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FOREWORD

This docunent was witten for four major reasons: 1) The
hydrol ogy of karst terranes is significantly different from that
of terranes characterized by granular and fractured rocks--flow
velocities in karst may be several orders of nagnitude higher
than in other ground-water settings; Darcy s Law describing flow
is rarely applicable; 2) For nonitoring to be relevant and reli -
able in karst terranes, nonitoring procedures nust be radically
different from those in non-karst terranes; 3) There is a need
for a practical guide that tells engineers, geologists, hydro-
| ogi sts, and regulators what the nonitoring problens are in karst
terranes and how to solve them and 4) Create awareness of the
state-of-the-art in nonitoring in karst terranes--and provoke
t hought and discussion about the subject and its inplications for
ground-water protection strategy. Sone of the conclusions may be
controversial, but | believe it is better to be aware of problens
and to try to solve themthan to ignore them

Approxi mately 20 percent of the United States (and 40 percent
of the country east of the Mssissippi R ver) is underlain by

various types of karst aquifers. The vulnerability of these
aqui fers to contam nation--and the consequent threats to public
health and safety, as well as to the environnent--nmake it

i nperative that nonitoring of these aquifers be reliable. This
docunment tells how to achieve such needed reliability.

This is a synthesis of the results of research and practi cal
experience by the author and ot hers. My research has been spon-
sored by the National Park Service, the US. Envi r onnent al
Protection Agency, and the Kentucky Witer Resources Research
I nstitute. Much of ny research has been done in collaboration
wth Dr. Ralph Ewers of Eastern Kentucky University.

Reliability, however, is not obtained easily or automatical -
ly. Karst is conplex. Al though general principles are applic-
abl e alnost universally, reduction of them to absolute rules is
difficult. Therefore, rules to guide nonitoring should be based
on goals or performance, not procedure. Stated generally, there
are two goals of nonitoring

1. Acquire and correctly interpret data relevant to the hy-
drol ogy of a site.

2. Logically nmonitor water-quality paraneters that are indic-
ative of contam nant-related changes in the hydrol ogy.



There are two problens with the attainnent of these goals:
It is easy to assume that one has achieved them and the design of
a nonitoring system is a research project, not the automatic
installation of a few wells downgradient and upgradient from a
site followed by collection of water sanples on a regular
schedule. This docunent discusses reliable procedures for
attaining these goals. Followi ng internal EPA review of this
docunent, the report will be upgraded to a Project Report, for
general release and use buy three groups of people:

1. Administrators who nust eval uate existing or proposed
networks for nonitoring water quality in karst
terranes, but have mnimal experience in karst
hydr ogeol ogy;

2. Consultants and others who nust design nonitoring
networks but may or nmay not have extensive experience
in karst terranes; and

3. The wel |l -experienced tracer who is already famliar with
t he hydrol ogy and geonorphol ogy of karst terranes but has
mnimal famliarity with nonitoring problens.

Accordi ngly, sone sections of this docunent may be of
greater or lesser interest to one group than to another

This docunment is a highly revised, nearly threefold expansion
of a review by Quinlan (1989a). It includes a summary of siXx
ot her papers published in the proceeding of various conferences
(Quinlan, 1988a; Qinlan and Al exander (1987); Quinlan, A ey and
Schindel, 1988; Qinlan and Ewers (1984, 1985); and Quinlan,
Ewers, and Field, 1988), but nost of this docunent is in no other
publication or report. It is a unique synthesis and sumary of
t he experience of the witer and his peers who are gratefully
acknow edged.



GROUNDWATER MONI TORI NG | N KARST TERRANES
RECOMMVENDED PROTOCOLS AND | MPLICI' T ASSUMPTI ONS

by: James F. Quinlan
Nat i onal Park Service
Mammot h Cave, Kentucky 42259

ABSTRACT

Reliable nonitoring of ground-water quality in any terrane is
difficult: There are many ways in which violation of sound prin-
ciples of nonitoring-network design and good sanpling protoco
make it easy to acquire data that are not representative of the

water or pollutants wthin an aquifer. In karst terranes it is
especially likely that irrelevant data, inadvertently m srepre-
senting aquifer conditions, wll be obtained.

The special problems of nonitoring ground water in nost karst
terranes can be grouped into four mmjor categories of problens
that are rarely as significant in other terranes. These cate-
gories are:

1. Where to monitor for pollutants: At springs, cave
streans, and wells shown by tracing to include drainage
froma facility to be nonitored--rather than at wells to
whi ch traces have not been run but which were selected
because of convenient downgradient |ocation. Wlls on
fracture traces and fracture-trace intersections and wells
| ocated randomy can be successfully used for nonitoring,
but only if traced positively fromthe facility to them
Oten, the nonitoring can only be done several kiloneters
away fromthe facility.

2. Where to monitor for background water guality: At
springs, cave streans, and wells in which the waters are
geochem cally simlar to those to be nonitored for pollu-
tants but which are shown by tracing not to include drain-
age from the facility--rather than at wells selected
because of convenient |ocation upgradient fromit. This
too, may have to be done several -kiloneters away fromthe
facility.

3. When to nonitor: Before, during, and after storns or
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nel twater events and al so at known base-flow conditions--
rather than regularly with weekly, nonthly, quarterly,
sem -annual , or annual frequency.

4, How to reliably and econonmically determ ne the answers to
problems 1, 2, and 3: Reliable nonitoring of ground water
in karst terranes can be done, but it is not cheap or
easy.

These problens exist because many of the assunptions made for
nmoni toring ground-water flow in granular nedia are not valid in
karst terranes. Many axiomatic, inplicit assunptions are nade
about flow systens by those who use various tracers and who may
or may not use the traced-spring, -cave-stream and -well noni-
toring strategy discussed herein. Many of these assunptions are
valid only about 95 percent of the tine. Ten of them are re-
viewed and exceptions to eight are discussed. Among the ten
reviewed, the nost insidious is that the tracing tests have been
wel | designed, properly executed, and correctly interpreted--and
that they are capabl e of yielding an unanbi guous interpretation.
Additionally, there are at least thirteen major ways to inadver-
tently obtain falsely negative results in tracer tests. These
too are cited and discussed.

The recommended nonitoring strategy is widely applicable in
nost U S. karst terranes. Most of them are characterized by
| ocal recharge that is discharged at springs. The strategy is
not applicable in karst terranes characterized only by recharge,
by diffuse discharge into sedinent, or by sublacustrine or sub-
mari ne di scharge.

Tracing agents are fundanental and necessary tools for
studies, nodel confirmation and calibration, and predictions of
novenent of ground water and pollutants. Their legitimte use
needs |egal recognition as being benign and harmess in the
concentrations generally enpl oyed--rather than regulation as con-
tam nating substances.

Many of the passionate conflicts between designers of noni-
toring systens and interpreters of their data are phil osophical.
Most of these conflicts are between individuals with different
perceptions of reality.

A checklist can be used to guide the general sequence of
operations necessary in the design of a nonitoring system for
ground water in karst terranes. The checklist given, however, is
no substitute for acquisition of an understandi ng of the concepts
espoused in this docunent and application of them

~Although sone state agencies now require ground-water noni-
toring at springs, official Federal regulatory recognition of
this necessity is needed
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| NTRODUCTI ON
OBJECTI VES OF TH' S DOCUMENT

The hydrol ogy of karst terranes is significantly different
from that of non-karst terranes. Accordingly, the nonitoring
techni ques necessary for reliable, accurate assessnent of their
ground-water quality are significantly different. This docu-
nment di scusses these techniques, recomends ways to solve the
special problenms posed by nonitoring in karst terranes, calls
attention to possible regulatory problens, discusses the assunp-
ti ons made when nonitoring, and makes recomendations throughout
the text.

Recent conprehensive reviews of the hydrol ogy and geonorphol -
ogy of Kkarst terranes are the well-illustrated texts by Wite
(1988) and Ford and WIlians (1989). These are the nost readable
introductions to the subject. A conprehensive analysis of the
physics, chemstry, and geology of karst aquifers has been
witten by Dreybrodt (1988). None of these books is specifically
concerned with environnmental problens, but they are useful,
experi ence-based syntheses of current know edge. Present and
future trends in karst hydrologic research have been briefly
reviewed by Atkinson (1985). A useful guide to the nature and
distribution of North American karst aquifers is given by Brahana
et al. (1988).

To many hydrol ogi sts, geol ogists, and engi neers, the flow of
ground water in karst terranes is nysterious, capricious, and
unpredi ctable. Many others recognize the term karst, but do not
understand its significance. Few publications adequately discuss
predi ctive aspects of environnental hydrol ogic problens of Kkarst
terranes or offer practical, experience-based insights for
solving them Notable exceptions are Al exander et al. (1988),
Aley (1977, 1988), Aey & Thonpson (1984), Bonacci (1987),
Crawford (1984), Milanovi& (1979), Palner (1986), Quinlan (1986b
1988a, 1988b), Quinlan & Al exander (1987), Qinlan and Ewers
(1985, 1986), Quinlan & Ray (1981, 1989), Smart & Hobbs (1995),
Snoot et al. (1987), and Wite (1988). Both the actual problens
and the policy problens of flow prediction in karst terranes are
real. Yet they are totally ignored in nearly all of the
environmental nonitoring literature and by nost current U S
Envi ronnental Protection Agency (EPA) and state ground-water
nmonitoring regulations. These problens can, nevertheless, be
solved. The National Water Well Association regularly offers
practical course in karst hydrogeology to professionals who
to learn about these problens and attenpt to solve them

1



Al t hough sonme EPA publications take note of the problens of
monitoring in Kkarst terranes and endorse the traced-spring,

-cave-stream and -well nonitoring concepts first espoused by
Quinlan and Ewers (1984, 1985) and analyzed in this docunent
(Ofice of Gound-Water Protection, EPA, 1987, 1988; Mill et al.,
1988), nost EPA docunents, and specifically the Technical
Enf or cenent @ui dance Docunent concerni ng ground-water nonitoring
at sites governed by the Resource Conservation and Recovery Act
(RCRA), ignore these concepts. The significance of the proposed
strategy for nonitoring in karst terranes was strongly endorsed
in letters to EPA from nunerous authorities who urged, albeit
unsuccessfully, that they be included in the revision of the
Draft TEGD on monitoring for RCRA sites (Ofice of Waste Prograns
Enforcenent and O fice of Solid Waste and Energency Response,
EPA, 1986).

Most current regul ations concerning ground-water nonitoring
disregard the nmanifold problens of doing it reliably in karst
terranes. In part, this is because they are performance-based,
and rightly so. The true goal of ground-water nonitoring should
be to detect the nature and nmagnitude of changes, if any, in
ground-water quality, as a result of natural processes or human
activity--rather than just to conply with the letter of the |aw
and regul ations. Monitoring can be reliable, and it can achi eve
performance goals, but sonetines it needs the aid of technica
gui dance in order to achieve its goals.

Proposed EPA regulations concerning nunicipal solid waste
landfills are sonme of the first to specifically address problens
of karst terranes and to prohibit siting themin such areas (U S
Envi ronnental Protection Agency, 1988, p. 33333-35). This prohi-
bition could be waived if an owner or operator can denonstrate
structural stability of the facility. The regulation (40 CFR
Section 258.15) is an inportant official recognition of a signif-
icant problem in karst terranes, sinkhole devel opnent, but it
ignores the nost w despread problens--those associated wth
reliable nmonitoring of ground-water quality as affected by
| eakage froma facility located in a karst.

Thi s docunent di scusses where and when to take rel evant water
sanples and how to get the data essential for making the where
and when decisions; it also discusses inplicit assunptions nade
when nonitoring with the strategy reconmmended herein. No attenpt
is made to discuss the design and construction of nonitoring
well's, protocol for sanple custody, or quality assurance/quality
control (QNV QO for dye-tests. Al'l but the last of these topics
have been adequately addressed by others; many topics are being
reviewed and codified by the Anmerican Society for Testing and
Materials (ASTM Subcommttee D-18.21 on G ound-Water and Vadose
Zone |nvestigations. Section .09 of this ASTM subcommttee,
chaired by the witer, is developing standards for dye-tracing
and ground-water nonitoring in karst terranes.
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Two major types of ground-water flow occur in Kkarst
aqui fers-- conduit flow and diffuse flow, each of which is an end-
menber of a continuum Springs and cave streanms in conduit-flow
systens are “flashy”, as expressed by high ratios between their
maxi mum di scharge and base-flow discharge, typically 10:1 to
1000: 1. Discharge responds rapidly to rainfall. Flow is gener-
ally turbulent. The waters possess low but highly variable
hardness; turbidity, discharge, and sonetines tenperature also
very widely. Wiere a karst aquifer is less developed and is
characterized primarily by diffuse flow, its behavior is Iless
flashy; the ratio between maxi mum di scharge and base-flow dis-
charge of mmjor springs is low (4:1 or less) , and the response of
their discharge and water quality to rainfall is slower than in
conduit-flow springs. Flow is generally lamnar. Hardiness is
hi gher than in conduit-flow springs, but hardness, turbidity,
di scharge, and tenperature have low variability (Quinlan and
Ewers, 1985). The variations in and relations anong these
properties and their variability as a function of aquifer flow,
storage, and recharge have been described in a significant paper
by Smart and Hobbs (1986).

Two inportant and seemingly contradictory points need to be
made about diffuse flow

1. Myvenent of water through nost parts of a diffuse-flow
aquifer is simlar to novenent of water through granular
aqui fers. Darcy’s law is operative (Hi ckey, 1984; Wailer
& Howi e, 1988).

2. Although water from a diffuse-flow spring may be
di scharged from an obvious conduit, perhaps 3 m (10 ft) in
di aneter, the geonetry and configuration of the *plunbing
systenf that feeds it near the orifice is trivial. WIson
and Skiles (1988) and Stone (1989) have published maps of
different cave systens with nore than 11 km (6.5 m) of
brai ded passage that feeds diffuse flow springs.

The nost significant controls on flowtype are the types
of recharge and storage, as discussed by Smart & Hobbs
(1986). These nobst influence the degree of variability of
wat er chenistry and the magnitude, timng, and duration of
response of springs and wells to storns. For very large
ground-water basins there is additional danpening of
response to storns as a consequence of their sheer size
and the greater tine necessary to transmt the storm input
to their spring (Wite, 1988, p. 186-187). A so, individ-
ual storns will tend to overlap and seasonal trends will
conprise the nost obvious part of the annual record.

A quick, inexpensive way to distinguish between a conduit-
flow spring and a diffuse-flow spring is to observe its turbidity
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and to neasure its specific conductivity before, during, and
after several large storns. If the spring is characterized by
conduit flow, the water wll be turbid, the coefficient of
variation (standard deviation + nean x 100) of its specific
conductivity will be 10 to nore than 25 percent. If the spring
is characterized by diffuse flow, its water will always be clear
to slightly turbid; the coefficient of variation of its specific
conductivity will be less than 5 percent (Quinlan and Ewers,
1985). Renenber, however, that conduit flow and diffuse flow are
end-menbers of a continuum Many springs are fed by a mxture of
both types of flow (Wite, 1988, p. 183-187).

G ound-water flow in conduits and fractures of karst aquifers
differs radically fromflow in other aquifers. Mst comonly, it
is to springs by way of caves. Such flow is generally faster
than in other aquifers; extreme velocities of 2300 mlhr (7500
ft/hr) have been observed, while a range of 10 to 500 nmhr (30 to
1500 ft/hr) is typical for many conduits (Quinlan & Ewers, 1985,
p. 202). [The latter two flow velocities are equivalent to
approximately 90 and 4400 kniyear (55 and 2700 m/year).] Thus
the effects of |eakage or a spill of hazardous nmaterial on water
guality in a karst aquifer can be sensed at great distances in
less than a day. Conceptual and porosity relations between
conduit-flow aquifers, fractured aquifers, granular aquifers, and
di ffuse-flow aquifers are shown in Figure 1.

GRANULAR
Pores
_ _ - DIFFUSE
R - Poorly
FRACTURED &<~ integrated
Parallel Plates Pores, Joints,

(Joints and and Tubes

Bedding

Planes) CONDUIT

Tubes

Figure 1. Rel ati on between four major types of aquifers and the
dom nant porosity geonetry in each. This is a tetrahedral

conti nuum (after Quinlan & Ewers, 1985)
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Waste-di sposal facilities should not be located within a
karst terrane unless one is willing to risk sacrificing the use
of at |east part of the subjacent karst aquifer as a source of
potable water. This is a high risk, alnost a certainty. Never-
theless, many facilities already exist within a karst environ-
ment, and hazardous materials are disposed of wthout supervision
by a karst-aware hydrologist. Al so, hydrologists are rarely con-
sulted in the selection of a proper site for an accidental spil
of hazardous materi al

I mediately beneath the soil and overlying a domain of
hori zontal flow in diffuse-flow and conduit-flow systens, is the
epi karst (also known as the subcutaneous zone). It conprises the
strongly karstified water-bearing rock in the vadose zone beneath
the soil and above the phreatic zone, but it nmay be separated
from the phreatic zone by tens to hundreds of feet of dry,
inactive, waterless bedrock that is locally breached by vadose
per col ati on. Commonly, the epikarst is 3 to 10 mthick (10 to 30
feet). WIllians (1983) estinmates that 50 to 80 percent of the
di ssol ution done by recharging waters takes place in this inter-
val . Thus its storativity and transmissivity are significantly
greater than in the subjacent, less karstified, relatively dry
rock in the vadose zone. The peculiar hydrology of the epikarst,
and howit differs fromthat of the diffuse-flow and conduit-fl ow
part of karst aquifers, has been discussed by WIllians (1983),
Friedrich (1981), GCouisset (1981), Headworth et al. (1982) and
Wal sh and Puri (1985).

