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Dye lrtJ<Cer teclrniquu 1111-.e evolved from simple l<1be/ing f!XP('fiments usnJ lo derermine the $Dura of 
resu,,;ences or rhe out kt fnr sinking s/JVJms to sop/Wlicaled fools/or studying the hydraulics of ktml 
aquifers. Kam regions are generally jirsr studied usiflg qualilali•e methods and passi•'f! detectors 10 
monitor springs. Quanlilalive tests, often using severul dynsimultanoou.sly, may //ren be conducted to 
study 1/tt! flow cho~/eriflia of the aquifeu. The lra<w dyes used most often in Noffh Americrl for 
rtt011nak<a11ct /~studies inc/udejluut'f!Sainsodium, direc1 yellow 96, and optical brighJeners. TheM 
dya/1/Y! l'ftldilycnllected nnpassiW! deteclorsandonalyud wirlwut using ins/rumems. Rhadamine WT 
""'Y ~ llSM simultunwusly with the above dyes 1md jluoromet.U atttJ/ysi.I in auamilathe studies. 

fNTl.Ol)UCTION 

Tracer tests fall into several categories with differen1 data 
requirements depending on the objectives nf the study. The 
simples! type of lest is usually to determine if a water con­
iiection exisls between two points, as perhaps between two 
cave passages or between a sinldng stream and a spring. 
After a series of point-to-point tests have been run in an area 
it may be po!>Sible to determine the direction of ground 
water movement (at least the part flowing through discrete 
conduits) and !he karst ground water catchment areas. Con­
tour m.aps of thc potentiometric surface may be combined 
with tracer test data to further define the recharge areas 
(Quinlan, 1982). The time required for the tracer to travel 
from the injection point (input) to the recovery point (out­
put) may be used tocalculateaverage groundwarcrvelocity 
and, if vtlocicy data is available for several different flow 
lcvels(discharge),infercnces caobemadcaboutthcintcrnal 
flow characteristics of the aquifer. If the rccovcryooncen· 
trationofrheuacerismcasuredatcloscenoughtimeioter· 
valstocharactcria:e 1hc shapeofthetracerrccoverycurvc 
versus time, further insight into the flow characteristics of 
the aquifer will be gained. The simple point-to-point type of 
tests are generally conducted as a first 11tcp in studying an 
area and are qualitative in nature. The quantitative dye 
recovery tests are much more time consuming and expensive 
and should be based on the results of earlier qualitative 
works. 

The first s1ep in any water tracing program should be to 
collectal\oftheavailablegeologicandhydrolo1:icdata for 
the study area and define the objectives of the traCCI tests. 
Aky aodf1etcher(l976) suggcstthatmosttracertcsts at· 
tempted in the United States fail due to: 1) in.sufficient 
hydrologicfieldworkbeforethetraccrisinjected,2) failure 
to a llocate sufficient time to the tracing effort, and J) trac· 
in11 attempts durio& low flow oonditioos. These problems 
arcnotdirectlyrelatedto thetypeof1racerorthctechniques 
employed, but to an insufficient understanding of the 

hydrogcolo&ic setting and boundaryconditionsofthestudy 
area. Any tracer tests conduc1ed in large or complex kars1 
areas are time consuming and expensive. Researchers who 
have limited background in karst studiesshould enlisthelp 
from properly qualified individuals before attempting any 
largcscaklracer tests. 

