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Qualifative tracer tests are w.·eJ lo determine flow conneclions f!tlwttn accessible input and output 
poifllS and /0 delineale kurs/ drainage basins for Tf!COnnaissono> studit'!i. Quantilalil'(' rtsis, which 
measure the amor"'t of tracer recovered O>"tr time und the /to .. · (disr:harge) of 1M input and ou1pul 
saurres, provide additiQllOI insighl Imo /he flow p~ and mn:hanisms wi1/tln 1/rl! aquifer. The 
procesres acting on a ro~rvaifre lractr determine the shaJ)<' or pallern of 1/re d)'t! recvwry curve. The 
d~ recover)' pal/ern U· dertrmitred by I) the crmduil network pallern, Z) the flow chuni<:lnistia of tire 
aquifer, and 3) I~ adsorption and di>persion charoc1erlsfics of the lracrr. 

INntODUCTJON 

Dye tracer studies of subsurface water systems present a 
"black" box {literally and figuratively) problem in inter­
pretation of the resul ting data. The inputs and outputs are 
measured . and the researcher must allempt to reconstruct 
theinvisiblc workingsofthe black box based on the changes 
intheoutputandanyadditional geologicandhydrologicin­
formation which may help to deFine the boundary condi­
tions. The degree of success (or the amount of information 
gained) in interpretation of the groundwater now system 
depends on I) thecomplexityofrhesystem under study, 2) 
thenatureandqualityofthc traccrdata, 3)theavailabi lity 
of geologic, topographic. spcleologic, and hydrologic data 
for the study area, and4) the researcher' s familiarity with 
the stud~· area and skill at working with the type of data 
available. As with the mechanics of performing the tracer 
tests,theintcrpretationoftheresultsisoftcnas muchanart 
as a science. The main catcgoricsoftracerstudicsand data 
requirementsaresummarizedinTable I. 

RECO!>"NArssANC [ Snm1Es 

Data From this type of study arc needed to provide the 
ncccssarybackgroundformoresophisticated(andmorc ex­
pensive)quantitativcs tudies.Atraccrisgcnerallyinjec1edin 
asinkingstreamorsiphon inacave,andpassh·edetectors 
are left in all the possible resurgences. These qualita tive 
studies are used to determine underground connections and 
tohelpdelineatekarsticwatcrsheds. The main weaknesses in 
thetypcofstudy arethatlittleinsightisgainedastotheex­
actrouteor nalurcofthcsubsurfaccflowpathsand, with­
out the ability to calculate the amount of dye recovered 
from each resurgence, no due is available as to whether the 
tracermayalsobeemergingatadditionalresurgenccs. 
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Several shorttraccrtestsgenerallyprovidcamoredetailed 
picture of an area than one long test. As shown in the il­
lustrat ion in the introduction to this issue, successive tests 
arebasedoncarlicrresultsand,whcncombincdwithmaps 
ofareaeaves,canprescntadetailed,·iewofthe karst drain­
age network (White and Schmidt, 1966; Jones, 1973). 

Changing flow conditions can alter the apparent flow net­
work by distributing water in to higher "flood overflow" 
routeswhichmaydischargetocompletelydiffcreotsprings 
or drainage basins from the low fl ow routes. In some areas, 
tracer tests must be conducted under high flow conditions 
and be redone during base flow to get a more complete as­
sessment of the drainage network. The travel time for the 
tracer,evenoverthesameflowroute,mayvarybyas much 
as an order of magnitude between high and low flow condi­
tions . 
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Quantitativc tc.mrequire aconsiderablyhigherlevelof 
effort, for all of the resurgences must be continuously 
sampledfortbeeruire lengthoftimethetraceris emcrging. 
The samples must then be analyzed against known standards 
to determine the dye concentration. This recoveryconcen­
lration versus time is plotted to give recovery {sometimes 
called breal.:through) curves. Note that the samplltlf! inteTVal 
may itself influence the shape of the recovery curve. 

Al!hough several researchers have attempted to dnise 
methods of quantifying the dye recovered in the eluiam 
from charcoal dclectors (Thrallkill, 1983) or fromdircct 
reading.soffluorescentintensityofcottondetectors(Smart, 
1976), nosatisfacto rysub:;titute for continuous water sam. 
piing has been found. Also, the natural variation in back· 
ground fluorescence may seriously comprombe the proce· 
dure. 