The conplex relations between hydrology, I|andforns, and
stratigraphy in karst developed in gently-dipping rocks in a |ow
relief terrane are shown schematically in Figure 2. The cave
stream is recharged through the soil, by sinking streans, seepage
t hrough bedrock, and underground tributaries. Flow is integrated
at a trunk stream that ultimately discharges at a spring. Many
anal ogi es can be made between the hydrology of cave rivers and
surface rivers. The terrane shown is hypothetical, but represen-
tative of karst terranes in much of the Mdwestern United States.
Ten different types of ground-water flow are shown; nost of them
are discussed by @unn (1986) and Wiite (1988). A conprehensive
di scussion of this figure is beyond the scope of this docunent.

Addi tional concepts of karst hydrology will be introduced in
the discussion of where to nonitor for pollutants and background.
Case histories will be cited to illustrate these concepts

DESI GN OF MONI TORI NG SYSTEMS | N KARST TERRANES
VWHERE TO MONI TOR FOR POLLUTANTS
The ground-water nonitoring regul ations specified by RCRA for
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treatnment, storage, and disposal facilities (TSDF's) (40 CFR Part
264, Subpart F;, and Part 265, Subpart F) prescribe a m nimum of
four wells to be installed at a facility to be nonitored--one
wel | upgradient and three wells downgradient, commonly near the
facility boundary and alnost always on the facility property.
Sanpling is to be perforned annually, sem -annually, and perhaps
quarterly, but rarely as often as nonthly. Mnitoring wells
installed and sanpled in this manner in nost karst terranes wll
generate great amounts of carefully collected, expensive data,
nost of which are usel ess because the wells usually fail to in-
tercept the contamnants they are intended to detect. They fail
to do so because the wells do not encounter the flow |ines (cave
streans) draining from a site; if they do intercept them an
insufficient nunber of sanples is taken at inappropriate inter-
vals and at the wong tinme (Quinlan & Ewers, 1985; Quinlan and
Al exander, 1987).

The easiest and nost reliable sites at which to nonitor
ground-water quality in a karst terrane are springs and directly
accessi bl e cave streans shown by dye-tracing to drain from the
facility being evaluated (Quinlan & Ewers, 1985). It is, how
ever, naive, erroneous, and dangerous to assune that all or nost
of the springs that nust be regularly sanpled during tracer tests
and ground-water nonitoring are indicated on U S. Ceol ogical Sur-
vey (USGS) 7.5-mnute topographic quadrangl es. Experience in
nuner ous karst areas has shown that only about 5 percent of the
springs discharging non-isolated local flow are shown on naps.
Inclusion of a spring on a topographic map is not necessarily an
i ndicator of the significance of its discharge. Many trivial
springs are included on a map because of their cultural associa-
tions. Field work to discover springs is nmandatory; there is no
substitute

The preferred alternative to the use of springs as nonitoring
sites is a suite of wells that intercept cave streans shown by
tracing to flow fromthe facility. Cave streans may be difficult
or inpossible to find with traditional geophysical techniques
New techni ques such as the use of stream ng potential (neasure-
ment of the electrical potential-gradient caused by displacenent
of ions from fissures and rock grains as water noves from a
recharge area to a discharge area; Lange, 1988; Lange & Quinlan,
1988) and acoustic detection (nmeasurenent of sound waves caused
by the knocking of pebbles against one another during saltation,
by cavitating water, or by cascading, riffling, and dripping
water in partly air-filled cavities) have been tested wth
encouragi ng results by Lange (1988). St okowski (1987) has al so
tested stream ng potential as a guide to discovery of caves, but
his results are not supported by his data. O her non-traditional
geophysi cal techniques also have prom se (Lange, 1988).

A second alternative for nonitoring sites in karst terranes
is a suite of wells |located on fracture traces or on fracture-
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trace intersections. These wells are usable only if tracer tests
show a connection with the facility under base-flow as well as
flood-flow conditions. Al though sone cave passages are coinci-
dent with various types of fracture traces and |ineanents, not
all fracture-related features are vertical and therefore directly
above cave passages (Werner, 1988). Many cave streans are
devel oped al ong bedding planes and are unaffected by vertical
fractures. This fact |essens the probability that a well drilled
on a fracture trace, a lineanment, or the intersection of such
linear features will intercept a cave stream This fact does not
chal  enge the well-known correlation of such linear features wth
increased water yields (Parizek, 1976).

As a third alternative, randomy located wells could also be
used, but only if tracing has first proven a connection fromthe
facility to each of the nonitoring wells under various flow con-

ditions. Donestic, agricultural, industrial, and nonitoring
wells are generally sited where convenient, but for a specific
pur pose. Even though nonitoring-well |ocations are designed for

detection of contamnants or to intercept contam nant plunes
oriented parallel to the hydraulic gradient or to be upgradient

from them | consider nost such wells to be randomy | ocated--
unless they were deliberately sited along fracture traces or
fracture-trace intersections. Throughout this document | use the

phrase randomy |ocated wells in this sense. Mst randomy
| ocated and nonrandomy located wells were not intended for
aqui fer-testing or dye-tracing, but they can be so used. Such
wells can not be used as nonitoring wells for a facility in a
karst terrane unless they have been shown to be positive for
tracer released at or very near the facility to be nonitored.

At nost locations in karst terranes, proper and reliable
nmonitoring can only be done at sites outside the boundary of a
facility. Frequently this nonitoring can only be done at places
up to several kilometers away from the facility.

VHERE TO MONI TOR FOR BACKGROUND WATER QUALITY

Springs, cave streans, and wells in settings geochemcally
and culturally simlar to the traced nonitoring sites are the
only suitable places to nonitor background water quality. This
is true, however, only when these places have been shown by care-
fully designed, repeated dye-traces done under conditions ranging
from base flow and flood flow not to drain from the facility.
There may be no obvious place that can be nonitored for back-

ground water quality. This is especially true for a facility
| ocated on a hill that is also a potentionetric high and charac-
terized by radial flow of ground water. If randomy | ocated,

non-traced wells are irrelevant for nonitoring possible contam -
nants in karst ground water, they are equally irrelevant for
noni toring background for contam nants.

9



One nust be exceedingly cautious in interpreting negative
results of a tracer test. Only sonme springs and randomy | ocated
wells that are negative for dye in a judiciously designed, prop-
erly executed trace are in settings geochemcally and culturally
simlar to those of the nonitoring wells. Use of such springs
and wells for nonitoring background when no other nonitoring
sites are available is rational, but not specifically addressed
by current regul ations.

Background data at a new facility can also be obtained from
wells that are nonitored before, during, and after storns.
Ideally, this will be for at least a year before operations
begi n. This duration would probably detect stormrelated and
seasonal trends in water quality. Analysis of continuous records
of stage in these wells can be used for selection of storm
rel ated sanpling frequencies and for possible differentiation of
wells into several categories that are based on hydrographi c and
chem cal responses to storns. Traces should be run during that
year-long period in order to denonstrate the presence or absence
of connections between the various wells and the facility to be
nonitored. If a well does not test positive for dye after allow
ance is nmade for probable flow velocity, it can not be consi dered
to be an effective part of a nonitoring system |If none of the
wells, or an insufficient nunber of wells to which traces are
attenpted, tests positive for dye, an effective nonitoring system
does not exist; one probably does not understand the hydrogeol ogy
of the facility. New hypot heses about flow nust be devised and
tested in order to verify the correctness of the understandi ng of
its hydrogeol ogy.

There are problens associated with the validity of statisti-
cal conparison of data from background wells wth purportedly
relevant data from nonitoring wells. No matter what sophis-
ticated statistical tests "prove", if comon sense and field
observations denonstrate that sanples from nonitoring sites and
background sites are taken from the equivalent of two different
popul ations, the statistical analyses are invalid. EPA in
recognition of problens of conparability, has been seeking ways
to make objective, valid conparisons. It has proposed the
concept of “ground-water trigger-levels” for determning if a
facility is in conpliance with regul ations. State agencies are
to set trigger-levels for conpounds and netals after critical
review of data on their toxic effects on health of people and
aquatic life. If the trigger-level of a conpound or netal is
exceeded in a nonitoring well for a facility, an investigation of
possi ble sources nust be made (U S. Environnmental Protection
Agency, 1988, p. 33370-71). No matter what concept of background
Is used, and no matter what the concept of background evolves to
there is still the problem addressed herein, of wvalidly
conparing two sets of water-quality data which nmay not be rel ated
in any way.
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DI SCUSSI ON OF WHERE TO MONI TOR FOR PCLLUTANTS AND BACKGROUND

Al six types of nonitoring sites and background sites--
springs, directly accessible cave streans, wells drilled to cave
streams, wells drilled on fracture traces, wells drilled on
fracture-trace intersections, and wells drilled random y--nust be
tested by tracing, not only during noderate flow but also dur-
ing flood flow and base flow, in order to prove the useful ness of
these sites for nonitoring. This nust be done during the
extrenes of expected flow conditions because flow routing in
karst terranes commonly varies as stage changes. During flood
conditions the water level in conduits will rise. Sone of the
water may tenporarily nmove through conduits that are dry during
lowflow conditions and be switched (decanted) into adjacent
ground-wat er basins, thus being tenporarily diverted by them An
exanmpl e of such hydraulic switching is depicted in Figure 3.
During nmoderate and flood flow, water draining from Park City and
from the west boundary of Cave City in the Turnhole Spring
ground-water basin may flow via internediate-level and high-Ievel
crossover routes (shown by the north-trending dashed lines wth
arrows) to as many as three other basins (#4, Sand Cave; #6, Echo
River; and #7, Pike Spring, as indicated by the short, north-
trending arrow that crosses the boundary of the ground-water
basin at the south end of Roppel Cave). These three subsurface
diversion routes are also shown nore schematically in the western
third of Figure 4. They are part of the distributary with 12
Springs. O her nore conpl ex exanpl es of hydraulic switching are
known (Smart & Ford, 1986; Smart, 1988a, 1988b).*

Anot her peculiarity of water nmovenent in many karst aquifers
is distributary flow An underground distributary is a dispersal
route analogous to the distributary at the mouth of a major river
that enpties into a sea. However, its origin is different, as
di scussed by Quinlan & Ewers (1985, p. 205, 207) in their
description of the simlarities between surface rivers and |arge
under ground rivers. Figure 4 shows numerous distributaries in
t he Mamrmot h Cave area. The positions and geonetry of the under-
ground branching shown are schematic, but their existence has
been confirned by cave-mapping and by dye-tracing. Sone of these
underground flow paths have been napped. Know edge of the occur-
rence and functioning of distributaries is inmportant in the de-

*I't would be interesting to nmake an analysis of the simlarities
between hydraulic switching in caves and the principles of
fluidics (fluid logic circuits that can be used for sensing,
logic, menmory, timng, and interfacing; Esposito, 1980, p. 338-
367). The whinsical 1dea of a cave as a giant fluidic conputer
is remniscent of Douglas Adans’s proposal that the Earth is a
gi ant organi c conputer designed to calculate the Question to the
Utimte Answer (Adanms, 1980, p. 181-183).
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sign of a nonitoring systemin a karst terrane because pollutants
froma point-source in the headwaters or md-reaches of a ground-
wat er basin or subbasin may flow to all springs in its distribu-
tary system or subsystem during periods of high stage. For
exanpl e, pollutants reaching ground water beneath a point-source
in the east-central area of Figure 4 south of Geen R ver would,
dependi ng upon flow conditions, disperse to as many as 52 springs
in 19 isolated segments along a 19 km (12 m) reach of Geen
River. Part of this distributary is shown also in Figure 5. Not
all springs between the extremties of a distributary are
necessarily a part of the distributary.

The extent to which ground-water basins and their subsurface
flow routings can be deciphered by tracing, mapping of the poten-
tionetric surface (water table), and mapping of caves is shown in
Figures 3 and 5. The east half of Figure 5 summarizes sone of
the results of a study of the dispersal of heavy netals froma

/5

o
y

. Spring or Springs
> «g= Distributary (Schematic)

2 Number of Distributary Springs
-==—= Cross-over Route

0 3 Miles
O Skm

Fi gure 4. Distributary springs along G een R ver in the Mammot h

Cave area, Kentucky. The nunbers indicate the total nunber of
springs in a given distributary system or subsystem The west-
ernnmost large distributary, wth 12 springs, is a schematic

representation of part of the Turnhole Spring ground-water basin
shown in Figure 3. (after Quinlan & Ewers, 1985)
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netal -plating plant; the netals had been discharged into the
ground (in concentrations of nore than 10 ng/l via a munici pal
sewage treatnment plant at the town of Horse Cave. [The outline
of the town is just east of the center of the map.] A study of
the chemstry of water from springs, wells, cave streans, and the
west-flowng Geen R ver showed that effluent from the sewage
treatnent plant flows underground 1.6 km (1 m) northeast to the
unmapped cave beneath the town and then, depending upon stage, to
a total of as many as 46 springs in 16 segnents along an 8 km (5
m) reach of the river, about 7 km (4 m) to the north (Quinlan &
Rowe, 1976). None of the 23 wells nonitored for heavy netals
during base flow showed concentrations higher than background
l evel s, but they should have been sanpled al so during flood-flow
conditions, when water novenent m ght have been reversed from the
trunk conduit to sone of the wells (Reeker et al., 1988).

Figure 6 shows conplex, radial flow of ground water in fault-
ed, flat-lying rocks in the Ozarks of Arkansas. The divergent
results of six dye-tests, four of which are within a mle of a

proposed landfill, are sunmarized in this figure. Al t hough the
flow routing in Figure 6 is nore conplex than that shown in
Figures 3 and 5, the routing illustrates the advocated naxim
"Monitor the springs!™ Mnitoring wells that could be drilled on
fracture traces at the proposed landfill site mght detect

seepage of leachate fromit, but there is no nmeans--other than by
tracing--to identify correctly and conclusively the places to
which |eachate would (and probably would not) flow Stated
another way, no matter how superbly efficiently the hypotheti cal
nmonitoring wells on the landfill property were able to detect
| eakage from the landfill--assum ng, for sake of discussion, that
they would function so reliably--there is no way, other than by
dye-tracing or by nonitoring of numerous springs and wells off
the property, that one could discover the many consequences of
| eakage from the proposed l|andfill!

Al four wells at the town of Pindall (Figure 6), which were
punped continuously during the dye-trace from the east boundary

of the landfill site (the first trace run), tested positive for
dye. By inference, if other wells in the town had been punped
continuously, many of them perhaps all, would have been posi-

tive. Note that none of the four wells immediately east and
sout heast of the first dye-injection site and neither of the two
wells imediately west of the western dye-injection site were
positive for dye during the first test. [None of these six wells
was sanpled for dye during the five subsequent tests.] During
the second and third dye-tests, in which dye was injected 1.6 km
(1 m) east and west of the proposed landfill site, respectively,
only two wells at Pindall were punped continuously. The south-
ernnmost well there was positive for dye in both tests, as shown;
the easternnost well was anbiguous for dye from the east and
negative for dye from the west. The high-yield well on the
fracture trace (at F) was positive for dye from the second,
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third, and sixth dye-tests, but negative for dye fromthe first,
fourth, and fifth. Dye recovery fromthis well during the first
test was probably hanpered by the effects of chlorine added to
the well water; <chlorine may react with tracer dyes and can
destroy |ow concentrations of any that are present (Smart & Laid-
law, 1977). The difference in tracer results at the high-yield
well may al so have been a consequence of greater efficiency in
sanpling and analysis during these latter tests and of the use of
the witer’'s punped-well dye-sanpling device (Aley et al ., 1989).
The results of the fourth and fifth dye-tests are consistent with
the hypothesis that Mtch H Il Spring is fed by deep, conplex
circulation of ground water which is recharged near faults,
i neaments, and fracture traces (Al ey, 1988). The inplications
of these dye-test results for well head and springhead protection
are discussed by Aley (1988) and Quinlan, Aley, and Schindel
(1988). [Dye-trace results fromthe first test were instrunental
in the 1987 defeat of a proposal to use this site as a landfill.]

Dye for the six traces near Pindall was injected near the
headwaters of several surface streans and at |ow to noderate-
flow conditions. The results mght be different if the dye-tests
were run during base-flow and flood-flow conditions, but flow
would still be radial.

Radial flow occurs in many karst terranes and has al so been
docunented in them at waste disposal facilities (Quinlan & Ewers,
1985, p. 214-219; Aey, 1988); it tends to be associated with
| ocati ons on topographic highs. Wen evaluating a facility by
dye-tracing, one nust keep an open mnd and place dye-detectors
at not only the |ogical, obvious places, but also at the illogi-
cal, the wunlikely, and the “No, it couldn't ever go there”
pl aces. The cliche "Expect the unexpected" applies, no nmatter
how experienced one is in tracing

It is tenpting and all too easy to take what | think is false
confort in the interpretation of negative tracing results to a
well to nmean that a waste disposal facility and its liner (if
present) are functioning as designed. More specifically, it is
easy to say that a facility is either not |eaking or is adequate-
|y attenuating everything put into it, but | think it is naive to
say so unless one is extrenmely and justifiably confident in the
validity of the tracer-test results (Quinlan, Ewers, & Field,
1988). Alternatively, the negative tracing results could just as
| ogically be a consequence of nonitoring for dye in wells that do
not intersect that part of the aquifer in which ground water

actively circul ates. In nost karst terranes, the latter explana-
tion is nore likely to be correct. If water is not standing on
the ground in pools or ponds, infiltration nust be flow ng sone-

place. If infiltration is flow ng soneplace, an uncapped facil-
ity is probably |eaking to sonewhere.

