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COVER: G ound-water flow routes and pollutant dispersal in the
Horse Cave and Cave City area, Kentucky, just east of Mummoth
Cave National Park. Dye-traci ng and nmapping of the potentio-
netric surface (the water table) has nade it possible to
det er m ne: 1) the boundaries of ground-water basins, 2) the
flowrouting of sewage effluent discharged into the aquifer,
3) the flowrouting of other of pollutants that m ght be dis-
charged into the aquifer anywhere else in the map area, and 4)
the recharge area of springs. Reliable nonitoring for pollu-
tants here and in nost karst terranes can only be done at
springs, wells drilled to intercept known cave streanms, wells
known to becone turbid after heavy rains, and wells drilled on
phot o-1ineaments -- but only if each site proposed for noni-
toring has been shown by dye-tracing to drain fromthe site to
be nonitored. (reproduced from Quinlan, Janes F., Special
problens of groundwater nonitoring in karst terranes, in
Nei |l sen, David M, and Quinlan, Janes, F., eds., Synposium on
St andards Devel opnent for Goundwater and Vadose Zone MNoni-
toring lnvestigations. Anerican Society for Testing and
Materials, Special Technical Paper, 1988. (in press)
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FOREWORD

The dawning of the “Age of Environnental Awareness” has been
acconpani ed by great advances in the study of karst hydrology --
its nethodol ogy, results, and understanding. This manual is
anot her of those advances. It describes a clever application to
subsurface streans of enpirical techniques for study of surface
streans. It nmakes possible a good approximation of the tinme of
travel, peak concentration, and flow duration of harnful contam -
nants accidentally spilled into many karst aquifers and flow ng
to a spring or well, and it does so for various discharge condi-
tions. As such, these techniques for analysis and interpretation
of dye-recovery curves are powerful, useful tools for the protec-
tion of water supplies. These techniques are an inportant
conplenent to those essential for delineation of wellheads and
springheads. For karst terranes characterized by conduit-flow,
such delineation can only be done by dye-tracing, preferably
gui ded by inferences from good potentionetric naps.

Interpretation of dye-recovery curves can yield nuch inforna-
tion about the nature of groundwater flow in a karst aquifer and
the structure of its conduit system as shown in this manual, by
Mal oszewski and Zuber (1985), Zuber (1986), Gaspar (1987), Snmart
(1988), and other investigators. Simlarly, much can be | earned
frominterpretation of flood-discharge hydrography of springs, as
shown by WIcock (1968), Brown (1972), Sara (1977), Podobnik
(1987), Wiite (1988, p. 183-186), Meiman et al. (1988), and oth-
ers.

An unstated, inplicit assunption nmade by the authors of this
manual in their analysis of dye-recovery curves is that flow is
from a single input to a single output. This is a reasonable
assunption in many karst terranes, but there are five other sig-
nificant types of karst networks, those wth:

1. One or nore additional unknown inputs;

2. One or nore additional unknown out puts;

3. Both one or nore additional unknown inputs and outputs;

4. Distributary flowto nultiple outlets;

5. CQutarounds and braided passages. (A cutaround is a pas-
sage bifurcation in which flow diverges from and then con-
verges to the main conduit. The flow routes rejoin one
anot her, but one of themis longer and/or |ess hydraulic-
ally efficient than the other. Where convergence occurs,
a second pulse, lagging behind the initial pulse, is
formed in the main conduit.)

The first three types of karst network are illustrated and

di scussed by Brown and Ford (1971), Brown (1972), and Gaspar
(1987). If flow in an aquifer is through the first type, pre-
di ctions based on the procedures recomended in this manual wl

be accurate. If flow is through the second or third types, the
accuracy of the predictions will tend to be inversely proportion-
al to the anmpbunt of dye diverted to unknown discharge points.
Distributary flow is a subtype of the second and third types of



network; it is common in karsts of the Mdwestern United States.

FIl ow t hrough cutarounds and brai ded passages induces binodal -
ity and polynodality in dye-recovery curves, as illustrated and
di scussed by Gaspar (1987) and Smart (1988). I f such curves de-
part significantly fromthose for a relatively sinple systemlike
that described in this manual, the accuracy of predictions in the
fifth type of network will be inversely proportional to the tine
between the maxima and will also be affected by the nunber of
maxi ma and the extent to which they are simlar to the greatest
maxi mum

Anot her factor that influences the shape of a dye-recovery
curve is the extent to which tracer penetrates the bedrock matrix
deeply enough to be influenced by adjacent fractures (Ml oszewski
and Zuber, 1985; Zuber, 1986). Such penetration is strongly in-
fluenced by the porosity of the matrix and is inversely propor-
tional to the flow velocity; matrix penetration by tracer can
affect both the duration of a test and the shape of its dye-
recovery curve.

A karst aquifer may or may not lend itself to the dye-

recovery anal ysis proposed in this nmanual. But one will not find
out -- or determne the type of karst network present -- until
and unless dye-tests are run and interpreted. Results of the

dye-recovery analysis are vital for wellhead and springhead pro-
tection, especially if flow is through a relatively sinple con-
duit systemlike that studied by the authors.

It was the intention of the authors to only briefly summarize
a few principles and descriptions of karst hydrol ogy and geonor-
phol ogy; nore would be beyond the intended scope of this manual
For a fuller discussion of these topics the reader is referred to
the recent excellent textbook by Wite (1988). Simlarly, and
al t hough there are nmuch data and unique information on dye-trac-
ing in this manual, the reader desiring a conprehensive howto
(and how not-to) handbook on various dye-tracing techniques and
instrunentation is referred to the enchiridion by Aley et al.
(1989)

Fl ow velocities in karst aquifers may be tens of thousands to
many mllions of times faster than flow in granular aquifers.
Therefore, it would be prudent for managers of water supplies in
karst terranes to have the recharge areas for their springs and
wells delineated and to have dye-recovery analysis done for the
sites nost susceptible to accidental spills of harnful contam -
nants. They should do so before it is too |ate. Al t hough dye-
injection imediately after a spill can sonetinmes be used to
nonitor the probable arrival tinme of pollutants, the tracing
necessary for applying the dye-recovery analysis described in
this manual can only be done before the spill occurs.

Dye-tracing, |ike neurosurgery, can be done by anyone. But
when either is needed, it is judicious and nost cost-efficient to
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have it done by experienced professionals, those who have already
made the numerous m stakes associated with |earning or those who
have trai ned under the tutelage of an expert and |learned to avoid
nunmerous procedural errors that could have economcally and
physically fatal consequences.

The anal ytical technique for dye-recovery analysis described
in this manual is best applied to systens simlar to the rela-
tively sinple but common one studied by the authors. Accor di ng-
ly, their approach should be w dely applicable. Wien conbi ned
with basin delineation by dye-tracing, the two techniques repre-

sent the best pre-spill hydrologic preparations available for
spill-response in karst terranes. Their technique is a signifi-
cant advance in the evaluation of karst aquifers. Use of it and

testing of it is encouraged and recomended.
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Factors for Converting Inch-Pound Units to
International System of Units (Sl)

The inch-pound units used in this report may be converted to netric
(I'nternational System) units by the follow ng factors:

Miltiply inch-pound units By To obtain metric unit
inch (in.) 25. 4 mllineter (mm
feet (ft) 0. 3048 meters (m
mle (m) 1. 609 kilometer (km
square mle 2.590 square kil ometer
(mi?) (km?)
gallon per mnute 0. 06309 liters per second
(gal /rein) (L/'s)
mllion gallons per day 0. 04381 cubic meter per second
(Myal / d) (m®/s)
3,785 cubic neter per day
(m%/d)
foot per second 0. 305 meter per second
(ft/s) (n's)
cubic foot per second 0. 02832 cubic meter per second
(ft3/s) (m®/s)
foot squared per second 0. 09290 meter squared per second
(ft2/s) (m?/s)
m cromhos per centineter 1,000 m crosi emens per centimneter
at 25° Celsius at 25° Celsius
(umhos/cm at 25° C) (uS/em at 25° Q)

Tenperature in degrees Fahrenheit (°F) can be converted to degrees Celsius
(°Q as foll ows:
°C- (°F- 32)/1.8

Sea Level: In this report "sea level" refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a general
adj ustment of the first-order level nets of both the United States and Canada,
formerly called "Sea Level Datum of 1929.°

Use of brand/firmtrade names in this report is for identification purposes
only and does not constitute endorsement by the U'S. Ceological Survey or the
U.S. Environmental Protection Agency.



APPLI CATI ON OF DYE- TRACING TECHNI QUES FOR DETERM NI NG
SCOLUTE- TRANSPORT CHARACTERI STICS OF GROUND WATER
I N KARST TERRANES

By D.S. Mull, T.D. Liebermann, J.L. Snoot,
and L.H Woosley, Jr.

