.S) 



Micro-
Max. - - - - - 82.7 (37.3) -

spheres 
Peak - - - - - 71.2 (43.3) -
Cenrr. - - - - - 60.0 (51.4) -

Naph· 
Max. - 94.1 (32.8) 89.9 (34.3) - - - -

thionate 
Peak - 76.5 (40.3) 79.5 (38.8) - - - -
Ceatr. - 46.0 (66.9) 71.2 (43.2) - - - -

Max. 89.3 (34.S) - 93.3 (33.0) 93.3 (33.0) 93.3 (33.0) - -
Pyranine Peak 79.0 (39.0) - 79.0 (39.0) 73.3 {42.0) 76.1 (40.5) - -

Centr. 61.5 (50.1) - 67.5 (45.6) 51.3 {60.1) 55.7 (55.3) - -

Max. 94.3 (32.7) - 98.8 (31.2) 98.8 (31.2) 98.8 (31.2) - -
Uranine Peak 79.7 (38.7) - 79.7 {38.7) 76.7 (40.2) 79.7 (38.7) - -

Centr. 40.4 (76.3) - 68.1 (45.2) 43.8 (70.3) 40.7 (75.6) - -

Max. - - 98.0 (31.4) 98.0 (31.4) 98.0 (31.4) - -
Eosin Peak - - 79.1 (38.9) 76.2 (40.4) 79.1 (38.9) - -

Centr. - - 66.8 (46.1) 33.6 (91.8) 46.1 (76.8) - -

Sulpho-
Max. 93.1 (33.1) - 97.5 (31.6) 97.5 (31.6) 89.1 (34.6) - -

rhod. G 
Peak 78.8 (39.1) - 75.9 (40.6) 78.8 (39.1) 85.4 (36.1) - -
Centr. 34.6 (89.1) - 66.2 (46.5) 32.2 (95.8) 69.4 (44.4) - -
Max. 42.2 (72.9) - 95.0 (32.4) 95.0 (32.4) 95.0 (32.4) - -

Rhodam.B Peak 41.4 (74.4) - 74.3 (41.4) 77.l (39.9) 77.2 (39.9) - -
Cencr. 37.1 (83.l) - 62.5 (49.3) 31.6 (97.5) 43.9 (70.2) - -



werc :malyzcd somc months later. All samples were storedin thc dark undcr room 
cemperarure which means thatthc storage conditions promoted bactcrial growth 
and thercforc craccr dcgradation. Por tbe future it means thac analysis of fluorescent 
rraccrs a long time aftcr sampling is senseless. 

Recovery rates of the cxperiment 1988 
The calculated recovcry rates as pcrcentagc of thc absolute amount of traccr 

injcctcd can only bc compared on the basis of defined observation periods, and if 
there was a considerablc natural background on the proper valuc defined before. 
ln tab. 5.12 two rccovery rates are given, onc for ehe total observ:nion period for 
each traccr and one valuc for a observation period which was the same for all tracers. 

l t is dear th:1r all thc calculations are influcnced not onl y by an:ilytical crrors but 
also by crrors in thc discharge measurements. The final statistical error of thc recovcry 
rate was not clecel'mi ncd quaatitaLivcly but is estimatcd to bc fairly hi&h with rcspect 
to ehe reponcd non-standardizcd cvaluation methods and the acmal c1111c of anal ysis 
:rnd all othcr inflllcnccs actually happencd until and <luring analysjs, 

Flow times and flow velocitics 
The flow times and the flow velocities havc to be seen under the same aspccts 

rcportcd beforc and rcprcscnt therefore only calculated values. As the dctcrmination 
of the time of first arrival of a traccr depends esscntially on thc scnsitivity of the 
analytical method ehe peak of coocentrarion or load is more reprcscntativc. Centroid 
values of the breakthrough curvcs (for concentration or load) would characccrize 
the rracer rranspon much bctter but unfommatcl y it is not ahvays possiblc to cx-tcnd 
ehe obscrvation pcriod to gct reliable resulls. Thus cencroid values givcn in tab. 5. l3 
<lcpend on thc observation period and have more informal charactcr. Parcicle traccrs 
show in many cases a slightly highcr llow velociry calculated from thc First appear:mcc 
than dissolvcd traccrs which can be explained chat particles are transportcd mainly 
in thc mid-currcnt of a s tream and cao on ly be "dilutcd" to thcir individual sizc. 
Ouring the experimem 1988 the time differences berween particle tracers an<l 
dissolved tracen. were not significant. 

5.2. Results of ~ll Tracing Expe1·iments from 1927-1991 
(R. BENTSCTTKE, T. HARUM) 

5.2.1. Historical Notes 

This chapter gives information on aJl experimcnts carried out und er scicntifically 
controlled conditions. lt will stan with some histor·ic notcs on attcmpts in ehe last 
ccntury to investigate the coursc of the Lurbach disappcaring into undcrground 
at Semriach and is more or less also a documcntation for important stagcs of 
developmcnt in traccr hydrology. 

Thc probably oldest information about ehe Lurbach sinkholc and a mun1al 
conncction to Schmelzbach at thc W-cnd of rhe Tannebcn massif as a curiosity of 
nature was given by Joseph Carl KlNDERMANN (1779): 

"Sr.:mnach, ein Markt von 60 Häusern. Bei dem Markte verliert sieb ein ßach in einem Berge und 
kömmt, nachdem er gegen 2000 Klafter unter demsdben fortgeflossen, endlich unweit Peckau wieder 
zum Vorschein" 
(Semriach a village wich 60 houscs. There a stream got lost in a mountain and reappcars lasdy near 
Peggau aftcr flowing about 2,000 spans beneath it). 
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This descriprion was ohviously Lhe idea of the local people, who "knew" with 
a horse-~ensc, thar the Lurbach recharges the Hammerbach or the Schmelzbach in 
Peggau. 

Also in the last century thcre Starts thc detailed gcologicaJ exp1oration of rhe study 
area. A geological cross-section from W to E chrough thc T:mncbcn massif wich 
respect ro thc Lurbacb system and the idca of a conncction bccwccn Lurbach at 
Semriach ;lnd outlets in Peggau wasgiven by G. WURMURAND(1871). ConsiJerations 
about this connection and a thoroul1h obscrvation of flood cvents in ehe hasin of 
Semriach and thcir cffecr on inundaoons in Peggau lead to rcsults, which arc close 
to prcscnt day idcas of the hydrogeological characterisrics of rhc Lurbach sysrem. 
These idcas ar firsr cxprcssed in ehe last century in a loca.I ncwspapcr by F. THINNFELD 
( 1873 )- a countess inrercsred in natural hiswry-are sciJJ fundamental for idcas abouc 
rhe dynamic conncction between l lammerbach spring .111d Schmcl~bach. Thcreforc 
they are given herc in an original fu ll-text citatit1n: 

„Am Pulle des Felsens-im Orte Peggau selbst-entströmt dem Berge ein rascher kl:ircr Bach, welcher 
nach kuo.cm Laufe, während dessen er zwei Mühlen und eine DrahLsLiftcnfabrik in Gang bringL, 
unlcrhalb Peggau in die Mur fällt. 
Ein zweiter, weiLschwächcrer ß:1<:h fließtcLwn zehn Minuten Weges nördlic:h von Peggau ebenfalls 
:ius dcrTanncbcn, und das Felsenportal, aus dem cn.u Tage tritt, sieht impos.tmer .1u1>, als der /\usAuß 
des Pegg.1ucr Baches„„ l>:is min<lc.stcns der Pcggauer ß.1ch identisch mit dem bei Semriach in clie 
' l'annebcn cinOießcnclcn Bache sei, chriih;;r dliifte wohl kein Zweifel obw3lten; ein anderes ist es 
mit dem nördlicheren d1.m sogcn:inmcn Schmdzbach. Wiihrend, nach jcdt·m Regengusse der Pegg.rncr 
ßach sich trübL und crwas anschwillt, hat ein ~olchcr auf den Schmölzbad1 keinen Einfluß und dlTSclbc 
bleibL beinahe immer klar. Das Wasser des Peggau er Baches trübt sich jedoch erst 16-17 Stunden 
nach Beginn des Regens im ScmriacherThale und bleibt manchm.iJ einen Tag, bei anhaltcnderem 
oder stärkerem Regen i\bcr auch zwei oder drei Tage tnib. 
Doch wachst der Bach nie scark an, während der Schrnölzbach, so kJc:in c1 gewöhnlich ist und bleibt, 
bei s c h r heftigen Gewittergüssen starke Ueberschwcmmuni;cn verursacln. So z.ersLÖrlc er am 
30. August 1 R65 nach einem furchtbaren Gewitter und Wolkenbruch, der auch die Bezirksstraße 
durch tlen ß11delgrabcn gänzlich vcrwüstclc, die damals ncugcb;iute Siigc1nühlc und war nuch am 
näclmcn Tage ein tosender WilJbach, während der Peggaucr Bach zwar sehr trübe und i;1ößer als 
gcwt•hnlich war, dvch nirgends seine Ufer ubcrfluthcLl'. Nur im Jahre 1827, 111r'Zcit der größLcn 
Ucbcrschwt·mmung, die es im lr.'n.tcn Lande seil Menschengedenken g:ib, soll auch dc1 Peggau er 
B:ich nach vicn.ehniägigcm Regen iibcrgcgangcn und in manche ticOicgende J l;iu•cr gc:Oosscn sein. 
„„ Da~ i)l aber ;iuch das cinzigcmal, daß man von cioem Ucberi;ehen des Pcgi;auerbnches weiß, 
während beim Schn1clzb:1chc nnch jedem stlirkcrcn, lfogcr hef11g nndnucrndcn Regengusse 
vcl'dcrhcnhringcndc Ueber~chwcmrnu1,gcn :w befiirch1cn sind. Diese sonderb~rcn U.m:hcinungen. 
w<•lchc sich 1.u widersprechen scheinen. dürften wohl nurdnmit 7.U crkl~rcn sein, dnß man annehmen 
11111ß, der l.;iuf de~ ß:iche~ durch clcn Berg sd eine geraume Strecke ~o verengt. d.1ß nicht mehr als 
eine bcsrimmlc W.1s.~crmasse durchnicl~en k.rnn, während bei großer W.1ssor.umauung ein anderes 
höhcrcs Rinnsal, d:IS in Verbindung rnitdcmSchmöl1.bnchc ist, crrciclil wirtl, durch wekhcsdann 
die größere Wassermasse schnell al>liiuf1.~ 
(/\ t Lhc foot of ehe ruck- in thc village of Peggau-arapid flowingstrcam emergcs from the mountain 
[Ann.: i.c. the Pcgg:iucr Wand] which falJs after ashort course al thc lowcr end of Peggau into thc 
Mur sct going two mills and a stud factory. 
A sccond much s111.illcr stn:;un cmcrgcs frum die Tanncbcn too in a di~L.lnl'e uf about 10 minuLcs 
110rth of Pq;gau, but thc oullct in t11c rodu, frorn which iL cmcrgcs, looks morc impressive than 
thc outkt of thc Pcggaucr Bnch [Ann. i.c::. l Iammcrbach springl„„ That thc Pcggauer Bach is idcmical 
~t lc~~t wiLh thc srrcam flowiog ncar Semriach into thc T:innebcn would he beyond .111 douhu. 
üiffcreOLly 1t is L11c casc with rhc nonhern strcam 1he so-c;illed Schmcl1b.1ch. Sincc Lhe Pcggaul'I 
lhch bccomes turhid and riscs a little aftcr evcry r:unfall thcrc is no influcnce on the Schmelzbach 
which remains clc.1r .tlrnost .lnytime. Thc watcr of thc Pegg:iucr Bach, howcver, becomcs turbid 
16-17 hours ;if1er the bcginning of the r;iin in thc b:1sin of Semriach and rcm:lins Lurbid somctimcs 
.i pcriod uf ooc J;,i}, during persistenl or stronger rainfoll also two ur thrcc day>. 
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But ncvcrthc strcarn risn vcry ~trongly, since Lhc Schmel:tbach-as it IS \lsuall y vcry srmll - cau)n 
Juring vcry inlcnsc thundcr torrns sLrong inund.uions. So it dcstroycd on JO'h J\ugu~t 186.> aftrr 
ccrrihlc thundcr'Slorms, that dcv:is1.ucd 1ou1lly aJso thc ro;id through thc Badlgrabcn, lJ1e saw-mill 
ncwly built .u th.\t umc, -and w;1s also du ring ehe ncxt day :i m.mng mo11n1ain torrcn1, \YhcrC'nt thc 
Pcggaucr Bach w:is vcry turbid :md largcr 1han normal hut did nm inund:uc anywhcrc 11s b:mks. 
Only in thc year 1827 during thc time of thc biggcsl inundation wl11ch h>'ppcncd in thc coumr;• 
withjn thc mcmory of m:in, it is 5:lid th:tt thc Peggaucr Bach Oowt'C! ovcr :iftcr ;i for1nigh1 l:i~11ng 
rain and having floudcd scvrr:il dccpcr situatcd houscs „„ liut this WOIS i.hc only time, 1ha1 an ovcrflow 
of thc Pt:gg;iucr Bach was tcportcd, whcn-as for thc Schmdzhach nf tcr any strongcr or longer hcnvy 
rainfall dcsm1c1ivc iilund:itions arc suspcctcd. These ptculiarcvcnts, which sccm to contradict cach 
othcr, could bc cxplaiocd onJy undcr thc ;usumption, that thc coursc of thc strC;'lm thrnui;h Llu: 
mountnin is narrowcd nlong a considcrabk distancc, 1ha1 n(ll morc than n distincl amount uf wa11.:r 
c.in flow through, whilc for ~ grcntcrdamming up of thc wntcr, :1r1 mhcrhighcr situatcd watcn:oursc 
is rc.1chcd, which is conncctcd wi1h 1hc Schmelzbach and rhrough wh1ch a grcatcr :1mount of wntcr 
c.ir1 hc dr~incd.) 

These prccise obscrvations - at that time without any possibility to access ehe 
subtcrrancan parts of the Tanneben karst - could bc confirmcd quantitatively 
(T. HARUM et al„ J 990) based on thorough evaluations of hydrological d:lta about 
Hammcrb:tch and Schmelzbach (comp. chap. 2.3.3.). 

About 170 years :ifterJ.C. KlND ERMANN the conncction bctween thc Lurbach 
in Semriach and thc Hammerbach spring in Peggau could bc proved by a scientifically 
planncd, performed and well documcntcd tracing cxperiment (V. MAVRlN, J 952). 

Thc idea to trace ehe Course of the Lurbach by an appropriate substance is rcporced 
in a topographic description of the last cenrury (STEIR. GEBLRGSVERUN, 1882): 

„D<lS Lugloch liege 650 m hoch. Aus demselben ergiesst sich der sogenannte l IJmmer- vtlcr 
Schmcl1.bacb, idcnliscl1 mit dem Semriacher Bach, welcher auf der anderen Seite im Boden 
verschwindet. Man hat, um die ldenritäl fcstzusccllcn, Sägespäne in den Scmriachcr Bach geworfen, 
welche im l lammcrbach wieder 1um Vorschein kamen". 
(Thc Lugloch is in an altitudc of 650 m. lt discharges as Hammer- or Schmelzbach and i~ iJentical 
w1th the Scmriachcr Bach, which disappears at ehe other sidc into un<lcrgroun<l. To dctcrmioc thc 
i<lcnbty sawdusc had been thrown into the Semriacher Bach which reappc.mxl in lhc H.unmcrbach). 

The intercst in the hydrologic and karschydrogeologic phcnomcna conccrning 
rhc Lurbach originatcd from exccssivc rainfall evcnts, which c:auscd a flooding of 
thc Semriach basin. Ce is rcponed in thc chronicle of the church in Semriach chat 
the most outstanding rlood was at ehe end of thc l 81h ccmury, whcrc ehe waccr was 
<lammc<l up to an a.ltitude of approx. 700 m a. s. I., which means chat thc watcr ren.chcd 
closc to thc church. This damming-up occurrcd C.'lch time ehe Lurbach sinkht)lt 
had becn blocked by spill ed-in rrees, bushes, blocks and ochcr material. 

Another evidcncc of a connection between Lurbach and Harnmcrbach brought 
an cvcnt on Mru-ch 24l", 1900, when so-called "Lederer Lohe" (ran liquor) from a 
tanncry ac ehe Lurbach near Semriach could be found (A. MAYER sen„ 1900). 

ln 1927 the firsr scientifically planned expcrunent was carried out (G. KYRLE, 
1928), bura scicntific planoing and accurate preparation is not neccssarily successf ul, 
if thc available or npplied methods for the invesrigntion arc not adequarc. The 
expcrimcm was planncd to prove a connecrion bcrwcen Lurbach aod Schmelzbach 
resp. Hammerbach for low ware.i· condirions. The experimcnr carricd out with sah 
(injeclion of 250 kg salL on 270218/21 .00 and on 270219, fuchsinc nnd parcicles) foilcd 
because of \Vrong assumptions, inpropcr analytical mctho<ls and a too sbort 
obscrvntion time. The conclu ioo was rhat no connection e."<isrs bet wccn the poi nts 
1.1nder investigatiou. 
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Thc first proof of a connection between Lurbach and T Tammerbach succeedcd 
1952 (V. MAURJN, 1952), when a larger amount of salt (800 kg) bad been injccted 
and the observation time (82 h) was long enough. 