Sometines there is resistance on the part of owners/operators
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to the performance of a dye-test from their facility or its
i mediate vicinity. This resistance is based on their fear that
environnmental adm nistrators and the public would judge that the
rate of flow of dye from an adjacent sinkhole, for exanple, to a
spring would be interpreted to be the same as the rate of |eakage
fromthe facility. The rates are not necessarily the same. But
it is essential to performthe trace so that the consequences of
possi bl e | eakage becone known before |eakage actually occurs.
The sinkhole is used as an injection-site because flow velocities
fromit will probably be nore rapid than through a |iner and
because of the economc constraints of investigation tine. In
such a situation, the npbst inportant nonitoring question about
| eakage is where to, not when or how fast.

In sone epikarsts and soil zones characterized by diffuse
flow, it may be possible to determne the optimal |ocation for
reliable nonitoring wells by applying standard, topography-based
principles of well-siting developed for non-karst terranes.
Springs may be unreliable nonitoring sites because of the |ong
residence tinme of pollutants “hung-up” in the epikarst. Not
enough research has been done on nonitoring of epikarsts to
fornmul ate specific protocols for optinmally doing so.

RELEVANCE OF OFF- FACI LI TY MONI TORI NG TO RCRA REGULATI ONS

Al t hough no EPA regul ations specifically sanction the noni-
toring protocols recomended herein for Kkarst terranes, these
protocols are not inconsistent with any EPA regulations. The
foll owi ng paragraphs di scuss how the existing regulations can be
interpreted as relevant to these protocols and to off-facility
nmoni t ori ng.

Conventional nonitoring practice and EPA regulations for
RCRA, 40 CFR Section 264.95, require that ground-water nonitoring
be done at the conpliance boundary of a treatnent, storage, and
di sposal facility (TSDF). \Wenever hazardous constituents from a
regul ated unit exceed concentration limts in ground water (set
under Section 264.94) in wells located between the conpliance
poi nt (under Section 264.95) and the property boundary downgradi -
ent from a facility, the owner or operator nust institute a
corrective action program (under Section 264.100). The concept
of off-facility nonitoring is not nentioned or inplied, but the
RCRA TEGD for ground-water nonitoring reconmends that “CGeol ogic
environments wth discrete solution channels such as Karst
formati ons nmust have detection nonitoring wells located in those
solution channels likely to serve as conduits for contam nation
mgration.” (Ofice of Waste Prograns Enforcenent and O fice of
Solid Waste and Energency Response, EPA, 1986, p. 47).

It has been shown that analysis of off-facility water sanples
from traced-springs, -cave-streans, and -wells may be the only
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way to reliably detect and nonitor whether the facility is
leaking (Quinlan & Ewers, 1985 ~Quinlan, 1988a; Al ey, 1988).
Achi evenent of the recommendation of the TEGD is nost practically
and nost economcally achieved by followng the strategy these
aut hors advocate. The non-traditional geophysical techniques
described by Lange (1988) and Lange and Quinlan (1988) may
expedite finding the conduit to be nonitored, but these techni-
ques are still in a devel opnental stage and there are limtations
on their applicability. Also, even if a large water-filled
conduit is found by geophysical techniques, it nmust be tested by
tracing.

I do not believe that lack of specific nention in the RCRA
regul ations of nonitoring at springs, cave streans, and traced
wells prevent their use. Wiy? Section 264.97(a) of RCRA regu-
lations requires that a ground-water nonitoring system consist of
a sufficient nunber of wells, installed at appropriate |ocations
and depths to yield ground-water sanples that represent back-
ground water quality not affected by the regulated unit represent
the quality of water passing the point of conpliance. | contend
that unl ess downgradi ent and upgradient wells intercept a cave
stream (not necessarily the sane cave stream they are incapable
of doing what they were intended to do; there is an insufficient
nunber of wells unless one or nore of themintercepts a conduit
that is traced fromthe facility to be nonitored.

| believe that dye-traced springs and cave streans nust be
recogni zed as valid, essential conponents of a ground-water noni-
toring system in a karst terrane. Section 264.97(d) requires
that the ground-water nonitoring program include consistent
sanpling and and anal ysis procedures designed to ensure nonitor-
ing results that provide a reliable indication of ground-water
gual ity bel ow t he waste- managenent area. In karst terranes such
reliable indications are nost easily and best obtained from
springs, cave streans, and wells drilled to intercept them The
rel evance of such interceptions nust be proven, however, by
tracing.

Addi ti onal support for nonitoring at traced-springs and
-cave-streans, rather than at randomy located wells, is inplict-
Iy but strongly given by other RCRA regulations such as 40 CFR
Section 270.14(c), which is concerned primarily with site char-
acterization. Subpart (c)(2) of this regulation requires iden-
tification of the uppernost aquifer and aquifers hydraulicall
i nterconnected beneath a facility property, determnation o
ground-water flow direction and flow rate, and statenent of the
basis for the conclusions of hydrogeol ogic investigations of the

facility. In nost Kkarst terranes, an approximation of the
required flow direction can be obtained from potentionetric data
but it should be confirnmed by tracing. Flowrate data can be

obtained only by tracing.
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Section 270.14(c) (4) requires description of any plune of
contam nation that has entered the ground water from a regul at ed
unit and delineation of it on a topographic map. A cont am nat ed
cave streamis a plune, albeit a confined plune; the only way to
delineate it is by potentionmetric and/or geophysical mnapping
confirnmed by drilling (as discussed herein) and by dye-tracing.
Al though Section 270.14(b) (19) states that the required topo-
graphic map should show the area around a facility to a distance
of 1000 ft (305 n) fromits boundary, it would be reprehensibly
| egalistic and short-sighted to map a plune to that boundary and
stop. Such a map would inply that the plume ceased to exist at
the boundary or ceased to be the responsibility of the owner/

oper ator. The plume should be mapped farther, to its end at a
spring, when it is technically feasible to do so. The pol | uted
spring will contam nate surface waters.

Section 270.14(c) (5) requires detailed plans and an engi neer-
ing report describing the proposed ground-water nonitoring
program to be inplenented to neet the requirenents of Sections
264.97(a) (2) and 264.98(b). These two Sections require that the
nmonitoring system represent the quality of ground water passing
the point of conpliance. Since the water flowing from the
facility is in a conduit or in a zone of diffuse flow that may
include a conduit, wells nust be drilled to intercept and nonitor
it. Substitution of nonitoring of a spring for nonitoring of a
well drilled perhaps 30 m (100 ft) from its point of discharge
would be logical, cost-efficient, and not inconsistent wth
exi sting regul ations.

VWHEN TO MONI TOR FOR PCOLLUTANTS AND BACKGROUND

Current conventional nonitoring protocol generally requires
wel | sanpling annually, sem-annually, occasionally quarterly,
and rarely as often as nonthly. This is reasonable in nost non-
karst terranes. In karst terranes, however, even at springs and
cave streanms judiciously and correctly selected as nonitoring
sites by the dye-tracing procedures recomended herein, by Quin-
lan & Ewers (1985), and by Aley et al . (1989), the analytical re-
sults of such regularly collected data can be inadvertently
m sl eading. The net result is a waste of tinme and noney. Wy?
If a karst aquifer is characterized by conduit flow, the chem cal
quality of water at a spring to which it drains can be greatly
affected by the effects of stornms and neltwater events (Quinlan &

Al exander, 1987; Libra et al ., 1986; Hallberg et al., 1985). In
contrast, the water quality of diffuse-flow systens is generally
only slightly affected (Quinlan & Ewers, 1985) . Sanpl i ng nust

al so be conducted during base-flow conditions and anal yses shoul d
be conpared with water quality during and after storns and nelt-
wat er events. \Water quality is dependent upon the type of poll u-
tant source (point-source vs. nonpoint-source), its volune, and
its concentration
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In order to reliably characterize the natural, stormrelated
variability in water-quality of a spring in a conduit-flow
system sanpling nmust be done nmuch nore frequently than was
customary in the past. Characterization of water quality, when
using typical sem -annual sanpling for study of a conduit-flow
system is analogous to estimating annual rainfall of an area
solely on the basis of rainfall data collected on the sane two
days of each year

The effect of sanpling frequency on the accuracy of charac-
terizing and depicting stormrelated variability in water quality
affected by non-point agricultural pollutants is illustrated in
Figure 7. Data are fromthe Big Spring basin, |owa. Figure 7A
is a conposite of three figures published by Libra et al . (1986).
Di scharge was recorded conti nuously. Pesticides were sanpled up
to 6 times per day, nitrate was sanpled up to 20 tinmes per day,
and suspended sedinent was sanpled up to 17 tinmes per day,
dependi ng upon stage (Bernard E. Hoyer, |owa Geol ogi cal Survey,
lowa City, oral communication, 1987) . For the sake of discus-
sion, however, assunme that these paraneters were nonitored
continuously for the n-day interval shown. Assune al so that
apparent variations in water quality as a result of its natura
variability, the statistics of sanpling and analysis, and
analytical error are trivial--even though they possibly are not.
The nost inportant thing to be seen in Figure 7A is that pesti-
cides and suspended sedinent have a maxi num that approximately
coincides with that of the discharge. Nitrate, however, has its
m ni mum when the others are at a maxi num and reaches its own
maxi mum several days |ater when the others are approaching their

| ow pre-storm val ues. The reasons for this peculiar |ack of
synchrony are discussed el sewhere (Libra et al ., 1986; Hallberg
et al. 1985; Qinlan & Alexander, 1987). Note also that

pesticide concentrations increased. by nore than an order of
magni tude during and after the storm Such stormrelated
variation in nonpoint-source pollutants is common, but |onger
term precipitation-related variation in what can falsely be
cal l ed “background” for pesticide concentration may range over
nore than three orders of nmagnitude at sonme sites in just a few
months (Quinlan & Al exander, 1987).

Figures 7B through 7F are based on the data represented in
Figure 7A, but they assune “sanpling” at intervals of 12, 24, 48
and 96 hours. For the storm event that occurred, sanpling at 48-
hour and 96-hour intervals (Figures 7E and 7F) is totally incap-
abl e of suggesting any significant change in water quality. The
24- hour sanpling frequency (Figures 7C and 7D) is better, but the
m dni ght sanpl es happen to mss the decrease in nitrate and nost
of the increase in pesticides. Even a 12-hour sanmpling interval
(Figure 7B) is only a crude approximation of the continuous
sanpling represented by Figure 7A

21



P N Q - DISCHARGE (cfs) P N
pob  pom P - PESTICIDES (ppb) opb  ppm
20~ N « NITRATE {(ppm)} 20 -
S ~ SEDIMENT (ppm) i
6~ 18-
A “CONTINUOUS MONITORING” . B 12-HOUR SAMPLING
12- @ s 12- Q s
cts ppm cfs  ppm
- & 300~ N 300 -
200 - «10000

§- \ 200 -] 10000 e~
1 -
.. 190 -{_ 1000 ‘- 22-1.1000
~80 - 80
| — ) 20~ “ —

- ~ Nemmmn 30 =
o-|—p e e NS e

- —n S—ems N Y ===
oo S oot 2q- _"'-S 20 -
- -10 =10
- 20 ~20
AJ i 23‘ ‘30[ 1 L) v 3 T L s L T 7 L ¥ T 28'_"— raor; T g 3 L v 5 L4 L) 7ﬁ
APRIL MAY APRIL MAY
P N P N
ppb  ppm ppb  ppm
Cc Q@ s D Q s
12 24-HOUR SAMPLING 12 - 24-HOUR SAMPLING
(NOON) cts  pom - (MIDNIGKT) cts  ppm
- ago - 300 -
8- 200 -|- 10000 8- 200~ 10000
- \‘@_-wm 298! 1000
~80 QJ
= ~— N ——— 30~ 50 ~
- N—20 \\_;'-"‘"“ -100
o-| 2P o — e
- G ——— 20~ 20~
- ~10 -10
-20 - 20
" 28 solt a3 s 71 28 ols a3 s 7
APRIL MAY APRIL MAY
P N Q S P N Q S
ppb  ppm cis ppm ppb  ppm cfs  pom
1 E  <s-woun sameiine " T F  se-wour sameuing 299 -
8- 200 -{~ 10000 8- 200 -|~ 10000
.- 100} L oaa .- 108 -1 1000
~80 a -80
o - - Q 50~
. N 50- . /—-_.____N____ 100
J =-p \ = |-100 - p,_____.__.—._’;:%
0 -2 \P‘-—-—--———‘- o "‘ON//
-s - 20~
- 287 o - 8 - 10
- 20 ~20
" "2 solt 3 s’ 7 T 28 a0l 3 s 7
APRIL MAY APRIL MAY

Figure 7. \Water quality and discharge during a 1984 stormin a

karst aquifer characterized by conduit flow, Big Spring ground-
wat er basin, |owa. The data shown in A are assuned to be

accurate and continuous. Figures B through F show the sane data
which are "sanmpled" at the indicated intervals and are derived
fromA which is conposite from3 figures in Libra et al. (1986).
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In Septenber 1987 the EPA announced proposed standards for
the concentration of various pesticides in ground water. For
atrazine, a herbicide used to control weeds in corn, sorghum
sugarcane, pineapple, and citrus groves, the maxi nrum allowable
concentration is 3 parts per billion (ppb) (Ofice of Drinking
Wat er, EPA, 1987). About 90 percent of the pesticides found in
Big Spring basin are atrazine. Therefore, the peak pesticide
concentrations shown in Figures 7B, 7C, and 7A are about 4 to 6
times higher than this 3 ppb limt. Mdnight sanpling barely
detected violation of the 3 ppb maximum (Figure 7D) ; the 48-hour
and 96-hour sanpling (Figures 7E and 7F) totally failed to do so.

It is to be stressed that the “optimal sanpling frequency",
however defined and determined, wll vary wth the event,
pollutants to be nonitored, discharge, flow dynamcs, and flow
type (conduit flow versus diffuse flow) of the karst aquifer
studied, as well as whether one is trying to sanple for point-
source or nonpoint-source pollutants. For exanpl e, the proper
sanpling frequency necessary to accurately characterize changes
in the chemical conposition of spring discharge affected by
nonpoi nt agricultural pollution in the Big Spring ground-water
basin (and in nmany other conduit-flow basins in the Mammot h Cave
area and el sewhere) will, for simlar stornms and simlar antece-
dent noisture conditions, be far nore than is necessary to give
the same accuracy of characterization at the diffuse-flow springs
drai ning the Edwards aquifer in Texas, the Floridan aquifer, and
much of the QOzarks of Mssouri and Arkansas. Anot her exanpl e
For a given spring and a given set of antecedent precipitation
conditions, the optimal sanmpling frequency for detection of
| eakage from a landfill would be affected by the thickness and
integrity of its cover and the distance of the landfill fromthe
spring. Therefore, one would be wise to allow for a possible |ag
of pollutants behind maxi mum discharge in response to rain

storms. The optimal sanpling frequency at such a landfill could
be different from that for point-source contam nation such as a
spill of hazardous materials along a highway.

Per haps the nbst econom cal solution to water quality prob-
| ens caused by stormrelated or neltwater-related pulses of water
that exceed proscribed limts or guidelines for one or nore
pollutants is to tenporarily divert the potentially polluted
water out of the water-supply circuit (Quinlan & Al exander,
1987). Study would first be needed to identify which pollutants
are present in such waters, when (relative to the hydrography
peak) they reach their maxi mum concentration, whether it is
practical to continuously nonitor for them or a surrogate, or
whether it is best instead to divert stormmater and meltwater
when stage and other flowrelated paraneters reach certain
critical values.

Statistical procedures for designing and eval uating sanpling
strategies are available (Sanders et al ., 1983; Gl bert, 1987,
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Makridakis et al ., 1983; Chatfield, 1984; Bendat & Piersol, 1986
G bbons, 1987; Montgonery et al ., 1987; Rouhani & Hall, 1988),
but they are conpl ex.

Until an acceptable, economcally realistic, reliable pro-
cedure for sanpling ground water in karst terranes is devel oped
and tested, probably the best protocol is that proposed and
di scussed by Quinlan & Al exander (1987, p. 281). In brief,
sanpling, especially for nonpoint-source pollutants, should start
at base flow, before the beginning of a stormor neltwater event,
and continue until 4 to 30 tinmes the tine from the start of
hydrography rise to the tine of its crest, depending upon the
extent to which an aquifer is characterized by conduit flow or
di ffuse flow Sanpling may have to be done as often as at 1- to
6-hour intervals in the early part of a precipitation event and
at 4- to 24-hour intervals in the recession linb of its hydro-
graphy. Appropriate sanpling frequency can be determ ned by
anal ysis of either continuous records of stage and specific con-
ductivity or hourly readings for them

After an event, the decision about which sanples to anal yze,
if any, should be based on a careful evaluation of the signifi-
cance of the event, interpretation of data from previous events,
and an estimation of the data needed to characterize the nonitor-
ing site. Many sanples, sonetimes all, can be rightly discarded
Hard, judicious decisions nust be nade. These analytical data
must be conpared with those for sanples taken several tinmes per
year during base flow, stornms, and neltwater events. Only then
can one possibly nake a reliable assessnent or characterization
of the true quality of water draining from a facility. After
several years of data have been accunulated and the aquifer
behavi or is understood, sanpling frequency nmay be decreased

On the basis of conceptual nodels and limted data, | believe
that nonitoring in karst terranes characterized by diffuse flow
is easier and cheaper than in those characterized by conduit flow
because fewer sanples are required. Also, the nore a karst aqui-
fer is characterized by diffuse flow, the higher the probability
that fracture-trace-sited wells and randomy |ocated nonitoring
wells can be used reliably. Al wells proposed for nonitoring
use, however, nust still be tested positively by tracing. This
tracing adds tinme and cost to the design of a nonitoring system
but in the long run, it is cheaper to design it properly.