ABSTRACT

Some of the npst serious incidents of ground-water contam nation,
nati onwi de, have been reported in karst terranes. Karst terranes are
characterized by sinkholes; karst w ndows; springs; caves; and |osing
sinking, gaining, and underground streams. These karst features are
environmental |y significant because they are commonly directly connected to
the ground-water system |If these ground-water systems are used as a drinking
water source, their environmental significance is increased. Sinkholes are
especially significant because they can funnel surface runoff to the ground-
water system  Thus, any pollutant carried by surface runoff across a karst
terrane has the potential for rapid transport to the ground-water system

Because of the extreme vulnerability of karst ground-water systems to
contam nation, water-managenent and protection agencies need an understanding
of the occurrence of ground water, including the extent of the recharge areas
for specific karst aquifers, a know edge of the inherent vulnerabilities of
the systems, and an understanding of the characteristics of pollutant
transport within the systens. To provide water nanagers (those responsible
for providing and managi ng water supplies) and protection agencies (those
responsible for regulating water supplies and water quality) with a tool for
the managenment and protection of their karst water resources, the US.

Geol ogi cal Survey in cooperation with Region IV of the U'S. Environnmenta
Protection Agency has prepared this nmanual to illustrate the application of
dye-tracing results and the related predictive techniques that could be used
for the protection of ground-water supplies in karst terrane. This manual
will also be useful for State and |ocal agencies responsible for inplenenting
Vel | head Protection Prograns pursuant to the Safe Drinking Water Act as
amended in 1986.

This manual includes a brief review of karst hydrogeol ogy, sunmarizes
dye-tracing concepts and selected techniques, lists sources for equipnent and
materials, and includes an extensive list of references for nore detailed
information on karst hydrogeol ogy and on various aspects of dye tracing in
karst terrane. Both qualitative and quantitative dye-tracing techniques are
described and quantitative analyses and interpretation of dye-trace data are
denonst r at ed.

Qualitative dye tracing with various fluorescent dyes and passive dye
detectors, consisting of activated coconut charcoal or surgical cotton, can be
used to identify point-to-point connections between points of ground-water
recharge, such as sinkholes, sinking streams, and karst w ndows and discharge
points, such as water-supply springs and wells, Results of qualitative
tracing can be used to confirmthe direction of ground-water flow inferred

1



fromwater-level contour maps, and to help delineate the recharge area
draining to a spring or well. Qualitative dye tracing is, generally, the
first step in the collection and interpretation of quantitative dye trace
dat a.

Quantitative dye tracing usually requires automatic sanplers, discharge
measurements at the ground-water resurgence, and fluorometric or
spectrofluoronetric analysis to quantify passage of the dye cloud. These
results can be used to determ ne solute-transport characteristics such as
traveltime for arrival of the leading edge of the dye cloud, peak dye
concentration, trailing edge, and persistence of the dye cloud at the
di scharge point, which may be a spring or well used for public water supply.

Repeated quantitative dye traces between the same recharge and discharge
points, under different flow conditions, can be used to develop predictive
relations between ground-water discharge, apparent ground-water flow velocity,
and solute-transport characteristics. Normalized peak-solute concentration,
nmean traveltime, and standard deviation of tinme of travel can be used to
produce a conposite, dimensionless recovery curve that is used to simulate
solute-transport characteristics for selected discharges. Using this curve
and previously devel oped predictive relations, a water nanager can estimte
the arrival time, peak concentration, and persistence of a soluble
conservative contamnant at a supply spring or well, on the basis of discharge
and the quantity of spilled contam nant.



1. | NTRCDUCTI ON

1.1 Background

The primary objective of the manager of a public water-supply systemis
to provide the consumer with a safe, dependable supply of drinking water. In
| arge areas of many states, ground water is the exclusive or primary source of
drinking water. Often, disinfection is the only treatment used to neet
applicable public drinking-water standards. However, reports of ground-water
contaninati on nationw de, conbined with increasing dependence on ground water,
have led to a grow ng awareness of the potential for degradation of this
val uabl e source of drinking water.

Almost all ground water is vulnerable to contam nation, whether the
contamnation is caused by natural geologic or hydrologic conditions or by
man’'s activities. Karst ground-water supplies are particularly vulnerable to
contam nation because of the relatively direct connection to surface
activities and the rapid transport of surface runoff and contam nants to karst
ground-water systenms. The potential for contamnation of karst ground-water
systens from man-made sources is particularly great where urban areas and
maj or transportation corridors are built in the recharge areas of karst
aqui fers.

Karst terrane is characterized by surface and subsurface features, such
as sinkhol es; karst w ndows; springs; caves; and losing, sinking, gaining and
underground streans.  Sinkholes are environnentally significant |and forns
because they can provide a direct path for surface runoff to recharge karst
aquifers.  They commonly lead directly to the aquifer system through pipe-Iike
openings in residuum and bedrock. Some sinkholes may also act as collection
and retention basins for surface runoff. Thus, depending upon the size of the
area draining to the sinkhole and the nature of the subsurface openings,
relatively large quantities of water may enter the aquifer systemin a short
period of tinme. \Were sinkholes occur, any pollutant carried by surface
runoff has the potential for rapid transport to ground water.

Public water-supplies in karst terranes may be nore vulnerable to
detrimental effect than nonkarst, ground-water supplies. Because of the
variability of soil cover and the |ikelihood of overlying soils being shallow
or absent in karst areas, the potential exists for little or no enhancenent of
water quality before surface water is recharged to the aquifer system Aso,
pol lutant traveltine in a karst aquifer can be rapid, on the order of mles
per day in contrast to feet per year in nost non-karst aquifers. Therefore,
the managers of a water supply derived from ground water in a karst terrane
need to have a detailed understanding of the extent of the aquifer recharge
area, a know edge of the inherent vulnerabilities of the aquifer, and an
under standi ng of how pollutants move through the system Accordingly,
speci alized qualitative techniques are required to delineate the recharge
areas of karst aquifer and to identify continuity between potential recharge
and discharge points of aquifers. In addition, predictive techniques are
needed in order that the water-supply manager can effectively respond to the
presence of contamnants in the karst aquifer.



In response to the w despread need for the protection of vulnerable
ground-water supplies, Congress enacted the 1986 Amendnents to the Safe
Drinking Water Act. Prior to 1986, the Federal statutes available to the US
Environmental Protection Agency (EPA), although designed for nore genera
purposes, provided substantial protection for ground water (U S. Environmenta
Protection Agency, 1984, p. 23). These statutes are designed to protect
ground water by focusing on controlling specific contam nants or sources of
contam nation. However, wth the enactnent of the 1986 Anmendnents to the Safe
Drinking Water Act, there is for the first time a Federal statutory goal for
the protection of ground water as reflected by the establishnent of the
Vel | head Protection Program  This goal represents a significant change in the
roles and relations of Federal, state, and |local governnents with regard to
ground-water protection

The VeIl head Protection Program (Section 1428 of the Safe Drinking Water
Act) is a state program designed to prevent contam nation of public water-
supply wells and well fields that may adversely affect human health. Although
springs that supply public drinking water were not specifically mentioned in
the statute, it has been interpreted by the EPA that the protection of public
wat er - supply springs should be included in the program

The Act requires states to develop prograns to protect the wellhead
protection area of all public water-supply systems from contam nants that may
have any adverse effects on the health of humans. A wellhead protection area
s defined by statute as the surface or subsurface areas surrounding
wel I fields through which contam nants are reasonably likely to nove toward and
reach such wells or wellfields.

The Act specifies that the follow ng elements be incorporated into state
progr ans:
A description of the duties and responsibilities of state and |oca
agenci es charged with the protection of public water-supplies:

Determ nation of wellhead protection areas for each public water-
supply well.

ldentification of all potential man-nmade sources wthin each
wel | head protection area.

As appropriate, technical assistance; financial assistance
i mpl enentation of control measures; and education, training,
and denonstration projects to protect the wellhead areas.

Contingency plans for alternative water supplies in case of
contam nation.

Siting considerations for all new wells.
Procedures for public participation
States electing to develop a Wellhead Protection Program need to submt
their program proposal to the EPA by June 1989 and the program needs to be
impl emented within two years of approval. The EPA has established a policy
that states shall have considerable flexibility in carrying out the program
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Cui dance available fromthe EPA to states in developing their prograns
include “CGuidance for Applicants for State Wellhead Protection Program
Assi stance Funds Under the Safe Drinking Water Act” (U S. Environnenta
Protection Agency, 1987a) and “Cuidelines for Delineation of \eéllhead
Protection Areas” (U S. Environnmental Protection Agency, 1987b).