Repeated experimcnts in 1959 and 1966 showcd chat somc other sinkholes 
(.Eisgrube [E] and Katz.enbachschwindc LK] north of the Eichberg; s. fig. 2.1) havc 
conncctions with the Schmelzbach (V. MA URIN & J. Zö TL, 1959, H. BATSCHE et 
al., 1967). Thc ycars J 959 and 1966 had been the beginning of an imensc investigation 
of tracer properties. A Jot of different subst.mccs had bccn cxamincd eo be appropriatc 
for cxperiments. 

l 959 bluc Lycopodium sporcs had bccn injccted into the Eisgrube in the NW 
of Neudorf, uncoloured Lycopodium spores, blue colourcd sawdust, Diatomca and 
plastic sphcres (Vcsryron N) into the Lurbach sink hole and red colourcd sa wdust 
inside the Lurgrottc at the 3rt1 siphon. 'fhis cxpcrirncnt provcd again the connection 
between Lurbach and Hanunerbach. 1lte detection of two blue spores in the )rd 

sirhon was takcn as cvidcncc for a connection with the Eisgrube. The examination 
o· thc Schmelzbach spring remaine<l negative. 

1966 was an experimenr to check a nwnbcr of traccrs for their applicabiliry 
(T T. Bxrsc1 JE et al., 1967). lodinc-131, tritium, manganesc, brown-coloured 
Lycopodium spores and uraninc had been injected into Lurbach sinkhole, blue 
colourcd Lycopodium sporcs into the Eisgrub~ ammonium bromide and green 
coloured Lycopodium spores into the Katzenbach sinkholc. lt was described that 
a conneccion berween Katzenbach sinkhole and Schme17.bach spring, Cascade stream 
and thc Laurins spring cxists. A connccrjon bctween Lurbach and Schmelzbach was 
not proved cleady and was possibly a contamination. The same can bc concludcd 
for the detection of green spores in thc Laurins spring, bec,iuse all experiments later 
un<ler very different hydrologic conditions never showcd any cvidence for a 
conncccion with Lurbach. This cao also be derived from thc results obtained from 
environmcata1 isotopes and hydrochernistry (s. chap. 3. and 4.). 

1970 two experiments have been carried out to invcstigatc thc bchaviour of indiwn 
(injccted as EDTA-complex) for neutron activation aoalysis (T. ZöTL, 1971). The 
cxpcrimcnts succccdcd in so far that thc connection between Lurbach and 
Hammerbach could be provcd again and that indium was rccogniz.c<l as a suirablc 
rraccr (sec also dw e.xperimem J 988). ln the same ycar rwo expcrimcnts with uranine 
and sulphorhodamine G ,m<l B havc bcen carricd out to check thc possibiJity to 
apply two different fluorescem tracers at the samc rimc and eo separate them from 
cach ocher. At that time on.l y filcer fluorimecer wcrc availablc (F BAU!iR, 1972). 

rrom 1971- 1983 experimenrs in a tw<> years intrrval had bccn carricd out du ri ng 
Posrgraduare Training Courses on Groundwaccr Tracing Tcclrniqucs (T. ZöTL, 
1971- J 979, H. ZOJER, 1981- 1983) with a morc or less consrant arnc.rnnr of cracer 
substances. The experiments had not bcen carricd out to provc ncw conncctions 
or eo rcst tracers. As sampling points only Harn merbach and Schmelzbach had been 
takcn. ßecause rhe expcrimcnts had bccn carricd out always in auturnn (with 
cxccption of an addition.il experimenr in summ er 1975) in most cases under medium 
to low water condirions only a derection in ehe Hammerbach spring w:is possible 
( . tab. 5.J4 an<l 5.15). 

1985 was again a combined experiment which was preparcd to vcrify connections 
berwcen ~inkholes in the Neudorf area, to get informarion on transit times and 
connections between the surfacc of the karst massif ofTanncbcn, and to investigate 
more thoroughly the Schmelzbach spring (SU) and Laurins spring (L) inside the 

103 



cave. Thc cxpcriment was succcssful, bccause it showed that all tracers iojected at 
the surface could be dctected in the Hammerbach as weil as in the Schmelzbach and 
Laurins spring but with small recovery races (2-3%) compared to rhc rates of tracers 
injected in tbe Lurbach sink.hole. 'lbc low recovery rates resulced from ehe injcction 
on the top of ehe unsaruratcd zone. 

Tracers injected into thc Lurbach ponor (amidorhodamine B 200 aod potassium 
chloridc) fim arrivcd 28-32 h aftcr the injection aod had their pcak about 42 h aftcr 
injc.'Ction with a recovery rate of abouc 50-70%. The tracer injccted inm the Eisgrube 
(sodium chloridc) arrived about 55 h after injcction in thc Schmelzbach (S), wich 
a peak.tpprox. 120 h aftc1· injcccion and arecovery rate of 9% for soJium and 34% 
for chloridc . .Eosin injccted on the surface at Ertlhube arrived 67 h and had its peak 
157 h after the injecuon. Uranine injectcd into the Schneidcrkogclhöhle (A.C.R. 
No. 2836/61) reappcared 183 h and had its peak (only an irregular and very isolatcd 
om:) about 332 h af cer thc injcction. This shows that there was and still is a 
considcrnblc rccardation of thc tracers in the unsaturated zonc which covers an 
alcitudinal intcrval of about 350-400 tn. Furthermorc the expcrimcnt verificd the 
conncction betwccn the Eisgrube (A.C. R. No. 2836/64) and the Schmelzbach spring 
but gave no cvidcnce for a connection with the Laurins spring (comp. wich Lhc 
experimenr of 1966). 'Tracers injcctcdin thc! Lurbach sinkholc reappcarcd as cxpcctcd 
in the Hammerbach. Also samples from some groundwntcr wells along ehe margin 
of the li mcstonc ~assif in.Peggau had beeo anal yzed but did not givc .my evidence 
of a tract:r (R. Bt·.NISCI !K1'. et al., 1988, H. ZOJf,R, 1985). 

The subsequent sampling over a period of abouc 1.5 years showcd that ehe ~racer 
uranint: could be dctccced uocil spring J 987 {but at ch:tr time only by cnrichmem 
on activaced carbon and not directly in wacer samples). These results indicatcd long 
mean rcsidcncc timcs of waters and arc in good corrcspondencc with ehe results of 
hydro1ogical, hydrochemical, isocopic analyses and mathematical mo<lelling {rcf. 
to chap. 3. an<l 6.). 

1987 was another experiment during a training course which simply brought the 
same resulrs obtajned during carl ier experiments (R. BENISCI-lKf. et al., 1987). The 
1988 experiment is dcscribcd in chap. 5.1. Also rhe groundwatcr wells as mcntioncd 
abovc had bccn observcd, but again no tracer could be dctccted. 

1989 high watcr condiüons brought new insights into the karst systcm and it was 
die first time that calcu latcd recovery rates gave approx:imately 100% (within the 
rnngc of analytical :tnd hydrologic mca urement errors). The traccr transir curvcs 
clcarl)' showccl n superposition of <liffercnthydraulic systcms dcrived from thc time 
shif c in thc con:iposire. transir 7urvcs (R. B~~ISCHKE & 'f. HARUM, l 990). This 
phenomcnon will bc d1scusscd 111 mnre detaü 10 chap. 6. :L. on tracer modcls. 

T'he last cxpcriment was carried out in 1991 at the last l>ostgraduate Training 
Courseduring lowwatcrconditions (R. ßt~N!SCHKE & P. HACKER, 1991 ). The only 
response on ehe i njecccd rracers was at Hammerbach as cxpccted. 

1n the foUowing subscctions the rcsults of all experiments arc summari1.cd. 

5.2.2. Types of Tracers Cnjected 

From the different rypes of tracers listed below only a few wcrc applicd du ring 
almostaH tracing experiments and only a fow gave reprcsentarivc results, lctcompare 
the expcrimcnts with each ochcr and lead eo inrerprctable hydrogeologie:tl resulrs. 
Most of ehe traccrs arc uscd only to cest the substance for irs suitabiliry. 
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Anorganic salts 
Sodium chloride {as cooking salt or for animals) 
Potassium chloride (as fertilizer) 
Lithium clilondc (tethn. quafo:y) 
Ammonium bromidc 
Potassium bromidc 
SoJium bromidc 

Fluorescent dyes 
Uraninc A P (MERCK), Vranine Sicomet (SIMON & WhRNER), Ur.rnrnt conc (SIMPSON) 
SulphorhoJamine ß 
Sulphorhod.1miuc G (HOECHST, ORGANIC DYESTffiiFS CORP.) 
/\midnrhodami11c B 200 (HOECHST) 
Eusln Y (MERCK), BASACID-Rot 316 (BASF) 
Pyrnninc IO!!'Yo (BA YHR) 
Sodi1.1m-Naphthionatc (Pf ,UKA) 
' l'inopal C ßS-X (CIBA-ClGY) 
Host:1lux PN (CIBA-GElCY) 

P:irticles 
Uncolou„eJ, bluc, red, brown, greco, yclto,v, orang.: sporcs 
Cork 
Wood 
Sawdusr bluc and red 
Plastic sphcrcs (VesLyroo N) 
Diatomca 
Polystyrcnc micrmphcrrs (0.89 µ, 0.95 µ. 1 µ) 
Salmonella phagcs 

Radioactive and other tracers 
Tritium 
lodine-131 
lndium-114m-EOTJ\ 
Mn-EDTA 

We sclccted for the calculation of flow transit timcs and velocities of the oldcr 
cxpcrimcnts only the tracers uraniJ1e and chloridc becausc they wcre applieJ in almost 
all cases. 

5.2.3. Transit Times and F low Velocities 

Thc flow velocities dcrived from thc numcrous tracing cxperiments show thc 
relatio11 bctween discharge rates and transit timcs of rr:icers. 

Tablcs 5.14 and 5.15 summarize the data from all cvaluablc experiments carried 
out s1nce 1927. Because of the nature of thc used traccr substanccs and the different 
observation periods it c:m give only an approximation of real flow velocities and 
transit timcs. The table gives only data for the main sampling sites Hammerbach 
spring (HB) and Schmelzbach (S) and for the applied qunsi-idcal tracers uranine 
and chloride. Other traccrs as mentioned in the prcvious scction arc no t cnmpared 
bccause of lack of cvaluable data. There arc only fcw data for high water condnions 
because most of thc cxperimcms wcre carricd om in autumn during low to medium 
runoff conditions. 

Tbc normalized breakthrough curvcs of thc traccr cxpcriments summarizcd in 
tab. 5.14 and 5.15 are plotted for the example of the fluoresccnr dye uranine in fig. 
5.1 1 for thc Hammerbach spring. lt is clcarly visible char ehe numcrous traciog 
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Tab. 5.14: Summary of all evaluable traci110 e.\periments since 1927 for uranine. Results for Hammerbach -p _-
- 'l t. d ., . .rE s ''n bar-rage upstream o_f E, I = ponor 111 the ca-ve Lurgrotte about 100 m ounst7 eam 01 • n =not e·vafuateJ 

SAMPUNG l'LAct 
1---~~~~~~~~~~~~~~~~~~~~~---,~~~~-,~~~~~r--~-

Tracer: 

Amount (kg): 

Injecrion Place: 

Distance (m): 

URANINE 
5.000 

E 
J,080 

URANINE 
3.000 

E 
3,080 

URANINE 
3.000 

E 
3,080 

U RAN IN E 
0.500 

E 
3,080 

UR1\NiNt 
3.ooo 

l 
J,oso 

1--~~~~~~~~~~~-----+~~~~----l~~~~---t~~~~----t~~~~~1---~~ 

Injection Date,'Time: 

Integration Stan: 

1 ntegration Period (h): 
Q-Range (l/s): 

Reco\·ery Rate(%) 

First Appearance: 

h after I njection: 

CO;\CE~TRATIO:'.\l PEAK 
Conc. (mg/m;): 

h after lnjection: 

Date/Time: 

CO!\iCE::\"TRATION 
CE~TRE OF GRA \'ITY 
Conc. (mg/m3

): 

h aftcr lnjccrion: 

Date/Time: 

LOAD .\1AX!MliM 
c-Qlmg/s;: 

h aftcr lnjccrion: 

Datc:!Time: 

LOAD CENTRE OF GRAVITY 
c:-Q (mg/s;: 

h aftcr lnjecriun: 

Date/Time: 

FLOW VELOCITIES (m/hJ 
First Appcarancc: 

Conc. Peak: 
Conc. Ccntrc of Gravity: 

Load Maximum: 
Load Centrc of Graviry: 

TIMERATIOS 

Tcon<-i'<>k/TI: 
TLoaJ-l'cJk/T Conc·l1uk: 

106 

660326/11.25 710912/13.50 

660326/11.25 710912/13.50 

108.58 80.17 

128-142 120-146 

65.0 24.6 

660328/00.00 710913/18.00 

36.50 28.17 

470.000 83.400 

47.00 38.17 

660328/10.30 710914/04.00 

n.e. 23.061 

n.e. 48.94 

n.e. 710914/14.46 

n.e. 10.508 

n.e. 38.17 

n.e. 710914/04.00 

n.e. 2.895 
n.c. 48.79 

n.c. 710914/14.37 

84.38 109.34 
65.53 80.69 

n.c. 62.93 
n.c. 80.69 
n.e. 63.13 

1.28 1.35 
n.c. 1.00 

730908/15.00 

730908/15.00 

119.00 

88-95 

15.6 

730910/22.00 

55.00 

43.860 

75.00 

730911/18.00 

14.351 

86.17 

730912/05.10 

4.167 

75.00 

730911/18.00 

1.362 

86.21 

730912/05.13 

56.00 

41.07 

35.75 

41.07 

35.73 

1.37 

1.00 

750626/19.07 

750626/ 19.07 

172.88 

343-939 

n.e. 

750627 /13.00 

17.29 

7.100 

30.02 

750628/02.00 

750906/ 13.15 

750906/ 13.15 

104.75 
385-428 

60.2 

750907 /04.00 

14.75 

68.900 

18.75 
750907/08.00 

1 

1 

n.e. 18.237 

n.e. 34.64 

n.e. 750907/23.541 

n.e. 

n.e. 

n.c. 

n.e. 

n.e. 

n.e. 

178.14 

102.60 

n.e. 

n.e. 

n.c. 

1.72 

n.e. 

