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Grour1dwaterlr11Cinghosbeena vuluabfe1ool/orwa1erpoJ!ulianinvestiga1ions insoluble rock1errai1U. 
J"ta<:ing =n direcrly demon.rtrme that waler fand o pollutant) moves from point m point. Tracing dulo 
are understandable lo 1M public and regulatory agencies. Groundwater /racing provides on indirotorof 
underground travel rates and di<ton«S. Trut'er /r.;fs m~I be properly planned and exemled to insure 
properrerulr.<. 

(NJKODUCTION 

Groundwarer rracing can be a usdul tool in \\'atcr pollu· 
t ion inves1ia:a1ions in soluble rock n:11ions. ll can also be 
used in some fractured rock areas and in 01her hydrologic 
scctings with rapid movement of water through the ~ubsur­
face. This paper will l'ocus on groundwater tracing in w h1-
ble rock areas since it is in these areas that the techniques 
ha"e rccci"cd1hegreatestuse. 

t:nuTY or G 1t.0Ul'WW.UER T RACING 

Groundwat~ 1racing is u>eful in water pollmion investi­
gations for four p rimary reasons: 

1. Groundwater tracing can provide direct proof ofmo\"e­
mcnt of water from one point to another. 

2 . Tracing results are easi!~· understood by the public, 
regulatory bodies, and the courts. 

3. Properly designed tracing can provide a qualita!ivein­
dication of whether or not effective natural cleansing of 
water con1a mi11ants should occur along the flow route 
traced. 

4. Groundwater tracing can pro,·ide an indication of 
umlcrground travelrates;such ratesarcoftengrossly under· 
estimated by people who arc not adequately familiar wilh 
the hydrology of soluble rock terrains. 

Groundwatertracingcanbeextrcmcly valuableindirectly 
dcmonstratingthatwaterfromone p0immove..toa11other. 
This is particularly valuable in soluble aud/or fractured 
rock landscapes where sub>urf;u;e flow d irections may or 
maynottendtoparallelsurt"accflowdirections. There isun­
fortunately aprevalentmyththatgroundwatcrbasindivides 
are either directly or almos( directly beneath surface basin 
divides. This is an adequate general characterization for 
soluble rock lands. 

Water pollulion work must often be conducted in are-.i~ 
where there are very few "'c:lls where depth~ to water can be 
measured. ln sucharcas,groundwater tracing is frequently 
the only prac1ical method for delineating those areas which 
contribute water to the particular groundwater basins of 
concern. Funhermore , in some soluble rock areas, water 

levd s in wells may drop dramatically a.~ a result of pumping. 
Insomecases, itmayrcquireasubs1antialperiodwithout 
pumping for the water le\"e[ in the well to return to the 
general potentiome1ricelentionoftheground.,.·ater sys1em. 
Polentiometric maps which include such wells may have 
some very significant inaccuracie.'i. 

Groundwater tracing pro•·idu data which a re understand­
able to the public, regulatory agencies. and lhccOurL'; . The 
significance of this in tJe,·eloping convincing arguments in 
waler pollution cases is obvious. Howe•·er, it sometimes oc­
curs that personnel in regulatory agencies will become un­
duly impressed by groundwater tracing and " ill then take 
the stance that groundwaler tracing work is needed to 
resol'"e almost all groundwater pollution issues. While 
groundwater Tracing is a useful tool, it is nol theonlytool 
a \•ailabletogroundwatcrhydrolog.istsworkingonpollution 
issues, and this must be recognized. 