Much remains to be | earned about when to sanple ground water
in karst terranes. The likely possibility for either deliberate
or inadvertent acquisition of falsely negative or falsely
positive data fromthem nmakes it inperative that people in charge
of -sanpling and officials in charge of evaluation of sanple data
have an understanding of karst problens. They shoul d carefully
scrutinize all analytical results from such terranes.
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APPLI CABI LITY OF RECOMMVENDED TRACED- SPRI NG, - CAVE- STREAM
AND -VELL MONI TORI NG STRATEGY

The applicability of the traced-spring, -cave-stream and
-well nonitoring strategy and the conventional (randomy | ocated
well) nonitoring strategy in various types of aquifers is shown
in Figure 8. Both nmonitoring strategies nmay be applicable in
sonme fractured aquifers, sone diffuse aquifers, and sone karst
aquifers. It is to be stressed that there are some diffuse-flow
karst aquifers in which the traditional randomy |ocated well
strategy works efficiently and is better (Beck, 1986; Wiiler &

Howi e, 1988; Benson et al ., 1988).

The recommended monitoring strategy is not applicable univer-
sally. But it is applicable in all diffuse-flow and conduit-flow
aquifers that drain to springs which discharge on |Iand or along
the shores of streans, rivers, |akes, or seas. Accordingly, the
strategy is applicable in nost karsts of the followi ng 16 states
t hat have significant anmounts of karst: New York, Pennsylvani a,
Maryl and, West Virginia, Virginia, Tennessee, GCeorgia (Appal ach-
ians), Al abama, Kentucky, Indiana, Arkansas, Mssouri, |owa
M nnesota, Texas, and Ckl ahona. Their karst terranes are char-
acterized by local recharge and di scharge. Many of these states
include sonme of the nore densely industrialized and popul ated
areas of the U S Karst conprises approximately 25 to 30 percent
the total area of these states.

GRANULAR

Pores

Conventional Monitoring
Procedure —— One Well
Upgradient and Three
Wells Downgradient

7 Spring, Cave-St ,
7/ and Trac:d-wreenam

Monitoring Strategy

b DIFFUSE Both Techniques Are

Poorly Probably Applicable
FRACTURED Integrated .
Paralle! Plates Pores, Joints, H Hydraulic Conductivity
(Joints and and Tubes
Bedding ( NOTE: Boundaries between
Planes) CONDUIT applicability fields are
Tubes approximate, intuitive, and
nebulous.
Fi gure 8. Tetrahedral continuum between four major types of

aqui fers, dom nant pore geonetry in each type of aquifer, appli-
cability of the traced-spring, -cave-stream and -well nonitoring

strategy in each type of aquifer, and applicability of the
traditional nonitoring technique (using randomy |ocatéed wells)

in each type of aquifer. The direction of increasing hydraulic
conductivity of each aquifer is shown by the arrows. (hodified

from Quinlan & Ewers, 1985)
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The recommended nonitoring strategy is applicable only
locally in parts of the Floridan aquifer of Florida and in Puerto
Rico. In both areas there is significant discharge at springs.
The strategy is not applicable in karst terranes that are nerely
recharge areas of regional aquifers such as the Upper Floridan
aqui fer of Florida, Georgia, and South Carolina. It Is also mn-
imally applicable in karsts mantled by glacial sedinents and in
whi ch discharge is diffuse, into sedinment and/or bodies of water,
rather than at discrete springs. | estimate that these karsts
conpri se about 30 percent of the total area of these states.

The strategy would be applicable in npost of the Edwards
aqui fer of Texas, much of the Upper Floridan aquifer, and part of
the North Coast |imestone aquifer of Puerto Rico where flowis to
springs at the surface, and where nost springs are diffuse-flow
rather than conduit-flow Al though nuch of each of these
aquifers is characterized by sponge-like perneability, many of
their springs are fed by conduits that are comonly braided
(anast onpbsed) (Veni, 1988; Beck, 1986, p. 240; WIson & Skiles,
1988; Stone, 1989). Accordingly, one nmght use geophysical
techniques for trying to find the main conduit and drill to
intercept it, but probably it would be m ssed. Nevert hel ess,
nmoni toring could be successfully acconplished at springs. Vel ls
in these sponge-like aquifers could be used as nonitoring sites
only if there were a positive trace to themfromthe vicinity of
a facility or fromthe facility itself during |low, noderate-
and high-flow conditions

There are nunerous snmall areas of karst in the western U S.,
but nearly all of them are in isolated, non-industrialized, un-
popul ated terranes.

Research is needed on the distribution of and criteria for
applicability of the recormended strategy in karsts of the states
cited in the four preceding paragraphs.

REGULATORY ASPECTS OF DYE-| NJECTI ON | NTO WELLS

As discussed under the next major heading, dye-tracing
strategy mght include proposals for injection of tracers into

wel |'s. Strictly speaking, injection of dye or other non-toxic
tracers into a well, no matter how noble the reason for doing so,
makes it possible to construe the well to be a Cass V injection
well (a well that is not included in Casses | through 1V and

that generally injects non-hazardous fluid into or above an
underground source of drinking water; 40 CFR Section 144.6(e))
and is thus subject to State and Federal regulations governing

its use. Also, sone state agencies have interpreted tracing
agents used in ground-water investigations to be pollutants or
cont am nants. If the tracer is toxic, the well would be a d ass

IV injection well (a prohibited type of well which disposes of
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hazar dous or radioactive wastes into or above a formation within
1/4 mle (0.4 km) of an underground source of drinking water; 40
CFR Section 144.6(d)).

Vel | -meaning as the above interpretation of regulations for
injection wells may be, it is not justifiable in terns of
potential benefits for environnental protection, intent of the
| aw-makers, or risk of exposure to pollutants. Li ke boats put
into a lake, tracing agents are used in the water for a good and
definite purpose, not put in it for disposal. And |i ke boats,
dyes generally used for tracing ground water are benign and
harm ess in the concentrations commonly enployed (Smart, 1984).

Tracing agents are fundanental tools for discovery and
prediction of the velocity and dispersal-path of pollutants in
ground water and surface water. Interpretation of data from
tracer studies makes it possible to protect water quality, public
health, and aquatic life. Such data are crucial to the devel op-
ment of well head and springhead protection strategies and can be
essential for the calibration of conputer nodels of water flow
and pol | utant novement. Tracing is cost-efficient and is often
the only way to get critically needed data.

A further anal ogy describing the use of tracing agents can be
made. Doctors use vaccines and a w de range of diagnostic tech-
niques to prevent and treat illnesses. Sone of these vaccines
and techniques have definite risks associated with their use
These risks are assumed by an inforned patient because the conse-
guences of not preventing or not diagnosing an illness far
outweigh the slight risk from use of the vaccine or diagnostic
t echni que.

If and when state officials establish regul ati ons governing
the use of dyes or any other ground-water tracer, they should
require their use by know edgeabl e, experienced professionals.

Addi tional discussion of regulatory problens concerning the
use of dyes for tracing ground water, and a recommended sol ution
to these problens, is given by Quinlan and Field (1989).

Many Federal and State agencies have sanctioned the use of
dye-tracing studies in the study of ground-water pollution and
time-of-travel of pollutants in rivers. Qui dance nmnuals for
traci ng techni ques exist and have been sponsored by EPA (Davis et
al., 1985) and by the Société Géologique Sui sse (Parriaux et al.
1988) . Updated manual s on ground-water tracing have been witten
by the U S. Geological Survey (under contract to the EPA: Mill et
al . 1988) and are in preparation for the National Water Well
Association (Aley et al ., 1989). Several manuals on the use of
dyes for neasurenent of discharge, tine of travel, and dispersion
in surface streams have been witten by the U S. Geol ogical
Survey (Wlson et al ., 1986; Kilpatrick & Cobb, 1985; Hubbard et
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al ., 1982).

The following section on dye-tracing and the design of
nmonitoring systens in karst terranes is witten on the assunption
that it is legally permssible to inject dye into wells. Quali-
fying statenents that would be necessary if tracer-injection into
wells were illegal are omtted for clarity.

HOW TO DETERM NE WHERE, HOW AND VWHEN TO MONI TOR GROUND WATER
I N KARST TERRANES RELI ABLY AND ECONOM CALLY

| NTRODUCTI ON

Wiere to monitor is typically best determined with the aid of
three types of field investigation: dye-tracing, surveying of
cave rivers that are shown by tracing to drain froma facility,
and detailed mapping of the potentionetric surface.

DYE- TRACI NG
Selection of Dye-lnjection Sites

Under ideal circunstances, one can run the dye-tests neces-

sary for the design of a nonitoring system from a perennial
sinking stream on the facility. Often no streamis available for
dye-i njection. In that situation, one can use tank-trucks of

water and inject dye at (in decreasing order of desirability) a:

1. Sinkhole with a hole at its bottom

2. Sinkhole without a hole at its bottom excavation nmay re-
veal a hole that can be used.

3. Losing-stream reach with intermttent flow
4. Cass V stornwater drainage well.

5. Well drilled on a fracture trace or a fracture-trace
i ntersection.

6. Abandoned donestic, agricultural, or industrial well.
7. Well randomy drilled for dye-injection.

Alternatively, it is sonetinmes practical (or necessary) to
trace by injection through the drain field of a septic tank.
This is a difficult trace to perform it should be done wth
great care and by experienced personnel.

Before going to the trouble and expense of dye-tests from
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injection-site types 2 through 7, they should first be given
either a percolation test or a slug test by injection of potable
water or a cylinder of known volume in order to determne if the
well is open to the aquifer and to see how rapidly they drain.
Alternatively, a punping test can be run. An electric tape or a
pressure transducer can be used to determine the rate of water-
| evel decline in a well during a slug test; plots of such data
can be used to select the site that probably has the nost direct
and open connection to the conduits that are the aquifer drains.
If the percolation test of an injection site shows little or no
drainage, do not inject dye into it. The procedures for dye-
tracing with trucked water are discussed elsewhere (Quinlan &
Ewers, 1985, p. 222; Aley et al ., 1989). Wlls drilled for dye-
injection should probably extend about 8 m (25 ft) below the
potentiometric surface or upper bed that may confine a karst
aquifer, but this is a site-specific determnation.

It is alnost econonmically inpossible to design a dye-trace
that simulates the conditions beneath a landfill in a terrane
characterized, for exanple, by 20 m (60 ft) of residual soil.
Why?  Residuum i s anisotropic: The distribution of macropores
within it is unpredictable. Their perneability nmay be several
orders of magnitude higher than that of the bulk of the residuum
(Quinlan & Al ey, 1987). The | arger macropores, through which
fluids nove nost rapidly, may be several centineters to severa
meters apart. The problem of intercepting themwth a drill hole
intended for dye-injection is analogous to the problem of search-
ing for orebodies with a drill hole; only the size of the targets
and therefore the necessary spacing between holes for the sane
probability of target interception is different. In addition, it
is likely that the act of drilling or coring through clayey
resi duum no matter how carefully it is done, will smear many of
the macropores shut, thus masking their presence. Al so, a hole
drilled for dye-injection is likely to miss the subjacent conduit
system A random y-drilled hole tests only a tiny percentage of
a facility's surface and subsurface.

The relative suitability of different drill holes in residuum
or bedrock can be evaluated by slug tests, as discussed above.
If the holes are very close to one another it would be prudent to
have an electric tape or a pressure transducer in the adjacent
hol es--just to be sure that the rapid fall of the water level in
the tested hole is not a consequence of |eakage into one or nore
of the adjacent holes.

Instead of wusing drill holes for dye-injection, one m ght
excavate a 10 mx 10 m (30 ft x 30 ft) pit to the depth of the
bottom of a proposed landfill in the exanple terrane, say 5 m (15
ft), and carefully construct either a sinulated conpacted or
lined bottom of a cell--or try to nake an “undi sturbed” bottom
Even then, one could not be sure of having sinmulated or tested
the Long-term pernmeability conditions at the bottom of the |and-
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fill. A simlar carefully excavated and constructed pit, if dug
above a solutionally enlarged joint in the subjacent |inestone,
m ght leak during the test or several years later. Its failure
could be hastened by |eakage acconpanied by synergistic subsid-
ence or collapse of soil that bridged the joint.

Wet her using a sinkhole, a drill hole, or a pit for dye-
injection, when designing a dye-trace to evaluate a proposed
landfill site, it is necessary to:

1. Assunme that the soil or liner has or will have differ-
ential perneability (|eakage) that can not be renedi ated
by economically justifiable construction nethods. This
assunption is supported by an extensive literature, as
di scussed by Quinlan & Ewers (1985, p. 199). The | ong-
term pernmeability of any kind of liner may be affected by
chem cal changes induced by |eachate (Quinlan & Ewers,
1985, p. 199; Hettiaratchi & Hudey, 1987), aging and

degradation of polymers wused in liners (Segrestin &
Jailloux, 1988), and flaws in construction and install a-
tion (Rogowski, 1985; Jaywi ckrama et al. 1988). The

urgent questions about |eakage are when, to where and how
fast. [This is consistent with the EPA policy of assum ng
a worst possible case scenario.]

2. Test for the consequences of the |eakage that is certain

to occur. The argunent that a dye-trace is irrelevant to
evaluation of a particular landfill because the dye was
not injected at the bottom of the actual landfill and

precisely at its location is specious.

Leakage may reasonably assuned to be a certainty. Therefore,
a dye-test should be designed to naximze the probability of get-
ting the dye through the soil or residuum as rapidly as possible.
Few consulting firns or their clients can afford to wait a year
or nore for test results that, until the dye is recovered, remain
negative.

The nmonitoring systemfor a facility and the consequences of
| eakage from it should be tested by tracing from the facility
itself. This may not be possible. If it is not, traces should
then be run fromsites adjacent to the facility, preferably from
opposite sides of it, and at points lying on a line approxi mtely
per pendi cul ar to the suspected flow direction. Thi s increases
the probability of discovering if a facility is near the boundary
of a ground-water basin (or well away from a boundary) and
whet her the facility consistently drains to the sane spring (or
springs). Such tracer results are relevant to objective eval ua-
tion of the facility.

Tracing fromsites adjacent to a facility is justified by the
principle of hydrologic juxtaposition. This principle is easily
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explained. If the geology of a dye-injection site is simlar to
that of a site immediately adjacent, it is highly probable that
tracer results fromthe two sites will be to the same spring.
Qobviously, this may not be so in the imediate vicinity of the
boundary between two ground-water basins, but it is the reason
why a second test is recommended for the opposite side of a
facility. In fact, a higher degree of confidence would be
achieved for predictions concerning ground-water flow and
contam nant transport if they were based on the results of a
tracer test run from each side of a facility (on or off it)
rather than a single tracer test run fromthe mddle of it.

Selection of Dyve-Mnitoring Sites

All springs within a radius of perhaps 8 to 25 or nore
kiloneters (5 to 15 or nore mles) froma facility, especially
those within +90 degrees of the likely vector of the hydraulic
gradient from it, should be found and nonitored during dye-
traces. At the beginning of an investigation, a prudent designer
of a dye-trace will generally assunme the possibility of radia
flow and will have 360 degrees of coverage with dye-detectors--if
only to defend the test design fromcriticism of inadequacy. The
radi us of spring search is determ ned by evaluating stratigraphy,
structure, and physiography, and by proposing various tentative
hypot heses about possible flow routes and resurgences. These
wor ki ng hypot heses nust be tested for each area.

Dye-traces to springs at the bottom of sinkholes are espe-
cially inmportant for recognizing segnents of the plunbing system
of a karst aquifer. These segnents between a facility and the
spring to which it drains can be used for nonitoring. They offer
two advantages over the use of springs: less dilution of pollu-
tants or surrogate conpounds, and earlier detection of them

I magi ne how extrenmely different the tracing results in Figure
6 woul d appear if the designer of the dye-tests shown had follow
ed a hunch (or perhaps the dip of the beds beneath the facility)
and nonitored only the springs in one particular direction from

the landfill rather than in all directions! At the adm nistra-
tive hearing on whether or not to grant a permt for construction
of the proposed landfill, held after dye-test #1 (from a point

adjacent to the site) but before the other five dye-tests were
run, the state’s witnesses alleged that it was inpossible for dye
(or pollutants) to flow in opposite directions. They vigorously
but erroneously inmpugned the validity of the dye-test. Each of
the five subsequent tests resolved all questions about the
alleged inpossibility of radial flow

Prediction of flow within a ground-water basin characterized
by local flowis usually very much like prediction of flow wthin
a surface-water basin. It nmoves "downhill"™ (downgradient) to the
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trunk drain at |ocal base |evel. If the boundaries of either
basin are known, it can be confidently stated that although
small-scale local flow from an area (or facility) may be 1In
al nost any direction, macro-scale local flow will be to tribu-
taries and ultimately to the trunk that drains the basin. For
exanple, in Figure 3, any dye (or pollutant) injected south of
MII Hole and west of both Park Gty and the subbasin boundary
shown as a dotted Iine can confidently be predicted to flow to
M1l Hole. Simlar predictions can be reliably made for poten-
tial facilities elsewhere in the Turnhole Spring ground-water
basin and for anywhere in Figure 5.

Dye- Traci ng Met hods

G ound-water tracing can be done with many different tracers,
but in general the cheapest, nost efficacious ones are fluores-
cent dyes such as fluorescein* (Cl Acid Yellow 73), Rhodam ne W
(G Acid Red 388), C Direct Yellow 96, and optical brighteners
such as C Fluorescent Witening Agents 22 and 28. Brief sum
maries of practical techniques for dye-tracing have been pub-
lished (Quinlan & Ewers, 1985; Davis et al.. 1985, Quinlan, 1981,

1982, 1986a, 1987; Mull et al ., 1988). [ A conprehensive, plain-
English guide to the use of dyes as tracers is planned for
publication during 1989 (Aley et al ., 1989). It wll include
practical hints and suggestions that wll enhance the rigor of
test-design with any tracer and will increase the reliability of
test results. It wll also include discussion of appropriate

QY QC procedures.] A useful review of the chemstry of dyes has
been published by Zollinger (1987).