26.527 
18.751 

750907 /08.00 

6.921' 

35.38 

750908/00.38 

2os.s1 

164.27 
s8.91, 

164.27 
87.05 

1.27 

1.00 

d Schmelzbach. lnjection places E = main ponor at entrance of Lurgrotte in Semriach, SF = ponor ,it sediment 
;::cause Lack of data, n.m. =not mearnred, n.d. = meamred but not detected. Continuation p. 108-109. 

f-{AMMERBACH SPRING 

URANINE URANINE URANINE URANINE URANINE URANINE URA:'\IINE URANINE 

3.000 3.000 3.000 3.000 2.000 2.000 3.000 1.000 

E E E SF SF I E SF 

3,080 3,080 3,080 3,340 3,340 3,080 3,080 3,340 

- 910907/14.38 
770910/13.30 790908/ 14.00 810905/14.45 830910/ 13.25 870829/ 16.20 880628/ 10.50 890902/ 14.17 

-
770910/13.30 790908/14.00 810905/14.45 830910/ 13.25 870829/ 16.20 880629/ 16.30 890902/ 14.17 910907/l-U8 

114.50 114.00 116.50 118.75 303.67 382.50 186.72 172.37 

63-116 136-146 179-201 113-119 208-288 168-263 338-543 163-185 

9.6 43.2 34.6 72.l 81.9 57.8 76.2 70.4 

770912/18.10 790910/00.30 810906/18.15 830912/12.40 870830/20.00 880629/I 9.30 890903/06.00 910908/ 18.20 

52.67 34.50 27.50 47.25 27.67 32.67 15.72 27.70 

32.000 141.000 64.600 188.010 99.406 83.940 107.088 38.563 

74.50 46.25 37.25 68.58 35.67 38.67 19.97 46.37 

770913/16.00 790910/12.15 810907/04.00 830913/10.00 870831/04.00 880630/01.30 890903/10.15 910909/13.0C 

10.180 36.561 18.390 60.634 23.620 16.225 25.310 9.108 

82.64 58.51 51.29 75.72 58.79 77.20 38.26 73.16 

770914/00.09 790911 /00.31 810907/18.02 830913/17.08 87090i/03.07 88070l/16.02 89090-t/04 .33 910910115.48 

3.016 19.176 11. 939 21.809 21.472 22.068 39.624 7.146 

80.50 46.25 39.50 68.58 35.67 38.67 19.97 46.37 

770913/22.00 790910/12.15 810907/06.15 830913/10.00 870831104.00 880630/01 .30 890903/ 10. 15 910909/ 13.20 
-

0.899 4.943 3.432 7.032 5.053 4.569 9.378 1.686 

84.61 58.86 51.77 75.63 59.63 70.80 37.80 71-}3 

770914/02.07 790911/00.52 810907118.31 830913/ 17.03 870901/03.58 880701/09.38 890904/04.05 910910/13.58 

58.48 89.28 112.00 70.69 120.71 94.28 195.93 120.58 

41.34 66.59 82.68 48.70 93.64 79.65 15L!.3 72.03 

37.27 52.64 60.05 44.11 56.81 39.90 so.so 45.65 

38.26 66.59 77.97 48.70 93.64 79.65 154.23 72.03 

36.40 52.33 59.49 44.16 56.01 43.50 S US 46.83 

l.41 1.33 1.35 1.45 1.28 1.18 1.27 1.67 

1.08 1.00 1.06 1.00 1.00 1.00 l.00 1.00 

107 



SAMPLINc PLAq 

Tracer: URANINE URANINE URANINE URANINE URANJNr:: 
Amount (kg): 5.000 3.000 3.000 0.500 

Injection Place: E E E E 
3.ooo 

Distance (m): 3,000 3,000 3,000 3,000 E 
3,ooo 

Injection Datdfime 710912/13.50 730908/15.00 750626/ 19.07 --660326/ 11.25 750906/13.15 

Integration Stan: -- - - n.m. 750906/13.15 
Integration Period (h): - - - - 104.75 
Q-Range (l/s): - - - - 2Jo-s,soo 
Reco\'ery Rate(%): 0.0 0.0 0.0 - 20.0 -First Appearance: n.d. n.d. n.d. n.m. 750907 0800 
h after Injection: - - - - 18.75 -
CO~CE~TTRATIO"\I PEAK 
Conc. (mg/m'): n.d. n.d. n.d. n.m. 39.400 
h after Injection: - - - - 22.75 
Date/Time: - - - - 750907 /12.00 

CO:'.\iCE~'TRATIO"\I CENTRE 
OFGRA\"JTY 
Conc. (mg/m'): n.d. n.d. n.d. n.m. 9.169 

h after lnjection: - - - - 36.86 

Date/Time: - - - - 750908/02.07 

LOAD MAX IM CM 
C"·Q (mglsr n.d. n.d. n.d. n.m. 14.617 

h aftcr 1 njcction: - - - - 22.75 

Date/Time: 750907 /12.00 ' - - - -

1 LOAD CE~TRE OF GRAVITY 
C"-Q Cmgl~;: n.d. n.d. n.d. n.m. 3.708 

h afrer Injc::ction: - - - - 34.48 

Date/Time: - - - - 750907/23.44 

FLOW VELOC!TltS (m/h) 

hnt Appearancc: - - - - 160.00 

Conc. Peak: - - - - J3 J.87 

Conc. Centrc of Gravity: - - - - 8JJ9 

Load ,\1aximum: - - - - 13 J.87 

Load Ccntn: of Gravity: - - - - 87.01 
-

TIME RAT/OS 
1.22 

'f,_„,,, J•„,_ff,: - - - -

T1.11.1J·1· • .J.rr' ,,,_ h;„i<: 
- - - - 1.00 

1 

-
SAMPLING PL/\CJ·:S -

RECOVERY RATl:S ("/,,) 
24.6 15.6 60.1 

Hammerbach Sprini;: 65.0 n.e. 

Schmclzbad1: 0.0 0.0 0.0 n.m. 20.0 

24.6 15.6 80.2 
Sum Total: 65.0 n.c. 
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scttMELZBACH 

URANINE 
URANINE 

3.000 3.000 

E E 

3,000 3,000 

77091 om.30 790908/ 14 .00 

--
--

-
0.0 0.0 

- n.d. n.d. 
--

-

n.d. n.d. 
--
--

n.d. n.d. 
-
-

n.d. n.d. 
-
-

n.d. n.d. 
-
--

URANINE 
3.000 

E 
3,000 

810905/14.45 

810905/14.45 

116.50 

109-128 

35.6 

810906/16.10 

25.42 

55.200 

41.25 

810907 /08.00 

17.624 

64.92 

810908/07.40 

7.066 

41.25 

810907/08.00 

2.059 

63.90 

810908/06.39 

118.02 

72.73 
46.21 

72.73 
46.95 

1.61 

~ - 1.00 

f-IAMME 
, RB~Ci-1 + SCI-IMELZBACH 

9.6 

o.o 

~ 

43.2 

0.0 

43.2 

34.6 

35.6 

70.2 

URAN!NE URANINE 
3.000 2.000 

SF SF 
3,325 3,325 

830910/ 13.25 870829/ 16.20 

- -
- -
- -

0.0 0.0 

n.d. n.d. 
- -

n.d. n.d. 
- -

- -

n.d. n.d. 
- -
- -

n.d. n.d. 
- -

- -

n.d. n.d. 
--
--

--
--
--
--
--

--
--

72.I 81.9 

o.o 0.0 

72.I 81.9 

URANINE URANINE URANINE 

2.000 3.000 1.000 

l E SF 

3,000 3,000 3,325 

880628/10.50 890902/ 14.17 910907/14.38 

- 890902/14.17 -

- 186.47 -
- 79-537 -

0.0 27.3 0.0 

n.d. 890903/03.00 n.d. 

- 12.72 -

n.d. 67.930 n.d. 

- 21.72 -

- 890903/12.00 -

n.d. H.-1-08 n.d. 

- 43.16 -
- 890904/09.27 -

n.d. 12.660 n.d. 
- 21.72 -
- 890903/ 12.00 -

n.d. 2.874 n.d. 
- 38.07 -
- 90904/04.21 -

- 235.85 -
- 138.12 -
- 69.51 -
- 138.12 -
- 78.80 -

- 1.70 -
- l.JC -

57.S 7o.2 70.4 
0.0 27.3 0.0 

;7.8 103.S 70.4 
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Tab. 5.15: Summary of all e;.•,i/u,1b/e tracing experiments since 1927 for chloride. Results for Hammerbach 
at sediment b,1m1ge upstre.1111 of E, J = ponor in the cave Lurgrotte about 100 m dou:11strcam of 

spring and Schmelzbach. lnjection places F = mazn prmor at entrance of Lttr'.',rolte in Semriach, SF = ponor 
E. n.d. = measured but not detected. Continuation p. 112-1 JJ. · ' 

SAMPLING PLACE [-!AMMERBACH SPRING 

Tracer: CHLORIDE CHLORIDE CHLORIDE CHLORIDE Cl ILORIDE CJ-lLORIDE CHLORIDE CHLORIDE CHLORIDE CHLORIDE CHLORIDE CHLORIDE CHLORIDE 

Amount (kg): 489.990 562.810 562.810 545.600 554.00Q 541.220 534.200 640.770 301.445 525.091 83.627 3CG.340 503.195 

Injection Placc: E E E E E E E SF E SF [ E SF 

Distancc (m): 3,080 3,080 3,080 3,080 3,080 3,080 3,080 3,340 3,080 3,340 3,080 3,080 3,340 

Injection Date/Time: 520510/06.20 710912/13.50 730908/15.00 750906/ l3 .15 770910/ 13.30 790908/ l3 .40 810905/ 13.30 830910/13.50 850831/ 13.45 870829/12.30 880628/ 10.50 890902/14.00 910907/13.15 

,_ 

Integration Starr: 520510/06.20 710912/13.50 730908/ l 5.00 750906/ l3 .15 770910/13.30 790908/ 13 .40 810905/13.30 830912/ 11.00 850831/ 13.45 870829/ 12.30 880629/ 16.30 890902/ 14.00 910907/13.15 

Integration Pcriod (h): 98.67 54.00 119.00 60.75 114.50 114.33 117.75 73.25 106.25 200.00 379.50 55.00 188.75 

Q-Range (l/s): 150-185 120-146 88-95 385-428 63-116 136-146 179-201 113-119 185-189 208-288 168-263 363-370 163-203 

Reco,·cry Rate (% ): 60.8 36.9 23.6 51.9 14.6 45.5 41.7 64.4 80.9 86.3 74.7 60.l 68.3 

First Appcarancc: 520511118.00 710913/20.00 730911/04.00 750907 /04.00 770912/22.00 790910/02 .30 810906/08.05 830912/15.10 850901/20.15 870830/18.30 880629/ 16.30 890903/01.30 910908/22.CO 

h after Injection: 35.67 30.17 61.00 14.75 56.50 36.83 18.58 49.33 30.50 30.00 30.33 11.50 32.75 

CO'.'\CE~TRAT!O.'\J PEAK 
Conc. (mg/I): 28.500 22.000 11.100 10.200 7.950 23.500 11.250 35.300 14.200 31.140 4.880 9.560 25.250 

h aftcr Injcction: 47.17 40.17 79.00 16.75 74.50 46.58 36.75 66.17 42.50 37.78 39.33 20.50 41.75 

Date/Time: 520512/05.30 710914/06.00 730911/22.00 750907 /06.00 770913/16.00 790910/12.15 810907 /02.15 830913/08.00 850902/08.15 870831/02.17 880630/01.30 890903/ 10.30 910909/07.0C 

1 
CO'.'\CE:'\.1TRA T!ON CENTRE i 
OFGRAVITY 
Conc. lmg/l): 8.931 6.470 3.880 3.318 2.613 6.083 3.139 11.235 3.627 8.278 1.127 2.664 5.501 

h after lnjcction: 51.52 49.75 89.390 25.72 85.08 60.36 55.48 76.63 59.54 51.54 58.14 27.84 65.44 

Date/Time: 520512/09.51 710914/15.35 730912/08.23 750907 /14.58 770914/02.35 
1
'790911/02.02 810907120.59 830913/18.28 850903/01.17 870831/ l 6.02 880630/20. l 8 890903/17.50 910910/06.·H 

LOAD MAXIMUM 
e·Q (mg/s): 4,639.000 2.772 1.055 3.927 0.748 3.196 2.020 4.095 2.670 6.726 1.283 3.537 4.679 

h after Injection: 44.67 40.17 79.00 16.75 80.50 ! 46.58 40.75 66.17 42.50 37.78 39.33 20.50 41.75 

Dm.:/Timc: 520512/03 .00 710914/06.00 730911/22.00 750907 /06.00 770913/22.00 790910/12.15 810907 /06.15 830913/08.00 850902/08.15 8 70831/02 .17 880630/01.30 890903/ 10.30 910909/07.00 

LOAD CI-.>JTRE OF GRA V!TY 1 

c·Qlmgls): 1,482.000 0.808 0.368 1.272 0.239 0.822 0.586 1.303 0.681 1.779 0.306 0.981 1.031 
h aftcr 1 n jecrion: 51.38 49.62 89.42 25.94 86.86 60.74 56.04 76.53 59.54 52.03 55.27 27.78 64.76 

Date/Time: 520512/09.43 710914/15.27 730912/08.25 750907/15.11 770914/04.22 i 790911102.24 810907 /21.32 830913/ 18.22 850908/01.17 87083[/16.32 88070!/17.26 890903/ l 7.47 9109l0106.01 

FLOW Vl:LOCITJES (mlh) 

First Appcarance: 86.35 102.09 50.49 208.81 54.51 83.63 165.77 67.71 100.98 111.33 101.55 267.83 10 l.98 
Conc. Peak: 65.30 76.67 38.99 183.88 41.34 

( 
66.12 83.81 50.48 72.47 8 l.41 78.3 l 154.24 80.00 

Conc. Ccntre of Gravity: 59.78 61.91 34.46 119.75 36.20 5 l.03 55.52 43.59 51.73 64.80 52.98 110.6.3 51.04 
Load Maximum: 68.95 76.67 38.99 183.88 38.26 66.12 75.58 50.48 72.47 8 l.41 78.31 154.24 80.00 
Load Ccntrc of Gravity: 59.95 62.07 34.44 118.74 35.46 50.71 54.96 43.64 51.73 64.19 55.73 l IO.S7 51.57 1r-

TIMERATJOS 

T r.onc-l'C"lk/l' 1: 1.32 1.33 1.30 1.14 1.32 1.27 1.98 l.34 1.39 l.26 1.30 1.78 l.28 

T f.,,,ul· PcJi•/T <:onvl'c.11-.: 0.95 1.00 1.00 1.00 J.08 1.00 1.11 l.00 1.00 1.00 l.00 l.00 1.00 ..._ 
1 
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SAMPLING PLAq scr-rMELZBACI-1 

Tracer: CHLORIDE CHLORIDE CHLORIDE CHLORIDE CI-ILOR!DJ: o-rLORIDE CHLORIDE CHLORIDE CHLORIDE CHLORIDE CHLORIDE CHLORIDE CHLORIDE 

Amount (kg): 489.990 562.810 562.810 545.600 554.ooo 54r.220 534.200 640.770 301.445 525.091 83.627 300.340 503.195 

lnjection Place: E E E E t E E SF E SF 1 E SF 

Distance (m): 3,000 3,000 3,000 3,000 J,ooo, 3,000 3,000 3,325 3,000 3,325 3,000 3,000 3,325 

1 

lnjection Date/Time: 520510/06.20 710912/13.50 730908/15.00 750906/13.15 770910113.~~0908/14.00 810905/13.30 830910/13.25 850831/14.10 870829/ 16.20 880628/10.50 890902/14.00 910907/14.38 

Integration Starr: 750906/13.15 810905/13.30 890902/ 14 .00 -- - - - - - - --
Integration Period (h): - - - 62.75 - 117.75 - - - - 559.00 --
Q-Range (l/s): 371-5,500 109-128 53-226 

Recovery Rate(%): 0.0 0.0 0.0 27.7 0.0 0.0 36.2 0.0 0.0 0.0 0.0 23.3 0.0 

First Appearance: n.d. n.d. n.d. 750907 /06.00 
n.~I n.d. 810906/18.00 n.d. n.d. n.d. n.d. 890903/03.00 n.d. 

h after Injection: - - - 16.75 - 28.50 - - - - 13.00 -

CONCENTRATION PEAK 
Conc. (mg/l): n.d. n.d. n.d. 6.000 n.d. n.d. 8.900 n.d. n.d. n.d_ n.d. 6.200 n.d_ 

h after lnjection: - - - 22.75 -1 - 42.50 - - - - 22.50 -

Date/Time: - - - 750907 /12.00 -[ - 810907/08.00 - - - - 890903/ 12.30 -

CONCENTRATION CENTRE 
! 

OFGRAVITY 
Conc. (mg/l): n.d. n.d. n.d. 1.582 n.d.: n.d. 2.968 n.d. n.d. n.d. n.d. 1.524 n.d. 

h after lnjection: - - - 31.30 - - 66.47 - - - - 33.05 -

Date/Time: - - - 750907120.33 - - 810907/07.58 - - - - 890903/23.DJ -

LOAD MAXIMUM 
CQ (mg/s): n.d. n.d. n.d. 3.330 n.d. n.d. 1.139 n.d. n.d. n.d. n.d. 1.155 n.d. 

h after Injection: - - - 30.75 - - 42.50 - - - - 22.50 -
1 

Date/Time: - - - 750907120.00 -1 - 810907 /08.00 - - - - 890903/12.30 -

LOAD CENTRE OF GRA VITY 1 
' 

CQ (mg/s): n.d. n.d. n.d. 0.936 11.d.1 n.d. 0.348 n.d. n.d. n.d. n.d. 0.291 n.d. 
h after lnjection: - - - 31.12 - - 65.30 - - - - 31.81 -
Date/Time: - - - 750907120.22 -· - 810908/06.48 - - - - 890903/21.48 -' 

1 

FLOW VELOCITIES (m/h) 1 

First Appearance: - - - 179.10 -1 - 105.26 - - - - 230.77 -
1 

Conc. Peak: - - - 131.87 -1 - 70.59 - - - - 133.33 -
Conc. Centre of Gravity: - - - 95.85 -1 - 45.13 - - - - 90.78 -
Load Maximum: - - - 97.56 - - 70.59 - - - 133.33 - -
Load Centre of Gravity: - - - 96.40 - - 45.94 - - - 9ü2 - -

TIMERATIOS 

l T Couc-l'c.>k/T 1: - - - 1.36 - l.49 - - - - l.73 -
Tf,o;i.J-l'cJk/T Conc-Pl.'Jk: 

- - - 1.35 - 1.00 - - - - l.00 -

Ei 1-IAtv 
SAMPLING PLAC · IMERBACH + SCHMELZBACH 

RECOVERY RATES(%) IJ Hammerbach Spring: 60.8 36.9 23.6 51.9 45.5 41.7 64.4 80.9 86.3 74.7 60.l 68.3 1 

Schmelzbach: 0.0 0.0 0.0 Q.C, o.o 0.0 0.0 0.0 0.0 '' ' 0.0 27.7 1 36.2 ,)._) 

Sum Total: 60.8 36.9 23.6 79.6 t4.i' 45.5 64.4 80.9 86.3 74.7 83.4 68.3 77.9 
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cxpcriments give rathcr different tracer rcsponses at thc spring ehe mcasured 
concentrations and calculated transic times (s. tab. 5.14 and 5.15) dcpcnding on thc 
hydrological conditions du ring the experiments. AJI time-conccntration curvcs are 
characterized by a long tailing part and oftcn by secoodary pcaks. Due to the fact 
that the curves obtained for the quasi-jdeal tracer chloride (not p lotted in fig. S.11 ) 
show thc same shape as those for uranine onecan dcduce that this long tailing part 
is not a result of traccr rctardation by Sorption and/o.r d iffusion. The.rcfore thc 
assumption scems tobe realiscic that the tracer responses reflect the superposition 
of differem cime-conccntration curves con-esponding eo different flow systems ( or 
flow paths) with different transit tirnes in the t Iammerbach aquifcr. Thi~ assumption 
was ehe basis for ehe marhematical mode.lling of the tracer concentratio n curves 
(s. chap. 6.1.). 