Recogni zing the occurrence of water supplies in karst aquifers of the
southeastern United States, the U S. Geological Survey in cooperation wth
Region IV of the Environmental Protection Agency, prepared this manual to
assist Federal, State, and |ocal agencies in ground-water managenent and
protection in karst terranes to support the \Wllhead Protection Program The
manual denonstrates the application of dye-tracing concepts and techniques for
determning solute-transport characteristics of ground water in karst terranes
and illustrates the devel opment of predictive techniques for ground-water
protection.

Wth the serious potential for ground-water contam nation and the need to
identify the areas nost likely to drain directly to karst ground-water
systens, numerous investigations by state and Federal agencies, university
researchers, and environnental consulting firns have been conducted to better
define the hydraulic nature of these systems, Sone objectives of these
investigations include, but are not limted to, the |ocation and
classification of sinkholes nost susceptible to surface runoff; the
identification of point-to-point hydrologic connections by dye traces between
sel ected sinkholes, losing and sinking streans, and public water-supply
springs and wells; and the definition of the relation between precipitation,
stormwater drainageways, streams, sinkhole drainage, ground-water novenent,
and downgradi ent springs and wells.

Information gained fromthese studies has been helpful to local, state,
and Federal water supply management and protection agencies and researchers in
their efforts to develop aquifer and well-head protection plans. The results
have been useful for developing |and-use controls around sinkhol es whose
drainage has been traced to public water-supply springs or wells. Recent
studi es have denonstrated the use of predictive techniques for estimting
solute transport in karst terranes.

1.2 Purpose and Scope

The purposes of this manual are to provide a review of the hydrogeol ogy
of karst terranes, summarize concepts and techniques for dye tracing, and
describe and denonstrate the application of dye-trace data to determne
solute-transport characteristics of ground-water in karst terranes. The
manual was prepared in support of the \Wellhead Protection Program pursuant to
the 1986 Anendnments to the Safe Drinking Water Act.

The dye-tracing procedures and the analysis and application of dye-trace
data provided in this manual were used to determne ground-water flow
characteristics in the Elizabethtown area, Kentucky (Mill, Smoot, and
Li ebernmann, 1988). In general, these techniques may be used in other karst
areas with simlar hydrologic characteristics. The quantitative analyses of
dye-recovery data and the devel opment of prediction capabilities are nost
useful in areas where ground-water flow occurs primarily in conduits that
drain to a spring or springs where discharge can be measured
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2. HYDROGEOLOGY OF KARST TERRANE

Karst is an internationally used word for terranes with characteristic
hydrol ogy and landfornms. Mbst karst terranes are underlain by |inmestone or
dolomte, but sonme are underlain by gypsum halite, or other relatively
soluble rocks in which the topography is chiefly forned by the renoval of rock
by dissolution. As a result of the rock volubility and other geol ogica
processes operating through time, karst terranes are characterized by unique
t opographi ¢ and subsurface features, These include sinkholes; karst w ndows;
springs; caves; and losing, sinking, gaining, and underground streams, but in
sone terranes one or nore of these features may be dominant. The hydrol ogy of
aquifers underlying karst terranes is markedly different from that of nost
granul ar or fractured-rock aquifers because of the abundance, size, and
integration of solutionally enlarged openings in karst aquifers.

There are many different geologic settings and hydrologic conditions that
i nfluence the devel opment and hydrol ogy of karst terranes. For the purposes
of this nmanual, many inportant aspects of the hydrogeol ogy of karst terrane
can be nentioned only briefly, A conprehensive guide to the hydrogeol ogy of
karst terranes and its literature has been published by Wite (1988). It and
other references cited herein will direct the reader to nore conplete
di scussions of various aspects of the hydrogeol ogy of karst terranes,

According to Davies and LeGrand (1972), about 15 percent of the
contermnous United States, consists of |imestone, gypsum and other soluble
rock at or near the land surface (fig. 1), Karst terranes are particularly
wel | developed in the following areas: (1) Tertiary Coastal Plain of CGeorgia
and Florida, (2) Paleozoic belt of the Appalachian Muntains stretching from
Pennsylvania to Al abama, (3) nearly flat-lying Pal eozoic rocks of Al abana,
Tennessee, Kentucky, Ohio, Indiana, Illinois, Wsconsin, Mnnesota, Arkansas
and Mssouri, (4) nearly flat-lying Cretaceus carbonate rocks in Texas, (5)
nearly flat-lying Permian rocks of New Mexico, and (6) the Paleozoic belt of
folded rocks in South Dakota, Woming, and Mntana (LeGand, Stringfield, and
LaMoreaux, 1976). Miuch of the subsurface of the Coastal Plain in South
Carolina and Alabama is a karst aquifer, but there is mniml surface
expression of typical karst features. Mst of the karst areas are underlain
by carbonate rocks that have varying amounts of fractures. The fractures
usual Iy are enlarged by solution where they are in the zone of ground-water
circulation. The enlargement of the fractures is controlled, in part, by
geol ogi ¢ structure and lithol ogy.
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There are five key elements necessary for a ground-water basin to devel op
in carbonate rocks. It must have: (1) an area of intake or recharge, (2) a
system of interconnected conduits that transmt water, (3) a discharge point,
(4) rainfall, and (5) relief. [If any one of these elenents is mssing, the
rock mass is hydrologically inert and |ikely cannot function as a ground-water
basi n.

G ound-water recharge occurs as infiltration through unconsolidated
material overlying bedrock or as direct inflow from sinking streams and open
swal lets. Infiltrated water nmoves vertically until it intercepts relatively
horizontal conduits that have been enlarged by the solutional and erosive
action of flowing water. Springs are the discharge points of the ground-water
basin and usually are located at or near the regional base level or where
insol ubl e rocks or structural barriers such as faults, inpede the solutional
devel opnent of conduits,

Adequate rainfall is necessary for the solution of |imestone to take
pl ace. Karst devel opment tends to be absent if precipitation is less than 10-
12 inches per year. Maximum karstification occurs in regions of heavy
precipitation and in regions with marked seasons of heavy precipitation and
drought (Sweeting, 1973, p. 6).

The devel opment of ground-water basins requires vertical and horizonta
circulation of ground-water. Such developnent is enhanced if available relief
pl aces the soluble rock above the regional base |evel

The presence of solutionally enlarged fractures presents unique problens
for water managers in karst terrane because of the velocity of ground-water
flow and the possibility that relatively little water-quality enhancenment
occurs while the water is in transit within the karst aquifers. Gound-water
velocities in conduits may be as high as 7,500 feet per hour (ft/hr) where the
potentionetric gradient is as steep as 1:4 (Ford, 1967). Under fairly typica
ground-water gradients of 0.5 to 100 feet per mle (ft/m), velocities range
from30 ft/hr during base flow to 1,300 ft/hr during flood flow within the
sane conduit (Quinlan and others, 1983, p.11). Under such conditions,
pol lutants can inpact water quality more than 10 mles away in just a week
during base flow (Vandi ke, 1982) and nuch sooner during flood flow.

Where fractures within a bedrock aquifer are well devel oped and ground-
water flow is convergent to major springs via well developed conduits, the
aquifer is considered to be mature. Mature carbonate aquifers are generally
devel oped beneath mature karst terrane, having well-devel oped sinkholes that
collect and drain surface runoff directly into the subsurface conduit system
Streams can also drain to the subsurface through swallets developed in the
stream bed or disappear into a swallet at the end of a valley.

In maturely karstified terranes, springs in a given area generally have
simlar flow and water-quality characteristics. Spring discharge is normally
flashy, responding rapidly to rainfall. Flowis turbulent and turbidity,

di scharge, and tenperature are highly variable. A'so, hardness is usually |ow
but highly variable. Springs with these characteristics are the outlets for
conduit-flow systems (Schuster and Wite, 1971, 1972) that usually drain a
discrete ground-water basin. Flow in a conduit systemis simlar to flowin a



surface streamin that both are convergent through a system of tributaries and
both receive diffuse (non-concentrated) flow through the adjacent bedrock or
sedi nent.

If the aquifer is less mature, water nmoves through small bedrock openings
that have undergone only limted solutional enlargement. Flow velocities are
| ow and ground water may require nonths to travel a few tens of feet through
the carbonate bedrock (Freidrich, 1981, Freidrich and Smart, 1981). Discharge
from springs fed by slownoving water in |less mature karst is non-flashy,
relatively uniform and responds slowy to storns. Flow is usually |amnar,
turbidity is very low, and water tenperature is very near the nean annual
surface-water tenperature. Springs with these characteristics are typical of
ground-water outlets from diffuse-flow systems (Schuster and Wite, 1971,
1972).