Thepurpo!ll!Ofthispaperistoprovide detaileddirections 
on the techniques currently used in karst areas for water 
tracing with fluorescent dyes. The paper begins with a de· 
scription of basic qualitative pro.;edures and advances to 
cover some quantitative techniques. The references provide 
a&uidetomorcadvancedrechniques.Thepapers byWilson 
(1968) and Smart and Laidlaw (19n) are indispensable 
references for anyone wishing to 1:0 beyond the b3.'5iC 
quali1a1ivc methods. The works by Jones ( 1976), Aley and 
Plclcher (1976), and Milanovic (198 1) provide detailed basic 
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irntructionand hints. Stream trncingisan art and it is not 
uncommon ror experienced researchers to disagree over 
even basic techniques. Except for the danger of con­
taminating 1he dye dctecrors. qualitative stream tracing us­
ing one tracer at a timci~ fairl)'eertain(ifa !>0$ilive1estap­
pears). The quantitative methods udng fluorometric separa­
tion -of diffcrenl dya may give somewhat ambiguous 
results. ln short,ifasimplequalitalivetcstwillanswer the 
question beingaskcd.don 'tmakethctestneedlesslycom-

plicated. Sawdust or computer card chips may be all that's 
needed to establish the oonm:ction between two cave 
passages. As with working a jigsaw puzzle. lhe first pieces 
arc the hardest to get, but it becomes more predictable u the 
pauern begins to emerge 

Thenuorcscentdyesbavcanabsorbanoepeak (ma.io:ima) 
a t one wavelength and reemit the energy at a longer wave­
length (some energy i~ always lost). Many dyes may be ex­
cited at several different wavelengths. but the emission 
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wavelength remains constant. Fluoresccin always appears 
greenwhetheritisexcitedat36Snmor485run. The optical 
brighteners (blue dyes) arc invisible under "nonnal" lig:ht 
and generally have peak emi§.5ion wavelengths around 435 
nm. Fluorescein has an emission peak about SIS nm and 
Rhodamine WT at about 590 nm (Figure I). Table I reviews 
the characteristics of commonly used !racers in karst 
studies, and Table 2 categorizes groundwater tracers in 
general. 

QUALITATIVETEC!INIOUISUSING 
fLUORESCENTDn:s 

PrtC"autions-Check that no public or private water intakes 
will be affected by the dyes. Diplomatically notify the slate 
water regulatory agencies of the study. Don't ask pcmlis.sion 
ptr se to use such and such dye-most agencies will just say 
''no'' to protect themselves. Trytocalculatedyeconcentra­
tions so surface streams will not be colored. Check to make 
sure noone elseisconductingtraccrtcsts in the area. 

Planning-Review all the previous tracer tests and hydro­
gcologic data. Try to locate all possible resurgences. Avoid 
conductingtheinitialtestsunderextremelyhigborlowflow 
conditions. Measure or estimate discharge at the resurgences 
andcalculateexpcctcdtra\'eltimeforthedye(itmaytake 
several tests to get a feel for this). Good cxpcrimen1al con­
trol must be planned into the test. The detectors should all 
be made and handled in the same manner. A few detectors 
placed upstream of suspc<:ted resurgences should provide 
background values during the testing period. 

Dyes-The characteristics of the tracers most frequently 
used in North American karst studies arc summarized in 
Table I. Auorcsecin sodium (CI453~0) is a green dye (Plate 
7) which is almost "traditional" for use in karst areas. It is 
readily adsorbed on activated charcoal and eluted with a 
basic alcohol solution for visual examination. The dye bas a 
low sorptive tendency, is photochemically unstable. and 
maylose fluorcsccnceinlowpH( (5)waters. 
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Direct yellow 96 is a yellow dye which imparts a bright 
canary yellow to unbleached cotton detectors. The dye is 
detectable at 10 ppb on cotton examined under ultra-violet 
(UV) light. No chemical treatment is used. Almost invisible 
afterdilutioninwater,opticalbrigbtencrsarcfluorescentin 
the ultraviolet range and impart a blue-white color to 
unbleached cotton detectors. There may be high natural 
background levels which interfere with the blue dyes-good 
"control" detectors must be maintained. These dyes arc 
photochemicaUyunstableandinvisibleundcrnormallight. 