Only dt1ring chrcc tracin~ experimemi: with high er flow conditions ( 1975, 1981, 
1989) the trnccrs i.ojected mto the Lurbach sinkhole could also be dctccted in 
Schmeh·.bach spring. The normalizcd response wrves for uranim: arc plo ttcd in 
fig. 5. 12. Likc for tbe H ammerbach spring the tracer responscs rcflect thc super
positioo of different curves corresr,onding rn different flow systcms. fior the two 
expcriments with rhc highest disc 1arges of both karst springs in 1975 and mon: 
clearcly because of tbc shorter observation intervals in 1989 the fim superposed 
parts of thc curve with two peaks can be associated with two known flow paths: thc 
fi rst onc with thc shortcsr mmsit time represents the flow of Lurbach warer chrough 
the acccssible and du ring these experimenrs active part of the Lurgrotte, ehe sccond 
one the overflow from the Hammerbach to the Schmelzbach aq uifcr (R. B ENISCHKE 
& T. HARUM, J 990). In 1981 (experimcnt ar higher medium watcr conditions) the 
flow path through the accessible part of the cave was probably inactivc. 

\ 

' \ 
\ 

\ 

1.5 2 2.5 3 3.5 4 4.5 s 
Oays snce injectlon 

Fig. 5. 11: Hammerb,1eh spring: riormali~ed breaktbro1,gh c1trves for uraninc of all tracing 
experimetltS w11h mJt'ttions into the l ttrbttch sinkhole. 
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Fig. 5.12: Schmelzbach spring: normalized breakthrough cur'Ves for uranine of all trdcing 
experiments with injections into the Lurbach sinkhole. 

In fig. 5. l 3 thc mean discharges (computc<l as arithmetic mean of max.imum anJ 
rninimum dischargc) of thc J lammerbach spring (HB) are plocred against tbc 
corresponding l'racer recoveries (in% of injected tracer) for uranine and chloridc. 
Taking in to account all possible errors which can jnfluence ehe value of recovery 
(discharge measurement, tracer analyses, background fluctuacions of ehe chloride 
contents) the recovery rates of both tracers are weil comparable. This indicates that 
tracer losses for uran ine due to retardalion or diffusion effects are n~~ligible or due 
eo an ;iccidemal errnr both tracers show ncarly the same lasses for ditterent reasons 
(e.g. losses for uraninc due to adsorption and for chloride due ta a longer residence 
time af the high concentrated heavy salt solurion near the injection sice). , 

Figure 5.13 shaws that the recovery rates for bath tracers increase significantly 
wirh the discharge of the Hammerbach spring giving variations of the recovery rates 
between 10% (1977) and 100% (1989, totaJ recovery HB +SB). 

On the reccnt stage of thc investigations two possibilities of exp lanatio.n af this 
phenomenon or their combination are possible if we neglect tracer lasses by 
adsorption or diffusion: 

1) An imporrant portion of thc injected rracers is stored ar low water conditions 
ovcr a lon~cr time in microfissured zones, cave sediments andin inaccive karsr 
channels. This t!Xp lanation. seems tO be rcalistic comparing wich rbc rcsults of 
evaluation of the discharge dcplecion curves of input and output which indicate 
that an important portion af Lurbach water is stored over a longer time (s. chap. 
2.3.4.). 

2) A relatively constantJortion of water from the Hammerbach aquifer flows 
through microfissure zones in a diffuse way into the porous aquifer of the 
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fig. 5.13: Co17e/ation diagramrn of discbarges of the Hammerbach spring and rhe total cracer 
reCO'IJerics for uraninc and eh/aride al Hamme»bach and Schmelzbach spring of all iracing 
expcrirnents with injections into ehe Lurbach sinkho/e. 

quaternary filling in the Mur vallcy (cf. chap. 2.3.5. a.nd 2.3.6.). Thcrcforc the 
percentage of traccr losses is highcr at low water conditions. 

The transit timcs of the tracer uranine (expresscd by thc concemration peak in 
h after iojection) bctwecn thc Lurbach siokbolc and the Hammerbach spring as 
funcrion of the mean Jischargc of ehe spring (aod discharge extreme valucs du ring 
c.hc cxpcrimems) arc ploucd in fig. 5.14. The exponential function indicatcs that thc 
residencc time in thc kam aquifer dcpcnds sig1uficantly on Ulc spring discharge an<l 
varies betwcen 19 h (cxpcrimeor 1975 ac rugb water condiLions) and 75 h (expcnmcnt 
1973 wich ehe lowcsc discharges). The experiments w ith traccr deccction also in 
Schmelzbach arc markcd separarely in fig. 5. 14. lt is clcarly visible that t.hc uverOow 
from J-fammc!'b:tch to Schmelzbach aquifer is o nly active at higher d ischargcs. 

6. Application of Tracer Models 

6.1. Mathematical Modelling of Tracer Exper iments in the Karst of 
Lurbach System (P. MALOSZEWSKI, T. HARUM, R. BENISCI 1 Kr.) 

6.1.1. Introductio n 

Water Storage and water flow in karstic groundwatcr systems focus a lot of 
ac.cencion, especiall y i 11 tbc countries wberc drinking warer is mainl y obtained from 
the karst. Tbc cscimation of thc water volume in the karstic catchmcnt areas and 
thc predicrion of protecrion zones against contamination in thesurrounding of chosc 
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fig. 5.14: Cnrrclation dzi,gramm of discharges of the Hammerbach spri11g ttnd thc transit time (tracer 
concentration peak in h sincc irijcction) for uranine at Hammerbach sp1·ing of calculated 
from all tradng experimems with injectit:>ns inw the /,1trbach sinkhole. 

arcas p lay then a vcry important role. Experimental works Ln thc karst are mainly 
based on classical hydraulic methods in which the paramctcrs are obtained from 
analysing thc rccharge-discharge relarions (S. D RElSS, 1989, 'Ih. PFAff, 1987). 

For scvc.:ral ycars the applicability of environmental and artificial tracer incthods 
ha been permancntly incrca~ing (R. ß f.NJSCHKE et al, J 988, D . R ANK et al, 199 1, 
J.-F. Q UINl.AN et al, 1987). Espccially anific i::il tracer expcrimcnts have bccn alrcady 
widcly applicd. Scveral weil described rraccr expcriments performed in karst of 
diff crcm rypes can be found in rhe liter!lture (W. KAss, J 972, R. GoSPOOARlC & P. 
HAnlC, 1976, R. Gosr>OOARIC et ,tl., 1976, H. B EHRENS et al., 19S 1, A. MORI'IS & 
H. ZOJER, 1986). In most cases the purpose of thcse expcrimcnts was the 
dctcrmination of flow directions and/or hy<lraulic connecrio ns bcrween ii1jcccion 
and dctect ion sitcs. Unfortunately onl y some o f thesc cxpcrimcnrs lrnve been 
intcrprcted qt1antitativcly. T hc interpretatio n is usually mostly based on ehe mcrhod 
of momcnrs (A. KREFT & A. Z UBER, 1978)-applied direcdy eo ehe tracer conccnrrarion 
curvc o r on a .sin1plc o ne dimensio nal disper.sion model developed f or porous aquifers 
by A. L ENDA & A. ZUBER (t 970). 

It means that in most cases the transport parametcrs such as water velocicy (mean 
transit t ime of rracer) and clispersivity are bcing dctcrmincd without modcl calibration 
o r by calibration of an unadequate model, because the traccr 1.:onccntration curves 
in karst are charactcrized by strong tailing effect and often by several peaks. 

As shown by P. MAt.OSZEWSKI & A Z UBE.R (1990, l 992) ehe method of moments 
applied eo tbe t racer brcakthrough curvcs charactcrizcd by tailing cffcct provides 
a strong overestimation of longitudinal dispersivity and underestimation of wacer 
velocity. T he dispersivities obtained in this way range from hundred of mcters to 
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kilometers (I. STOB ER, 1988). Additionally these parameters used in onc dimensional 
dispersion modcl yicld the traccr breakthrough curvc far from ehe concentrations 
measured. Even by applying the fitting procedure, ehe simple one dimensional model 
cannot fit ehe tracer conccncration curve correctly. This means that thc model is not 
calibrated properly and,wnscquendy, not validated (s.P. MALOSZE.\'(fSKI &A. ZUBER, 
1992, for the definition of tbese terms). 

Thrcc approachcs have been proposed so far to deal wich ehe tailing cffect. The 
first consists of coupling of the dispersion equation for mobile wacer in conduit 
fractures with thc diffusion cquacion for stagnant water in thc microporous macrix 
(P. MALOS7.EWSKI &A. ZUBER, 1985). Thesecond coosists of considering rhc tracer 
curve as a result of supcrposition of several flow paths (A. Zumm, 1974, A. KRfü.'f 
et al„ 1974) and also different flow paths in series (R. ROGALSKI, 1988). The third 
is the combination of both above approaches (P. MALOSZEWSKJ & A. ZUBER, 1985, 
K.-P. SEILER et al„ 1989). In the presentworkthesecond appronch is employcd and 
furthcr developed for modelli ng tracer transport in t he karstic systcm of Lurbach. 

6.1.2. Math em atical Concept 

Most tracer expcrimcnts were performed in the karst of Lurbach sysecm under 
quasi stcady statccondicions, i.e„ thcdiscbarge of the I Iammerbach spri11gwas nearly 
conscanc du ring thc rrncer passage. The tracers were injectcd dircctly mro ehe Lurbach 
cre'1k cntcring the karstic syscem in a sink hole and observed in t'\VO karstic ourflows: 
Hammerbach and Schmelzbacb springs (s. chap. 5.). All tbc tracer curvcs obscrved 
wcre characterizcd by strong cailingcffects or even by additional peaks. Such effects 
cannot bc described only by single one dimensional dispersion model. Thc 
dctcnnination of transport paramccers usang any simple cstimation mcthod without 
model calibrations cannot y ield acceprable results. The shape of ehe traccr curves 
suggested ch:u ehe rracer is o·ansported in several parallel flow patbs (subsystcms). 
Thc idea of ehe traccr transporl is sbown in fig. 6.1. R. ROGAL<iKI ( 1988) employcd 
a modcl consiscing <>f two parallel Oow paths, whercas herc up eo five were possiblc. 

ENTRANCE 
TO THE SYSTEM 

N-1 

N 

1 KARSTIC 
SPRING 

F1g. 6.1: Hytlrulogical 111odel of the waterfluw thmugh drmnage cha1mels in tlu: karmr IJISlem. 
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J\ similar multiflow model was presented by A. Zuarn(l97~) and used by A. KRErr 
et al. ( 1974) for interprering rracer expcriments in fracrurcd karstified rocks. [n ehe 
prcsent work this approach is employed to karscic conduits. lt is assumcd that the 
tracer transport can be considered scparatcly for each flow path and that there are 
no imcractions between the Omv paths. Possiblc diffusion of traccr from thc mobile 
\vater imo the stagnant water in ehe microporous marrix and/ or in rcmporarlly 
nonactivc parts of ehe karstic system is neglccced. Under thcsc assumptions on each 
parallel Flow parh rhc rransport of an "ideal" (nonrcacrive) trncer is governcd by a 
onc dimensional dispcrsion model: 

D cFC; acj _ ac, 
' dx2 + v i ax - dt , (6.1) 

where C;(x,t)is the concentnuion of tracer in water, v, is the mcan watcr velocity, 
and D, is rhe d ispersion coefficicnt for thc i-th flow path. 'fhe molecular diffusio11 
in water in the comparison to the hydrodynamic dispersion is negligible duc to high 
w:uer velocities. Thc dispersion coefficient is then 

D; = a.;v1, (6.2) 

wherc a.; is defined as the dispersivity on the i-th flow path. 
Thc modcl assumes that ehe whole ma · · of tracer, M, instaocaneously inJeCted 

in timet= 0 at thc cntrance Lo the system, is thcrc weil mixcd and divide<l into N 
portions which immcdiately cnter thc N flow subsystems. This means thar the rracer 
rnass M, enccring each subsystern is proportional ro the volumerric flow rate Q, 
through clm subsystcm. All the flow paths mectagain in thc ourflow from thc sysrem 
(spr1ng) where instantaneous good mixing of ehe tracer cakcs placc. The conceprual 
flow modd is hown in fig. 6.2. Ttis clear t:har in nature some flow paths may originarc 
;rnd end somcwhcrc ln rhe systcm (s. fig. 6.1 ), but not like ·huwn in fig. 6.2. 
lndcpendenrly from thac, the model paramctcrs arc alw:iys related eo flow paths 
which bcgin in ehe sinkhole (injection site) an<l end in thc ourflow from ehe syscem 

01 1 C1 (t) 

M 1- to1,(vox)1 

IN PUT OUTPUT 

Q · r--- --1 c, (t) c (t) a 1 ( D ) i 1 1. -
M Mi L toi, vx i .J ... „ 

- - -- --

ON C N (t) 

t ON,( fx) N 
N 

MN 

lig. 6. 2: Thc concepu1al Jlow model. 
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(spring). Due to this fact, thc model has to beconsidcrcd :lS a rough af,proximation 
of the reality. The nurnber of possible flow subsystems N is one oft 1e parnmctcrs 
of the modcl and has w bc detennined du ring its calibratioo (fitting). The paramctcrs 
of thc modcl found from rhe traccr dara strongly depcod on ehe cailing parc of the 
traccr conceorration curve and the accuracy of its measuremcm. 111~ flow distanccs, 
x„ mcasu red berwcen the i njection <tnd detecrion site {sinkhole and spring, rcspccti
vely) can be different for diff erem flow paths and is not exacdy known. Due eo this 
fact it is always convcnient eo use as rransport pnrametcrs: the mean transit time 
of water to = x/v and the dispersion parametcr D/vx = alx. Assuming steady state 
flow condicions rhe mcan cransit cimc of water for thc i-th flow pach, r0,. is simultanc
ously equ.1! to rhc ratio of the volumc of warer V, to ehe volumcrric flow rn1e ol 
water Q, through the flow subsystem: 

t0; = x/v1 = V/Q, . (6.3) 

For an instant:incous injection descri bed hy the Dirac function 

C,(O,t) = M;/Qi · B(t) (6.4) 

rhe solution of eq. (6.'I) has the fo.Uowing form: 

C() M, 1 [ (l-t/t0Y J (6.s) 
; t = V, '147t (D/vx)t(t/t0;)3 . exp - 4 (D/vx), (t/to,) ' 

where 
(D/vx); = <J./x; (6.6) 

is thc dispersion parameter on ehe i-th flow path. 
The tracer conccncrarion measured in ehe omflow from thc system is ehe wcightcd 

mean conccntration from all flow paths 
N 

C(t)=,2: [Q ;C;(t)J/Q, 
' ~ 1 

(6.7) 

whcrc C,(t) is thc tracer output conccntration at the end of the i-th flow pnth and 
Q is the total discbarge mcasured in the karstic spring equal simultancously to the 
sum of partial flow rates: 

(6.8) 

lt can be deduced from cq. (6.7) that th c tracer concentration C;(t) at thc end of 
i- th flow path is d il uted by othcr flow paths 

Cm;(t) = QiCi(t)/Q . (6.9) 

Cm1(t) is now thc traccr conccntration from the i-th flow subsyscem obscrvcd in 
the outflow from tbc wholc system. Combining eq. (6.5) and (6.9) one obtain~: 

Cm
1
(t)=Mi 1 ·exp[- (l-c/tg,)l ] · (6 10) 

Q trd41t (D/vx);(tlto;)3 4 (D/vx), (t/to;) · 

Thc cocal output concentration (eq. 6.7) is the superposition of thc partial 
concentrations, cm.(t) 

N 
C (t) == I C"'; (t). 

i~t 
(6.1 1) 
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Thc thcoretical traccr recovery R obtaincd in the ourflow from rhe system is 

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

whcrcas thc partial cracer recovcries R; observed at ehe end of eacb i-ch flow path 
:ire calculaced using rhe same equation but insrea<l of Q and C(t) one has to use Q; 
and C,(t). By introducing eq. (6.9) into (6.12) one obcaios 

Ri=Q ·[C.11 (t)=M; . (6.13) 

Thc mass of cracer injected into i-th flow path, M„ can bc eben found using 
cq. (6.13) to tbc i-th tracer concentration curve measured in thc outflow from the 
whole systern. Thcorerically the sum of all partial recoveries is equal to ehe total 
recovery and to the rnass oftracer inj ected 

N 
R=LR;=M. 

i : J 
(6 .14) 

The mathcmatical flow model for the Lurbach systcm is described by eq. (6. lO) 
and (6. 11 ). 