Propcrlydesignedgroundwatcr tracingtests canprovidea 
qualita1ive imfaation of whether or not effective namral 
cleansing occurs as wat~s tra\'Cl through the groundwater 
sy$tCm from one ptlint to another. Some years ago I con­
ducted several groundwater traces from dumps in sinkholes 
to sprin.gs (Alef, 1969; 1972; l972a). One of che argumtn\5 
raised about the tracing work was 1hat although the dye 
wclll from a sinkhole dump to a ~prins. "an)1hing really 
bad" in the water could probably get "filtered out" a:;; the 
water moved through the groundwater system. T his argu­
ment led to groundwater tracing "'ilh s1ained Lycopodium 
spores; the method is explained in Aley and Fletcher(l976). 
The Lycopodium spores were scle.:ted as a tra<:ing agent be­
cause their mean diameter is 33 microns, and Ibey are thus 
10 to l 5 times larger than most pa1hogenic bacteria (Aley ct 
al., 1972). If the spores can traverse a particular ground­
water travel routewithout being removed by fillration, then 
one can presume that smaller materials (such a.~ ba1:1eria and 
viruses) can a lso be lranspartedalong the san1e routcwith­
out being removed by filtration. Thi~does not mean that the 
smaller materials ma)' not be rcmO\"Cd from the water by ad­
sorption or some other process. 



Thcrcarc:)Cveraldyesusedingroundwatcrtradngwork. 
Some of these (suchasoplicalbrighteners,directyellow96, 
and flnoresl-ent) ha,·c greater sorption t cndencie~ than other 
dycs(suchas rhodamineWT)(Sman, \972; Jones, 1976).lf 
1he rdatiH·effectivcnessofadsorptionisanimportantissue 
in a particular ease. one may be well advised 10 use a dye 
which is subject 10 appreciable adsorption. It has been my 
experience thatHisdifficult torccoveropticalbrighteners 
and fluoresccin from sept ic field systems which do not in­
tersect discrete recharge wnes (Aley, 1974). Discrete 
recharge wnes are locali:.r.cd areas which can transmit ap-­
predablc volumes of water inio the ground11o·atcr system 
(Aley, 1977; 1978). Discrctcrechargczonestypicallydonot 
provide effective natural adsorption. and this aeeoums ror 
1heirahiliWtotransportdyeswithsomeofthe highcr sorp­
tion1cndencies. 

At pre:;cm """-'do not have sufficient information to 
enableus touse somc partieulartypeandamount ofdyeto 
quantitati•·clymeasuretheadsorp!ivccffectivenessof asep­
ticfield or other waste site. Thereare enough variabksthat 
such an approach will probably never be possible. However, 
through e:itpcriencc with varioustracingagents,wecande­
velop qualitative insights imo the relati\·eeffectivencss of 
adsorption in part icular traces, 'Uld lhis obviously can be 
bencficialinresoh·ingpracticalproblems 

Finally, groundwater tracing is often usdul in water 
pollut ion investigations because it provides an indication of 
underground travel rates and distances. It is unfortunate. 
but many people who arc involved in question ~ of subsur­
face migration of pollutant~ are either unaware of. or 
choose to ignore, the rapid travel rates which often charac­
terize subsurface water movement in soluble rock areas. As 
an example, Pye et al. (1983) in a report which purported to 
charactt>rize groundwater contamination in the United 
States statcd(page4):"0ncein theaquiferaoomaminam 
will generally move with the groundwater and at a similar 
speed, "''hich varies between a fraction ofli.n inch to a few 
fret per day." 

Groundwatertravelratcsinsoluble rockregions are oftt>n 
veryrapid,asanyoncfamiliarwiththekarsthydrologylit· 
erature knows. Numerous groundwater traces 1hat I have 
conducted in soluble: rock areas in Missouri, Arkansas, In­
diana, and Wyominghave oftendemonstratedstraight-line 
travel rates in excess of 1 km/day (0.62mile$ /day). Rapid 
travel rales canalsocharacterize longdistancegroundwater 
tramport under gent le gradient conditions in soluble rock 
areas. As an illustration, dye and Lycopodium spores in­
jected in a losing s1ream segment of the Eleven Point River 
in Missouri discharged from Big Spring, a lributarytothe 
Current River. The straight-line travel distance for this 
groundwater trace was 63.6 km; the mean gradient was 1.93 
m lkm;andthcmean crave\ rate for the firstarrivalof!he 
traeing-agcntswas 4.9km lday. 