Quinlan and Ewers (1985) propose that the major portion of ground-water
movement in a diffuse-flow (less mature karst) systemis also through a
tributary network of conduits. Only in the headwaters of a ground-water basin
and adjacent to a conduit is flow actually diffuse. Their inspections in
quarries and caves show that the smallest mcroscopic solutional enlargements
of bedding planes and joints function as tributary conduits. They also
propose that conduit and diffuse flow in carbonate aquifers are end menbers of
a flow continuum (fig. 2). Athough nost carbonate aquifers are characterized
by both types of flow, as discussed in detail by Atkinson (1977), generally,
one type of flow predom nates. Smart and Hobbs (1986) state that flow in
massive carbonate aquifers tends to be either predomnately diffuse or
predom nately conduit, depending on the degree of solutional devel opment.

2.1 Karst Features

The most noticeable and direct evidence of karstification is the
| andforms that are unique to karst regions. Mst karst landforms are the
di rect consequence of dissolution of soluble carbonate bedrock and are
characteristic of areas having vertical and horizontal underground drainage
Al though some karst |andforms, such as sinkholes, may develop within a
relatively thick zone of unconsolidated regolith overlying bedrock, it is the
presence of solutionally enlarged openings in bedrock that ultimately controls
the devel opment of such features. Karst features include sinkholes; Kkarst
wi ndows; springs; caves; and |osing, gaining, sinking, and underground
streans. These features are discussed in detail by Wite (1988), Jennings
(1985), Mlanovic (1981), and Sweeting (1973). The follow ng discussion is
limted to karst features that are nost related to the ground-water system
primarily those that collect and discharge into, store and transmt, or
di scharge water from the ground-water system

2.1.1 Sinkhol es

The term sinkhole has been used to identify a variety of topographic
depressions resulting froma nunber of geol ogic and man-induced processes. In
geol ogi ¢ research, the termdoline is synonymous with sinkhole and has becone
standard in the literature. However, Beck (1984, p. IX), cautions against the
use of the term sinkhole to describe depressions caused by mne collapse or
other man-induced activities which are not caused by karst processes,
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Therefore, as used in this manual, the term sinkhole refers to an area of
| ocalized land surface subsidence, or collapse, due to karst processes which
result in closed depressions (Mnroe, 1970 and Sweeting, 1973, p. 45).

Sinkhol es are depressions that can provide a direct path for surface
runoff to drain to the subsurface. They can occur singly or in groups in
close proximty to each other. In size, dianeter is usually greater than
depth, and average sinkholes range froma few feet to hundreds of feet in
depth and to several thousand feet in diameter (Sweeting, 1973, p. 44).
Sinkhol es are generally circular or oval in plan view but have a wde variety
of forms such as dish or bow shaped, conical, and cylindrical (Jennings,
1985, p. 106), Increasing size is usually acconpanied by increasing
conplexity of form  Sinkholes frequently develop preferentially along joints
in the underlying bedrock. This often results in sinkholes which have a
distinct long dinmension which corresponds with |ocal joint patterns

The number of sinkholes generally depends on the nature of the |and
surface and the depth of karstification. In general, plains tend to have a
| arge number of sinkholes of small size, and hilly terranes tend to have fewer
sinkholes but of larger size, On steep slopes, sinkholes are uncommon, but if
found they are likely the result of collapse of cave roofs rather than gradua
subsi dence of surficial mterials (Mlanovic, 1981, p. 60).

Several natural processes contribute to the formation of sinkholes
including solution, cave-roof collapse, and subsidence. Sinkholes are
generally formed by the collapse or migration of surface material into the
subsurface that results in the typical funnel-shaped depressions. In general,
there are two types of collapse that form sinkholes: (1) slunping of surface
material (regolith collapse) into solutionally enlarged openings in |inestone
bedrock and (2) collapse of carbonate (limestone) cave roofs.  Sinkhol es
caused by the collapse of cave roofs may be either shallow or deep-seated and
may devel op suddenly when the cave roof can no |onger support itself above the
underlying cave passage. Although dramatic and at times damaging, this
process is considered by sone investigators to be the |east common cause of
col I apse sinkhol es.

Sinkholes can also formas a result of man's activities which tend to
accel erate natural processes. Such induced sinkholes are caused primarily by
ground-water withdrawals and diversion or inpoundnent of surface water which
accel erates the downward migration of unconsolidated deposits into
solutional ly enlarged openings in bedrock (Newton, 1987). Induced sinkhol es
may provide convenient sites for dye injection and nonitoring simlar to
natural sinkholes. However, care nust be used because the area around these
sites can be nuch less stable than in the vicinity of natural sinkholes.

There are nunerous systens for the classification of sinkholes based on
characteristics as varied as their processes of formation, size and
orientation, and relation to surface runoff and the water table. The
classification system proposed for use in this manual is based on the relative
ability of the sinkhole to transmt water to the subsurface. This system
enphasi zes the interrelation between sinkholes and the ground-water system and
especially the potential for sinkholes to funnel surface runoff directly into
the subsurface. The system was used by Mill, Smoot, and Liebermann (1988) to
identify those sinkholes with the greatest potential for contam nating the
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ground water in the Elizabethtown area, Kentucky. The criteria for sinkhole
classification are based on the material in which the sinkhole is devel oped
(sedinentary rock) and the presence or absence of drain holes (swallets).
These criteria yield four types of sinkholes:

(1) sinkhol es devel oped in unconsolidated material overlying bedrock wth
no bedrock exposed in the depression, but with well devel oped, open
swal lets that enpties into bedrock,

(2) sinkholes that have bedrock exposed in the depression and a well
devel oped swal | et that enpties-into bedrock,

(3) sinkholes or depressions in which the bottomis covered or plugged
with sedinment and in which bedrock is not exposed, and

(4) sinkholes in which bedrock is exposed but the bottomis covered or
pl ugged with sedinent.

Sinkholes of types 1 and 2, having a well-devel oped, open drain or
swal l et, are thought-to have the greatest potential for polluting ground water
because the open drain is usually connected to subsurface openings that |ead
directly to the ground-water system Thus, there is no potential for
enhancenment of water quality by processes such as filtration, as may be the
case if water percolates through soil or other unconsolidated material at the
bottom of types 3 and 4 sinkholes that do not have open swallets. Because of
the open drains, types 1 and 2 sinkholes offer the most direct nethod for
injecting tracers (dye) into the ground-water flow system because the tracers
can be added to water draining directly to the subsurface through the open
swal | et .

Al'though types 3 and 4 sinkholes may be hydraulically connected to the
aqui fer system the potential for pollution is generally less than from
sinkholes with open drains because the percolation of water through sedinents
may provi de some enhancenent of quality before the water reaches the aquifer.
Types 3 and 4 sinkholes can also be used as dye injection points during tracer
tests, but the quantity and type of dye used nust reflect the fact that the
dye nust first percolate through the soil plug before reaching the subsurface
flow system Also, dye traveltines fromtypes 3 and 4 sinkholes are difficult
to predict because of the time required for water and dye to percolate through
the soil plug,

The nature of the swallet and the hydraulic characteristics of the
underlying aquifer will, in part, control the rate and quantity of water
draining fromthe sinkhole. Pending or sinkhole flooding can occur in types 1
and 2 sinkholes if runoff exceeds the drainage capacity of the swallet or if
the subsurface system of conduits which receives sinkhole drainage is blocked.
Drainage from sinkholes is also controlled by the nature of sedinment and
debris washed into the swallet. Heavy sediment |oads, such as are common from
freshly disturbed construction or cultivated sites, coupled with large debris,
can partially obstruct or plug the swallet resulting in the pending of water
in the sinkhole. Soil and debris plugs can be tenporary and be flushed open
with subsequent heavy runoff. Mill and Lyverse (1984, p. 17) reported severa
instances followi ng periods of rapid runoff in which water collected in and
overfl owed sinkhol es because the drain was partially plugged. In sone cases,
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wat er ponded in a sinkhole having a plugged swallet may overflow the sinkhole
and flow to other sinkhole swallets or surface streams. However, depending on
the shape and size of the sinkhole and the nature of the area draining to it,
the ponded water may not drain to an adjacent sinkhole or surface stream but
may remain in the drainage basin of the sinkhole and eventually drain to the
subsurface through the swallet.