Thc paramctcrs of ehe model are the number of flow subsystems (N) and the 
paramctcrs for each of theN flow paths. Each i-thflow path has its own mean transit 
time of water, t0;, dispersion parameter, (D/vx), and thc flow rate, Q,, rcprcscmed 
by thc mass of rracer, M,. 

6.1.3. Determination of the Parameters 

The solution of the inverse problem, i.c. thedetermination of all parametcrs from 
the traccr curvc c:mnot bc clone aULomatically duc to thc high number of unknowns. 
The solmion can be obcained by dividing step by step the experimental curvc ioto 
partial curvcs, starting by thc first peak of the e.xpcrimcnral curvc and looking for 
ehe best fit of thc t heoretical solution ( eq. 6.1 O) eo ehe concencracions mcasurcd at 
thc init.ial part of the curve. Ln the ncxt stcp this theoretical curve is subsrracted from 
die wholc craccr conccntration curvc and the proccdurc repeaccd until thc background 
conccntration is rcached. The number of flow subsystems N will then be autom:ui
cally found. As a rcsult of fitcing the parametcrs t0, and (O/vx)1 arc determined step 
by stcp for all Oow paths. The paramcter M, is cstimated ncxt, by applying cq. (6. 13) 
to the rurtial rheorctic.-il curves calcubccd with lrnown v;iluc." of to; and (D/vx)i. 
l'inally> thc wholc theorctical curve can bc calculated (eq. 6.11) and comparcd wich 
ehe experimental curvc. 

In pracrice, ehe total rccovery of cmccr (eq. 6.1 2) is very often smaller than the 
mnss injccted (M). Ln such a casc the reaJ rccoverics Ri have to be used instead of 
M1 in l!q. (6. l l) and (6.JO). 

Similarly, whcn ehe traccr curves are observed in scveral outflows from the karHic 
system, cach singlc outflow must be scparately considerc<l and R uscd instead of 
M. Thc ratio of i-th recovery R; to the total recovery R obscrved in ehe outflow 
produces thc porrion of tracer ri transporced through the i-th flow subsystem. 
Accordini eo ehe model assumption this quantity is equal ro ehe rauo of volumerric 
rlow r:itf' in i-rh flow parh Q. tn the wholc dischargc Q of ehe outflnw 

r;=R/ R=Q/ Q. (6.15) 
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From the above ~quation ir is clear that the cstimation of the r, parameter from 
thc recoveries racio enables to calculate the flow rates Q on each flow path (for known 
discharge Q) and then from eq. (6.3) the volumes of warer V, in different flow 
subsystcms 

V; = Q; · to;= r ; · Q · to; . (6.L6) 

The sum of V, is equal to the whole water volume V in the drainage channcls of 
rbc k:trsric systcm betwcen the sinkhole of creek and its outflow 

N 
V=I V; . 

.-1 

6.1.4. Results of ModeUing and Discussion 

(6.17) 

lt was mentioned carlier rhat rhe tracers were injectcd into the Lurbach creek 
(input) and obscrvcd in the outflows: T lammerbach :md Schmcl7.bach spriJlgs 
(ourputs). Twcnry traccr l'X'perimencs havc been pcrformcd sincc J 927 - thrce 
cxpcrimcms wcrc not complctcd but l 7 t1·accrconccmnuion curvcs wcre sufficicntly 
weil rccorclcd to be modellcd. The rr:icer passagc was dctccccd mainly in 
Hammerbach spring ( LS curves). Only ar discharges of the Hammerbach spring 
highcr th:m about 200 Vs, ehe traccr passage was also Jctecrcd in Schmcl1bach spring. 
This phcnomcn was obscrvcd in 1970, 1975, 1981, 1987 tO 1989 cxpcrimems (s. ch:\p. 
5.2.) but only two of them ( t 981and1989) could be modelled. ln J 9SS a rnultitraccr 
experimcnt wirh rhree "ideal" traccrs uraoine, bromiJc an<l cosin iojccred 
simulcancousl y was performcd by the ATT I-group. The rraccr curvcs oblaincd for 
uraninc and cosio have ncarly the same shape as tbat for bromide. 1 c shows rh,u rhc 
strong taaling cff ect observed in ehe experimcnts was not a rcsult of possible sorption 
or diffusion, buc can well be cxplained by thc Oow condirions. ln somc expcrimcnts 
ehe watcr samplcs werc collccted not long cnougb LO obtain thc wholc craccr curve 
and it was neccssary ro extrapol:ae rhe tailing parls. The discharge of Hammerbach 
pring was nearly consrant during mosr of expcriments (sready staLc conditions). 

Howcvcr, ehe mean dischargc was different from year to ycar (80-360 l/s). l11e rcsuhs 
of modclling for I fammerbach and Schmelzbach drainagc systems arc summ:lrizcd 
in tab. 6.1-6.9. The velocitics and dispcrsivities on diffcrem flow paths werc calculaccd 
assuming ehe same lcnghrs of the N flow pachs X; in each system separacely 
(x = 3. 1 km for Hammerbach ~nd x = 3.0 km for Schmelzbach). 

The modcl rroposed in this study yie1ds a good fit in all experiments. lt mcans 
char rhc modc was in all cascs properlycalibrated and that the ic.lca of multiflow 
sc-ems to bc appl icable for this systcm. Th..:' examples of model calculations for tracer 
cxpcrimems performcd in 1952, 1979 and 1988 are shown in fig. 6.3- 6.6. The final 
results of modclling can only bc discussed for H ammerbach systcm. There are not 
sufficient data for ehe Schrncl~bach syst•~rn to make any general conclusjons. 

6.1.4. l. Flow Paths 
1 n rhc Hammerbach syscem bctwecn three and five flow parhs (flow subsyscems) 

wcre found. Ic is qucstionablc if fivc flow paths rcally exist becausc ir is difficult ro 
modcl the cncJ parts of traccr curvc duc to low concentration, closc ro background. 
On rhc othcr hand, some cxperimcms, p;U'ticulary for low dischargc , wcre cnded 
too early and consequenrly ehe determination of all flow paths was nor possible. 
Howevcr, thc cxpcriment wich bromidc and uranioe in 1988 showed that up to five 
flow subsystcms probably cxist. 
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Tab. 6.1: Results of calc11/,1tions fm· Hammerb.ich syHem (lracers, mean transit mnes, Jispcrsivities 
on different flow pat.hs). FPl, FP2, FPJ, FP4 and FP5 = meati flow p11th 1, 1, 3, -1 and 
5; ") = cracer experime11t was ended to early anti the whole tracer rnrvc was not available. 

Year Tracer 
Mc:u1 uausir Li111t:s te, (Jays) DispcNivily a, (111) 

FPI FP2 FP3 FP4 FPS FPl rP2 FP3 FP4 f P5 

1952 Chloride 2,0 2.6 3.3 23.0 6.3 12.9 - -
1971 Uraninc 1.7 2.4 3.1 ~-) 25.0 16.5 16.5 - -
1973 Uranine 3.3 4.5 *) 24.3 13.9 - - -
1977 Uraninc 3.2 4.5 *) 20.5 28.3 - - -
1979 Urnoinc 2.0 2.6 3.4 4.6 - 20.6 6.6 23.2 13.6 -
1981 Uraninc 1.5 2.0 2.9 4.4 - LS.5 32.0 37.0 39.3 -
1983 Uraninc 2.8 3.6 5.0 ~·) 18.7 'l5.8 9.2 - -
1985 Amidor. 1.8 2.5 3.2 4.J 5.4 12.7 19.0 7.5 20.0 15.0 

1987 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 
1988 Uraninc: 1.7 2.2 2.9 3.6 4.3 lJ.6 16.5 14.3 7.5 6.5 

Eosin 1.7 2.2 2.8 '') 12.0 12.8 J 1.0 - -
1989 Uraninc 0.9 1.3 1.8 2.4 3.5 27.0 27.5 26.0 30.0 40.0 

1991 Uraninc 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 19.5 22.0 30.0 

'J'ab. 6.2: ReSHlts of calc11/acions for Hammerbach system (mean Jischarge during experi
mcnc, portum of tract:r and meanJ'.arti4l voiumctric flow rates for d1ß'crcm fl.ow 
s11bsJ•Stcms). FPl, FP2, FPJ, FP4 a11 FP5 = mean flo'l.;J path 1, 2, J, 4 and 5; '>) = trace1· 
expemnent was ended to early and the whole tratt-ret1rue wm not tiva1/able; 11 = brotrnde: 
'' = cb/or1de; •I = 11rani11e; •> = eosin. 

Yenr 
McanQ Ponion of tracer r, Mcan partial flow rares Q, (l/s) 

(l/s) FPl FP2 rP3 FP4 fP5 FPl FP2 rPJ PP4 FPS 

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 21.3 - -
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 Q.69 0.09 0.15 0.07 - 97.3 12.7 21.2 9.9 -
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 0.07 'l-) 75.4 32.5 8.t - -
1985 186.0 0.55 0.18 0.09 0.11 0.07 102.3 33.5 16.7 20.5 13.0 

1987 200.0 0.53 0.23 0.17 0.07 106.0 46.0 34.0 14.0 

182.0bl O.<l9 0.13 0.09 0.03 0.06 125.6 23.7 16.4 5.5 11.l 
1988 182.0"1 0.64 0.21 0.09 0.03 0.02 116.5 38.2 16.4 5.5 3.6 

182.0<l 0.74 0.18 0.08 *) 134.7 32.8 14.6 - -

1989 360.0 0.44 0.30 0.15 0.07 0.03 158..1 108.0 54.0 25.2 10.8 

1991 
185.ov> 0.47 0.19 0.12 0.12 0.09 87.0 35.2 22.2 22.2 16.7 
185.Q<l 0.51 0.17 0.15 0. 11 0.06 94.4 31.5 27.S 20.4 11.1 
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T.1b. 6.3: Rcsult.s of clliculattons for l lammerb,1c:b system (toral volume of water in thr >ystcm, 
mean partial TJolumes of warer in different flow rnbsysrems and mettn watervelocittes 
ofwater). FPJ, FP2, FPJ, Ff'4and FP5 = mean flow path /, l, 3, 4 and 5. 

Total V 
Mcan partial wacer volumes V; Mean waccr \•clociry v, 

Year (IQl m3) (m/h) 
(103 m') FPl FP2 FP3 FP4 FPS FPl FP2 FPJ 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 4J.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.<J 14·.3 9.2 7.5 4.9 - 83.3 64.6 44.4 29.2 

1983 32.J 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 L.7 4.7 75.4 58.6 45.8 36. I 25.8 
1988 33.9 18.4 8.1 4.3 1.8 1.4 76.3 57.S 44.5 35.5 30.0 

32.1 2 1.5 6.8 3.7 - - 76.0 57.4 45.4 
1989 39.0 l l.5 11.7 7.6 5.0 3.0 150.0 l03.2 72.9 54.2 36.7 

1991 43.7 14.3 7.8 6.6 8.J 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 

Tab. 6. -1: Rem/es of calwlations {or Schmehbach system (tracers, meun tmnsu 1m1es, disperriv1ties 
on diffc:remflow path>}. FPJ, FP2, Fl'J, FP4 and FP5 = meanflow path !, 2, 3, 4 and 
5; ') = 1racerexper1mem waH!mled lO early and ehe whole Lmtercuroe u1as not a1Jailable. 

Ycar Tracer 
Mean rransit tim~ (days) Dispersivity (m) 

FJ>I rr2 PP3 FP4 FP5 FPl l1P2 rP3 FP4 PPS 
1981 Ur.uiinc 1.8 2.8 4.3 ") 50.0 55.0 42.0 - -
1989 Uran.ine 1.0 1.6 2.4 4.2 0.7 49.4 39.5 42.0 60.0 3.7 

Tab. 6. 5: Remlts of calc11/11tiuns for Schmelzbach ~stem (mean discbm-ge during cxpemmmt, portion 
oftracer and mean partial volumetri.c jlow rates for different flow paths). FI' !, FP2, FPJ, 
Fl'4mzdFP5 =me1mflow path 1, 2, 3, 4 aml 5; *)= tracerexperiment wascnded to carly 
aud thc whole tracerwrve was 11ot available. 

Mi!anQ Portion of cracer Menn panial flow rntcs (l/s) 
Ycar (l/s) FPI FP2 PP3 FP4 fP5 FPl FP2 PP3 r:p4 f P5 
1981 112.0 0.39 0..32 0.29 '1-) 43.7 35.8 32.5 - -
1989 152.0 0.52 0.23 0.13 0.1 J 0.02 79.0 35.0 19.8 15.2 3.0 

Tab. 6.6: Results of calculatwns for Schmelzbach syst11m (Iota! volume of water in thc: sysrem, merm 
partial voluml's of w.zter in different /low suhsyscems and mean waterveloc1lies of watet). 
FPJ, FP2, TPJ, f P4 tmd FP5 = meaTJ jl11w path 1, 1, 3. 4 and 5. 

Total V 
Mcan partial water volumes V, Mean water vdociry V, 

Year (iOl ml) (m/h) 
( 101 m1) 

f'Pl PP2 FP3 FP4 FP5 FPI PP2 FP3 1~P4 FP5 
1981 28.0 7.0 8.6 12A - - 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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Fig. 6.J: The calculated (solid line) a11d observed (rromglc) mrcer cc>ncentration cuT"Ues for the 

expenme11t peiformed in 1951 with eh/aride (dashed lines corrrsprmd ro the pc1rti,J rnro<'s). 
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Fig. 6.4: 'fhe calculated (solid tine) and observed (mangle) tracer concentration curves for tbe 

e:i..periment perf ormed in 1919 with uranine ( dashed lines corre$fJond 10 thc partUil mrves). 
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HAMMERBACH (1988) 
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Fig. 6.5: The cafc14/ated (solid line) and obserued (triangle) tracer concentraiicm curues for thc 
experimellt performed in 1988 witb uranine ( dashed lines corrcspond to the partiale ur vcs). 
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rig. 6.6: Tbc calc11lated (solid line) and obserued (tritmgle) tracer concentration mroes Jor tbe 
cxpemnent pcrformed in 1988 with bromide ( dasbed lines correspond to the partial mrves). 
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6.1.4.2. Dispcrsivities 
The dispersiviLics obrained for different flow paths are summarize<l in rab. 6.1. 

Table 6.7 includcs thcir mean values. Figurcs 6.7-6. 10 show a rclarivcly low scancr 
of dispersivity valucs for different flow paths. This scaLtcr incrcascs from 10-25 m 
for thc t 11 flow path to $-40 m for thc 4.i, flow parh. The mean values calculated 
scparatcly for cach flow path diff er not so much ( 19.9-24.7 m). Thc dispcrsivities 
are gcnerally indcpcndcm from rhe discharge (s. Cig. 6.7-6.10). Thc avcrnge valuc.! 
of all dispersivirics is abouc 20 m. 

Trtb. 6.7: Mean dispersivities on the different flow pnths and the average dispersivity for the 
!Inmmerbacb 11n-d Schmelzbachsystems. FPl, FP2, FPJ, }1>4 and FP5 = mean flow path 
! , 2, J, 4 and 5. 

System 
Dispersivity (m) 

Total Y:P l FP2 fP3 FP4 FPS 

1 [ammcrbach 19.4 l8.4 17.2 l8.8 22.3 24.8 

Schmelzbach 49.0 49.7 47.3 42.0 

6.1.4.3. Mcan Transit Times 
The mean tr:msit times and water velocities vary very strongly but the general 

trcnd is that to, decreases {v1 increases) with increasing discharge Q (s. fig. 6.1 l ). The 
mean transit time for the whole system is calculated as 

N N 
t0 =V /Q =).: V/Q = .L (r; · to,) . 