If dye injected at ooc point is found to resurge at several 
different Points, then now (discharge) during the d)'e 
recovery period is needed along with lhe<.i)'Crecovery con· 
centrations to detcrminc thc "water budget" for1hesink. 
The term ""'atcr budget" a.s used here , refers to determin­
ing the relative perc..,ntagcs of "'ater which a karst now 
system dis1ribu1es to the various springs. Examples of dif· 
fcrent karst now palternsare illustrated in Figure 1. lf the 
karstdrainagesysternis charac1eritedb}•afewlargesprings 
which act as"collectors" for a number of sinks and caves, 
thewaterbudge1canprobablybcinfcrredfromcomplc1e\y 
qualitative tests. However, more complex drainage systems 
which utilize different routes under different now condi· 
tions should be studied using quantitative methods. 

When using nuor~nt tracers, a known quantity of a 
conservative dye is injected into the aquifer and water 
samplesarecollected atreaularinterva.lsateachrcsurgencc 
(determined bypreviousqualirative ttsts). The samples are 
thenanalyzedusingafluoromctcrtodctermincdycconcen· 
tration over the tota l reo:overy time (Figure 2). The discharge 
a t each resurgence must be known for the "'ntire dye 
recovery period. The total amount of dye recovered at each 
resurgence is found by inrcgraling the area under the time 
concentration curve and multiplying by the Uischarge. 

Wd"' Q 0 Cdt (I) 
where Wd is the weight of the pure tracer and C is the d)"C 
concentration mcai;ured at the =plingsite at Lime t (Figure 
2). Thepercentagerccovery(Rp)iscomputedas 

Cobscrved 
Rp - lOO • Ceonservative (l) 

No uacc::r is 1001/o conservative. Some dye is always l~t lo 
adsoT{ltion, photochemical decay, and complcxation and 
precipitation from solution. Tests conducted over short 1ime 
periods (le$$ than 2 days) and in relativtly low sediment 
water should show minimal dye losses. Tests which cake 
O>eramonthorduringwhichlhedischargeandsedimem 

concentrations fluctuate greatly may be impossible co quan­
tify . Data from surface water " time-of-travel" tests are 
often presented in a "normalized" fonn prepa1td by 
dividing the va lues from peak concentrations by "alucs for 
the weight of the d)'e injected and adjusting the observed 
concentration~ to con.~cn·ative concentrations. T he problem 
inkarsttracer lestsisthat if someof1hcwa1erflowstoother 
resuti<en~es with different travel times, only a rough 
estimate can he made of dye lo~l to adsorption versu~ the 
dye lost to other resurgence~ . The only result normalizing 
the data accomplishes in this case i.~ to camouflage data 
which will nol stand close inspection. Fortunatcl}', time-of· 
t ravel can be determined from the general ~hape of tbe time· 
concentration curve, even i f absolute values cannot be ob· 
taioed. 
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Figun 1. Df:fi•ltkm sketch of dye reco,·enc cunres resa.lti111 from instsntlneous d)e Injection. Two nmpllng st11.lions 
(site n 11.nd site n + 1) on an unbranched ch1nncl ,.-llb no lateral lnno..,·a or outflows are shown. The principal oom­
ponents of tbt> c110'e11 are: Time or first arrhal (Te), Tlme lo ~k ooncenlration (T pl, Time to centroid (Tc). Tobi I Time 
of dye passage (T dl, Pnk (llllliimum) dye coocentntion (Cp), and point representing mean d)·e ooncentraflon (Ac). For 
a conservative IMKtr, the a re• under the curve al$ile n eqwils the area 11nderthe curve at site n + t. 

DlA INAGE BASINS AND WATF.R Buocus 

Discharge at the sinks and rcsurgen~cs should be 
measure<.! indepcndcnti)'Ofthe tracer. Figure 3 lllustratesa 
~impleCll\'C p;ISsagcwbichdistributeswatertothrccscparace 

springs. The waler emerging from the springs receives no 
latcralinputspasl th(,pointofdivergcnce,sorccovcrydata 
1.-0ltected at one or two of the sprinllli without independent 
discharge measuremcm ,..;11 nut yield any hint of the 
pre5enceofadditional sprin~ for thisdistributury . 
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Figure J. Water b udget c11lculation for a thrcc·wa)· 
distributo~·. 

Figun ./. Schemaiic dl':lll,..·in!J: of drainage pattern uf the up.. 
per Spring Creek-Locust Creek basins. West Vlflinia. 
Shuwn an Kills Creek Ca~t (A), Cutlip Ca,·e (8), Clyde 
Cochran Cave (C), Locusl Creek Ca•·e (D), Upper Friars 
Hok C1•·e (E). (Aftu Williams a nd Jnnes, 1983). 