Three types of dye-tracing can be used for evaluating the
suitability of springs, cave streans, and wells for ground-water
nmoni t ori ng. They are:

1. Qualitative tracing, using either of the follow ng:

A. Visual observation of the dye-plune. Generally this is
wast eful of dye and may cause aesthetic and public re-
lations problems. Also, there is great risk of mssing
the dye-pulse when it arrives at the nonitoring site,
especially at night.

*Fluorescein is the nane generally (but erroneously) wused in
Arerica for sodium fluorescein (Cy;gHigOsNag) which is highly
soluble in water and sonetines con?used with fluorescein
(Ca0H1205) which is insoluble in water. Both dyes are C Acid
Yef?ow 73. This water-soluble dye is known in Europe as

uranine. In order to mnimze confusion, | follow the Amrerican
convention of wusing fluorescein when | actually nean sodium
fluorescein.,
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B. Passive detection (with passive detectors consisting of
activated charcoal or cotton, depending upon the tracer
used) plus either visual observation of dye eluted from
charcoal or ultraviolet observation of cotton (Aley et
al ., 1989; CQuinlan, 1981, 1982, 1987).

Qualitative tracing is sufficient for nobst dye-tests; when
done with passive detectors, it is generally the nost
cost-efficient tracing technique.

Sem -quantitative tracing, using passive detectors and in-
strunmental analysis of dye wth a filter fluoroneter or a
scanni ng spectrofl uorophotoneter of cotton or elutant from
activated charcoal (Aley et al ., 1989: Duley, 1986;

Thrailkill et al. 1983; Behrens, 1982, 1987, 1988; Vo

Di nh, 1981). Al t hough instrunental analysis can identify
dye-concentrations several orders of magnitude snaller
than those detectable visually, the many variables
associated with changes in spring or stream discharge,

with reaction kinetics of sorption of dye onto passive
detectors, and with elution of dye from charcoal all nake
it inpossible to precisely quantify the varying concentra-
tions of dye that passed any specific nonitoring site
during a given period of tine.

Quantitative tracing, wusing instrumental analysis of dye
in water sanples (either grab-sanples or those taken with
an automatic sanpler) or of water continuously flow ng
through a filter fluoronmeter, preferably (for either
option) with continuous neasurenent of discharge. I nstru-
nment al anal ysis enabl es nore preci se determ nation of flow
velocity, the Dbreakthrough tune characteristic of a
tracer’s arrival and retardation, and aquifer dispersiv-
ity. It also allows calculation of dye-recovery (the nass
bal ance relation between the anount of dye injected and
recovered). Many inter-well traces are done wth this
type of quantification; some evaluations of wells as
potential sites for nonitoring can only be done wth
inter-well traces (Mlz el al ., 1986).

For a given trace, quantitative tracing is the nobst expen-
sive procedure, but it can give answers not avail able by
any other technique (Smart & Ford, 1986; Mill et al .,
1988; Smart, 1988a, 1988b; Aley et al ., 1989.

If quantitative tracing results are needed in the design
of a nmonitoring system-generally, they are not--it is
commonly far nore cost-efficient-to first do a qualita-
tive or sem-quantitative study. This elimnates sub-
stantial costs of sanpling and analysis of nunmerous sites
to which no dye travels.
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There is a need to publish the results of tracer tests in
which quantitative field data, rather than |aboratory
data, are conpared with sem-quantitative field data that
is obtained concurrently.

Each of these three types of dye-tracing is sufficient and
satisfactory for establishing a hydrologic connection between two
poi nts. Sem -quantitative and quantitative tracing techniques
are nore sensitive to detection of small concentrations of dye;
for litigation, they are nore convincing. Quantitative tracing
techniques are nost sensitive to detection of small, tenporary
changes in dye concentration, and they are sensitive indicators
of accidental contam nation. If quantitative tracing indicates
that nearly all dye is recovered, one can be confident that the
nmonitoring system will operate effectively.

No matter which of the three types of dye-tracing is used for
an investigation, it is inportant to avoid two of the nore conmon
m st akes of neophytes: not sanpling at enough sites at which dye
could possibly be recovered (generally using passive detectors)
and not sanpling |ong enough. If not enough sites are sanpled or
if sampling is stopped too soon after the first positive results,
one would fail to detect dye at the other places to which it al so
goes (if, indeed, it goes elsewhere) at either the sane velocity
or a different velocity. Also, one would fail to discover if
some of the dye were stored in the epikarst (as di scussed subse-
guently under EXCEPTIONS TO ASSUMPTI ON #3) and rel eased over a
| ong period of tine. Any of these consequences of inadequate
sanpling for dye wll prevent discovery of aquifer properties
that adversely influence the adequacy of the design for a
noni tori ng system O her procedural errors that can result in
falsely negative results are discussed on pages 50-58 and by
Quinlan, Aley, and Schindel (1988).

A "reliable?" tracer test can be defined as one that is a
product of careful, prudent design and execution that |eaves no
significant doubt about its validity. Commonly there will be at
| east one background sanple taken at all sites nmonitored for dye.
Such a test unanbi guously denonstrates that there is a hydrol ogic
connection between A and B. There are degrees of reliability.
The ultimate standard in a reliable test would produce a snoot h,
wel | defined breakthrough curve that accounts for 100 percent of
the injected tracer at concentrations that are greatly above well
defi ned background levels, and tracer identification would be

done with a scanning spectrofl uorophotoneter. For nost investi -
gations, however, such an ultimate standard is not only unneces-
sary, but also inpossible to attain. There is a need, however,

to establish practical standards to ensure the reliability of
tracer tests.

The need for tracing during |ow, noderate-, and flood-flow
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conditions for many studies, but not all, is stressed repeatedly
in this document. Mderate flow is the ideal time for tracing
because generally it can be done efficiently and one can rapidly

obtain a tentative understanding of the hydrol ogy. Low flow is
difficult because of the extrene duration that may be required
and because many flow routes may cease to function. But sone of
the nmore difficult traces to perform are those attenpted during
flood flow There are three reasons why this is so: Tracer
dilution is extrene, and access to nobnitoring sites nay range
from difficult to inpossible (because of flooding). Al so, one
must have an intimate famliarity with the nonitoring site during
non-flood conditions so that, during flood conditions, dye-

detectors can be placed in a spring orifice or channel where the
amount of dye contacting the detector is nmaximal, and where the
detector will not be left high and dry when the water stage goes
down. This can be very difficult to do when a site is under 3 to
8 m (10 to 25 ft) of floodwater and al nost unrecogni zabl e.

Dye-Test Anal ysis

I deal tracers are conservative. They do not react with soil,
bedrock, or ground water, and they do not wundergo m crobial

decay. However, nost tracers, including dyes, are slightly
reactive and may undergo adsorption-desorption and cation-
exchange reactions. . Organic pollutants may wundergo simlar
reactions which affect their rate of mgration. This rate is

predictable and correlated with their octanol-water partition
coefficients (Fetter, 1988, p. 397-405; Wnters & Lee, 1987);
organic pollutants may also undergo mcrobial decay. Dependi ng
upon their nmobility, pollutants may travel faster or slower than
a dye. Although tracer velocities can be used as a reliable
guide for prediction of flow velocities of pollutants under
simlar antecedent noisture conditions, especially in conduit-
flow aquifers, tracer velocities in diffuse-flow aquifers (as

well as in granular aquifers) wll be significantly higher than
t hose of nost pollutants. In conduits, where reactions of both
tracers and pollutants with the rock matrix wll be mninal,
there will be less difference in their velocities.

Interpretation of dye-recovery curves from quantitative
tracer tests can yield much information about the nature of
ground-water flow in a karst aquifer and the structure of its
conduit system as discussed by Brown and Ford (1971),
Mal oszewski and Zuber (1985), Zuber (1986), Lepiller and Mondain
(1986), Gaspar (1987), Mill et al. (1988), Qinlan (1988b), and
Smart (1988a, 1988b). Simlarly, nuch can be learned from the
interpretation of discharge hydrography of springs, as shown by
Wlcock (1968), Brown (1972), Sara (1977), Podobnik (1987),
Meiman et al . (1988), Wite (1988, p. 183-186), and others.

Mull et al . (1988) have described an enpirical technique for
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studying the travel tine of surface streans to the study of cave

streans and spring discharge. The application is nore rel evant
to spill-response rather than to nonitoring of a facility, but it
is very useful. It nmakes possible a good approximtion of the

time of travel, peak concentration, and flow duration of contam -
nants accidently spilled into a karst aquifer and flowng to a
spring or well; it does so for various discharge conditions. The
technique is a powerful predictive tool for the protection of
wat er supplies, but it is nost judiciously enployed after nost of
the boundary of a ground-water basin or wellhead protection area
has been determ ned by dye-tracing. It is not applicable to non-
itoring of continuous |eakage from a facility. The inplicit as-
sunptions of their practical application of dye-recovery analysis
are discussed by Quinlan (1988b).

If dye-tracing is needed in order to respond to a spill (to
determne, for exanple, that it drains to a given spring that
must be nonitored for assessnment of the long-term effects of the

spill) , then laboratory investigation is needed to determ ne the
effects of the spilled material on the tracer to be used. Thi s
shoul d be done before the tracer test. For exanple, the spilled

material could react with the tracer dye, causing it to form a
non-fl uorescent conpound or causing significant quenching of the
dye's fluorescence. Either reaction could cause trace results
that could be falsely negative. Limted data have been published
on such effects, except for chloride ions and chlorine (e.g.,
Smart & Laidlaw, 1977). A filter fluoroneter would be inadequate
for such an investigation;, synchronous scanning with a spectro-
fluorophotonmeter mght identify traces of the dye or detect
exotic organic conpounds that mght be fornmed. [This instrunent
is also known as a scanning spectrofluoroneter, a scanning spec-
trophotoneter, and a fluorescence spectroneter.]

Al though it has no bearing on proving if a site wll or wll
not |eak, rigorous tracing protocol requires that the design of a
test include determnation of tracer background at all tracer-
recovery sites. This determnation wll influence selection of
the tracer to be used and its quantity. Acqui sition of back-
ground data is good protocol in any scientific investigation, but
it is also highly desirable if there is any potential for litiga-
tion involving the site.

It is sonetines possible to detect with a fluoroneter or a
spectrof | uorophotoneter trace quantities of what appears to be a
green dye in background sanples. The background can be derived
from dyes in various foods, household products, antifreeze,
crack-detection penetrant, etc., but such background is extrenely
rare, except in urban areas and near leaking landfills. It is
easy to identify the conpound(s) contributing to such background.
A synchronous scan of the sanples nakes it possible to differen-
tiate between various dyes. Col oration of foods and various
products is inparted by nere trace concentrations of dyes, quant-
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ities that are usually four or nore orders of magnitude smaller
than commonly used in tracing ground water.

Agricultural runoff may also contribute to background for
conmpounds with green em ssion. Jones (1989), wusing a filter
fluorometer, has discovered green emssion in a water extract of
horse manure. This green fluorescence, when sensed wth a
fluoroneter, could be mstaken for fluorescein. | have used a
spectrof | uorophotoneter and found sinilar fluorescence in cow
manure, but these background values are trivial and equivalent to
only a few parts per trillion (ppt) of fluorescein.

It should be noted that the green fluorescence peak of cow
manure in water (518 nanometers [rin]) does not correspond to that
of a water extract of crushed grass (509 nm or that of fluores-
cein in water (513 rin). An al cohol extract of crushed grass
(saturated solution of KOH in a 70% solution of isopropyl
al cohol, a solution commonly used for eluting dye from activated
charcoal) also fluoresces weakly in green, but strongly in red-
violet. This is because the chlorophyll, which fluoresces red-
violet, is highly soluble in alcohol and relatively insoluble in
water. Manure and grass is nentioned here in order to establish
that their probable contribution to background in dye-tests is
detectable, but trivial. Nevertheless, this is a topic worth
investigating in noderate detail.

Qualitative evaluation of background cannot be relied on for
di stingui shing between various green dyes. Al'so, investigators
with little experience in qualitative identification of dyes can
be easily fooled by green algae and exotic hydrocarbons.

Fluoronetric analysis wll distinguish between background
sanples which include only a green dye such as pyranine (C
Solvent Geen 7; D&C [Drug and Cosnetic] G een No. 8;
fluorescent) and those sanples that consist of a comon mxture
of a blue dye such as Brilliant Blue FCF (Cl Acid Blue 9; FD&C
[ Food, Drug, and Cosnetic] Blue No. 1; non-fluorescent) and a
yellow dye such as tartrazine (Cl No. 19140; FD&C Yellow No. 5;
non-fluorescent). Dye nonenclature and other dyes are discussed
by Quinlan and Smart (1977), Quinlan (1989b), Aley et al . (1989),
Marm on (1984), Zuckerman and Senackerib (1979), and Zollinger
(1987). A distinction between fluorescein and various other
fluorescent green dyes cannot be made reliably with a filter
fluorometer because their em ssion spectra overlap one another; a
scanni ng spectrofl uorophotoneter nust be used (Duley 1986, Aley
et al., 1989).

Success in tracing to randomy l|located wells that are to be
regul arly sanpled during a dye-test can be maximzed if they are
punped continually to discharge at a low rate, say 4 I/rein (1
gpn), through a passive dye-detector (such as cotton or activated
charcoal) which is regularly changed once or twice a week for
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weeks or nonths. In nost settings this small anmount of water can
be wasted onto the ground at a reasonable distance from any

building or structure with no adverse effect. Punpage at high
rates, say 400 |/rein (100 gpm or nore, may distort the flow
field near a well, which is acceptable if recognized. A high

punpage rate for weeks to nonths is expensive and wasteful;
furthernore, disposal of the punped water can be a problem
especially if it is contam nated. Selection of the rate of punp-
ing nmust be based on know edge of what constitutes a low rate in
t he aqui fer being investigated.

Al though a dye-test is like the birth of a baby--no nmatter

how many nen and wonen are put on the job, it wll take however
long is necessary to conplete the task--it is also quite
different. The birth of a baby can confidently be predicted to

probably occur about 9 nonths after conception. A dye-test, how
ever, may be conpleted within a few hours or days after injec-
tion, but it could as easily be weeks, nonths, or even years.
One nust be patient while waiting for tracing results, or risk
mal practice and | oss of val uable data. It mght take just a few
weeks to do the dye-traces necessary to design and test the
nmonitoring system for a facility, but it is likely to require 6
to 9 nonths of intermttent, careful tracing. Warning: it could
t ake even | onger.

| believe that one well-designed tracer test, properly done
and correctly interpreted, is worth 1000 expert opinions . . . or
100 conputer sinulations of ground-water flow The only dis-
agreenent that colleagues have expressed with this statement is
to jocularly suggest that the two nunbers should be reversed.

In dye-tracing, wsdom is knowi ng what essential questions
need to be asked, and asking them experience is know ng the nost
expedi ent, nobst prudent way to get the answers to these essential
questi ons.

The dye-tracing strategies discussed in this docunent are
al so applicable to delineation of wellhead and springhead protec-
tion areas (Quinlan, Al ey, and schindel, 1988; Ofice of Drinking
Water, 1987, EPA, 1988). They shoul d be used.

SURVEYI NG OF CAVE Rl VERS

The surface location of a drill hole sited to intercept a
known cave stream can be determ ned by any of many conventi onal
surveying techniques using a transit, conpass, tape, or elec-
tronic distance-neasurenent equi pnent. Such surveys should
i nclude cl osed | oops. It is easier and nore accurate, however,
to use |lowfrequency electromagnetic induction equipnment, a so-
called “cave radio”, which transmts a signal to the surface from
an accessible cave passage with a stream (Reid, 1984; Cole,
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1988). Such equi pnment has been used successfully in the Mmmoth
Cave area to drill to cave streans at depths as great as 143 m
(470 ft). The horizonal error in one well drilled to 41 m (135
ft) was only 18 cm (7 in); it was attributed to deviation of the
drill hole rather than to error in the survey.

If cave rivers are not accessible fromthe surface, geophysi-
cal studies such as mapping of stream ng potential of descending
wat ers and nmappi ng of acoustic em ssions from cave rivers (Lange,
1988; Lange & Quinlan, 1988) may follow mapping of troughs on the
potentionetric surface. Such geophysi cal studies should precede
drilling of wells planned to intercept cave rivers which are
inferred from the potentionetric troughs and which are to be
tested by tracing for a connection to a facility.

MAPPI NG OF POTENTI OVETRI C SURFACE

The potentionetric surface of a karst aquifer should be
mapped with as many control points (water |evels) as possible.
For basin analysis, a mnimmof 1 well per square kilonmeter (2.5
wells per square mle) is recommended for nost aquifers. A
facility analysis could require nore than 40 tinmes this well
density. A carefully contoured potentionetric map, if based on
valid neasurenents of an adequate nunber of wells, can be used
to:

=

Predict flow routes of dye (or pollutants);
2. Judiciously select dye-injection sites;

3. Mnimze the nunber of dye-traces necessary for definition
of boundaries of a ground-water basin or evaluation of a
facility;

4. Interpolate flow routes in the areas between dye-traces;
and

5. Detect the possible influence of shale beds and other |ow
pernmeable rocks on perching and confinenent of water
Wi thin or below a karst aquifer.