• ~ 1 1 1 
(6.18) 

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

rccovcries, wcre uscd to calculacc thefartial Aow ratcs Q; (s. rab. 6.2) and thcn, taking 
t°', to cstirnatc the parti.il volumes o water V, and the wholc volumc of warer V in 
thc systcm (s. tab. 6.3). Figures 6.12-6.14 show that V, arc oearly indcpenclcnt from 
rhc discharge Q. Figurc 6. l5 suggcsrs chat the total volunw uf water V may dcpend 
on thc discharge Q for lower Q values. Howcvcr <tll experimcnts with low discharges 
were fin.ishcd roo early and thc additional flow paths could noc be foun<l. 'l'hc rough 
approximation of the missing parcs of thl! traccr brl!akthrough curvcs and 
rcintcrprctation of those expcriments showcd chat the wholc watcr volumc V shoulcl 
bc also considered as constant with rising <lischargc (s. fig. 6.15). 

lt ·ecms rhat for thc dischargc variation betwccn 80 and 400 l/s the whole <lrainage 
sysccm is always saturatcd and has the total caracity for watcr limilcd [O ehe volumc 
of about 40 x LO' m3. Thc arithmeric mcans o V, calcul;ucd for differenr flow paths 
and rheir sums {undcrstood as the maximum watcr volume in rhc systcm) arc 
summarized in lab. 6.8. 

Thc waccr volume in Schmelzbach systcm is estim:ncd lO bc about26 x 10' m3. 

The wholc drainagc pan of ehe k:irstic system benveen ehe Lurbach-sinkhole aod 
ehe Hammerbach and Schmelzbach springs has about 65 x 101 m'. Thc watcr volumes 
in thc Hammerbach and Schmelzbach drrunagc systems are shown in fig. 6.16 :ind 
6.17. 
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Fig. 6.7: DispersiviLies aobtained. for the 1" flow path in experiments with different discl1arge Q. 
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fig. 6.8: Dtspersivilies a obtained for the l""d flow ptith in experiments w1th dijf ere11L discharge Q. 
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DISPERSIVllY IN PATH 3 
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Fig. 6.9: Dispersivities a obtainedfor the 3„ flow pctth in experiments with different discharge Q. 
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F1g. 6.10: Dispersivities a obtained for the 4•h flow path in experiments with different discharge Q. 
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Fig. 6.11: Mean transiL time of the H arnmerbach system (solid line) and partial cransit times on 
dißerent flow paths 1is a f1mction of discharge Q. 
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Fig. 6.12: Volume of watcr Jo1md in tbe J• flow path of Hammerbach syjtem as a fimairm of 
discharge Q. 
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PATH2 - VOLUMEOFWATER 
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Ftg. 6.1 J: Volume of water found in tht! 2"' flow pa1.h of l lammerbach system as a f1mction of 
discharge Q. 
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Fig. 6. 14: Volmne of water found in the 3"' flnw path of Hammerbach tystcm as a f1mction of 
discharge Q. 
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VOLUME OF WATER IN THE SYSTEM 
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Fig. 6. J 5: The whole vo"4me of water in lhe drainage channels of Hmnmerbach system as a ftmction 
of discharge Q ( triangles represent results from experiments which were finishet! 10 early; 
empty •quares are estimated water volumes in those expen"mems). 

Tab. 6.8: Maximum total and mean partial water volumes in drainage systems of l/ammerbach 
and Schmelzbach. tPJ, FP2, FPJ, FP4 and FP5 = me.m flow pach 1, 2, J, 4 arid .5. 

Volume of water in 10' ml 
System 

Total( max) PPI FP2 FP3 FP4 PP5 

1 (ammcrboch 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. Prcdiction of Tracer Transport 

Thc linear rcgrcssion analysis applied to the H ammerbachsystem showed tbat 
the partial flow rares Q; can wicl1 a satisfactory accuracy be cstimated as a linear 
funcrion of thc total discbarge Q: 

Qj=f(Q) = ßj . Q . (6. 19) 

Rcsults of thc calculatioo of ßi forilic fow·flow subsystems are showo in fig. 6.18-
6.21 and agree well with the mean values of ri found from individual experiments 
(Tab. 6.9). 

As thc system was found tobe always saturatec.l, eq. (6.19) givcs the possibiliry 
to pred icr tbe mean transit time of water for single f1ow paths for diffcrcnc steady 
state flow co.nditions. Taking additionall y into account ncarly coostant dispcrsiv1tics 
for different flow paths, the model proposed in this study can be used to predict 
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HAMM ERBACH 

MAXIMAL VOLUME OF WATER: 40000 m3 

VOLUME OF WATER IN EACH FLOW PATH (m3) : 

5000 (12.5%) 
5 

4 
5300 (13.3%)~••1 16200 (40.5%) 
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2 
Fig. 6.16; Schcmaticdiag»am ofwater balancc in tbe !Jammerbach d7•ain,ige symm1. 

SCHMELZBACH 

TOTAL VOLUME OF WATER appr. 25500 m3 

VOLUME OF WATER IN EACH FLOW PATH (m3) : 

7300 (28.6%) 

8300 (32.5%) 

2 
Fig. 6,17; Scbematicdiagl'<t.rn o/wa1er b,dance in thr Schmelzbach d1·aiuage sy>tem. 
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PATH 1 -VOLUMETRIC FLOW RATE 
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Fig. 6. f 8: Partial dischflrges in 1he /" flow pflth as a fimction of the whole disch,1rge Q / = f(Q) 

approximated 11sing linear regremon. 
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Fig. 6.19: Partial discharges m the 2"' flow path as a functi.on of the who/e discharge Q2 = f(Q) 
approximated ming Lineai· regression. 
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PATH 3 - VOLUMETRIC FLOW RATE 
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fig. 6.20: Partial discharges in the 3'" flow path as a f unclion of the whole discharge Q, = f(Q) 

approximated usi11g linear regression. 
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Fig. 6. 21: Partial discharges in the 4u. flow path as a frmction of the whole discharge Q4 = f(Q) 

approximated 1tsing linear regremon. 
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Tab. 6.9: Mean portiun~ of volumetricflow rates Q (discharge)jlowing through diffcrc11tflow 
subsystems in dramagc systems of Ilammerbach an.dSchmelzbach. FPJ, FP2, FPJ, FP4 
1.md FP5 = mca11 flow path 1, 2, 3, 4 and 5. 

System 
Portion of discharge in flow paths 

Toral rPl FP2 FP3 FP4 PPS 
[Jammerbach l.O 0.55 0.22 0.12 0.07 0.04 

Schmelzbach 1.0 0.45 0.27 0.21 0.06 0.01 

the travel time of conservativc solute (tracer or pollutant) in thc Lurbach system 
for any statc of stcady flow, i.e. for an.y Q jf th.is Q can be assumed as constant du ring 
the solutc travcl. 

6.2. Modelling of Environmental Tracer Data 
(I>. MALOS%EWSKI, T. H AHUM, H. ZOJER) 

6.2.1. ln troduction 

The idea of the grnundwatcr flow through a karstic catchmcnt systeni was 
prcscnrcd by R. ßENISCHKEetal. (1988),K.-P. SEILF.Retal. (1989) and D. RA.\IK et 
al. ( 1992) and is shown hcre in fig. 6.22. Generally, a karstic rescrvoir is approxim:ned 
by rwo diff crent flow systems. 

The first system consists of a fissurcd-porous aquifer and has to bc considcrec.l 
as a double porosity medium includ.ing mobile water flowing through rhe fissures 
and quasi stagnant wacer, or stagnant, in the microporous m:itrix. The surface of 

INPUT- PRECIPITATEO (INFILTRATED> WATER 

FISSURED-POROUS 
AQUIFER 
vp . tt <top> 

DRAINAGE CHANNELS 
Vc . toc ...._ ___________ c (t ) 

OUTPUT
KARSTIC SPRING 

Q(t)=Qc(t)+Qp(t) 

Fig. 6.22: Conccptunl modcl of tbe waterf/ow in the karsciccatchment area (a{Ler D. RANK et al., 
7992). 
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ehe systcm is in mosc cases ehe recharge zone of the caechmcm arca. This system 
may be parrially unsatur.lCed and havc a much greatcr scorage volume chan thc sccond 
one. Thc tracer flow through tbis systcm is described by ehe <lispersion-convection 
rr:rnsport cquacion co~pled with the ciiffusion term describing diff usivc cxchange 
of trat:cr betwceo mobile and stagnant water (P. MAl 1SZtWSKI & A. ZUBER, 1984, 
1991 ). The sccond systcm consiscs of thc drainagc channcls. Thcy can bc connected 
dircctly witb thc surface of the catchmenc area through ehe sinkholcs. Thc Storage 
volumc of this system is rclacively small and ehe watcr flow vcry rapid. The tracer 
transporr can be approximated by the piston flow model (t.1king into considcration 
thc environmental cracc.r data) or by thc dispcrsion model (for artificial traccr 
experimcnts). 

Thc cnviro11meotal traccr data were collecccd in ehe arca under invcscigation mainly 
for a bctter w1derstanding of the circulation of water in rhc system an<l for a 
quantitative estimation of the water stot<1ge volumcs in different parts of lhc system. 
'l'hc mathcmntical modclling of the watcr flow chrough ehe drainagc parr of thc systcm 
was performed on the basis of inform\ltion obtaincd from rhc artificial tracer 
experiments described in detail in the previous chaptcr. This means that thc <lrai nage 
pan of the systcm was considercd as known for the modclling of cnvironmcncal 
tracer data. 

6.2.2. Basic Hydrologie Information 

According to informacion given in chap. 2.3. the whole catchmenc arca ofTannebcn 
(S,. = 22.8 km2} consists of schists of low perrneability in the Lurbach catchmcnt 
area (Sts = 14.5 km2) and of the karst massif of ehe Tanneben Plateau (SrL = 8.3 km1

) . 

Tbc whole catcbment area of Tanneben is drained by two karstic springs 
Hammerbach and Schmelzbach wich the mean dischargc QHs = 192 l/s and 
Q5 = 97 l/s, respectively. 

Assuming that tbe whole groundwater system is closcd {thcrc is no underground 
water inflow or outflow) thc mean yearly infiltration rate of J = 400 mmh can be 
easily calculared from ehe sum of both discharges and thc surfacc of the catchmcm 
area. For rhc rncan annual precipitation equaJ to 900 mm/a it yields thc mean 
evapotranspi ration of about 500 mm/a which agrecs rcasonably wirb calculated 
440 mm/:i based on the classical method after TuRC (s. chap. 2.3.6.). 

Assu ming thc rncan infiltracion rate as constant on the w hole su rface of Tanncben, 
thc volumctric flow rate of water infiltrating in the Tanncben Plateau and flowing 
thrnugh thc karst massif into both spri.ngs is csti mated to bc QrL - 1 · SJ>L - ·105 l/s. 
'fhe watcr infiltrating through the surface oJ the LLi rbach catcb111ent arca is collccted 
by thc Lutbach crcek and inflows wich Q u3 : 184 l/s (computed from the water 
balance cguation, s. chap. 2.3.) dircctly through the sink.hole into thc drainage channcl 
systerns of Hammerbach and Schmelzbach springs. 

The mean discharge of cach spring consists of two watcr components: first -
Lurbach crcek water, and second- water infiltrating in the Tanncbcn platcau and 
flowing rhrough the karst massif. 

6.2.3. Environmental Tracer Data 

Thc measurements of the enviromnental tracer tricium werc usc<l to cscimate water 
volumcs in thc karst massif of the Tao.neben plateau andin the porous-fissured aquifer 
of rhe Lurbach catchment arca. The uitium input function C;n1,(t) was cakulatcd 
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for each year as a yearly wcighted mean based on the simpleinfiltrarion model given 
by G.H. DAVfS et al. (1967): 

(6.20) 

where P; is the mean monrhly prccipitation amount, C; the tritillm content in pre
cipitation and CX; the infiltration cocfficient for the i-th month, respectively. J t is as
sumed that the infiltration coefficients have the constant values CXs and aw in two 
periods: surnmer (from April to September i = 4, 9) and wintcr (from October to 
March i =- 10,3), respectively. and that thesc values do notcha.nge from year to year. 
For the hydrological situat1011 in tbe Tanneben catchment area the summer to wiu
ter infiltration coefficient was assumed a = a5/ aw = 0.5. J. GRABCZAK et al. ("I 984) 
have shown that if a ~ 0.4, i:he result of modclling is nearly independent of the as
sumed valuc of (Y.. Tbc input function was calculated for tbe period 1950-1990 ta
king monthly precipitation amounts from the meteorologicalstation of Frohnlei
ten (about20 km to N in the Mur valley) and tbe tritium contents in precipitati01J 
for thc Vienna station. 

The output functions, C 00,(t) wcre thc tritium concentrations in the water 
outflowing from different parts of tbe system: in the Lurbach creek. at the sinkhole, 
in thc Hammerbach and Schmelzbach springs andin a small spring(Laurins spring) 
in the vicinity of the Schmelzbach spriJ1g. 

6.2.4. Math em atical Modelling 

ror the ground watcr system be.i11g in a stead y state ( constant volumetric flow 
rate Q through the system and constant volume of water V in the system) the re
lation berween input and output environmcntal tracer conccntrations is given by 
thc wc.ll known convolution integral (P. M ALOSZJ!.WSJU & A. ZUBER, 1982) 

(6.21) 

wbere A. is the radioacrivc dccay constant (0.0564 a 1 for tritium) and g(i:) is the so
called weighcing funccion or transit time distribuüo11 function which for the di
spersion model is (P. MAl.OSZEWS.KI & A. ZuBJm, 1984): 

(:t - 1. 1 • [- (1 -1:/ti}l J 
ei ('t) - 1: [ 47t (Po)' (i:/t1)Jll2 cxp 4 (Po)" (i:/ti) ' (6.22) 

where t1 is thc mean t ransit time of traccr and (P0)' is the artificial dispetsion pa
ramcter describing ehe vari:rnce of the distribucion of the transit tim es. Both para
mcters are thefitting parameters of tbe model . Their values are fou nd by fitting the 
rheoretici.ll ourpur concentrations calculated using eq. (6.21) with (6.22) to thc tri
tium conccntrations measured in thc outpur. 

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

(6.23) 

where vm is the volume of the mobile watcr in thc systcm. 1n a karst massif consi
<lered as a double-porosity medium the mean transit time of tracer t 1 can be used 
to estimate the total volume of water in the system (V,01), i.e. thc sum of the mobile 
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watcr in karstificd fissures (Vm) and the stagnant water jn the micropornus rock ma
trix CV.m) 

(6.24) 

'fhe abovc equ:Hion is valid only when tbe mean tr:rnsit time of walcr is loog 
cnough (Co grc:ncr than about onc year), see P. MA l.OSZl:.W KI & A. Z UBER ( 1 <.J$4). 
After dcLermining the mean transit time of traccr (or water) from the environmcntal 
tracer data it is easy ro finJ thc volume of watcr in thc systcm by applyini:; eq. (6.23) 
or (6.24) for ehe known volumetric flow rate chrough Lhc syscem Q. Thc surf ace 
of thc c:nchmenc area ($), ehe mean total porosity (n), and lhe mcan Lhickncss of 
thc aquifcr (H) arc relatc<l by: 

H = Qt,(Sn). (6.25) 

6.2.5. Results of Modelling 

Thc best fit of t:hc thcorccjcal tritium ompur curvc to Lhc conccnrrarions mcasurcd 
in Lu rbach creek, sbown in fig. 6.23, was obrnined wich {t,)1.n = 4 a :incl (P1,) = 0. 15. 
ßyapplying eq. (6.24) 10 tbe mcan discharge of Lurbachcrcck Q1 n = 184 l/s it yiclds 
the mcan roral volumc of watcr (sragnant and mobile) in chis porous-fissurcd 
cacchmcnt urca of abour Yts = 23.2 x 106 m3• ror rhc aquifcr thickncss of 4-6 m and 
thc cacchmcnt :irca of 14.5 krn2, ehe mean total porosiry of weathered 7one of schiscs 
calculatcd from cq. (6.25) is n = 0.3 which agrces wcU with ehe estimaced from Lhc 
geological data. 

f n borh karstic springs rhe inrerpretation of tricium daca is morc complicated 
bccausc ehe oucput concentracions result from mixing of two different flow 
componcnts. Thc Laurios spring which collects water only from thc karst massif 
(frcc of additional compoaents) has shown the mcan cransit cirne of traccr of about 
40 a (s. fig. 6.24) . UnfortunalCly rhjs pring is not rcprescntacivc for ehe wholc karsi 
masstf. The total mcan volumccric flow rare of watcr through d1c karst massif was 
cstimatcd to bc Q l'L = 105 l/s but this wacer flux is divi<lcd into tW(l componeots 
(Qp1) 1 m and (Ql'l )s of thc Hammcrbachand Schmelzbach springs, respcctivcly. Thc 
:mificial rrnccr cxpcrirnents have shown that Schmelzbach watcr is frcc of rhc Lurhach 
creek w:ner as long as the discharge of Hammerbach spring was lowcr than 200 l/s. 
This finding allows eo calculatc rhe mcan disch.irge of Schmelzbach spring resuhing 
from ehe infiltr:nion of wacer into ehe Tannebcn placcau (Qr•i)s as cqual to <1bour 
35 l/s. Conscquently, ehe rcst 0f water flux given as 

(QrJ1-lR = QPL -(Q11L)s = (105 - 35) = 70 l/s 

is ehe water flux rhrough the karst massif flowing to thc Hammerbach spring. The 
mcan discharge in the Schmelzbach spring was Q~ = 97 l/s giving a port1on of Lur
b:ich creek water in this spring equal to 

(QLB)s = Qs-(Qvds = (97 - 35) = 62 l/s. 