Because virtually all surface runoff that is collected by sinkholes is
eventual |y funneled directly into the ground-water system drainage through
sinkhol es can seriously inpact water supplies devel oped from underlying
carbonate aquifers. Thus, it is inperative that water managers identify those
sinkhol es and sinkhole areas that recharge a particular karst water-supply
spring or well in order to devel op adequate ground-water protection
procedures. Such procedures can be preventive, such as the application of
| and-use restrictions around selected sinkholes, or reactive, such as the
determnation of traveltimes and other aquifer flow characteristics devel oped
fromquantitative dye tracing

Sinkholes are often the nost ubiquitous evidence of karstification.
Al though some authors consider the absence of sinkholes sufficient evidence to
classify an area as non-karst, Dalgleish and Al exander (1984) point out that
in some areas of the Mdwest nmore than 60 percent of the existing sinkholes
are not shown on 7 |/2-nmnute (1:24,000) topographic maps. Also, Quinlan and
Ewers (1985) state that karst cannot be defined solely in terms of the
presence or absence of sinkholes, As a genaralization, alnost any terrane
underlain by near-surface carbonate rocks has some degree of karst and can,
therefore, exhibit water supply and protection problens that are
characteristic of classic karst terranes.

2.1.2 Karst W ndows

A karst window is a landformthat has features of both springs and
sinkholes. It is a depression with a streamflow ng across its floor: it may
be an unroofed part of a cave. Thrailkill (1985, p. 39) adds the criteria
that karst windows are deep sinkholes in which major subsurface flow surfaces
and that the streanflow is near the |evel of major subsurface flow.

Mbst karst-w ndow streans issue as a spring at one end of the sinkhole,
flow across its floor, and sink into the subsurface through a swallet. The
length of the surface flow varies from what may appear to be a pool in the
bottom of a sinkhole to a stream several hundred feet long (Thrailkill, 1985,
p. 39), As with a sinkhole that drains to the subsurface, the karst w ndow
may flood and overflow its depression if the openings draining to the
subsurface become blocked or if the subsurface conduits receiving that
drainage are filled. Karst w ndows are hydrol ogically significant because the
exposed streams provide a direct path to the subsurface for any contam nant
deposited in or near the sinkhole. Also, they serve as convenient ground-
wat er sanpling and nonitoring points.
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2.1.3 Losing, Sinking, Gining, and Underground Streans, and Blind Valleys

Underground streans are common in karst terranes and, in contrast to
ground water in granular aquifers, exhibit many characteristics of surface
streams. Losing streams have streanbeds above the water table and recharge
the underlying karst aquifers. Losing streams may lose all or part of their
flow to the ground-water system at points or intervals along their course
through openings in bedrock that intersect the streanbed or as seepage through
al luvium overlying bedrock. Losses of flow can also occur through well
devel oped swallets in the streanbed that occur singly or as a group of
si nkpoi nts devel oped over a particular part of the aquifer. Streams may gain
flow in one reach but lose in another reach depending on |ocal geologic and
hydrol ogic conditions. A losing stream may be perennial or intermittent and
may either gain or lose at different times of the year depending on the
seasonal fluctuations of the water table. Although difficult to quantify,
recharge to the aquifer by losing streans may constitute a mjor portion of
the total ground-water recharge in some areas.

Some sink points in streans in karst terrane behave in a way that are
unique to streanms with major connections to the karst ground-water system
During time of flood, they may discharge ground water rather than receive
water fromthe stream This happens because the conduit or cave system fed by
the stream al so receives water from other underground feeders, and during
flood events the total flow underground cannot pass through conduit
constrictions and backs up to the point where it issues froma fornmer
si nkpoint. The French word “estavelle” is the conmmonly used termfor such
points of reversing flow (Jennings, 1985 p. 46). The termis also applied to
sinkholes that alternately receive or discharge water and are not necessarily
| ocated in a streanbed (Mlanovic, 1981 p, 102). Estavelles may serve a dual
purpose for the water nmanager; as a sinkpoint for potential contam nants or
dye injection point during periods of low flow and a water-quality nonitoring
or dye-recovery point during periods of high flow

The authors distinguish losing streans from sinking streans on the basis
of the quantity of streanflow that drains underground and the presence of a
swal I et through which water drains underground. Losing streams are those that
| ose part or all of their flow by seepage. In contrast, sinking streans are
those that termnate and usually drain underground through one or nore well
devel oped swallets, wusually at the end of a valley.

A valley that ends suddenly at the point where its stream di sappears
underground is termed a blind valley (Mnroe, 1970). Some blind valleys have
no present-day streams and are suggestive of an earlier stage of
karstification. Thrailkill (1985 p. 40) uses the term “pal eovalleys” to
describe valleys that contain no active surface stream channel. Pal eovalleys
usual ly contain a series of sinkholes in their bottoms, and apparently forned
when their surface streans were diverted underground at several points
Eventual ly all stream flow was underground except possibly during high
di scharge events.

Rel atively large sinking streams are comonly called “lost rivers”

because they drain underground through caves of relatively large size and
issue from caves as relatively large springs. A well known lost river occurs
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in Bowing Geen, Kentucky where flow in a major conduit surfaces at the Lost
River Blue Hole, flows on the surface for about 400 feet, and sinks into the
large entrance to Lost’ River Cave. The underground river flows beneath the
City of Bowing Geen, eventually resurfacing at the Lost River Rise, a
straight-1ine distance of about 2.8 mles. Fromthis point, the river flows
on the surface to the Barren River, the major base level streamof the area
(Crawford, 1981).

The subsurface course of a lost river is described as an underground
stream A cave streamis another exanple of an underground stream Flow
patterns of underground streanms do not always obey topographic drainage
patterns as do surface streams, Using qualitative dye traces in the Bowing
G een, Kentucky, area, Able (1986, p. 37) denmonstrated that two adjacent
valleys with separate surface streanms, transferred ground water beneath their
t opogr aphi ¢ drainage divide through underground streans.

Because water in |osing, sinking, and underground streams is subject to
contamnation fromthe surface, the contam nants may be transported directly
into the ground-water system Thus, it is inportant to identify these
features in areas where karst aquifers are the source of public water
supplies.

Gaining streams occur where the streanbed descends to an altitude |ow
enough to intersect the zone of saturation. Such streans may be gaining from
headwaters to their mouth or for only a short distance. Because streamfl ow
in a gaining streamis mainly ground-water discharge, the water quality of the
stream can be affected. Thus identification of the area draining to gaining
streans is needed, especially where gaining streams are used for public water
supplies.

2.1.4 Karst Springs

A karst spring is a natural point of discharge froma karst ground-water
aquifer. Discharge froma karst spring may issue from openings ranging in
size fromless than an inch to many feet in diameter. Water may either flow
out under gravity or rise under pressure to form seeps or surface streans.

The discharge openings may be visible, or invisible where covered by
unconsol i dated material or submerged below the surface of a |ake or stream
Different discharge points within the same system can be active during
different flow conditions. Sonme of the more common types of karst springs are
shown in figure 3.

A karst spring may occur at local or regional base levels or at a point
where the land surface intersects the water table or water-bearing cavities.
Underlying inpervious bedrock can cause springs at the interface of the karst
aqui fer and the bedrock. Springs can occur either in valley bottons or at
sharp breaks in slope. Karst springs may occur at any point where inperneable
rock or structural features, such as faults, inpedes ground-water flow and
thus restricts the formation of conduits in the soluble bedrock. Karst
springs can occur high, along valley sides, wthout obvious topographic or
geologic cause. This may be caused by rapid down cutting of the main valley
which has exceeded the downward devel opment of solutionally enlarged openings
sufficient to lower the karst spring outlets to the Iocal base |evel
(Jennings, 1985 p. 50).
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Figure 3. --Common types of karst springs.
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A karst spring is generally the principal discharge point for a karst
ground-water basin, A particular karst spring may discharge froma master
conduit and represent drainage froma system of integrated conduits that
converge to that conduit (convergent flow) or be one of a group of springs
(termnal distributaries) that function nmuch like the delta of a surface
stream in which ground water is dispersed to many springs froma tributary
system of conduits (distributary flow) (Quinlan, Saunders, and Ewers, 1978).
Quinlan and Ewers (1985) state that terminal distributaries and their related
springs are a conmon feature of carbonate aquifers. Quinlan and Rowe (1977)
discuss a distributary system of Hi dden River Cave, Kentucky in which 46
springs at 16 locations in a 5-mle reach of river, discharge water to the
Geen River,

Because karst springs are usually the principal discharge points for
drainage from an entire ground-water basin, they represent the nost |ikely and
convenient points to monitor the recovery of dye injected upgradient from the
springs. Thus, it is mandatory that all springs that may drain a particular
injection point, be located and nonitored during dye tracing

2.2 Qccurrence and Myvenent of G ound \ater

Gound water in karst terrane occurs in both unconsolidated sediment and
bedrock that may conprise a conplex interrelated aquifer system The nature
of ground-water novenment in karst terrane varies considerably from place to
pl ace depending on the nature of the aquifer system

Gound water in the unconsolidated surficial material overlying bedrock
is generally thought to occur in intergranular (primary) openings and thus, to
behave according to the theories of ground-water nmovement in porous media
Al'though this is generally true, there is evidence that concentrated flow al so
occurs in enlarged openings (macropores) in the unconsolidated material (Bevan
and Germann, 1982, p. 1311). Qinlan and Aley (1987) state that concentrated
flow in macropores (root channels, cracks or fissures, animal burrows, and
textural transitions) is comonly several orders of magnitude nore rapid than
in the adjacent unconsolidated sediment. Mll, Smoot, and Liebernmann (1988)
report the presence of pipe-like openings and numerous conduits in the
unconsol i dated material overlying bedrock in the Elizabethtown area, Kentucky.
Many of these conduits contained water, in some cases, as nuch as 40 feet
above bedrock. This indicates that, in places, there is a conduit systemin
the unconsolidated material that can collect and funnel water to water bearing
conduits in the underlying bedrock. Because of this conduit system potential
ground-water contam nants placed on the surface or in depressions such as
sinkholes, can enter the ground-water flow system fairly quickly, despite the
fact that the thickness of unconsolidated, surficial material may be 50 feet
or nore.