Water |evels for mapping the potentionetric surface can be
measured with an electric tape or an acoustic well probe (Quinlan
& Ewers, 1985; Quinlan, 1981, 1982), but such neasurenent nust
include a QA QC program using a vertically hanging steel tape as
a standard before, after, and preferably during periods of use,
especially if water levels nore than 30 m (100 ft) below the
ground surface are being neasured to the nearest tenth of a foot
(0.03 m. Per manent tape-stretch of as nmuch as 2 percent occurs
in electric tapes enploying copper twin-lead wre simlar to
t hose used for TV antenna lead-in. \Wenever possible, all water-
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| evel neasurenents should be nmade with the sane electric tape--or
each tape should be calibrated agai nst a standard. Measur enent s
shoul d be nade of water |evels unaffected by punping, and during
low flow or base flow, rather than during the rainy season or
after storns when water levels can locally be significantly high-
er and the potentionetric surface can have a different configura-

tion.

It is logical, correct, and conventional to interpret the
flow direction of ground water to be perpendicular to the poten-
tiometric contours and downgradient. Soneti mes, however, flow
lines appear to be parallel to the contours rather than perpend-
icular to them as has been denonstrated in the Edwards aquifer
in Texas (Maclay & Small, 1984; Witerreus & Hammond, 1989). The
flow lines are actually perpendicular, but a lack of sufficient
well data in areas characterized by extreme heterogeneity in
aqui fer properties precludes denonstration of such orientation.

Mappi ng of the potentionmetric surface does not elimnate the
need for dye-tracing nor does it not replace tracing. The two
techniques are conplenentary, but data from a well-designed,
properly executed, and correctly interpreted dye-trace or series
of traces are less anbiguous than a potentionetric map that is
based on water-1|evel data.

| MPLIC T ASSUMPTI ONS OF RECOMMENDED TRACED- SPRI NG - CAVE- STREAM
AND -VELL MONI TORI NG STRATEGY, W TH EXAMPLES OF EXCEPTI ONS

Gound water has been recognized to circulate in three
different types of flow systens: local, internediate, and region-
al (Téth, 1962; Freeze & Wtherspoon, 1967), as reviewed by
Fetter (1988, p. 217-258). Most nonitored flow is in local-flow
systens. Indeed, this is the flow system nbst practical to
noni tor and nost needful of nonitoring.

Many inplicit flowsystem assunptions wll be nade by those
who nmay use the nonitoring strategy advocated here and by Quinlan.
and Ewers (1985), but they should realize what these assunptions
are. The accuracy of the first eight of the followng ten
assunptions is affected by the hydrogeol ogy of the karst beneath
and adjacent to a facility. Assunption #9 involves logic, and
#10 is influenced by the rigor of the design and execution of
tracing tests--as well as by one’s understanding of the first
ei ght assunptions and one’s ability to recognize the exceptions
to them The major inplicit assunptions, stated axiomatically,

ar e:

1. Gound-water discharge is concentrated at a point (a
spring or group of springs) rather than diffused over a

broad area or concentrated along a |line (such as a
stream.
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2. Mst flow systems to be nonitored in karst terranes are
characterized by local flow, in the sense of Toth (1962)
and Freeze & Wtherspoon (1967).

3. Gound-water flow velocities in karst terranes character-
ized by local flow are the high values already cited
her ei n. Flow velocities in karst terranes characterized
by internediate-flow systenms and by regional-flow systens
tend to be several orders of nmagnitude slower than in
| ocal -fl ow systens.

4. A ground-water basin is a discrete entity having a spe-
cific, well-defined boundary.

5. Ground-water basins are contiguous.

6. Al the discharge of a spring is from the sane ground-
wat er basi n.

7. Stormrelated diversion of ground water out of a basin, if
it occurs, is via intermediate- and high-level overflow
routes (conduits) leading to adjacent ground-water basins.

8. Tenporary, stormrelated diversion of surface water wi thin
a karst ground-water basin is not a significant problem
because all water wll remain wthin the ground-water
basi n.

9. A positive trace from a facility proves that it is a
source or the source of pollutants discovered at the dye-
recovery site.

10. The tracing tests done for investigation of a facility
were properly designed and executed and correctly
i nterpreted.

Each of the first eight of these inplicit assunptions is
correct about 95 percent of the tine--often enough to be fairly
assuned until or unless data inply otherw se, but not so often as
to be a certainty. One nust al ways ask, “Wsat are ny concept ual
nodel s of the flow system and their assunptions?" and critically
review the validity of each. Systematic analysis and review of
exanpl es of probable exceptions to the above assunptions could be
t he subject of another docunent. Only one or two exceptions to
each of the first eight is cited and briefly discussed below,
along wth the relevance of these exceptions to a nonitoring
program

The ninth assunption is patently false. it is a flaw in

logic. A positive trace proves that the tested facility may be a
source or the source of sonme or all of the pollutants but not
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that it IS a source or the source. Al the pollutants could have
come from one or nore other facilities in the sane ground-water

basi n. Proving that pollutants could be derived froma facility
is not the sane as proving that they are derived fromit. Never -
theless, if there is no other plausible source for the pollutants

in a ground-water basin, the tested facility may be--and probably
is--the source of them For exanple, gasoline found in a spring
could have | eaked from any of 50 service stations within a basin,
each of which could be shown by tracing to be the possible
sour ce. Tank tests, product audits, soil-gas analysis, suction
lysineters, and contam nant fingerprinting could be used to find
the probable source (or sources) of gasoline. In contrast, in
the average ground-water basin there are relatively fewer
possi bl e sources of an exotic organic conpound. Conversely, if
wel | -desi gned, properly executed, and correctly interpreted set
of tracer tests conducted during both lowflow and high-flow
conditions showed that a facility drains to a basin other than
the one drained by a contamnated spring, there is sufficient
proof that the facility is not the source of the contam nants.
Again, this is sinple logic, not hydrogeol ogic subtlety.

The tenth assunption, like the others, is nmade honorably, but
it is the nost insidious. It will be discussed after the follow
ing exceptions to the first eight assunptions are cited and
descri bed.

EXCEPTI ONS TO ASSUMPTI ON #1: NONPO NT DI SCHARGE

Al t hough sonme discharge in the karsted dolomte of the Door
Peni nsul a, Wsconsin, is to springs (Wersma et al., 1984) that
can be considered as point discharge, nost of the discharge is
t hrough sedi nent and over a broad area beneath Green Bay and Lake
M chigan (Bradbury, 1982; Cherkauer et al ., 1987). Discharge
from a karst aquifer through sedinent over a broad area occurs in
the cano Tiburones area north and west of Barceloneta, Puerto
Rico; it occurs along a line in the valley of the R o Gande de
Manati, south of Barceloneta. These Puerto Rican terranes are in,
Tertiary linmestones of the alluvium mantled and pal udal sedi nment
mant| ed shallow aquifer on the north coast; the aquifer seens to
be characterized by diffuse flow, but springs and conduit flow
are locally inportant.

Monitoring in terranes characterized by areal discharge can
best be done with randomy located wells, perhaps along fracture
traces, but they mght not intercept the relevant flow lines.
Monitoring in terranes characterized by seepage along a line is
best done by sanpling at intervals along the [ine and upgradi ent

fromit. Al t hough ground-water flow velocities may be very |ow,
tracing must nonetheless be done in each hydrologic setting if
confidence in a nonitoring effort is desired. If a well proposed

for monitoring a facility in a karst terrane does not have a
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positive trace to it (or to its site), it is not a nonitoring
well for ground water draining fromthe facility.

Di scharge along the length of a streamis an exanple of non-
poi nt di scharge. Smart (1988b) has described this in the Mligne
karst aquifer in the Rocky Muntains of Canada. Anot her exanpl e
of discharge along a line occurs in the eastern Snake River
Plains aquifer in ldaho (Lindholm 1986; Wod and Low, 1988).
Admttedly, this basalt aquifer is not a karst aquifer, but it
was for the hydrol ogy of such rocks that the term pseudokarst was
first proposed nore than 80 years ago by von Knebel (1906, p.
182-183). Many of the nonitoring principles advocated herein nmay
be applicable to nmonitoring in this basalt aquifer and in other
hi ghly fractured rocks.

EXCEPTI ONS TO ASSUMPTI ON #2: NONLOCAL FLOW

There are nany exanples of non-local flow (internediate flow
and regional flow) that nust be nonitored in karst aquifers.
Sonme of the better known exanples of such karsts are the Edwards
aqui fer (Maclay & Small, 1984; Canpana & Mahin, 1985) the Geat
Basin carbonate aquifer (Mfflin & Quade, 1988; Fetter, 1988, p.
233-237); and the Floridan aquifer (Fetter, 1988, p. 237-243,
359-361; MIler, 1984; Beck, 1986). G ound-water flow velocities
in them are likely to be nuch slower than in nost conduit-flow
aquifers and nore like the low velocities characteristic of nost
diffuse-flow aquifers. Flowpaths are likely to be braided
(anast onosed) and di spersive rather than convergent, but nost are
still to springs.

EXCEPTI ONS TO ASSUMPTI ON #3: SLOW MOVEMENT | N LOCAL- FLOW SYSTEM

The epikarst, briefly described in the introduction, is a
zone of Kkarstification below the soil profile and above the
phreatic zone; horizontal flow is domnant and storage is
significant (Quinlan & Ewers, 1985: Smart & Hobbs, 1986: Bonacci,
1987, p. 28-35; WIllianms, 1985; Friederich & Smart, 1981, 1982;
Smart & Friederich, 1986; and Ford & WIllians, 1989). Commonl y,
it is 3to 10 m(10 to 30 ft) thick. Al t hough tracer studies in
a British epikarst have shown that vertical flow velocities (to
caves below) locally exceeded 100 mhr (330 ft/hr), dye was still
detectable in the epikarst 13 nonths later (Friederich & Smart,
1981, 1982; Smart & Friederich, 1986). Simlar results were
found by Even et al . (1986) in an Israeli epikarst. This flow
dichotony is actually a continuum but it suggests that the
common adage that ground-water pollution in karst areas is not a
| ong-term probl em because the aquifer is rapidly self-cleaned, is
wrong--or at |east unreliable. The duration of retention of a
pollutant in a karst terrane is a function of soil thickness and
sorptive capacity, the efficiency of connection between the
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ground surface and the epikarstic bedrock, and the efficiency of
fl ow between the epikarst and the phreatic zone. Indeed, if one

is “lucky” and the volume of a spill on a thick soil is mninmal
all or nost of the spilled substance may be retained and/or
sorbed by the soil. Aquifer renediation, therefore, nmay be

limted to excavation of the soil

Most dyes are injected into sinking streams, sinkholes, or

wells which bypass the soil and epikarstic zone. In contrast,
contamnants are rarely injected purposely and directly into a
karst aquifer. Pollutants in the epikarst may be nonitored using

traditionally sited, randomy located nonitoring wells at the
poi nt source to be nonitored and they may obey Darcian flow | aws,
but such a nonitoring system may not intercept them Neverthe-
less, contamnants nmay actually be detected and recovered wth
traditional or innovative techniques before they enter the
conduits of a flow system Once a contamnant has entered the
subj acent conduits and solutionally enlarged joints, Darcian flow
conditions wusually do not apply; detection and recovery are
difficult and the protocols reconmrended in this docunment are
appl i cabl e.

EXCEPTI ONS TO ASSUMPTI ON #4: FUZZY AND OVERLAPPI NG BASI N BOUND-
ARl ES

It is quite logical to assunme that a ground-water basin has a
specific, well-defined boundary. Sonet i nes, however, the bound-
ary tenporarily mgrates or ceases to exist during response to
noderate- to flood-flow conditions; sone water is diverted to
adj acent ground-water basins, as already discussed. Neverthe-
less, this assunption is reasonable and generally correct; it can
be extended to allow for tenporary, slight shifts in the boundary
between two basins, also in response to stormrelated changes in

flow conditions, In contrast, sonme diffuse-flow aquifers show
significant exceptions to this inplicit assunption; the basin
boundaries nay be nebulous and gradational during all flow
condi ti ons. For exanmple, all dye injected near the center of a

ground-water basin in the Geat Qolite Linmestone (in the Bath
district of southwestern England) flows to only one spring.
Successive tests at increasingly greater distances from the
central axis of the basin show that |ess dye goes to its spring;
the balance of the dye goes to the spring draining the adjacent
ground-water basin. [As the dye-injection point gets suc-
cessively farther from the central axis, nore and nore dye goes
to the mjor spring in the adjacent basin.] Such fuzzy
boundaries are characteristic of basins in this aquifer. Smart
(1977) has reconmended that the gradational “boundary” between
any two such ground-water basins be chosen to coincide wth
tracer injection points from which the dye divides evenly between
t he adj acent springs. Simlar results occur elsewhere in England
(Atkinson & Smart, 1981) and probably in other places where
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diffuse flow predom nates. Nebulous, gradational boundaries
bet ween ground-water basins have recently been recognized in
M ssouri (Thomas Al ey, Oark Underground Laboratory, Protein,

M ssouri , oral communi cati on, 1987) and wundoubtedly wll be
recogni zed in other karst terranes of the United States.

Al though Smart’s 50 percent boundary criterion is reasonable
for hydrol ogic budgeting (Smart, 1977), for the delineation of a
wel | head or springhead protection area it is necessary to know
the entire area that contributes recharge. Therefore, for sone
hydrol ogi c studies, his valid criterion nust be ignored.

Gradational basin boundaries are suggested by the results of
dye-injection into a swallet (a sinkhole into which a stream
enpties) at the west boundary of the Turnhole Spring ground-water
basin (Figure 3, on the 520-ft contour). This swallet drains to
two different ground-water basins; it flows both to the northeast
(within the Turnhole Spring basin) and to the west, to a second

maj or drainage basin (Quinlan, Ewers, et al ., 1983, p. 48-49).
This particular boundary of the ground-water basins has not been
studied, but | believe that the extent of overlap is less than

hal f a kiloneter.

One should be prepared to encounter fuzzy and overl apping
boundari es between ground-water basins. The possi bl e existence
of such boundaries nmakes it necessary to be extrenely thorough in
the design of dye-tracing investigations and confirns the already
recogni zed need for nmonitoring for dye at springs in ground-water
basi ns adjacent to a proposed facility (Aley et al ., 1989).

Overlap of ground-water basins is convincingly illustrated by
the Bear Wallow basin in Kentucky (Qinlan & Ray, 1981). It
occupi es 500 km? (190 mi2) and its three subbasins, H dden River,
Uno, and Three Springs, resenble a Venn diagram (a diagram
enmployed in synbolic logic; it uses circles and their relative
position to represent sets and their relationships (Grdner,
1982; Mller, 1986; Edwards, 1989). The H dden River and Uno
subbasi ns occupy 80 percent, and 35 percent, respectively, of the
total basin. The paradox of these two subbasins totaling nore
than 100 percent of the area of the Bear \Wallow basin is explain-
ed by the fact that the Three Springs subbasin conprises 15 per-
cent of the entire Bear Wallow basin and is part of the head-
waters of each the other two, subbasins; it is common to each of
them This overlap is significant because the 97 km¢ (37 mi¢) of
the Uno basin is the size of the area alluded to earlier in this
docunment as the terrane in Figure 4 from which pollutants could
flow to a total of 52 springs in 19 isolated segnents along a 19
km (12 m) reach of Geen River. Probabl e consequences of | eak-
age from a facility would be significantly fewer if it were
| ocated somepl ace other than in a ground-water basin in which the
overlap of the headwaters is analogous to a Venn diagram and
di scharge is via distributary flow This overlap is also signif-
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i cant because adequate nonitoring of a facility in the Uno sub-
basin would require nore sites (and nore expense) than nonitoring
the sane facility in a basin that was not part of two other

basi ns.

Simlar overlap of recharge areas of springs occurs also in
the Mendip Hills of southwestern England (Drew, 1968, 1975; At-
ki nson, 1977).

EXCEPTI ONS TO ASSUMPTI ON #5: NONCONTI GUOUS GROUND- WATER BASI NS

Thrailkill and his students have shown that there are two
physically distinct spring types in karst of the Inner Bluegrass
of Kentucky: local high-level springs discharging from shallow
flow paths and nmajor |owlevel springs discharging from a deep,
integrated conduit system (Scanlon & Thrailkill, 1987; Thrail-
kill, 1984, 1985). The maj or | ow]| evel szpri ngs are characterized

by |arger catchment areas (>10 km2; 4 mi) and higher discharges
(10-2700 |/see; 2.6-700 gal/see); the local high-level springs
are characterized by snmaller catchnment areas (<2 kmz; 0.8 mi?
and |ower discharges (0.1-0.8 |/see; 0.025-0.2 gal/see). The
lack of integration of the local high-level spring catchnents
into the major lowlevel spring catchnents can be explained by
the inperneability of nunerous interbedded shales and the |ack of
fractures passing through them  The catchnment of each major |ow
| evel ground-water basin is interpreted to be near-elliptical,
but there is mnimal data to support this shape. Each of the
catchnments is unrelated to surface drainage, isolated from the
nearby major basins, and comonly separated from its nearest
simlar neighbor by 1 to 4 km (0.6 to 2.5 m) , thus naking them
noncont i guous. The reasons for the noncontiguity of these najor
basins are not yet understood but may be related to the nature of
the epikarst between conduits and the inhibition of hydraulic
integration by clay and shale in the bedrock (Ralph O Ewers,
Departnment of GCeology, Eastern Kentucky University, oral commu-
ni cation, 1988).

Nonconti guous basins within a karst terrane in which the beds
dip uniformy at a low angle also occur in the Nashville Basin,
Tennessee (Geary M Schindel, ATEC Environnental Consultants,
Nashville, Term, oral communication, 1989); they probably exist
el sewhere. The possibility of their occurrence in various
settings should be anticipated and can be detected when traces
are run from each side of a suspected boundary of a ground-water
basi n.

It is possible that traditional, randomy located wells may
provide effective nonitoring in the interbasin areas between non-
conti guous basins. To use these wells reliably in such a karst,

however, the tracing procedures advocated herein nust first be
enpl oyed and conpetently shown to vyield negative results at

46



springs and positive results at the wells.