Amount of Dye-The minimum amount of dye which can 
be detected for the dyes listed above is about . I ppb {de­
pending on background). The ability of pa!i.5ive detectors to 
collect dye depends on the length of time they are exposed to 
the tracer as well as the concentration of the tracer. The 
averagevelocityofthewatcr(a functionofdiseharge)isan 
important factor but hard to estimate. If discharge remains 
constant and the amount of dye injected is doubled, the 
peak recovery concentration should more or less double. 
However, if the amount of dye injected remains constant 
andthedisehargcfallsbyhalf,theptakrecoveryeoncemra­
tion will not rise linearly because of greater molecular 
dispersion of !he dye in the lower velocity flow and accom­
panying longer travel time for the recovery. Almost all of 
thepub\ishedformulasovcrcstimate lheamountofdyere­
quired (especially for long distances or high dis~hargc). 

Most researehersdevelopa "standarddosage"bascdonin­
tuition for their own study area. Perhaps the best empirical 
formula to-date is presented by Aley and Fletcher (1976) for 
calculating fluoresecin dosages for open channel flow and 
charcoal detectors 

Wd-= l.478(DQ/ V}! 
where Wd is the weight of fluorescein dye in Kg, D is the 
straightlinedistanceinkmfromsinktoresurgenee,Qis 
discharge in m' second, and Vis estimated velocity of flow 
inM l hour. 

The mean ve!oeitydepcnds on discharge, gradient, and 
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flow cha.ractcrislic~. Even within a 5iven region, con· 
siderablerangemaybefoundingroundwatervelocities. 

If diffuse flow condilioos are expected, or If the dye must 
be injected throughasoilcover(such asinthcbottomofa 
dolinc), the required amoum of dye will be considerably 
greater than needed for open channel flow ~onditions. 
LeibundgutandWemli(l98Z)presentadetailcdanalysis of 
theproblemsof calculalingdye injedion concentrations. 

Injecting the Dye-Gcaerally, the dye should be diluted 
about 10:1 with walerbc:fore injection. If possible, the dye 
should be poured into a rapidly flowing turbulent reach of 
the stream to be lraccd. The tracer may be injected in nor­
mall~ dry doline:sby using a tank truck to provide at least 
2000 I of injection waler (P13te 6). About 400 1 of water 
should be dumped before the dye is added. This will help 
dttctminc that che wa~ drains rapidly from the doline and 
reduce adsorpdve (0$!.tS from the soil cover. Tnjectin51he 
dycisoften amessy job-placethe detectorsbcforcinjea­
tnathedye. 

figure 2. PltotoiraPfi Mowlne sampllna eQulpmenl an4 
i pllSSlvc dclCCIOl"S. tfOJll left to right: ••Qu1nJ1n Gumdrop" 

dettttor hol~r wii. co4ton ball on lefl 1rm 11nd ~h~olll 
I detttlor on right 1na (n1ilro11d spike with cbaK01I 
1 detector),JOinli;laMMmplevial, vialholderforuseinweUs 

1 orfrom bridges, pl1111ic ••g for transport of individual 
I dctecton, woode11 sampk Jmlder to tr111sitnrt samples with 
> minimllupoll~lolight. 

t fo~~~~~~ci::;~:oa:i;:~~ :7r~~~o~c~~~:;sy~l:~s= 
and the optical brightness. Tbcfreshactivatedcoconutchar­
coal (6-14 mesh) is held in plastic or aluminum window 
scrcenini folded imo "envelopes" about 5 cm x S cm. The 
cottondctectorsmay beunbkachedcottonballsora small 
sheet of cotton strnchcd over a frame. The detectors may be 
tied to rocks and anchored 10 che bottom of small slrearos 
and springs. The " Quinlan Gumdrop" (Figure 2) may be I tied to the shore and is a bener a11chor for use in larger 
springsorstreamswilh sihy beds. 