Thc presenceofaddilionalsprings is clcarlyshown inthc 
data presented in Figure 4. In this example. it was Jong 
assumedfromthrccqualitativctcst.sthatHillsCreek(puint 
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A) discharged onh to Locust Spring (point 0). Hm•cever, 
thisquantitativctcstrevealedthatwithatravcltimeoFless 
than24hoursonlyabout 5'T<lof thetraccrwasrecovercda1 
this sprins. The remainder of the tracer was recovered at 
another spring a month later and 12 miles to the south of 
Locust Spring. 

The pitfalls of interpreting the drainage network: with a 
minimalnumberofqualitative tests inaoomplex ka rstbasin 
arc further illustrated by results from this area. Figure 5 

Figure 5. ln1erpretatlnn of Up))('r Spring Crtek-Locust 
Crttk d111inaRe based on one qualitativr dye IHI (dye in· 
jected 111 point A). CumpJU"f to Figure 4 (After Coward. 
197S). 

shows the earlier interpretation oftheflowroutcsbascdon 
one qualitat ive test and the later interpretation (Figure 4) 
based on a quantitative test. 

The firs t interpretation of this area was based on the in­
jection of fluorescent dye at point A and its apparent se­
quential recovery at poin ts B, C, and D (Coward , 1975). 
Theseear!iertestswcrequalitative,sonodata wereavailable 
ford)·e recoveryconcentrationsorstreamdischarge. Alatcr 
quantilaLive test{WilHamsand Jones, 1983)involvedsimul­
tancous injection of three different tracer dyes, CWT at A, 
RWT at B, and FL at E . Discharge measurements indicated 
that, under base flow conditions, the stream flow at point A 
was greater than at D and therefore the spring at D could 
not account for all of the water from this sink. The water 
budget shows that at low now only SO/o of the water from 
sink A resurges at spring D. Furthermore, dye injecred in 

cave B was not recovered al all at spring D, but was found 
overamon1hlateratspringsl2milestothcsouthof spring 
IJ. The earlier test was nm wrong, but the results "'ere 
misinterpreted due to lack of quantitative data and not 
enoughresolutioninthcreconnaissanectracingdata. 

The drainage divides may be hard to define and impossi­
ble to delineate in karst areas with a high density fracture 
network where gro1.mdwa1er has much more freedom of 
movement than in an area dominated bydendriticconduit 
flow routes. Smart (1976) suggested defining the ground­
water divide between two basins as the location from ""hich 
SO'lo ofthetracermovestoonespringand 50'T<I to the sec­
ond spring. The concept of a separate drainage basin for 
eachmajorspringmaybcmeaningless inanareacharactcr· 
izcdbyaradial groundwaterdrainage pattem . 
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Figure 6. Disfharge vcrHs time-of-1111vel (After Smart , 
11181). 

A time-or.travel detennination may be calculated from 
1hedyereco,·erycurves. When conccntration(orrela1ive in-
1ensity)versustimeis plottedforsystcmscharacterizedby 
unbranched,opcnchannelflowconduits,therecoverycurve 
will usually be skewed to the left (figure 2). The time-of· 
travel may be expressed in terms of time from {instantane­
ous or slug) dyc injec1ion at sink to fi rst appearance, time to 
peak concentration, or time to centroid (500/o of the d)·e 
recovered). With increasing travel time (or distance) the 
recovery cur•·es show increasingly lower peak concenrra­
tionsand longerrecessiontails. Witha conscrvativetracer, 



thetotalamountofdyepassinganypointrcmains !hesame, 
but the peak concentration be<:omcs progressi•·ely lower 
with increasing dispersion or dye into, and slow release 
from,dcad20nes. Thisimpliesthat tracesconduc1edduring 
low flow conditions will produix much lower relative peak 
conixmrationsthantestsconductedathighflows{aftcrnor­
malizing the curves to adjust for volumes). 

Dala from Smart (198 1)are prcscnted in Figure6which 
shows an expe>ncntial relationship between discharge and 
travel time. Data from coru;iam width rectangular condults 
in the Mendips {Great Britain) show that increasing velocity 
accoumsrortwo-thirdsofthedischarge incrcasc andcross­
sectional area accounts for one-third. Jn a closed channcl 
conduit,velocitychangemustaccountforallthechangein 
discharge, while velocity typically accounts for one-third of 
the changeindischargcin surface streams. If log discharge 
isploucd against log tra1•el time, for ent irely phreaticcon­
duits, the line will ha•·easlopcof - 1.0, while the slope for 
entirely vadose passages will be about -0.l or greater 
{Smart, 1981).Smart used1he dyccentroidtra1·cl timever­
sus discharge to determine if the conduits were vadose or 
phreaticand attempted tocakulatctheconduit volume as 
wdl. It is interesting to note that travel time may be 
calculatcdfromtheshapcoftherecoverycurvesevenifthc 
dyebudget•·alues donot balance well. 