The occurrence and novement of ground water in bedrock underlying karst
terrane is quite different from that underlying non-karst terrane, primrily
because of the presence of conduits that permt relatively rapid transm ssion
of ground water. The predom nant rock types in nmost karst terrane are
limestone and dolomite. These rocks nmay be relatively inpervious except where
fractures and bedding planes have been enlarged by circulating ground water.
The circulating water dissolves carbonate bedrock and enlarges the openings.
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The enlarged openings may be vertical or horizontal and range in size froma
fraction of an inch to tens of feet, such as at Mamrmoth Cave, Kentucky. As
mentioned earlier, ground-water flow in a mature karst aquifer is primrily
through conduits and can be described by pipe and channel flow equations
(Gale, 1984). Components of ground-water flow in a mature karst aquifer are
shown by the generalized block diagram (Gunn, 1985) in figure 4.

Gound water in karst terrane, as in other terranes, noves in response to
hydraul ic gradients frompoints of recharge to points of discharge. The
hori zontal gradient of the ground-water surface, the general shape of the
water table, and the general direction of novenment can be determned from a
water-|evel contour or potentiometric map. The contours are based on the
altitude of the water level in wells, springs, and streams. The genera
direction of ground-water novement can be estimated by drawing flow |ines
perpendicular to the water-level contours. Results from dye traces can also
be used to confirmthe direction of ground-water nmovenent shown by the water-
| evel contour map.

The rate of ground-water novenment is also inportant to the understanding
and solution of many ground-water problens in karst terrane, especially to
those related to contam nation of the ground-water systemin karst terranes.
Results of dye tracing can define the rate of ground-water novenent and the
fact that the rate is not constant, but varies with hydrologic conditions

Karst aquifers have been classified into three types based on the nature
of ground-water flow (Wite, 1969, 1988, p. 171). Each type contains
subvarieties and variations. The classification system applies mainly to
karst regions with low and gentle relief and is intended to establish sone
useful criteria for determning the nature of the underground-flow system from
observabl e geologic characteristics. The follow ng discussion of the three
types of karst aquifers is adapted from Fetter (1980), Mlanovic (1981), and
White (1969).

(1) Diffuse-flow karst aquifers. Diffuse-flow aquifers commonly devel op
in dolomtic rocks or shaly limestones where the solutional activity
of moving ground water has been retarded by l|ithologic factors.

Water novenment is lamnar, along joints and bedding planes that have
been only slightly enlarged by solution. Gound-water flowis
usual Iy not concentrated in certain zones in the aquifer and, if
present, caves are limted in size and not interconnected. D scharge
from the aquifer occurs through nmany snall springs and seeps, The
water table is well defined and can rise well above the regional base
level. Typical karst landforms are absent or poorly devel oped. An
exanple of a diffuse-flow aquifer is the dolomte aquifer in Silurian
rocks of the Dupage County-Chicago Region of Illinois (Zeizel and
others, 1962).

(2) Free-flow karst aquifers. Free-flow or conduit-flow aquifers are
devel oped in thick and massive soluble rocks where ground-water flow
Is concentrated in a well-defined and integrated system of enlarged
condui ts which behave hydraulically as a system of pipes. Flow
velocities are simlar to surface streams and are often turbul ent.
The regional discharge may occur through a single large spring.
Because of the rapid drainage, the water table can be virtually flat
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for mles, with only a slight elevation above the regional base
|l evel . Water levels in the conduit network and spring discharge
respond rapidly to recharge events, and during periods of heavy
precipitation the spring hydrography may resenble the flood peak of a
surface stream Exanples of this type of aquifer may be found in the
M ssouri and Arkansas Qzarks, southern Indiana, and central Kentucky.

(3) Confined-flow karst aquifers. Confined-flow karst aquifers contain
beds of |ow hydraulic conductivity, caused by stratigraphic or
structural conditions, that control the rate and direction of ground-
water flow. Flow in karst aquifers bounded by such confining beds
can occur at great depths in solution openings that are much deeper
than in free-flow aquifers. The flow is not concentrated in master
conduits but occurs in a systemof relatively dense solution joints
that form characteristic network caves. The Floridan aquifer
(Stringfeld, 1966) is an exanple of a confined-flow karst aquifer.

In summary, two types of ground-water flow generally occur in Kkarst
terrane, diffuse (slow, lamnar flow) and conduit (rapid, turbulent flow).
Diffuse flow occurs predomnantly in primary openings, whereas conduit flow
occurs mostly in secondary openings that range froma fraction of an inch to
tens of feet. Water that noves through conduits can enter the subsurface
through discrete points, such as sinkholes or sinking streans. Flowin a
di ffuse-flow aquifer can be concentrated into discrete conduits in the
subsurface. The hydrol ogic significance of conduit flowis the rapid
transm ssion of water through the aquifer. For further discussions on the
classification and subdivision of karst aquifers see Thrailkill (1986), Smart
and Hobbs (1986), and Wite (1977, 1988).

2.3 Vulnerability of Karst Aquifers to Contam nation

As previously stated, ground water in karst terrane can be extremely
vulnerable to contamnation. This vulnerability varies according to the
nature of the contam nant, karst features, occurrence of ground water in karst
terrane, the degree of contact of infiltrating water with the soil zone, and
the opportunity for transported pollutants to enter the aquifer system

In general, water quality can be considered in terns of physical
chemcal, and biological characteristics. Contamnants of concern are
generally of a chemcal or biological nature. The chemical contam nants that
may be transported in a karst ground-water flow system can be classified as
inorgani ¢ or organic, dissolved or suspended (particulate), or volatile.
Contami nants may originate froma variety of land-use activities, such as
agriculture, mning, construction, urban stormwater and spills, and waste and
wast ewat er managenent practices, such as nunicipal or industrial wastewater
di scharges, septic tank |leachate, and landfill |eachate. Crawford (1982) has
identified many of these contaminants and contam nant sources in the Lost
River drainage basin near Bowing Geen, Kentucky. Leaking underground
storage tanks and industrial discharges have entered the cave system beneath
Bow ing Geen, causing explosive fumes to rise into homes and other buildings

Di ssol ved contaminants in conduit-flow aquifers can be readily
transported under all types of flow conditions. Exanples include nany
industrial organic conpounds, herbicides, nutrients, and trace netals.
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Constituents associated with suspended matter generally require nore energy
(generated by high velocities and turbulence) for transport. The energy
required for transport is related to the density, size, and shape of the
suspended particles. Contam nants could include sedinment with attached
insecticides, nutrients, and heavy netals, Contaninants associated wth
suspended material can also be mechanically filtered out in diffuse-flow
conditions by the small pore openings in the aquifer matrix. In contrast, in
the large, well-devel oped solutional openings in some karst aquifers, it is
conmon for |arge-sized sediment and other particulate material with associated
contamnants to be readily transported, These contami nants may enter the
aquifer froma sinking stream or sinkhole, move rapidly through the conduit
system and exit at a spring or well

Bi ol ogi cal contaminants such as viruses, bacteria, and other
m croorgani sns, as well as larger organisms, my be readily transported in a
karst aquifer in nuch the sane manner as chenical contam nants. They nmay or
may not be associated with other suspended matter. The larger organisms and
organi sm suspended matter aggregates generally require large openings and high
velocities for ground-water transport simlar to those that typify ground-
wat er movenent in karst terranes.

Almost all water that reaches a ground-water flow system percol ates
through a soil zone. The soil zone can significantly enhance the quality of
percolating water by filtration, various physical and chenical reactions
(solution, precipitation, oxidation-reduction, ion exchange, adsorption-
desorption, and acid-base reactions), mcrobiological transformation, and
other physical, chenmical, or biological processes. However, in karst terrane
the infiltrating water may have little or no contact with the soil zone and
thus, limted opportunity for quality enhancement before entering the ground-
wat er system

Al though sinkholes with plugged drains may be hydraulically connected to
the aquifer system the potential for pollution is generally less than from
those with open drains. Because water infiltrates through sediments in the
bottom of the sinkhole, sone water-quality enhancenent can occur.