6 • TH<NSSDUIJ.nn<.Ocrom;>.J9M 

The changing schedule for the detectors depends some· 
what on the sediment. pollution load, a~ amount of algal 
gro....-thinthespriniis. lo clearwater, thecharcoaldete<:tors 
are seusitive for severalwceks, butthe abilityto adsorbdye 
and maintain low background interference decreases stead· 
ily with time. Once the dye has been adsorbed onto the 
dcl:cctor it seems to remain almost indcfinitdy. Detectors 
have been retrieved from cave passages over one year 
following a fluorcscdn trocer study and tested positive. 
However, charcoal readily adsorbs and concentra tes many 
compounds over lime, and cotton is subject lo siltation and 
algae growth. Inmostareasthedctectorsshould bcchangcd 
acleauweekly. 

The detector should be placed in the main cuffenc but 
shieldedfromhighvelocity,turbu!emwa1er. The detectors 
should nOI be in direct sunlight and may have 10 be 
"biddeo" to prevent tampering. Smart and Smith (1976) 
found that charcoal detectors did not wock ""ell in cropical 
regions. 

Ana/J'Sis-TbccottondetectoN arerinsedu.'lderajctof 
tap water and air-dried in the dark. They arc examined visu­
ally with a hand·hcld ultraviolet lamp (usually at both 254 
and 366 um) and the intensity of dye fluorescence recorded 
(none, weak, medium, strong). The optical brighteners 
nuorescc a blue-white; direct yellow 96 fluoresces a bright 
canary yellow. If both dyes are present. the cotton 
fluoresces a characteristic white (Quinlan, 1977). 

Every researcher i;;ccms to JL~e a dirferenl procedure for 
testing charcoal detectors. The charcoal is rinsed in water 
and ~ha ken into a test tube, jar, or petrie dish (some workers 
dry 1hccharcoalfirst). Thecharcoalisco~eredwitha ba..!ic 
alcohol solution and allowed to sir for from one-half hour to 
several days. Ji is then examined under sunli&ht or a high in­
lcnshy white light (slide projector beam). The appearance of 
aycUow·&reco "alow"atthetopofchecharcoal signifiesa 
positivetcsc (Plate 3). The principal interference appears to 
bewaste:sfromlivestockwhich appcarasagreenish·yellow 
color-the eye can tell the difference. but this 
" iuterfei-encc"caogivevcryhigh readingsona liltcrfluor· 
ometer using the fluorescicn filter combination. Vi~ual ex­
amination of the charcoal for fluorci;ccin is probably more 
reliablcthaninstrumentalreadingsoftheelutent(atlca~tus­

ing the filter fluoromctcr). The samples should not be 
shaken if they are to he examined visually. and should be 
s1oredin the dark. 

A.SCfiesoflaboratorytestswe.rcconductcd1oc1111luatethe 
efficiency of different elutriants for nuorcsccin determina­
tion. Fresh activated coconut charcoal (Fisher catalog no. 
S685A.) was exposed for . ~ hours to a fluorescein solution 
(10 ppb). The charcoal was rinsed in distilled water and 
scpanu cd into test tubes. The samples were treated ~ith dif· 
ferenr combinations of alcohol and base elutriants and 
evaluated visual])· and with a fluorometer. This lest sug. 
ges1ed that the greatest intensity of fluorescence was pro-



duced by a solution of approximately 250!1 distilled water, 
25'lo NH.OH and 50"7t l·propanot (Sman and Brown, 
1973). The "traditional" mixture of 951f1 ethanol and 
5.,.KOH {Ounn, 1957) and isopropyl alcohol and NH,OH 
(Aley and Fletcher, 1976)both performed satisfactorily for 
the visual test but ranked well below the 1-propanol solution 
on lluorometric analysis. 

In strongly positive tests, the muimum color intensity 
develops within about one-half hour and then slowly 
decreases, probably due to readsorption of the dye by the 
charcoal. However, some weakly positive tests take from 
severalhours toaday todevelopaclcarly visiblccolor. The 
detectors should be kepi at leas1 24 hours before a final 
evaluation is made. Examination under UV light is not 
usuallyadvantageous-theexcitationpeakforfluorcsceinis 
485nm. 