EXCEPTI ONS TO ASSUMPTI ON #6: SPRINGS THAT DERIVE SOVE OF THEIR
FLONV FROM MORE THAN ONE BASI N

If one or nore tributaries to the trunk conduit of a ground-
water basin join it at a distance upstream from the orifice that
is equal to or greater than the length of the mxing zone for a
given velocity and difference in water quality (Fischer et al .,

1979, p. 105-147; Hubbard et al ., 1982; Kilpatrick & Cobb, 1985;
Mull et al ., 1988, p. 43-45), nonitoring of water quality at its
spring during base flow will not detect the existence of the

subbasin, even if there was a significant difference between the
chem cal and physical properties of the two basins or subbasins.
But if the confluence of a basin or subbasin is at |less than the
length of the mxing zone for a given velocity and difference in
water quality--or if the confluence is at the surface, possibly
because erosion and slope-retreat progressed upstream-a series
of nmeasurenents of a physical or chemcal property such as
specific conductivity nmay show variation across the width of the
spring's stream channel. Many exanples of this dual-basin
phenormena are known. They incl ude:

1. Seven Springs, in Fillnmore County, M nnesot a. Two
distinct ground-water basins discharge from the sane
conduit orifice. Dye from one basin discharges from the

left side of the spring, but not the right; dye from the
other basin is discharged on the right side, but not the
left (Mohring and Al exander, 1988). At  Seven Spri ngs,
however, the discharge of water from the second basin
occurs only during flood flow, not during base flow
Seven Springs is part of a distributary.

If water quality of the two basins or subbasins is
simlar, the only sure way one could discrimnate between
them-or discover the existence of the second is to
nmeasure dye concentrations on both sides of a channel and
inits mddle. Prospecting for variations in water qual-
ity or dye concentration as an indicator of the nearby
confluence of a subbasin nust be done under |ow,

moderate-, and flood-flow conditions. It nust be shown
that these differences in dye-concentration vary with
position, not with tinme. [Meiman et al . (1988) have shown

that continous nonitoring at the sane point during flood
flow detects significant short-term variations in the
quality of waters that have not been nixed. This is
interpreted to be a consequence of piston-flow from
tributaries.]

2. St. Dunstan’s Well, in the Mendip Hills of southwestern
Engl and. The flow of a spring-fed stream is from two
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adjacent orifices, nly 2 m (6 ft) apart. Water quality
of one of the springs is significantly different from that
of the other. One i1s usually supersaturated with respect
to caCO3; the other is wusually undersaturated. Traci ng
has shown that each spring has a separate recharge area
but a partial overlap of these areas is comon to both
springs (Drew, 1968, 1970), like the Venn diagranms nen-
ti oned previously.

3. Aquas Frias Spring, on the west bank of the R o Gande de
Manati, Puerto Rico. A dye-trace has shown that a nmjor
tributary joins the inclined throat of the spring that
rises froma depth of 27 m (90 ft). This tributary joins
the throat that is the trunk passage at a depth of 9 m (30
ft) below the spring s surface. Most of the discharge is
from the trunk passage that is part of the R o Encantado
Cave System nore than 19 km (12 m) long (Ws C Skiles,
Karst Environnmental Services, Hgh Springs, Fla., oral
communi cation, 1989).

The occurrence of dual-basin flow has been attributed above
to be a consequence of distributary flow As such, it may be the
reoccupation of high-level flow routes that ceased to function
perennially as base |evel was |owered. Dual -basin flow can al so
be a consequence of a spring location being base level for a
|arge area that was never integrated into a single ground-water
basi n.

O what relevance is this seemngly nit-picking discussion to
the nonitoring of ground water? If prospecting a channel for
position-related and tinme-related variations in specific conduc-
tivity or dye-concentration during constant-rate injection shows
that the variations are position-related, one can select the best
place in the channel to nonitor for dye and/or pollutants. Such
data may al so enhance the probability of nore accurate delinea-
tion of the recharge area for each subbasin.

There is another continuum here. If the distinct orifice of
two or nore spring outlets feeding a stream can be seen at or
fromthe ground surface, I would call the recharge area of each a
separate basin, but with a comon discharge point. If the dis-

tinct orifices can not be seen at the surface and if the exist-
ence and position of underground confluences nust be inferred
from neasurenents of water quality or position-related dye-
concentration, or by diving, the recharge area of each is a
subbasin. St. Dunstan’s Well represents on end of this
continuum Seven Springs is near the sane end of it. Aguas Frias
Spring is farther from that end. The opposite end of the
continuum is exenplified in Figure 3 by the confluence between
the MII| Hole subbasin (3A in the index map) and the Procter Cave
subbasin (3B, 3Bl, and 3B2). The full spectrum of this dual- or
mul ti-basin continuum is represented by various karst springs in
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the Hot Springs area of South Dakota (Al exander et al ., 1988).

EXCEPTION TO ASSUMPTION #7: DI VERSION OF GROUND WATER TO THE
SURFACE

The Poorhouse Spring ground-water basin in Kentucky nicely
illustrates the diversion of ground-water flow to a surface water
basin (Quinlan & Ray, 1981, 1989). The basin drains 70 k=l (27
mi?) and nost flow is to the southeast, through the 3 x 6 m (10 x
20 ft) trunk stream passage that is Steele’ s Cave. After very
heavy rains (approximately once a year), sone of the water in
this trunk rises about 21 m (70 ft) above its normal |evel, out
of the sinkhole entrance, and overflows onto the surface. From
there it flows in the opposite direction to the northwest and
west where it augnents the flow of a surface stream which drains
an area outside of the Poorhouse Spring ground-water basin. Such
flow, if contamnated, could give spurious values at surface
sites used to nonitor pollutants or background in adjacent
ground-wat er and surface-water basins.

EXCEPTION TO ASSUMPTION #8: DI VERSION OF SURFACE WATER TO A
DI FFERENT GROUND- WATER BASI N

Sonetines surface waters overflow during stornms from one
ground-water basin to another. This is illustrated by the be-
havi or of Cayton Branch in Kentucky (Quinlan & Ray, 1981, 1989;
Quinlan, Ewers, et al., 1983, p. 22). Little Sinking Creek (the
sout hwest ernnost surface stream in Figure 3) drains north to the
Geen Rver and contributes to the discharge from the Turnhol e
Spring ground-water basin. At a point about 2 km (1.2 m) south
of the creek’s northernnost swallet, where the south fork of the
stream bends north at the 600-ft potentionetric contour, the
creek goes out of its banks during floods and diverts sone of its
di scharge westward. The diverted surface water flows about 600 m
(2000 ft) west to a swallet that conprises part of a larger
ground-wat er basin that drains westward to the Barren R ver, and
in which the headwaters have been captured by the Turnhole Spring
ground-wat er basi n.

This diversion of surface water from the Turnhole Spring
basin to another ground-water basin could be relevant to a noni-
toring effort in the second basin if there were significant
guantities of pollutants in the surface waters of Little Sinking
Creek and if they were “exported” to the second basin where they
could adversely affect the reliability of data from cave streans
used for nonitoring of background.

The above exceptions to the eight inplicit assunptions stated
as hydrol ogi c axioms are uncomon but inportant. Thei r exi stence
justifies a thoroughness in the design of tracer tests and in the
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interpretation of tracer results that, to sone people, mght seem
paranoid. Their existence, however, enphasizes the need for
facility-related field work as a prerequisite for the design of a
reliable nonitoring systemin a karst terrane.

ASSUMPTI ON #10, THE MOST | NSI DI QUS

| nt roduction

Tracing for evaluation of a facility is easy to do: Al one
does is inject tracer such as a dye at one point and recover it
at another. so, too, is well drilling: Al one does is set up
the rig, start the notor, and count the noney. Both techniques
yield good, reliable results when perforned by those trained in
their art. But there are so many things that can go wong when
trying to do either that it is nore prudent and cost-efficient to
have each done by an experienced professional

It is easy to obtain falsely positive results in tracing--
chiefly as a result of contamnation that can be prevented by a
proper QA QC protocol. [ The sane can be said for errors in chem
ical analysis or alnost any other analytical technique.] It is
even easier to obtain falsely negative results. This is why |
have called the naive and sonetines erroneous belief that tracer
results and their interpretation are valid “the nost insidious
assunption”.

Procedural Causes of Fal sely Negative Results of Tracer Test
Resul ts

In addition to occurrence of negative results as a result of
any of the eight hydrogeol ogi c assunptions discussed above, there
are many procedural ways to inadvertently get a false negative in
a tracer test and thus “prove” that |eakage of harnful materials
from a facility wll not (or does not) occur. Thirteen of the
nore conmon ways are:

1. Inadequate field survey to locate springs or wells to be
nmoni tored for tracer

2. Injection of dye in a well or at another site that has
m ni mal hydraulic connection to the subjacent aquifer.

3. Sanpling in only one or two directions from an injection
site--rather than in all directions when radial or multi-
di recti onal flow is possible, as described in the
di scussi on of Figure 6.

4. Sanpling at only a few sites--rather than at all sites
possi ble for recovery of tracer.
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5. Not sanpling often enough to detect the tracer in either
grab sanples or on activated charcoal that becones |oaded
wi th ot her organic conpounds before the dye arrives.

6. Premature cessation of the tracer test--before there is
enough tine for the tracer to reach any nonitoring site or
those sites that would be reached after recovery of tracer
at the first site. (Premature cessation is nost comon
during the dry season, when flow velocities are slowest.)

7. Sampling only at random y-located drill hol es--rather than
at springs, cave streans, or wells that beconme turbid
after heavy rains and wells drilled on photolineanents.

8. Use of an inadequate anount of tracer--an anount so snal
that it is likely to be diluted or sorbed to concentra-
tions below the limt of detection.

9. Use of a tracer inappropriate for the system under study,
one that is likely to be totally or greatly sorbed by
sedinent or rock through which it passes, one that is
reactive with a dissolved constituent in water, or one in
which the fluorescence is quenched or enhanced by a
di ssol ved constituent or by pH

10. Use of too high a value for the acceptable threshold of
detectability of dye.

11. Use of organizations and individuals inexperienced in the
desi gn, execution, and interpretation of tracer tests.

12. Sanpling for dye at only one side (the wong side) of a
spring w th dual -basin flow

13. Placenent of a dye-detector where contact wth spring
water or stream water is not continuous for the tine
bet ween pl acement and recovery.

In nore detail, the procedural errors likely to yield falsely

negative tracing results are described below Sonme of these
errors have already been been nentioned briefly in this docunent.

1.

I nadequate field survey to locate springs or wells to be

used for nonitoring the presence of tracer. Publ i shed
USGS topographic nmaps can not be relied upon as the sole
source for data on spring |ocations. Field work is

essential because generally fewer than 5 percent of the
base-level springs are shown on topographic nmaps. An
interpretation of regional hydrology based on dye-traces
made only to springs shown on the USGS 7.5-mnute
topographic maps is likely to be a distorted, inconplete
caricature of reality. Qotaining this caricature wll
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cost nore in terns of tinme lost while waiting for dye to
be recovered, than doing the tracing investigation
correctly from the begi nning.

Al t hough nost springs occur along the banks of a stream or
river, sone occur in channels. Therefore it is wse to
al so set dye-detectors in streans, rivers, and tributaries
--just to sense discharge from unknown springs that m ght
be in channels, from other springs that may not have been
found, and from reaches characterized by diffuse seepage.

Field work will wusually show that there are many donestic
wells, both in service and abandoned, that can be used to
nmonitor for dye during a test. For many states nost of
the wells wll not be included in official State or
Federal files; inclusion of only 10 percent is conmmon.
Probably no dye will be recovered in any of these wells,

but it is always worth trying to recover dye in them
especially if their water gets turbid after heavy rains.

Injection of dye in a well or at another site that has
m nimal hydraulic connection to the subjacent aquifer.
Dye injected into a well that does not intercept solu-
tionally enlarged fissures, bedding planes, or conduits
may remain there for a long tine and not reach the
drai nage system of an aquifer except via intergranular
flow The sanme can be said of dye put into a trench
excavated in soil or on a quarry floor. This error can be
easily prevented by first running slug or percolation
tests, as already discussed.

Sanpling in only one or two directions from a dye-injec-
tion site--rather than in all directions when radial flow

or nulti-directional flow is possible. Radial flow,
al though not common, frequently occurs near topographic
di vi des. Two excellent exanples of radial flow at waste
di sposal sites are illustrated in Figure 6 and by Quinlan

and Ewers (1985, p. 214-219).

If one has ignored the possibility of radial flow in the
design of a dye-test or a series of dye-tests, and then
gets positive results in those tests which are run, one
can be easily lulled into a false sense of security. For
exanple, if a hydrologist’s best professional judgenent
suggested that ground-water flow in the vicinity of dye-
injection point #1 in Figure 6 was to the north or east
and if he set dye-detectors (bugs) only in those direc-
tions and not at springs and wells in the other direc-
tions, he mght be rather inpressed by his perspicacity.
He would also be professionally enbarrassed and legally
vul nerable when |eachate was subsequently detected at
springs or wells in the south and west.
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4.

Sanpling at only a few sites--rather than at all sites
possible for the recovery of tracer. One can not afford
the “econony” of mninmal sanpling. Aside from the fact
that one does not get an understanding of regional or
basin hydrol ogy without nonitoring the sites to which dye
is carried by ground water, nonths of valuable tinme can be
lost while waiting for dye to be recovered at sites to
which it will not go. Also, until and unless the dye from
a test is recovered somewhere or it is determ ned where it

went, that dye can not be used a second tinme in the basin.

The reason is obvious: Dye recovered after a second dye-
injection could be interpreted to be fromthe first.

Not sanpling often enough to detect the tracer. For
exanple, if a pulse duration is 24 hours and sanpling is
weekly, it is highly probable that grab sanples wll not
detect the pulse. This is not a problem if activated
charcoal is used for dye-detection, but a better under-
standing of the flow dynam cs is achievable if one detects
tracer at a site several times during a test (after at
| east one tinme when the detectors and/or water sanples are
negative for dye) and if one can recognize the approxi mate
time of maxi mum concentration and nonitor the decay of the
tracer-concentration curve. Probl ens of sanpling frequen-
cy in karst aquifers characterized by conduit flow and
nonpoi nt pollutants are discussed by Quinlan and Al exander
(1987).

As a second exanple, if one is using charcoal detectors
for dye-detection and is doing weekly sanpling in waters
highly polluted by organic waste and if the adsorption
sites on the charcoal are thus totally occupied by organic
conpounds after 24 hours, elution of detectors changed
weekly is incapable of detecting dye or a representative
sanpl e of dye--unless one is extrenmely |ucky and happens
to set a detector at a tine when the dye-cloud is passing
the nonitoring site. Even such luck is not enough.

Organic conmpounds (and possibly associated Dbacterial

reactions) in streans and ground-water can al so renove dye
from charcoal detectors. In a well-designed test in which
a cloud of Rhodam ne WI was visually seen to be flow ng by
several adjacent detectors in a stream |aden with organic
pollutants, the anount of dye recovered on the detectors
was inversely proportional to the duration of their
exposure to polluted stream water; dye-recovery from
detectors with the |ongest exposure was niniscule (Thomas
Aley, (Ozark Underground Laboratory, Protein, M., oral

conmmuni cati on, 1988).

Premature cessation of the tracer test--before there is
enough time for the tracer to reach any nonitoring site or
those sites that would be reached after recovery of tracer
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at the first site. An excellent exanple of the w sdom of
continuation of detector recovery is shown in Figure 6.
Dye injected next to the landfill site, at #1, arrived in
3 to 5 days at Cannon Spring, about 3.5 km (2.2 m) away,
having traveled at least 700 to 1200 mday (2300 to 3800
ft/day): dye was detected in 26 to 33 days at Keith
Spring, a shorter straight-line distance, having traveled
at least 80 to 100 mday (260 to 330 ft/day). This latter
velocity range is consistent with the straight-line flow
velocity of about 120 mday (390 ft/day) for dye that
traveled 7.3 km (4.5 m) southwest to Mtch H Il Spring in
61 days (Al ey, 1988).

An extrenme exanple of premature cessation known to the
witer occurred when fluorescein put into an open sinkhole
at a hazardous-waste disposal site during a drought took
approximately 30 days to travel 3.0 km (1.8 m) to a
spring at a mean maxi num velocity of 4 mhr (13 ft/hr).
Subsequently dye flowed from this spring for at least 30
days. The consultant doing the tracer test termnated it
before dye ceased flowing from the spring. He did not
all ow enough tinme for dye to also reach nore distant sites
where recovery was possible, and he refused to have the
detectors that had been changed weekly analyzed for dye.
After he was persuaded to have them analyzed, it was
|earned that flow from the facility was radial; dye had
traveled approximately twice as fast in alnobst the
opposite direction to a donestic well!

Many exanples of distributary flow (Quinlan & BEwers, 1985,
p. 205, 207-208) would not have been detected if sanpling
for dye had not continued well beyond the time of first
recovery of dye. During the dry season, when ground-water
flow velocities are slowest, it is easy to err by prema-
ture cessation of a dye-trace. This is one of several
reasons why the nost efficient times for initial tracing
are during noderate flow conditions and the recession of
Storm fl ow.

Flow times significantly longer than anticipated (or even
negative results) can also be a consequence of injection
of dye at poor sites in which flowis significantly sl ower
than in the subjacent drainage system This is another
reason to continue sanpling longer than may appear to be
necessary for dye-recovery.

Sampling only at randomly located drill holes rather than
at springs, cave streanms, and wells that becone, turbid
after heavy rains and wells drilled on photolineanents.

The rationale for this statement is given and illustrated
by Quinlan (1989a) and Quinlan and Ewers (1985). In
bri ef, the probability of randomy Jlocated wells
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intercepting a conduit conveying waste from a site in a
karst terrane is about equal to that of a dart thrown at a
wall map of the U S. hitting the Mssissippi River. Both
events are possible, but the probability of each is
extremely |ow. One can not afford to prospect blindly for
cave streanms by random drilling.