Groundwater travel rates encountered in soluble rock 

lands can be a thousand times more rapid than Pye et al. 
(1983) indicate . Soluble rocks underlie perhaps 15"i'• of the 
United States , and it is foolish to ignore conditions which 
often typify a major portion of this nation. Slow ground­
water travel rates charactcriu some hydrogeologic scttings 
and some groundwater components . Hown·cr, in the case of 
water pollution investigations in soluble rock regions, most 
of the problems are associated with rapid groundwatt>r 
movement through now systems which provide ineffecti,·e 
natural cleansing 

LIMITATIONS or GROU:<OW ATU TRACING 

When groundwater tracing is used inconjune11on with 
"·ater pol!utioninn:stigations, thetracingwork.isoften not 
begun until after a problem has developed or a dispute ha' 
0<:currcd. The person conducting the tracing work in this 
caseistypicallyfacedwithacollectio110fprob!ems not nor­
mal!y encountered during basic hydrologic studies. The 
nalurcoftheseproblemsshouldbcunderstoudandfuUyap-­
preciated beforeany attcmptsare madetoconduct ground­
watertracmg. 

Thefirstandperhaps thcmostsignificamproblemis1hat 
both successfulandunsuccessfulgroundwater traceswillbe 
viewed as "proof" by some of the people involved in the 
problem or dispute . If dye is injected in a drill hole at a 
waste site and i.~ not recovered from a11y sampling wells or 
spring~ . one must anticipate tha l one side of the issue will 
usethis unsuccessfultral-cas "proof" that the site causes no 
problems. It may be elementary logic that you cannot prove 
anegative;thefactremainsthatunsuccessfulground"'ater 
traces will not be overlooked or disrega rded in reaching 
decisions about a particular pollution problem. 

Thesl"<'.Ondproblemis thataninvestigatoroftendoes not 
have an ideal site for injecting a groundwater tracing agent 
Of1en1hi.~ is due tophysicallimitations ofthc s ite. At other 
times one cannot gainpermissiontoinjt>clthe traceralthe 
site where the work most needs to be done . In other cases 
(butlcsseommonly)thcremaybeproblcms ingettingper­
mission to sample waters where the tracer might be recov­
ered. Funhennure,oneoftcn faces not onlysitelimita1ions 
butalsuh)·drologiclimitations.Aparlicular p01lu1ionprob­
lem may be associated with wet weather conditions, but the 
investigator is forced 10 do 1hc groundwater work during 
dry weather conditions. 

The third problem is that groundwater tracing often re­
quiressamplingatanumberofsites foraperiodofdaysor 
weeks. As a result, the investigator cannot stay with his 
sampling equipment. There is always the possibility that 
poop!e involved in the dispute will tamper (either inten­
tionallyorunintcntionally)withthe lracingeffort. 

T hcfourthproblemisthat lhetracingcffortmust bcdonc 
right the first timt>. Often, one cannot try the trace again 
because sorncthing"·ent"·ronginthefirstattempt. 



P1.tVtSTING P1.osi~1o15 IN GROUNl'IWATU 

TKACING h<VF.STlG AT IONS 

There an~ fi>«: r~mmendations for preventing problems 
with groundwaler n acing investigation~ eonductcdas a pan 
of water pollution s1udics: 

L. Do not conduct a groundwater lra<.:e in a waler pollu­
tion investigation unless it is needed to answer a rekvant 
question. 

2. Do not conduct a groundwater tra<:e unles~ il is de­
signed in such a manner tha t it will produce results. 

J. Any tracing a ttempts should be precededby1hornugh 
fieldwork tolcx:ate allpossiblc siteswherethe lracingagcm 
might bcrCCO\."ercd. 

4. Avoid inj<Xling tra<:ing agems into man-made pits or 
wdls that may not be integrated with the gniundwatcr trans­
port sys1em 

S. Design am.I ronduct the tracing work in such a way as 
to minimize the chance of incorre<:t ~ondusions resulting 
from tampering. 