There appears to be a complete lack of correlation of 
dctcc1orinlensi1yeithcrwithdischarge, distance, peak con­
centration, or length of or time of exposure 10 lhe dye 
(Spangler ct a1., 1983). Smart (1976) described a method to 
quantify the peak concentration of optical brightener on 
cotton detectors using lluoromc1ric procedures, however. 
the generally high background fluctuations in this 
wavelength (415 nm) makes quantification of the optical 
brig.htenersdifficullatbest . 

The intensi1y of the dye eluted from charcoal is also a 
function of the "freshness" of the charcoal, the elutriant 
mixture,theratioofelutantlocharcoal,andthetimeof ex­
posure to the elutriant. To achieve maximum elutant fluor­
escence, Smart and Brown (1973) recommended: I) dye 
concentrations should be as high as possible ror as long as 
possible; 2) detectors should beehanged ol"ten (I or 2 days); 
3) de!cctors should be dried on removal if analysis is not im­
mcdiate and; 4) s1reain flowthroug.h the detector should be 
maximized . 

Negative Tests-Negalive tests do not necessarily prove 
thataconnectiondoesno1exis1. Tracer tests may fail fora 
number of reas<>M (Jones, 1976): I) the correct resur­
gcnce(s) not monitored; 2)inadequate quantity of dye; 
3)sorption losses toelays or organic material; 4)diffuse 
ground water flow conditions causing very slow movement 
of 1he tracer; 5) sufficient dye travel time not allowed; 
6)tracer "masked" by high background conditions; ?)in­
sulation (coating) of the detccfOrs by sediments; 8) bio­
chemical decay of the tracers; 9)dilution of the dye from 
flooding; 10) inadequate lime for clearing of the tracers be­
tween tests in the same areas. 

Qu,1.NrnAnvE PRocEDUIES 

One of the outstanding advantages of fluorescent tracers 
is 1heeasewith which thcymaybequantitalivelyanalyzed . 
The lower limit of detection of any tracer depends on !he 
natural "background" level inherem intheanalyticalpro­
ccdure,ormorcspecificallyonthefluctuationofthisback­
ground. lnmosltemperatezone kars1areas(andpopulated 

areas),thebluewavelcngthshavethegreatcstnoise-to-iignal 
ratio, the green wavelengths, Lhe intermediate, and red 
wavelengths the lowest. The red dyes should therefore be 
detectable at lower concentrations and be the easiest to 
quantify. 

Fluorescent tracers are usually analyzed using a 
fluorome1cr. Spect_rafluoromcters are generally laboratory 
instruments which can ~ (manually or automatically) 
through the spectrum of interest. Filter fluorometers {Figure 
3)aresmaller andmanyarcsuitablefor field use. They are 

f1ture J. A filler fluorometer 1bown with sample door 
open.Llgbtfromlbelamppassesthrougbaprtmaryntluto 
tbe samplceulvet(indoor)llDdisthenrenectedthroui:hthe 
secondary flltertolhepholomulliplierwllich sendsasigaial 
to the rcado11t devise. Voli.a;e surge prokctors may be 
addedatlheoullelbox(righl). 

setatagivenwavelengthhysclcctingappropriatefi ltercom­
binations. For practical purposes, the minimum dctcc1ablc 
concenlrationsofdyeswi ll beafunclionofthebackground 
levels, ~both types of instruments have essentially the same 
sensitivity. Thespectrafluorometer'sadvantageis the ability 
lo scan water samples-a real advantage when some types of 
imerfercncearepresentinthesample. Thefilterunitis more 
portable, less expensive, and well suited to analyzing large 
balches of sainplcs. Filter units are the most used instru· 
ments indye~tracing work. 

The work by Wilson (1968) is a good basic manual of 
fluoromctric procedurcs. Also, theinstruct ionmanualspro­
vided with the instruments are a good source of informa· 
tion. Several papers describing quantitative procedures are 
presented in Gospodaric and Habic {1 976). Behrens {1982) 
and Kass (1982) describe techniques for separating and 



quantifyina '8.ltlples containing more than one dye. The 
following comments apply primarily to filter fluoromcter~. 