As described previously in this manual, the devel opment of solutionally
enl arged openings in soluble bedrock below the soil zone and ot her
unconsolidated material is generally the first phase of sinkhole devel opnent.
The growth and interconnection of these openings provide the subsurface
drainage system for the infiltration and transport of unconsolidated material
fromthe surface and results in sinkhole formation. It is this same network
of subsurface openings that provides avenues for rapid movenent of
contanminants to ground water. Because ground water in karst aquifers noves
mai nly through open conduits, it typically moves much faster than in other
aqui fers and may be on the order of mles per day. Therefore, any contaninant
entering the ground-water system such as one carried by surface runoff, has
the potential for rapid transport and distribution within the system

21



3. DYE TRACING CONCEPTS, MATERIALS, AND TECHNI QUES

3.1 Introduction

G ven the unique characteristics of karst ground-water systens, the
managenent of a water supply using such an aquifer is difficult. The water-
supply manager needs to fully understand the aquifer’s geographic extent and
hydraulic characteristics in order that a safe, reliable supply of water can
be provided to the consuner. Specialized, site-specific predictive techniques
based on qualitative and quantitative dye tracing can be used to devel op
appropriate plans to react to events and actions, which may jeopardize the
safety of the water source.

The practice of tracing ground-water flow by adding distinctive
substances to water draining underground and monitoring the downgradient
resurgence of that water has long been a useful tool for hydrologic
investigations. Gven the hydrology of karst terranes, dye tracing is
generally the nost practical and satisfactory method to provide information
for the managenment and protection of karst aquifers. Information from
properly conducted dye traces can identify point-to-point connections between
discrete recharge areas and discharge points such as springs or wells. In
addition, analysis of dye-recovery data can provide critical managenent
information, such as time of travel, peak concentration, and persistence of
potential contam nants

One of the earliest reported water-tracing experinents took place al nost
2,000 years ago when chaff was thrown into Ram Crater Lake in order to
identify springs at the headwaters of the Jordan River (Mazor, 1976).
Throughout the devel opnent of tracer techniques, the materials used for
tracers have been limted only by the creativity of the experimenters and in
recent years have included such diverse itenms as conputer-card chips, dog
biscuits, plastic pellets, oranges, and food coloring. Accidental or
intentional dunping of distinctive substances has often served to identify
poi nt-to-point connections between various sinkholes and springs or wells,

For exanple, Quinlan and Rowe (1977, p. 9) reported the dunping of an
estimated 340 tons of whey into a sinkhole that contam nated water from
public-supply wells at Smiths Gove, Kentucky, about 5 mles away. Also, Aley
and Fletcher (1976) reported that water from a sinkhole was traced to a nearby
hi gh school in Tennessee when revenue agents dunped 2,000 gallons of illega
whi skey into the sinkhole, Mill, Smoot, and Liebermann (1988), reported that
drainage froma salt-storage yard that flows into a cave near Elizabethtown,
Kentucky was traced to an unused spring about 1.4 mles away.

In all cases nentioned above, the primary objective of water tracing was
successful ly, but perhaps unintentionally, acconplished, The subsurface
connection between a specific recharge point and a discharge point |ocated
sone distance away was identified, Dye tracing to identify point-to-point
connections is generally known as qualitative dye tracing and may use visua
observation or a passive detector and visual observation to detect dye at a
discharge point. Time of travel and flow velocity may generally be determ ned
through qualitative dye tracing. However, if nore precise hydrol ogic
information, such as time of travel and ground-water flow velocity, or
potential contam nant transport characteristics, such as persistence
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di spersion rates, and concentration are needed, then quantitative dye tracing
using discharge neasurenments and precise nmeasurenents of the dye
concentrations in the water are required

Many reports give detailed information on the theory and techniques of
qualitative and quantitative dye tracing. In particular, the manuals by Aley
and Fletcher (1976) and Quinlan (1987a), provide detailed discussions of
criteria for dye selection and qualitative dye tracing techniques. Smart and
Laidl aw (1977) provide a primary reference on properties of dyes used for
tracing. Basic information on quantitative aspects of dye tracing of surface
waters are presented by WIlson, Cobb, and Kilpatrick (1986), Hubbard and
others (1982), Kilpatrick and Cobb (1985). Techniques for tracing ground
waters are discussed by Jones (1984). Dye-tracing techniques that nay be
described as sem-quantitative are discussed by Duley (1986) and Spangler,
Byrd, and Thrailkill (1984).

The distinguishing characteristic of sem-quantitative tracing is
instrumental analysis of various elutants or detectors to confirmthe recovery
of a particular dye used for tracing. The use of filter fluorometers or
scanning spectrofluorometers can identify dye concentrations well below the
limts of visual detection. Semi-quantitative tracing is not discussed in
this manual because the equi pment and procedures used in this method are
simlar to those of qualitative and quantitative tracing which are described
in detail in the follow ng sections.

Investigators need to contact appropriate state water-supply and ground-
wat er protection program and health department offices concerning state
policies on dye tracing and to coordinate and inform these offices of tracing
activities. This will serve to deternmine if other dye traces have been
conducted in the sanme area. Discussion with other investigators may prevent
wasted effort and expense due to confusing or erroneous results caused by
simul taneous use of the same tracer or the recovery of dye from an otherw se
unknown tracer test.

3.1.1 Dye Characteristics and Nonenclature

Perhaps the nost widely used tracers in karst terrane are fluorescent
dyes. These dyes are commonly used because they are readily available, are
generally the nost practical and convenient tracers, and they all, to sone
degree, are absorbed on activated coconut charcoal or unbleached cotton
Fl uorescent dyes are generally superior to non-fluorescent dyes because they
can be detected at concentrations ranging fromone to three orders of
magni tude |ess than those required for visual detection of non-fluorescent
dyes. Thus, traces with fluorescent dyes usually can be conpleted w thout the
aesthetically unpleasant probability of discoloring a private or public water

supply

Because tracing karst ground-water flow frequently involves either
private or public water supplies, the problem of toxicity of the tracers nust
be considered. There is a relatively large amount of information available on
the toxicity of the most commonly used tracers. Smart (1984) presents a
review of the toxicity of 12 fluorescent dyes used for water tracing that
includes the tracers discussed in this manual, nanmely, rhodamne W, optica
brighteners, Direct Yellow 96, and fluorescein. As reported by Smart, three
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dyes present mnimal carcinogenic and mutageni ¢ hazard: Tinopal CBS-X
(brightener), fluorescein, and rhodamine W. Douglas and others (1983)
reported that rhodamine WI is non-carcinogenic but found a small but
statistically significant dose-related, mutagenic effect. However, they
concl uded that the use of rhodam ne WI does not appear to represent a najor
genot oxi ¢ hazard. Steinheiner and Johnson (1986) have shown that, under
customary dye-study practices in surface waters, the possible formation of
carcinogeni ¢ nitrosamnes fromthe use of rhodamne WI should not constitute
an environnental hazard. In ground water which may be enriched with nitrite
nitrosamnes could form but high-nitrite concentrations in ground water are
uncomon (Hem 1985, p. 124-126). Therefore, the possible formation of
nitrosamnes from rhodamine W is not likely to be a problem Quinlan (1987b)
points out that numerous investigators (Anliker and Miller, 1975, Lyman and
others, 1975; Ganz and others, 1975; Burg and others, 1977; and Smart, 1984)
have found optical brighteners to be non-toxic, non-carcinogenic, and non-
nmut ageni ¢ and therefore safe for use as a tracer. It should be pointed out
that one dye, rhodamine B, that was earlier approved by the EPA for use as a
tracer in potable water (Cotruvo, 1980) is now not recomended because
impurities within it are known to be carcinogenic and possibly mutagenic
(Smart, 1984).

Because nost dyes are available under many commercial names, the Col our
Index (Cl) Generic Name or Constitution Number of a dye needs to be used to
avoid confusion and the possible use of inappropriate dyes. Positive dye
identification is especially needed if dye properties and results of dye
tracing are being discussed. The standard industrial reference to dyes is the
Col our Index (SDC & AATC, 1971-1982) which describes about 38,000 dyes and
pi gments. Concise guides to dye nonmenclature can be found in Gles (1974),
Abrahart (1968), and especially the paper by Smart and Laidlaw (1977). In
addition, useful discussions on dye nonenclature and the problems arising from
multiplicity of names for the same dye are presented by Quinlan (1987b and
1986b) and Quinlan and Smart (1977). The problens of dye nonenclature are
reduced if only one or two dyes are used. However, know edge of dye
nonencl ature and classification is essential in order to select nultiple dyes
with simlar characteristics or obtain a replacenment if the original dye is no
| onger avail abl e.