Most randomy |located wells in karst terranes are not
suitable for nonitoring the quality of ground water
draining from a given site (Quinlan and Ewers, 1985).

Sone wells can be used as nonitoring points, but only if
dye-tests at high stage and | ow stage have shown that they
are recharged from the site to be nonitored. Each wel |

that is to be dye-tested for suitability as a monitoring
site should be punped during the test. at a rate that
adequately senses flow in an aquifer but doesn’t distort
the flow field. Punping of donestic wells to yield a
continuous discharge of 4 to 8 liters (1 to 2 gallons) per
m nute has been found to be quite satisfactory. A devi ce
for maximzing the efficiency of dye-recovery from punped
wells has been developed by the witer (Aey et al .,
1989)

Use of an inadequate anmount of tracer--an anount so snal

that it is likely to be diluted or sorbed to con-
centrations far below the Iimt of detection. | know of
situations where either corporate parties or a regulatory
agency--for reasons ranging from fear of potentially
adverse public reaction to problens of alleged toxicity to
strong desire not to discover the truth--tried to prevent
proposed dye-traces from having the slightest chance of
success by deliberately limting the anount of dye that
coul d be used. The probable dilution of the dye proposed
for use would have been to a concentration far |ower than

the limt of detection of the instrunent enployed to
analyze for it. | nvestigators in other situations have
t hrough ignorance, used too small an anount of dye. One

cannot routinely expect a few ounces of dye to be
unequi vocal ly detectable 16 km (10 m ) away.

When starting a tracing investigation in an area, One
shoul d al ways, if there is a choice, start wth the
si npl est, nost obvious trace, the one in which the results
are nost easily anticipated. This “calibration” procedure
enables a better estimate of the anount of dye needed for
that trace and other traces in the adjacent area.

Use of a tracer inappropriate for the system under study,
one that is likely to be totally or greatly sorbed by
sedinment or rock through which it passes, one that is
reactive with a dissolved constituent in water, or one in
which the fluorescence is quenched or enhanced by a
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di ssol ved constituent or by pH. Until the "ideal" dye is
synt hesi zed and econonically available, we nmust live with
probl ens of sorption of dyes. As a generalization, the
| east sorbed dye commonly used for tracing is fluorescein;
it is superior to Rhodamine W in nost settings where
phot odeconposition is not a problem (Smart and Laidl aw,
1977) . Traces through coal mnes are nore likely to be
successful if C Acid Red 52 is used; other conventionally
used dyes have a nigher affinity for sorption by ferric
hydr oxi de (Al dous and Smart, 1988).

Quenching of dye fluorescence by chloride ions and decom
position of dyes by chlorine have been briefly described
on p. 36. Gaphs showi ng the quenching and enhancenent of
dye fluorescence by pH have been published by Smart and
Laidlaw (1977) and Behrens (1982, 1987, 1988). Indeed,
use of pH-control for selective suppression or enhancenent
of excitation and/or emssion spectra can be used to
mnimze the interference effects of one dye upon another
when a mxture of two or nore of them are used sinultane-
ously and recovered at the sane site (Behrens, 1982, 1987,
1988)

Many fluorescent dyes are suitable for tracing ground-
wat er . Before beginning a dye-test, the characteristics
of the site and the recovery areas nust be evaluated and
properties of various possibly suitable dyes nust be
conpared (Quinlan, 1989Db).

Use of too high a value for the acceptable threshold of
detectability of dye. A practical value for the detection
limt of a fluoronmeter or a spectrofluorophotoneter is the
concentration of analyte which gives rise to an analytica

signal equal to twi ce the background noise (Rendell, 1987,
p. 136). Sonme investigators informally define the accept-
able threshold of detectability, however, as nany tines
this limt of detection. Such a practice is foolish and

can prevent the recognition and acknow edgenent of radia
flow, distributary flow, and flow to a sole recovery site
or nultiple sites when a |less than optinmal anmount of dye

is used or recovered. One shoul d al ways be skeptical and
paranoi d about anonmalous results, especially those near
the limt of detection, but they should be critically

evaluated for their consistency with results that are nore
certain.

Definition of background fluorescence and its variation as

an aid to reliable determnation of Iimt of detection is
yet another reason why pre-trace background determ nations
are inportant. An interesting study of daily natural var-

iations in background fluorescence has been nade by Jones
(1989). He found no variation for orange (Rhodam ne W),
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noderate variation for green (fluorescein) [possibly
related to leaching of horse manure], and extrene varia-
tion in blue (optical brightener) background. This is not
to say that any of these dyes were present as background.
Rather, there were traces of wunidentified substances in
the water which a filter fluoroneter detected as though
t hey were dyes.

11. Use of organizations and individuals inexperienced in the
desi gn, operation, and interpretation of tracer tests.
Dye-tracing, |ike neurosurgery, can be done by anyone.
But when either is needed, it is judicious and nost cost-
efficient to have it done by experienced professionals,
those who have already made the numerous m stakes
associated wth learning or those who have trained under
the tutelage of an expert and |earned to avoid nunerous
procedur al errors that could have economcally and
physically fatal consequences.

12. Sanpling for dye at only one side (the wong side) of a

spring with dual-basin flow This procedural error has
been explained in the discussion of EXCEPTIONS TO ASSUWP-
TI ON #6.

13. Placenent of a dye-detector where contact wth spring
water or stream water is not continuous for the tine
bet ween pl acenent and recovery. The nost comon way for
this to occur is to set the detector too high in the
spring or stream channel rather than as |ow as possible.
Wen stage falls, the detector is left high and dry, but
it rises before the detector is recovered. A pul se of dye
could conme by after the detector was out of the water and
be gone by the tine it was again subnerged. Anot her way
of having the sane effect is to have a curious passerby
renove the detector and return it to the water a few days
later. [This has actually happened!]

Di scussi on

These procedural errors are listed and discussed not as a
“knave’s guide to duplicity” but as an aid for recognizing
i nadequat e investigations.

Quinlan, Ewers, and Field (1988) admtted having m xed
feelings about telling how to get spurious results from tracer
st udi es. Neverthel ess, they believed that admnistrators and
others who evaluate hydrogeologic studies of facilities nust be
able to differentiate between skilled, thorough, rigorous work
and shoddy or inadequate work. If review of the evaluation
report for a facility shows that one or nore of the thirteen
procedural deficiencies described above are present or that one
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or nore of the exceptions to the first eight routinely nade
assumptions nmay occur, the wvalidity of the report is
guestionable. The ground-water traces are probably inconplete.
Interpretati ons based upon them are unreliable.

It is easy to conduct poorly-designed tracer studies that
yield indeterm nate results. For exanple, when the tracer is not
recovered, what do the results, nore specifically, the |ack of
positive results, nean? Both investigators and report evaluators

who are inexperienced with tracer-test design are not likely to
recogni ze that poor recovery of tracer may be a result of either
poor design of the test or inept execution of it--or both. Mor e

comonly, both parties erroneously tend to accept a |ack of
tracer recovery as an indicator of diffuse flow, non-radial flow,
or the alleged unreliability of tracers for characterizing the
hydrol ogy of a site. | nvestigators and report evaluators nay
then develop a false sense of security, believing that |eakage
has never occurred, or that ground-water flow velocities are very
slow and like those in granular aquifers, or that a facility can
be nmonitored by randomy drilled wells.

There is another reason for |listing the above causes of
fal sely negative tracer tests. The consul tant or agency enpl oyee
who knows well what constitutes bad tracer-test design and proto-
col knows better what constitutes good design and protocol. Such
knowl edge can inprove the quality of dye-test performance and
eval uati on.

As repeatedly inplied and stated throughout this docunent,
short-cutting on rigorous design and protocol of water-tracing is
a false econony. The environnental consequences, the ethical
consequences, and the |egal consequences of nalpractice nay be
far too high to be ignored.

Tracer tests are not intrinsically wunreliable. They are
reliable. It is tracer tests done by the inexperienced who are
unaware of the assunptions they have nade and unaware of how one
can inadvertently get falsely negative and falsely positive
results that are unreliable.

One can learn much about dye-tracing by reading; one shoul d.
But before attenpting conplex traces that <can affect the
expenditure of hundreds of thousands or mllions of dollars, it
is judicious to learn also by experience on sinple traces and by
working with soneone who has extensive dye-tracing experience.
Wth dye-tracing, as with |love-making, there is only so nmuch one
can learn from a book. In the quest for success, there is no
substitute for experience.
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S| SYPHEAN LAMENT

Peopl e concerned with nonitoring are usually afflicted wth
one of two syndrones: “nothing | eaks” or “everything |eaks”.

The "not hing-1eaks syndrone” is dom nated by a rationale that
“We designed it not to leak, therefore, it won't.” In the early
stages this syndrone is characterized by a conviction that there
is no problem with a facility unless an anonal ous value for a
paraneter is detected by its nonitoring system In the advanced
stages it is characterized by a conviction that there is no
problem unless the anomalous paraneter exceeds the proscribed
l[imts for drinking water. In the termnal stages this syndrone
is characterized by a conviction that there is no problem unless
the anomal ous paranmeter repeatedly exceeds drinking water stan-
dar ds. By then it may be too late to prevent the consequences of
pol I ution.

The “everything-leaks syndrone” is dom nated by the rationale
that few systenms work as designed and Mirphy’'s Law is always
operati ve. In the early stages this syndrone is characterized by
a conviction that pollutants detected by a well-designed nonitor-
ing system are proof that the facility | eaks. A deadly Catch-22
logic rapidly brings the syndrone to a termnal stage in which
those afflicted fanatically proclaim that if pollutants are not
detected, the nonitoring system is defective and needs to be

i nproved.

A synptom common to zealots afflicted wwth the pernicous ter-
m nal stage of each syndrone is intolerance for the irrationality
of those afflicted by the termnal stage of the other.

When people with each of these syndronmes, especially in their
term nal stages, mnmust work together on a project, each side tends
to keep the other honest--but often at the expense of a har-
nmoni ous wor ki ng relationship. Religion and politics are safer
| ess controversial topics of conversation.

Wuld that reality were perceivable objectively and the sane
for all. This topic is eloquently discussed by Al exander (1989).

CHECKLI ST FOR DESI GN OF MONI TORI NG SYSTEMS | N KARST TERRANES
The follow ng checklist can be used as a guide to the general

sequence of operations necessary for the design of a nonitoring
system for ground water in nost karst terranes, especially those

characterized by conduit flow. The <checklist 1is useless,
however, wi thout an understanding and application of the concepts
espoused in this docunent. One should do the foll ow ng:

1. Review the geologic and hydrologic literature.
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2. Study and interpret topographic and geol ogi c maps.
Make a spring survey.

Revi ew t hi s docunent.

Map the potentionetric surface, if possible.

Desi gn the dye-traci ng study.

N o oA W

Do the first trace, preferably during noderate flow condi-
tions.

8. Evaluate results of the first trace and nodify the design
of the tracing study, if necessary.

9. Determne whether springs to which a facility drains are
characterized by conduit flow or diffuse flow

10. Run other dye-traces during noderate flow, always
nodi fying the tracing plan, as necessary, in the light of
the results of each trace. For nmany facilities it is
necessary to performonly two traces during noderate flow.

11. Repeat selected traces during base flow and flood flow.

12. Synthesize tracing results, available potentionetric data,
and conductivity and turbidity data used to discrimnate
between conduit flow and diffuse flow into a nonitoring
pl an.

13. Have results of field studies and the proposed nonitoring
pl an peer-revei wed.

SUMVARY

In order to be relevant to detection nonitoring for pollu-
tants from waste-disposal facilities, water-quality data from
karst terranes nust be from springs, cave streans, and wells
shown by tracing to drain from the facility to be nonitored.
Tracing should typically be done at least three tines: when first
convenient (during noderate-flow conditions, to quickly give a
prelimnary, tentative understanding of |ocal novenent of ground
water) and later during both base flow and flood flow The
general prudence of tracing during all three types of flow condi-
tions can not be overenphasi zed.

Sites for nonitoring background should be selected on the
basis of:
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1. Negative results of these tracing tests but from settings
in which the rocks and waters are geochenmically simlar to
those of the locations where the tracer tests were posi-
tive.

2. Qultural simlarity.

A map of the potentionetric surface, if it is based on enough
data from an aquifer not conplicated by aquicludes and aquitards,
will greatly enhance one’'s ability to efficiently design the
necessary tracing tests, interpret them with greater confidence,
and design an effective, reliable nonitoring network.

Sampling for water quality nust be frequent and done before,
during, and after storm and neltwater events. Base flow should
be sanpl ed between such events.

G ound-water nonitoring in karst terranes can be done
reliably, but the analytical costs are likely to be significantly
hi gher than those for other terranes. It could be far |less
expensive to locate a proposed facility in a non-karst terrane.

There are many ways to design the placenent and sanpling
frequency of a ground-water nonitoring network in a karst terrane
so that it inadvertently yields falsely negative results for the
chem cal conpound(s) being sought. Accordingly, environmental
consultants and regulators nust be ever vigilant to be sure that
negative results are not falsely negative and that positive
results are not falsely positive--either accidentally or
intentionally.

There is need for Federal and State regulations to officially
recognize the wutility and w sdom of ground-water nonitoring at
springs, cave streans, and traced wells.

Nunerous pl ausibl e, axiomatic rules (assunptions) can be
stated about ground-water flow in karst terranes, but they are

not absol utes. Exceptions are known for all’ but two of the ten
rules cited; nore exceptions will be discovered.

It is easy to inadvertently get falsely negative results wth
any tracer, thus "proving" that a facility will not (or does not)
leak and will not affect "x". If an investigator knows what
these pitfalls are, he can avoid them If a report evaluator

knows them he can recognize flawed investigations, reject them
and have them redone properly.

Conflicts between designers, evaluators, and regulators over
whether a nonitoring system works or doesn’t work and how to
interpret its data are often a result of irreconcilable philo-
sophi cal convictions. Sonme people sincerely believe that a
facility designed not to leak wll not I eak. Qpponents are
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equal 'y convinced of the inpossibility of long-term prevention of
| eakage and place great inportance on judicious siting and
skeptical interpretation of nonitoring data.

The nonitoring strategies advocated here and discussed in
more detail by Quinlan and Ewers (1985) work in nost Kkarst
terranes characterized by recharge and by discharge at springs.
They are also applicable to the delineation of wellhead and
springhead protection areas. They are a significant advance over
traditional nonitoring strategies and have been recognized as
such (Beck et al. 1987), but this docunent is far from the | ast
word on the subject. Mich remains to be learned and descri bed.
There is a need for publication of nore case studies.

EPI LEGOVENON
Dye-tracing is essential for the design of a nonitoring
system in a karst terrane. But why is it that professional
geol ogi sts and engineers who would not think of venturing into
the design of a building foundation, a landfill, or a well field

without first having obtained sonme initial experience with such
matters, and without a review of its design by a conpetent peer,
all too often assunme that anyone can do professional-quality dye-
tracing on the first attenpt? If one’s tracing experience is
[imted or nonexistent, the nbst astute, nost ethical, and |east
expensive way to mnimze the risks of costly litigation for
tracing-related mal practice are to choose one of the follow ng:

1. Gin experience with one of the fewer than 10 individuals
in North Anerica who are adept at tracing with various
types of dyes in conplex hydrol ogic settings.

2. Arrange for one of these individuals to do the tracer
investigation--with the understanding that he wll give
sone rudi mentary training.

3. Hre one of themto design the tracer investigation.

4. At an absolute mninum use one of them to review the
design of the proposed tracer investigation.

A thoroughl y-experi enced, adept tracing-consultant potential-
ly saves his client many tines his fee and greatly enhances the
reliability of both tracer results and a proposed nonitoring
system

Sone readers may choose to interpret the preceding part of
this epilegonenon as a self-serving solicitation offering
consul tation services. That woul d be unfortunate. It is not.
Rather, it is an objective assessnent of facts as viewed in the
i ght of extensive experience.
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Karst hydrology is foreign to the training and experience of
nost Anerican geol ogists, hydrologists, and engineers. |ndeed,
only one of the comonly used hydrology texts gives nore than
lip-service recognition to the significant differences between
flow in karst aquifers and flow in other aquifers (Fetter, 1988,
p. 285-295, 233-246).

Only three of the dozens of hocks, nonographs, and manual s
publ i shed on ground-water hydrology and/or nonitoring during the
past eight years include either a discussion or inplication of
the recommended strategy of nonitoring springs, cave streans, and
traced wells (Ofice of Gound-Water Protection, EPA, 1987, 1988;

Mul I et al. 1988), but the authors of at |east one hydrol ogy
text in preparation strongly endorse it. Two recent textbooks on
karst geonorphol ogy and hydrology also endorse it (Wite, 1988;
Ford & WIlians, 1989). No journal papers even hint at the

strategy, but there are numerous recent papers, chiefly by karst
specialists, that do so in conference proceedings (Al exander et
al . 1988; Aley, 1988; Beck, 1986; Field, 1988, 1989; Jennings,
1988; (Quinlan, 1986b, 1988a, 1989a; Qinlan & Al exander, 1987,
Quinlan, Aley, & Schindel, 1988; Quinlan, Ewers, & Field, 1988).
The review by Field (1988) sumarizes evolving EPA thought on
nmonitoring in karst terranes, but it is not an official statenent
or a draft of proposed agency policy. In brief, the scientific
community has just begun to recognize the effectiveness of the
traced-spring, -cave-stream and -well nonitoring strategy.

It would seem that many pollution control agencies are about
to recognize, at last, the “peculiarities” of karst and to
promul gate their regulations accordingly.
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