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

(QLH)1rn = QLs - (Q LB)s = (184 - 62) = 122 l/s. 

Taking into accounL critium concemrations mcasurcd in thc Schmelzbach spring 
only whcn ehe dischargeof ehe Hammerbach spring was lower thcn 200 l/s, thc mean 

139 



LURBACH CREEK 

300 
T = 4.0a 

:j D/vx=0.15 
.....,: 

~ 

:E 200 
::::> 
i= 
ä: 
1-

100 

0-1-~~~~"1-~~~~-1-~~~~-1-~~~..---1-~---,.--~~ 

1970 1974 1978 1982 1986 1990 
TIME IN YEARS 

Fig, 6. 23: Theoretic,1/ 'H-011tp11t co1Zcentrarion curve obtained as the best fit to the concentrations 
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Fig. 6.26: Them·etu:ai' 11-outpm concentration curve obtained as ehe best fit to the conccntrations 
measuretl during base flow condiuons in the Hammerba<.h spring. 
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transinimc of traccr cqu,1J lO 30a was found (s. fig. 6.25). Itshows that thc dischargc 
of rhc Schmel7.bach :.p1ing - which is drciining the part of thc karst massif like the 
Laurins pring - bas evcn at low flow conditions (i.e. without connection to thc 
H ammerbach :.ystcm) a younger wacer component than thc Lauri ns spring. This 
youngcr componcm probably consists of waredrom the two sinkholes Katzenbach 
am! Eisgrube thcir connection wich the Schmelzbach spring being provcd by tracing 
experimcnts (s. chap. 5.2.). 

TANNEBEN CATCHMENT AREA 

S = 22.8 km2 

1 = 400 mm /a 

TANNEBEN PLATEAU 
(Karst Massil) 

S : 8.3 km2 V„: 139.10e m3 Q PE' 105 l/s 
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1 Vw• 106•10
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m
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l 
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v„ 25 • 103 m3 
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LURBACH CATCHMENT 

., , 

Hammerbach Drainage 

Channels 

Fig. 6.27· The rese1voir features of the Tanncben karst.ü: cauhment basin fo1md ttsing tmiflwil 
and mvironmental tracer data (s. text). 
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The volumc of water in the sysrem observed from thc Schmelzbach spring was 
then calculated tobe 

(Vpds = 33. l x 106 mJ . 

In thc Hammerbach spring the mixing of two componcms (Lurbach and karst 
massif watcr) is pcrmancmly observed. The mean cransit time of tr itium found there 
was equal to 20 a (the best fit curve is shown in fig. 6.26). A ·swning ehe good m.ixing 
of w:iter in thc spring, the mean transit time is thc wcighted mean value of the transit 
ti mcs of two w::itcr components 

(tr)ttll = [(Qu~)m · (t,)u, + (QrL)11a · (t1hu ml/Q11u · (6.26) 

After rearrangcments thc mean transit time of waccr component flowing through 
ehe karst massif to ehe Hammerbach spring is 

(t,)pLflß = [(tJ111.1 · Q1 rn -(Q1.s)1rn · (t1)u1J/(Qi>iJ11u. (6.27) 

Putting (tJnn = 20 a, (t,h.n = 4 a, QHn = 192 l/s, (Qu1) 1 rn = 122 l/s a11d (Q1,L)Ho = 
70 l/s one obtains finally (t1)i•urn = 48 a. lt yields frorn ~9: (6.2. 4) thc volume of watcr 
in thc karst massif systcm of thc Hammerbach spring (V1,1.)111b equal to 106 x 106 m3• 

The total volumeof water in the kantmassifV1.1,, t he sum of (V1•1.)1ILI and (Vn)5, 

is about 139 x 106 ml. For the mean thickncss of karst massif of 340 m ehe total 
porosity of 4.9% (water saturated- mobile and stagn:rnt) can be estimated from 
eq. (6.25). 

Finally. ir is intercsti.og to point out tbat ehe ratio of waLcr fluxe!- throu~h the 
karsr massif m ehe water fluxes chrough ehe drninagc channcls was ncarly l : 2 
( 105 : 184 ), whcreas the r:ujo of the warer volumcs in rhe karst massiI to rhe watcr 
voluancs in the drainagechannels was about 2,000: 1 ( 139,000: 65). figurc 6.27 shows 
rhe conccpcual model with the valucs of wacer fluxcs and w:ner scoragc volumes 
in the area undcr invcstigation. 

7. Summary and Condusions 

7.1. General Remarks (H. ZOJER) 

The common use of environmcntal and artificial tracer mcthocls has bceo 
incorporatcd i nto ehe concept of karst water rcscarch in rhe i nvcstigatcd area. 1 t shows 
vcry clcarly, that rra.cet srudies are imponant adjuncrs eo other more t:onvcmional 
mctho<ls. All thcse considcrations lead to thcir mcthodologicnl :ipplication in cwo 
main ficlds of karst hy<lrogeology, t.he calculation of subsurface water stornge and 
rhe localiz:uion of rechargc areas of springs and wells. 1 n chil> rcfcrcncc quantitative 
aspccts ia k:irst hydrogcology c!ln bc obtained in creacing u-.\ccr modcls cxprcssed 
as a mass transport. 

Thc rcsults of :irtificial tracing experimencs on the one hand and envirnnmental 
tracer studies on ehe other simulate some conrradiccions, since tracers are usually 
injccted at locations with a quick watcr input from thc surfacc. This gives thc 
impression of a short subsurface turnover time, but not representing tbe general 
infiltration conditions in the total rccharge area. The cnvironmeotal tracers on the 
other hand, mcasured ar the outlets of the system, refcr to ehe whole drainagc and 
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to the total aquifer. Therefore a separation of individual rcchargc from local sites 
is not possible on the basis of natural tracers. 

7.2. Geology and Karst Development (R. BENISCHKF.) 

Thegeological background of thestudy (s. eh~. 2.1.) area with a rhicksequcncc 
of very pure lirncstones (Schöckel limcstone) offers ehe best presupposirions for 
an imcnsc karstification. Thc limits of i'lc karstification in ehe area are sct by the 
surrouoding gcological units ~ in ehe S (Minerbachn'aschen) or in ehe E (basin of 
Semriach) wirb an upliftcd parc of schists. Also in ehe underground (visible in rhe 
cavc Lurgrone) chcre are sornc parts which show rhat rhc karstificacioo has reached 
at sevcral placcs the gcological basis. 

KarstifJcation must have al first karsrifiable rocks whcre it acts in ics initial state 
mainly by corrosion, later on if greater drainage paths cou ld be developcd the 
i nflucncc of linear erosion iocreases and becomes dominant ovcr corrosion in tbc 
case of vadose flow. Suchparts can be seen very weil in the cave Lurgrotte. 

But karsrifiable rocks arc not sufficient for karst dcvclopment (s. chap. 2.2.). There 
must bc also a hydroulic gradient which keepi; the water in ehe aquifcr flowing. Thjs 
will happcn du ring landscape evolution whercat thc local or regional basc lcvcl will 
be lowcred ( originating from tcctonic movemcnts or du ring tectonic stable rimes 
only by linear crosion). These alccrnacing proccsses of stabiliry and crosional phascs 
lcad to thc devclopment of alticudinal lcvels (plains, terraces) and thcrefore to ehe 
Jcvclopmcnt of hori7onta1 caves bound to disrincc horizons. This c:m be seen very 
weil in ehe prccif)icc of thc Peggauer Wand wich its numcrous cavcs. The main 
acccssible cavc gn lcrics developed during the intcrglacials with their cxccssive amoum 
of watcr dun.ng melting pcriods. Such prucesses favoured ehe karst1fication becausc 
thc arca ncvcr was glaciared but was wirhin tbe periglacial arc at ehe eastern and 
southeastcrn border of ehe Alps. Each time a horizomal cavc system was developed 
the next erosional phase in the foreland iniciated a retrogressivc underground 
karstiJication lcading to a step-likc Jevclopment (comp. the thrcc main lcvels in ehe 
Lurgrottc). Dcviacions from Lhis clear proccss are caused by lithological differcnccs 
of tbe bcdrock (kaxstification acts diffcrentl y on pure limestone or limcstonc shale) 
or ehe prcdominancc uf tcctonic structures, wh1ch can stimulate tlw rctrogrc sivc 
erosion or corrosion at thc time tbey are included into tbis proccss. In any casc thesc 
processes Jead after an initial phase to a self-amplification, i.e. that a dominant active 
flow path drains rnore and more thc minor channds, cherefore it can bc cnlarged 
more than thc ocher. The Lurgrotterepresents the final rcsult ot this prot:ess, whereas 
thc I Jammerbach spring with its phreatic system bebind the outlet shows still a 
youngcr stage of dcvcJoprnent or becamc phreatic again during and after 
.lccumularion of the Würm cerrace (ehe Mur valley was erodcd to a dcepcr levcl 
before). 

Bccause ehe karstifiablc rocks reach significantly below ehe prcscnt valley floor 
and duc eo thc observed karsrification stacus it is possiblc chat a part of ehe 
Hammerbach systcm drains directly or through <leeper zoncs of ehe limestone 
basemcnt eo ehe porous aquifcr of ehe Mur valley (s. chap. 7.3.). 

Thc knowledgc abouc underground karscific:nion is hmiccd eo acccssible caves 
- abouc 300 nre registercd and explored-hucumü now ic was not possiblc eo access 
thc top of ehe phrearic zonc, becausc all p:trts of the cave Lurgrottc and otht::r caves 
going decpcr are blocked by scdimems or they are narrow unpassable joint-bound 
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passages. The Blasloch near the upper emrance of thc Lurgrotte in Semriach cnds 
about 60 m below the level of tl1e Lurbach in astill vad ose part whkh confirms rhar 
the phrcatic zone must lie deeper. All the prcscntlyactive sinkholes in rhe Lurbach 
bed or 1n the cave Lurgrotte cannot be fo!lowcd further, but after thc discovery of 
the Blasloch and other caves in the nonh-faced wooded s lo pe of ehe Tanncb"n it 
seems that there ex.ist several other cavc systcms wich their enrrances today coverc<l 
by blocks or debris which are unaccessible by cavers. Somc of them act easily as 
sinkho le11 (as found near the sediment b,u-ra.ge upstream of tbe upper entrancc of 
the Lut·grotte in Semriach). The Blasloch is only a representative exarnple for o lder 
stagcs of karstification in tbar area. lt se1:111s that the wholc gorge- likc part of ehe 
lower Lurbach down to the entrance of the L urgrone o rigin,tted from si1cccssive 
break-down or an o ld cave sysrem. 

Thereforc the Lurbach reclrnrgcs rh.rough a number of s inkholcs (older now 
broken-down cave passages) rbc karst massif. ß ecause ir springs in a schist arca the 
type can be classified ro be an allogenic recharge, which is probably rhc main source. 
Others :u the nonhcrn slopc of ehe Eichbergare of minor significancc. On rhc top 
of rbe karsL massif there is over cxrcnded areas a thick covcr of rertiary Sediments, 
which leads to a diffuse recharge into underground. Betwcen thcm cxist some 
rrnnsitional types which are not explicitdy classif1ed hcre. Sediment fillu1gs witll 
high percentage of fine graincd componems (clay, silr etc.) known from ehe Lurgrotte 
or from excavations in dolines show rhat thc scdimcnts contribute also rö rctardation 
of infiltration water as micro-fosutes do. This is indicated by significantly langer 
t ransi t ti mes. of tracers injected at thc rop of the karst massif and by the isotopic 
composition of percolation waters (representing much older components in the 
caves). 

There are still open questions about thc detailcd develop1ncm of ehe surfacc anJ 
underground drainage system during t he t:Ourse of time. An example is the 
Bassgraben, the uppermost patt of the ß adlgrabcn, which crosses a Schöckel 
limestonc area. lt is known that this small stream running in bedrock disappears 
often near ehe juncrjon of thc Mühlbachgraben (a Lributary from the N) aLa significant 
W-E running faul t 'l.one, btn it is not known whether ehe wace1· contributes to the 
Schmelzbach in the L urgotte or o nly ro rhi:: Badlgrabcn. If it coutributes to ehe 
Sd1111ell\bach this would requ.ire a rcvision of thc water bnlance (but from the 
rel;uivcly small catchmen r tt rea nf the Bassgraben o nl y to a minor extent). Orher 
questions are about detaiJs of the beheading of ehe upper Lurbach in thc basin of 
Semriach and its rclationshjp to karst devclopment in gener;tJ and particularly to 
cave devclopnient at the eastern bordet of lhe karsl massif. 

7.3. Conclusions from the Tracing Experiments (R. BENtSCHKr~) 

Conclusion on t racer m ethods: 
As it was poinred out in chap. 5. and as r.he results of thc tracing experiment 1988 

show it is absolutely necessary to standardize the analytical m ethods and to 
observe caref ully aoalytical boundary conditions. In some cases the variations 
in ehe resultS are up to l 00% and morc. lt is clear that such variations can also be 
taken as examplcs what problems and wlrnt analytical re11trictions can arise. lt shows 
furthcrmorc that parricuhtrly bacteriolog.ical and/or chemical comaminated waters 
causes a lot of problems like dcgradation effetts, that im proper storage conditions 
of samples or coo long storage Ümcs prior to analysis give wrong results. For example, 
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undcr the assumption that onJy one laboratory would havc analyud onc tracer 
probably crroneous rcsults would be obtained. Subsequently this would lcad to a 
wrong intcrpretation and later on to wrong ideas on the hydrogeological condicions 
of the study area, and to a wrong basis for calculations uscd in mathematical 
modelling. 

Again, standardized methods for sampling, storage, sample treatment, 
analytics and t ime of anlysis have tobe established, otherwisc cxperimcnts can 
fail and all tbe eff ort :md expenses would be senseless. 

Conclusions on regiona l conditions: 
All tracing experimcms carried out since 1927 increased thc knowledge about 

dra.inage paths in the undcrground. Thc results contributcd to knowlcdgc on thc 
regional and local distribution of traccts and thereforc of infiltration watcrs. New 
resulrs from tracing experimems lead to increase<l efforts i11 spcleological 
invcstigations to vcrify these results directly. Thercfore thc rcsults of spdcologicnl 
rcsearch will contribute to the know-ledgc about the underground drainagc systcm 
but is limited to accessible cave passages. But nevertheless - as rbe discovcry of the 
Blaslochshows - surpri.scs are always possible. lt is of intcrest but still not known 
in detail that thc diversion z.onc for overflow possibilities from the Hammerbach 
sysrem to ehe Schmelzbach must bc siruated in ehe rcgion abovc the Schmelzbach 
spring (SU). This was indicated al first by tracing experimcms. What wc can sec 
dircctly is rhc cxisccncc of scveral overflow channels (all siruatcd at rhe southcrn 
side of ehe cave gaUcrics) which become succcssively activc undcr increasing discharge 
(abovc 200 l/s) of thc 1 Iammerbach spring, bur all attcmpts to acccss thosc channels 
faücd until now. Direcr explorations of ehe narrow siphon tu bes (likc Schmelzbacb 
spring in 1967 or ehe Hammerbach ouuet in the fonics and again 1964) cnded cither 
in roo narrow rubcs or rhc watcr was eo turbid and thercforc i r was too dangcrous 
to enforce an access. 

A gcneralized scheme is given in fig. 7.1, which summarizcs all thc available results 
of tracing cxperiments and the proved drainage conneccions bctwccn input and 
output points. 

7.4. Karst Aquifer Hydrodynamics and Storage (T. HARUM) 

The karst massif of Tannrben is being drained primarily by rwo karst SP,rings, 
Hammerbach and Schmelzbach, whichdrain two karst aquifers with rarhcr d1Hcrent 
hydrodynamic charactcristics a.nd discharge fluctuations. Thc results of thc water 
balancc (s. chap. 2.3.6.) show a relntively high real evapotranspiration with approx. 
50% of thc mean annual precipitarjon duc to rhe dcnsel y forested karst plateau wich 
dolines fillcd by tertiary scdimcnts with lowcr infiltration capacity in compari on 
witb alpine karst plateaus withour vegetation. A dcficit in ehe w:uer balnncc of abouc 
7% may bc duc to small amounts of exfiltrationimo the porous aquifcr in rhc Mur 
valley, a coo short obscrvation period and/or errors in calculation of arcal prccipitation 
and cvapmranspiracion. 