Filters-The primary filters must be matched to the emis· 
sion peaks oftbe lamps (The uneven light ouiput severely 
limits the ability to do a true double $Can with spec­
trafluoromcters.} There is some spectral overlap between t!R 
blue, green, and red dyes (Figure I). Some of this overlap 
can be eliminated by using "narrow pass" filters to narrow 
the range of wavelengths transmitted to the photomultiplier. 
fl may be possible to shift the c:J!Citation or emission !pet­

trums somewhat away from the maximums for the dye (lhe 
sensitivity of the instrument is rarely a limiting factor). 

Standards- It may be best to use water coilected from !he 
resurgence prior to injecting the dye to prepare the stan­
dards. Spangler Ct. al., 1983 found that the lower pH of 
distillcdwaler$Ulldardsqucnched someof thelluorescem 
interisity of fluorcscein. Rhodamlne WT standards appear 
tobestab\eforsevcral mooths, butstandardsforlluorscein 
and the blue dyes should be prepared fresh for each test. 
Sample standardi?.ation curves for fluo resccin are shown in 
Figure 4. 

Sampling- The samples should be sto red in the dark in 
glass vials. Figure 2 shows storage boxes for transporting the 
samples. Automatic $l11lples can save a lot or labor. Several 
typesareavailablecommercially. Crawford(l979)gives a 
description o r a "homemade" sampler. 

The sampling interval should be adjusted 10 the travel 
time of the tracer. Fifteen minute sampling intervals may be: 
needed for travd limes under 24 hours. Tests which are 
drawn oul over a period of months may use 2 o r 3 day 
sampling intervals, although two samples per day is tbe 
minumum interval recommended by Milanovic (1981). 

Suppression Interference-The samples may sometimes 
be directly m:ated lo suppress background or selectiwly 
enharn:e fluorescence. The fluorescent intensity of Rho­
damine WT is very temperature dependent, so an elevation 
in sample temperature should have a much greater effect on 
the fluorcsoent intensity of Rhodamine WT than on back­
ground nuorncence {Calvin Alexander, written com· 
munication). fluorCliCcin is very dependent on the pH of the 
sample,so(Bchrens, 1982) hassuggested lhat acidifying the 
sample should quench the presence of fiuorescein. 

Fh10rome11icanalysisofthe elutant fromcharcoaldetec-
1orsposcsseveral problclllli, but it's almost a required pro­
cedure for using Rhodaminc dye. The charcoal concentrates 
many substances causing background fluoroscence, and 
some of the elulant solutions may have high background 
lluoresceoce. lncxamining thc clutant from charcoal for 
fluoresccin, lhe unalded eye appears to be more adept at 
discerning fluoresccne dye from livestock waste producls 
than doesi.filterfluoromcter. lfthedetectoris tobc:usted 
for both fluoroscein and Rhodamine, Jones (1976) recom­
mended a •·isual examination for lluorescein and a fluoro­
metrk: examination for Rhodamine. 

FiJurl 4. Typical &et of calibration c.rves for fluorrS«ill 
sodium. Each batch of dye, Hd tMh i11s1rume•t requlrrs 1 

u• ique 5t1nd111diution lo convert t11e dial reading11(or 
rebtl•·e fluorescenllnlensity)tocoace•lralio•. 

CoNCUJSlONS 

Dye tracing techniques ha\'e become increasingly sophisti· 
cated in recent years. The skill, however, is S1ill as much an 
art as a science and technology cannot be: substituted fora 
thorough knowledge of the study area. Tracer 1ests m11SI be 
carcfullyplanncdandbeappropria1etothe local hydrologic 
boundary conditions. The simple coloring o f the water can 
tic a great nuisance in the case of a water supply, and 
amateur speleogists arc well advised not 10 risk lesls in areas 
where public water supply springs are located. 
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