Do not conduct a groundwater trace in a water pollution 
investiga tion unless it is needed to answ~r a relevant qucs· 
tion. Jn groundwater tra~ing one inje~ts an exotic agent into 
the water and then samples for it at possible recovery sites. 
In water pollution cases there are often exotic agents prcsenl 
in the water "'hich sen ·e qui!e adequately as tracers; these 
should be used to the fullest extent possible. This is par· 
ticularly l rue in caws where good injection sites may not be 
pre~nt . 

As an exampk, I was once invol•·ed in a ca'e where a 
sewagt lagoon S)'Slem serving a hospital was suspected of 
leaking imoaseriesofsprins-~whkh had sudden.lyappearcd 

afew hundred fectaway. A state agency,utilizinipersonnc.1 
without c.~pcnise in groundwater hyJmlogy, injec1cd dyes 
inthelagoonS>'Slem on several occasions. The hospital used 
awatersoftener, andasaresultthelagoon haJanatypk ally 
largcchloridcooncentrmion;sodidthespri11l1S. T here "'ere 
other water qualit>' ~imilarilie~ between the lagoon and the 
springs; there was no reason for the injection ol'd)"CS. Due 
to poor design o r the •racing attempt and inadequate sam­
pling, the agency did not recover their dye from the samples 
springs , and condudl'<l that the lagoon did nol leak. Suhse­
quent indepcndcnt sampling of the springs found dete<:tablc 
concentrations of one of lhe two dyes injected in the lagoon. 
T be resull was a muddled problem which may well require 
litiga tion lo resolve. Not only was the tracing atlempl un­
necesi.ary, but it was improperly conducted and was con­
ductcd in anareawhere tracing d ifficu.lticswerc predictabte. 

It is often d ifficult to trace water from lakes and lagoons 
into g.roundwate<" systems. In many ca'e~ ii is better to make 
an asscs.sment of whether or not a lake or .lagoon is leaking 
by analy~ing water budgets rather 1han from ji'.rouodwatcr 
tracing attemptS. The quantity of wato::r or the timing of 
now pulses can he an effective groundwater 1racing tool 
which is sometimes superior to any tracing agent. 

Do not conduct a groundwatertracc unless il is designed 
in sueha manncrthat>·ou willgetresults. Useenough trac· 
ing agenl , uml u~c a lracing agent which is app1opriate for 
the problem at hand. Makccertain thai you have imade­
quate supply of water to transport the tracing agent. Make 
certain lhat all possible re<:o•·cry sitesaresampledandthat 
thcsamplingdura tion is adequa te. 

Finally, make c~nain that the injection site will answer the 
questions that arc rclcvant. A5 an example, if 1he issue is 
whcther some part of a proposcd landfill opcrationiswithin 
the recharge a rea for a spring used as a public drinking 
waler supply, the injection site forthegroundwaler tradng 
agcnt mustbc ncar thelandfillhu! bctwcenthc.landfilland 
the spring. A site on the far side of the proposed landfill 
from the spring may be useful in answering othcr questions, 
butit wi!lnottellus if part ofthe proposcd landfillarcacon­
tributes watcr tothespring. J havcs.cen 1his e:w.c1 situation 
oe<:ur, and theoonsullinggeologist forthc lanUfill opcrator 
selected his injection sile on the wrong side of the landfill. 
Since the relevant Question was not ans"'ered,litigation has 
resulted, 

T here may be occasional situatioru; where the failure to re­
cover a tracer from any o f thc sampling si1es could he a valid 
o bjective of the groundwater !racing effort . As an example, 
wehave injccted dyes iu m unicipa.l scwcrsandsamp!ed for 
them at springs as a reconnaissance test for sewer .line 
exfillration problems. Such tracing efforts must be con­
ducted very carefully, and to the extent possible other 
evidence shou.ldconfirmanyncgalive resultsfrom 1racing 
.:fforts. 