On RECO\"[U PAITEl.KS 

Thctypicaldyerecoverypallernfromvadoseconduirsis 
similartopatternsfromsurfaccstreamsstudics,butundcr­
ground diverging and converging, lateral inputs and 
outflows, alternating vadose and phrcatic flow condit ions, 
and increased opportunities for adsorption and dispersion 
of the tracer alter the characteristic recovery patterns. The 
appcaranixofthe dye recoverycurve isdeterminedby I) the 
condui t network pattern itself, 2) the 11ow t)l)C, conditions, 
and variation during the test, and 3)the adsorption and 
dispersioncharacteristicsofthe tracer.The imerpretationof 
muhip!cpeak1estsisespcciallysubjectivebccauscitisoften 
difficult to determine 1he CJ!act causes of fluctuating dye 
recovery curves. 

Fivetypesofflownetworks withdiscreteinputsandou1-
puts were suggested by Brown (1969) and arc presented in 
Figure 7. Note that for a type 4 flow network, the lateral in­
puts and outflows could cancel each other, and the mea­
sured discharge at the inlet and outlet would be equal . The 
dye budget,however,shouldsuggestawater lossfromthe 
system. Conduits which have anastomosing flow patterns 
should show multiple dye concentration peaks rcpresenta­
tive of thc dye travcl ing different dis1ances to the rcsur­
genccs. Much of the interpretat ion of multiple peak 
rccoverycurvcssuggesLedbranchingandconvergingofthc 
conduit flow routes. 

The flow type (vadose or phrcatic), the variation in flow 
du ring thctest (changcsindischargeand•·elocity),the 
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Figure 7. thr types of Kars1 f1010o· systems (Black box model) 
(AfterBrown andWlglcy, 1969), 

T)·prl - Single inputto singleou lput. 
Tn1e 2-Unknown lateral input. 
TypeJ-Unknown additionaloulpulll. 
Type4-Additioniilunknu,.·ninputsand outpu ts. 
Type5-lnput unknown, output unknown. 
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F/guu 8. Dye r«o•·ery curvH and rainfall . JJ Spring, 
SpringCrrek,WestVlrginia. Dyt injec tiunpoints•re shu,.·n 
In figur~ 4: Calcuph While {CWT) was Injected at point A, 
nuoreSttin {FL) at poinl E, Rhodaminr WT (RWT) in Rush 
Run(AfterWllliamsiindJones, 1983). 
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amount of dead zone storage, and the amount of dye 
trapped in intermittently active conduits create complex 
tracer recovery patterns. Tracer tests having long flow­
through times (one month or longer) often exhibit multiple 
peak recovery curves which correlate well with storm events 
(Figure8).ThissuggesueitheraflushingofLhetracerbyin­
ercasing dischargc with the subsequent loss of dead zone 
storage. ortheremobilizationofdyetrappedin the imermit­
tentJyactiveconduits. lfdead zonc storage istheprimary 
mechanism, the peak will be attenuated and followed bya 
longrecessiontail. lfthedyeistrappcdinintermittentlyac­
tivcconduits, thepeaksshouldcorrelate with stormcvents. 
Unforiunately, both storage mechanisms are usually active, 
andthccvidenceuscd todetcrmine theresponsibleprocesses 
formultiplcpeaksisoftenambiguous. 
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Smart and Ford (l 982) suggested rnme simple shaft inter­
prctations (Figure 9) of dye tracer experiments in a glacier­
izedalpinekarstarea. Theseimerpretationswere notbased 
on tl-e dyerecoveryand discharge dataalone, but also on a 
knowledge ofthe geology,morphology,andobservationsof 
the accessible caves in 1heregion. 

CoNCLuS10NS 

Waterlracingandtheinterprctationof thedataisoftena 
somewhat subjective art, even if absolute values are avail­
able. The rescarchn must integrate the tracer test and 
hydrologicdatawith the studyarea'stopographicandgeo­
morrhk patterns. As more quantitative data from different 
hydrogeotogicrcgionsbecomesavailable,t he inlerpretative 
techniquesshouldbecomemoresophisticated.ifnot more 
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Figtin 9, Slmple shafl -i:ondult interprttations of dye reeovery pattems (Afler Smar! and t'ord, 1932). The expected dye 
rtto•·ery curves influenced by ch.n11in11 hydro loglc conditions (hi11h to low flows) and geometry or the conduit syslem Is 
illustrated, Note thal multiple peak recovery curves may be due lo flushing of dye from dead zone storage or anasto· 
moslngconduitroutu . 
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