Conccrning the hydrn<l yoamic con<litions three typical hydrological states can 
be deduced corresponding to threc clearly disti.nguishablc flow paths in the karst 
systcm not excluding possible minor flow systems (s. chap. 2.3.): 

1) At clischarges below the mean annual discharge of Hammerbach (about 200 l/s) 
both aquifcr systems are completely separated. In rhis casc thr Hammerbach spring 
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is <lraining thc total disclMrgc of rhe Lurbach sink hole (c:uchmcm arca 14.5 km:) 
and ehe southcrn parc of the karstified plarcau of Tanncben (approx. 35% of total 
spring discharge). The isolatcd Schmelzbach aquifer drains thc northern part of 
rhe plareau and two sinkholes wirh smalJ discharges. Under these conditions 
therc cxists no conncction between the sinkhole of Lurbach and tbe two 
springs in the lower partof the Lurgrotte (Schmelzbach spring and Laurins 
spring). 

2) The ovcrflow from the Hamincrbach to the Schmelzbach aqui.fcr bccomcs activc 
at flow ratcs of ehe Hanunerbach spring higher than ehe mean annual discharge. 
Undcr these conditions the Schmelzbach spring is draining a portion of the 
watcr (mcan portion approx. 33%) from the Lurbach catcbment area (basin 
of Se1ru·iach). 

3) Extreme floods take three different flow paths in the underground. The greatest 
portion of Lurbacb watcr flows directly through thc accessiblc cavc, rcsurges 
in the Schmelzbach at the cave entrancc in Peggau and causes its extreme discharge 
fluctuations. A second portion flows tbrough the sinkholes in the hi gh er part 
of rhe cave ro the J iammcrbach aquifer where it is oncc morc scpai:atcd into two 
components, one flowi.ng to the outlet of theHammerbach sprjng and ehe other 
tbrough thc ovcrflow zone to the Schmelzbach spring. 

The Laurins sprin~ beingpermanently isolated from SchmeJzbach and Hammer
bachsystem is draining waters from the unsarurntcd zonc of thc northcrn part of 
the karst massif. 

The results of numerous tracing experimcnts carried out in the invcsti~ation arca 
with injections into ehe Lurbach sinkhole showcd cbat the flow velociries (VIK'i. = 
0.99- 3.94 km/d, VMmu+J = 0.86-2.13 km/ d) depenJ significamly 011 thc discharge 
of thc H:unmcrbach spring (s. chap. 5.2.). Only during threc cxpcrimcnrs at high 
warer conditions thc tracers injected could also bc detcctcd in Schmelzbach spring 
(VpuJ. = 1.75-3.3 1 krn/J, V.,,011t•d = 1.11-1.95 krn/d). Thc rntal rccoverics of thc quasi
ideal u-accrs uranine and chloride increase with the discharge of the Hammerbach 
spring (from 15.6% at low water cond itions up to 100%) which indicarcs rhat a 
portion of thc traccd water is storcd ovcr a langer time in microfissurec.I zones anc.I 
cave scdiments at low water conditions and/or a nearly constant portion is flowing 
in a diffuse way in dccpcr parts of the Hammerbach aqu ife r into t:he porous aquifcr 
in the Quatcrnary filli ng of the Mur valley. 

Thc shapc of all traccr brcakrhrough curvcs at borh karst springs with long railing 
parrs and somctimcs visible additional peaks indicatcs that thcy consisr of a 
supcrposiuon of different curves correspondin~ to different flow parhs (flow 
systcms). Concerning thc Schmelzbachsystem rwo different only cpisodically activc 
flow paths arc known {overflow zonc from ehe Hammerbach nquif cr nnd direct 
flow through the accessible pan of rbe cave). Independent from thc tracer uscd thc 
results of mu<lclling or tbc breakthrough curves disringuish bcrwccn thrcc and fivc 
llow paths fo r rhe Himmerb~ch systcm with different flow velocities and warcr 
volumes (s. chap. 6. 1 .). The last twO flow p<1ths are disputable due tO the difficultics 
of modelling ehe.: end pans of the brcakthrough curves with low conccncracions closc 
eo the background. 

Additional conclusions on the hydrodynamic conditions in both karst aquifers 
could be drawn on ehe occasjon of a floo<l event du ring ehe period of the tracing 
expcrimcnt of thc ATH-group in June/July 1988, where thc contcnts of sclcctcd 
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chcmicnl paramctcrs and the scablc isotope 110 could be mca urcd from snmplcs 
taken 111 shon incervals at the input (Lurbach sinkholc) an<l outpuc (Hammcrhach, 
Schmeb~bach and Laurin:; spring). The flucruacions of rhcse naturnl rr:icers du ring 
thc runoff cvcnt gave informations abom ehe processes of mixing of evcnr wacer 
with "older" rcscrvoir water and pistoo effccts (s. chap. 4.). Thc: Oood of Lurbacb 
arrived ac ehe sinkholc onc day ahcr thc injcctions. Thc traccrs arrivcd - hydraulically 
stimulated -at thc 1 laiumerbach oudet in the s:ime time as the dischargc of the spring 
increascd am! cxccedcd after short time the "ovcrAow lcvcl „ of 200 l/s. N cvcrthelcss 
all injected dissolved tracers could not be dececce<l in Schmelzbach spring (s. chap. 
5.1.). On thc contrary the hydrncherrucal parametcrs rncasurc<l dunng the runoff 
event and thc appcarancc of the undissolvcd (floatins) trncers, like microsphcres 
and phagcs, in Schmelzbach spring indicatcd thac dunng ehe flood Lurbach watcr 
was fl.o~ing to thc Schmelzbach spri!1g t~rough tl~e overflow :rnne (s. ch~p. 4. a~d 
5. 1.). [h1s proves that thc .wne of ep1sod1cally acc1ve overOow rnust bc snuated 111 
ehe uppcr parc of the H ammerbach aquifer. 

'l'hc flow components in the discharges of both k:.mt springs wcrc separateJ by 
mcaos of crwiromnenraJ isotopes and chcmical parameters (s. chap. 4.4.). Tht volumcs 
of cvent warer (originating dlrcctly from Lurbach) compuced for ehe pcriod of rhe 
runoff cvcnl were in the range of about 42% of thc total flow volume for 
Hammerbach and 46% for Schmelzbach. These results agree weil wich thcvolumes 
of rhc first flow path computed by modelling of thc tracer brcakthrough curvt:s of 
all cvaluablc tracing experiments (s. chap. 6.1., Hammerbach 41 %, Schmelzbach 
29% ). lt can bc assumcd, chcrcforc, that this event water volumc c.'llcubtcd rcprescnts 
tbe portion of Lurbacb warer (input) which flows wich short rccar<lation through 
grcaccr karst channcls corresponding to the first flow pachs FP 1 of Hammerbach 
and also Schmelzbach sysrem respcccively eo ehe outlcts (s. chap. 6.1.). But the rcsulrs 
with natural and anificial tracers (s. chap. 3„ 4. and 5.) an<l of thc evaluation of 
dischargc rccessions of i.npur and outpuc (s. chap. 2.3.4.) indiratc also that an importanr 
porrion of Lurbacb watcr is stored ovcr a langer time in microfissurcd zoncs and 
cavc sedimcnts. 

Thc tracing experimcnts with injcctions into the activc Lurbach sinkhole (j.e. 
injections dircccly imo rhc karst aquifcr) and the short-tcrm irwcstigations with 
natural Lrncers c:m only give informations about the flow conditions and residencc 
times of thc youngest flow compooents of thc karsc massi f witb rclatively high flow 
vck1ciries nor including components with long rcsidcncc rimcs nod quasistagnam 
watcr componcnts (i.e. water which can only be discharged hyclr:iulically stimulntcd) 
in thc unsamrated zone (thickness 300-350 m). The comparison of thc rcsulcs of 
tracing cxperiincnts with those of the isotopic invcstigarions (s. chap. 3.4. ancl 6.2.) 
show that only a small amount of precipitacion watcr infilmning on thc forcsted 
karst platcau reaches with shorter resideni.;e time the flow channcls of thc saturarcd 
zonc. Tracing expcriments with injecri.ons in dolines on the platcau gavc in spite 
of thc long obscrvation period only recovery rates in the range of 2-3% with flow 
velocities ofVpuk= 151-168 m/d and V,emmi.1= 48- 106 m/d (s. chap. 5.2.). The mean 
rcsidencc timcs of rhe waters from the unsaturated i.onc computed by modelling 
of thc tritium data (40 a for the Laurins spring, 48 a for ehe oldcr flow component 
of ehe Hammerbach spring, total flow o{ thc 1 Iammcrbach spring 20 a induding 
the 4 a of ehe inputof Lurbach, 30 afor theSchmclzbachspring fo r periods wichout 
conncction with the H ammerbachsystem) confirm chac a bigh porcion of prccipi
cation watcr infiltratcd on the karst platcau is being scorcd over a loni;cr time in 
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microfissured zoncs, finc-clastic cave sediments and in periodically inact.ivc cave 
parts (s. chap. 6.2.). Thc Laurins spring representing rhis rype of flow wich high 
rcsidencc times computed from ehe tritium data after a langer observation period 
without flucruacions of the 180-contents on the other hand showed a suddcn 
incrt:asing of oxygenc-18 at stable discharges during a cold wimer period wichout 
karst water recharge by precipicacion or snow melt. This "contradiccion" to tbc results 
with critium (if ehe exponcntial model is valid, no seasona1 180-fluctuations occur 
for water wich mean residence timcs older than - 5 a) indic:ues that the different 
flow components in the thick unsaturated zone are not weil mixed, the increasing 
of 180 could be explaincd by thc omflowing of older summ er prccipitacion water. 

The volume of water scored in the unsarurated zone of the karst massif is escimatcd 
by rhe isotopic invcstigarions tobe abour 2000 times higber tban thc water volumcs 
111 rhe drainage ch:mncls. The total volume of watcr stored in rhe karsl massif 
compute<l by the isotopic investigations is about 139 x l06 m3 corresponding to a 
total porosity of 4.9% and ehe mean residence cimcs rncmioned bcforc (s. chap. 6.2.). 
The analysis of disch:irgc recessions by means of an exponcntial function after 
E. MAILLliT (l 905) givcs as result a 93 times smaller volumc of only 1.5 x 101• m ) 
corrcsponding eo a dcplction time of ehe karst rcscrvoii:s of ;ibour 600 days (s. chap. 
2.3.4.). These resulcs seem tobe conrradiccory bur they can be weil cxplaincd for 
two reasons: 

1) In conlrasl ro ehe analysis of discharge retessions including only ehe watcrvolumc 
which can flow out without hydraulic stimulncion ehe volumc computed by 
modelling of the isotope darn includes also quasistagoant water which can onl y 
be discharged un<ler increasing hydraulic hcad. Taking into accounc the high 
thickncss of ehe unsacurated zonc of ehe karsc massif (abouc 300-350 m) aml 1..he 
fact that ehe volume of greater flow channels in karsc massifs is usually significantly 
smaller chan ehe volumc of the microfissured less permeable zones ehe diffcrem:e 
secms to bc explicahle. 

2) Thc warer volumc calculated from ehe discharge recessions corresponds to an 
effective porosity of < 0.1 %, a vaJue which sccms coo low. An cxplication could 
be th.at thc discharge rcccssion periods wichout input duc to prccipitation or snow 
meh are usually too short in humid dimares like jn the area undcr invcstigation. 
lt can be assumcd, thcrcfore, thac the longest discharge recessions (30 Jays in the 
case of Lurbach sysccm) ineludc still parts of the karsc rescrvoir with srccpcr 
recession limbs which do not reflc-ct ehe reservoir depletjon funccion of the 
rescrvoir parts wich ehe highcstscorage capacity. The comp:trison of thc dcplction 
cocfficicncs of ehe Lurbach sysrcm wich. chose computc:J from long dischargc 
recession lirnbs of karst springs in thc semiaride climare of Cenrral and Eastern 
Pcloponncsus (A. Moru1L'i & H. ZOJER, 1986) shows that ehe dcpletion coefficients 
o[ rhcsc springs menrioncd ar last are panially about 10 times lowcr rcflecrin~ 
the depletion charnctcristics of thc reservoir parts wich highcr Storage capacicy 
more significamly. 

A summary of the results of the research srudy of the Lurbach kam aquifer shows 
rhat an intensive knowledge of the hydrodynamic conditions in karst aquif ers with 
extremcly different residcnce rimcs of the flow sysrems i only possible by combi
nation of various hydrogcological mechods each of ehern giving only partial infom1a
tions about the flow conditions and flow systems of the karst aquifer. Conccrning 
future hydrogeological investigations in karsc regions an inrensification primarily 
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of samplingprograms with measuremcnt of environmental tracers (hydrochemistry, 
environmenral isotopes) in shorr intcrvals, the execution of tracing experiments at 
different hydrological condicions and last but not least intensive hydrological 
observations wich hjgh accuracy seem neccssary in order to extcnd our knowledge 
of thc complex flow conditions. 

7.5. Recharge Area of Springs (I-f. ZOJER) 

The localization of recharge by means of combined rracer methods may be 
considcred as an essenrial hydrogeological application. The altitude cffect of the 
stable oxygen isotope has been used to determine -.it least relarively - the mcan 
t:lcvation of rechJrge areas between rhe shallow groundwatcr of rhe Mur valley and 
rhe basin of Semriach. The long-tenn chemical analyses including the cnlculacion 
of saruration indiccs hclp togcther wich ehe knowledge of lirhological scrucrures 
to dist:ingujsh the ti.me-dependend rangeof th.e underground distributiou oflurbach 
lO Hanuncrbach am! Schmelzbach sysrem. Finally, ehe ti:acing cxperimcnts solved 
a nu m bcr of qucsrions wich rcgard tO loca 1 undcrgrou nd conncctions ( e.g. Eisgn1 bc, 
Kat:Genbach etc.). 

The recbarge area of Lurlnch can be easily determined by the geological and 
roorphological Features. The mean alcitude is located at about 870 m and. the in
filt:rar1on capacity is vcry limiced because of finc wcathered material of the tmderlaying 
schist formation effeccing a high part of surface flow. These circumstances might 
b~ rhe reason that thc mean .'80-valuc of Lurbach cannot be supposed as represent
anvc for rhc whole runoff of thecatchment area. Thc subsurface runoff of a however 
local NW-part of the basin is represented by ehe drainage outlet in the Eisgrube 
(Fig. 3. 9) due to expectcd lower extent of fluctuations. 

The subsurface distribucion of Lu1·bach in the Tan.neben karst massif is do
cumented by chemical and isotopic data i_n a good coincidence. H ammerbach 
generally shows a mixture of infiltration from the Tanneben plateau and Lurbach 
input, as it is illustrated infig. 3.7 as a tnixture of surfacc water and karst watcrfrom 
the unsaturated zone. The mean altitude of Hammerbach recharge is therefore only 
sJjghtly lower than that of Lurbach. Concerning the Schmelzbach the.re exist seasonaJ 
variatioo.s of the recharge dynamics. During winter time and generally at lowwater 
conclitions Schmelzbach is alimentated from the .karst plateau and shows similar 
cbaracteristics like Laurins spring(pc0 2, CafMg ratio). In case of temporary overflow 
the hydrodynamjc paramcters change, Ca-contcnt decreascs duc to dilucion effect, 
thc same occurs for Pco2 according to theincreasing influence of surface water and 
the oxygen-18 curves of H + S become a parallel course. 

Laurins spr ing on the other hand shows a supersaturation with respecr to calctte 
deriving from rclatively high offer of carboo dioxidc during the vegetation period. 
No mixture with surface water can be stated by the chemistry. 

7.6. Future Aspects (H. ZOJER) 

For future aspccts in karst hydrogeology rhe combined use of tracer methods 
should be still more incorporated in scientific and applied studies. lt is evident, that 
a big progrcss bas becn madc in this particular field within the last decade, a critical 
comparison with other h ydrological mcthod is essential for the futtu-e. 
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A11othcr point which has tobe stressed is ehe dcvelopment of models. As mosr 
of the tracers are dissolved solids or- likc isotopes - arc insertcd inLO the atom ic 
strucnire lhe transport of mass must be solvcd on a mathematical - physical basis. 
By modelling il can bc described more detailed the undoubdy big differcnces in 
thc flow dyn:imics cxprcsscd by various Oow components. 

The knowlcdgc of rcgubritics in karst water flow can be obraincd successfully 
by thc inveStigation of short-tcrm events (storm evenr, snow melt evcnt) and analysis 
of die hydrogmph rccession. Same demands on this occasion arc- if possiblc-in 
siru <letcction of investigate<l parameters, or to selcct most appropriatc time intervalls 
for wntcrsampling. 
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