Any tracing attempts should be preceded by thorough 
field work to locate al.I DOssible sites where the groundwater 
tracing agent might be recovered. Unsuspected springs are 
some1imcs round d ischarging rrom the bed of perennial 
streams, and field workandlor sampling procedures must 
be adequate . 

Due1othenamrcofflow sys1cms insoluble rock lands 
(Aley, 1977; 1978), wells arc o ften poor sampling silts in 
groundwater traces. lfgroundwaler tracersarcinjcctedina 
na1ural drainage fca ture {suehas a sinkhole, losing stream, 
orotherdiM:rcterecharge zonc) they mitybere<:o'·eredata 
spring some distance away but no l al any of the wells lying 
belweentheinjection and recoverysilcs. This is because the 
flow route rn.tween the natural drainage fearnre and the 
springfollows localizcd conduits. Most wells will not inter· 
M:CI the conduits which are transporting the tracer-tagged 
water flow, and fur thisreason tracerswill nm he reeovercd 
in suchwclls.Although 1his doe.\ no1mean1hat wcllsshould 
not be sampled, great care needs to be used in interpreting 
negative tracingre5Ultsfrom wcllsin soluble rocklands. Jf 
wells m ust be sampled , ir is best to pump them heavily dur­
ing the tracing attempt. ln so lublerock lands ithasbcenmy 
experien~e that non-pumping wells are almos1 worthless in 
groundwater tracing programs. 



Avoidinjcctinittracing q cnts into man·madepitsorwclls 
that may not be in1egra1ed with the groundwater t ransport 
~y~tem. ll i~ generally unlikely that a >mall man·madc pit or 
well will be significanrly integrated with the groundwater 
transport system in a soluble rock area. If such site~ are u.1ell 
rcr grourulw:uer traco:r injection~, the tracing a!!ent~ may be 
detained for long periods of time in rhc storage componcn1 
of the groundwater system rather than in the rranspor1 com­
p0nern Dt't:lled for ~uccessful groulldwal<:r lradng. 

If man-made p its or well> must be used in grou ndwater 
tracing work, i1 is bcst toinjecttracersin several of them 
ratherthan relyonasing!e injectionsite. f'urthermore ,par­
licularly when man-made pits o r wells are used, all injec­
tion~ should be accompanied with substantial volumes of 
water (preferably at least 4,000 to !:1,000 litcn ). Although J 
havesucccssfullyconduc1ed groundwater traces using such 
pm~edures in the past, I have generally round that ~uch 
work rcquirc.tlargcr quantiticsoftracingagcnts than arc rc· 
quired when more desirable injection sites are av1iilab!e. 
Dc~ign and ~ondU<,.1 the 1111eing w11rk iu ~ud1 a way a.' to 

minimize the cha n« o f incorroct conclusions result ing fro m 
tampering. In water pollut ion cases, uacinl!: investigation~ 

.ll1ould ~ conducted in such a way as first to minimize the 
challceoftampering and sccondly todetecttamperillg if i t 
occurs. Eachgroundwater tracing oituationis diffcrenc,and 
the strategy which muM be employed to protect againot tam­
pering will be different. E~tra sampling stations upstream 
and down~tream o f important sampling sites can be useful if 
they arc kuownonly10 1hc i11vcst igator. I do not make it a 
practice to explain in detailtoanyone potentiallyinvolved in 
apar\icular issueexa(.11y ho w I plan Lo~ondud thetrad ng 
wort. In some uses I quietly re.sample to provide confirm· 
ingcvidence. 

Uround,.,·ater tracing can be an important tool in water 
pollution studies. Thctracing can providctypcsof informa· 
I.ion which arenot obtalnable oroot.readiJ~· obtainableusing 

mher approache.c.. 

20 • Tu<NSSIJuu£ll",0CtoocR l 'IM 

Prud em groundwater tradngreciuires a good. graspofthc 
limitat ions o t' tracing work In water pollut io n m1dies 
Ground wa1c1 tracing requires thorough and careful "'Or~ to 
in~ure proper results. 
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