3.1.2 Fluorescent Tracers

Al'though many different fluorescent dyes are used as ground-water
tracers, present usage is centered on four: rhodamine W (Cl Acid Red 388),
fluorescein (C Acid Yellow 73), optical brighteners, and Direct Yellow 96.
In general, rhodamine WF is not used for qualitative tracing because of the
difficulty of visually distinguishing the pink color of the dye from that of
ot her organic conpounds that can easily be sorbed by activated coconut
charcoal. Characteristics of the fluorescent dyes discussed in this manua
are presented in table 1.

Al'though there are two dyes called fluorescein, and both are |abeled Cl
Acid Yellow 73, only one is water-soluble. The water soluble sodium salt of
fluorescein (C,H,Q) is sodium fluorescein (C,H,QNa,) and is conmonly
used for water tracing. The European nane for sodium fluorescein is uranine
However, the conventional usage in the United States and England is sinply
fluorescein, which is followed in this manual
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Table 1.--Characteristics of comonly used tracer dyes

Tracer
and
color Passive Detection Detectable
index detector (elutriant) concentrations Advantages Disadvantages Remarks
Sodium Activated Ethyl alcohol 0.1 micro- 1. Does not 1. Dye is photo- Most common dye
fluorescein coconut and 5 percent grams per require con- chemically unstable. used in karst
Cl Acid charcoal KOH or fluo- liter, stant monitor- 2. Moderate terrane.
Yellow 73 6-14 mesh rometric dependent on ing or sorption on clay.
analysis of background fluorometric 3. pH-sensitive.
water samples. levels and analysis.
fluctuation. 2. Inexpensive.
Rhodamine WT  Activated 1-Propanol and 0.01 micro- 1. Dye is 1. May require Not recommended
Cl Acid coconut NH40H, or grams per photochemical ly fluorometric for qualitative
Red 388 charcoal ethyl alcohol, liter, stable. analysis. tracing. ldeal
6-14 mesh 5 percent KOH with fluorom- 2. Dye may be 2. Moderate for quantitative
and water, or eter. used In low clay sorption. tracing.
fluorometric pH waters. 3. Difficult to
analysis of distinguish during
water samples. qualitative tracing.

Optical Unbleached Visual exami- Dependent on 1. Inexpensive. 1. Background Nay be used
brighteners cotton nation of background 2. No coloring readings may simultaneously
Cl Fluores- detectors levels, but of water. limit use. with a green and

cent under UV generally at 2. Adsorbed onto orange dye that
brightener light or least 0.1 some organics. sorb onto
28 fluorometric micrograms activated coconut
analysis. per liter. charcoal .
Direct Yellow Unbleached Visual exami- 1.0 micro- 1. No natural 1. Moderate cost. Has been used
DY 96 cotton nation of grams per background. 2. Sensitive to PH. extensively in
detectors liter, 2. Good Kentucky .
under UV on cotton. stability and
light or low sorption.
fluorometric 3. No coloring
analysis. of water in
usual concen-
trations.
Table modified from Jones, 1984.

SOC SOC and AATCC Color Index.

‘Very Very dilute dye solutions are concentrated upon the detector over a period of time.

Use of brand/firm/trade names in this report is for identification purposes only and does not constitute endorsement by

the U.S. Geological Survey or the U.S. Environmental Protection Agency.
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Fl uorescein has been widely used for ground-water tracing in karst
terrane since the late 1800's (Aley and Fletcher, 1976). It is presently one
of the most widely used water-tracers in karst areas in the United States
(Quinlan, 1986a) because of its safety, availability, and its ready adsorption
onto activated coconut charcoal. Fluorescein is a reddish-brown powder that
turns vivid yellowgreen in water, is photochemcally unstable, and |oses
fluorescence in water with pH less than 5.5.

Optical brighteners and CI Direct Yellow 96 are suitable for dye tracing
because they are detectable in |ow concentrations, are non-toxic, have |ow
affinity for adsorption onto clays, and are readily adsorbed on undyed
surgical cotton used to recover dye in passive detectors. Qptical brighteners
are, however, widely used in laundry detergents and soaps for enhancing fabric
colors and are thus a common constituent of domestic wastewater. For this
reason, the effectiveness of optical brighteners for water tracing my be
limted in areas where effluent from septic systems is present. Because, the
presence of optical brighteners indicates the presence of laundry wastewaters,
they can be used as indicators of sewage in various ground-water resurgences.
If relatively high levels of optical brighteners are present as background
the choice and anount of brightener used for tracing can be affected. The
background levels of optical brighteners can easily be determned by placing
undyed cotton detectors in ground-water resurgences and testing for
fluorescence before tracer dyes are injected. This background check needs to
be done before the use of any dye.

Cl Direct Yellow 96, because of its distinctive yellow fluorescence, is
ideal for water tracing in areas where background |evels of optica
brighteners are present. Unlike optical brighteners, Cl Direct Yellow 96 does
not undergo significant photochenm cal decay. C Direct Yellow 96 is a powder
that needs to be mxed thoroughly with water before injection into the ground-
water system and, |ike optical brighteners, is readily adsorbed onto undyed
cotton detectors. Optical brighteners and Cl Direct Yellow 96 have been used
with a great deal of success for water tracing in several karst areas. For
exanpl e, Quinlan and Rowe (1977), Thrailkill and others (1982), and Spangler,
Bird, and Thrailkill (1984) have reported successful tracing with optica
brighteners and CI Direct Yellow 96 in the Manmoth Cave and Inner Blue Gass
regions in Kentucky.

3.2 Qualitative Dye Tracing

3.2.1 Introduction

Al though one primary purpose of this manual is to present procedures and
techniques for quantitative dye tracing, the results of qualitative dye
tracing are usually needed to design and inplement the nore l|abor intensive
quantitative phase of dye tracing. In particular, qualitative dye tracing can
delineate the boundaries of a ground-water basin and identify point-to-point
connections between input and recovery points allow ng special attention to be
given to those points with the highest potential for contaninating the ground-
water system In some cases, a qualitative dye trace may provide adequate
information to satisfy the needs of the water-supply manager. For exanple, if
a particular spring, used as a water-supply source, is shown to be the
resurgence of drainage from sinkholes, conpatible |and-use practices around
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these sinkholes may adequately protect the water supply. I[f, however,
qualitative dye tracing shows inputs from several w despread source areas,
then |and-use controls alone may not be effective and quantitative dye trace
data and analysis may be required to nore effectively manage and protect the
ground-wat er resource

Qualitative dye tracing involves the tagging of a discrete sanple of
water with an appropriate tracer and nonitoring the arrival of that tracer-
| aden water at various ground-water resurgences. The arrival of the dye may
be observed visually or the dye may be recovered by passive detectors and
identified by various chemcal or instrumental analyses that reveal its
presence.

The follow ng discussion describes the procedures and equi pment used for
qualitative dye tracing by many investigators, but is based, primarily, on
those used in the Mammth Cave area by Quinlan (1981). As Quinlan (1987a)
states, the procedures and techniques sunmarized here are not the only
successful techniques for dye tracing in karst terrane, but he and many
investigators, including the authors, have found that these techniques
consistently give reliable results.

3.2.2 Selecting Dye for Injection

Selecting a particular dye for water tracing in karst terrane is based on
factors such as quality of the water draining underground, nature of the
background concentrations of potential tracers such as optical brighteners,
character of the injection point, availability and cost of a particular dye,
and the availability or conplexity of equipnment needed to detect the dye.
Dye-selection criteria and the advantages and di sadvantages of the four nost
commonly used dyes are discussed below and sunmarized in table 1, Although
rhodamne WI is not generally considered for qualitative dye tracing because
of the difficulty of detection without the use of a spectrofluorometer or a
filter flourometer, rhodamine W is included because it can be used for
qualitative dye tracing under conditions of availability, convenience, or
necessity.

Al'though not generally a problemin karst terrane, |ow pH water can
seriously attenuate the fluorescence of fluorescein and Direct Yellow 96.
The fluorescence of optical brighteners is nuch less affected by pH thus
these tracers can be used if the pH of the water being traced is 5.0 or less

Quinlan (1987a) states that all tracer dyes tend to react with the
environnment through which they flow and that all four tracers discussed here
are sorbed on to clays, although optical brighteners and CI Direct Yellow 96
are sorbed to a nuch lesser extent than fluorescein or rhodamne W. He
further states, that sorption usually precludes the use of fluorescein or
rhodamine W in granular aquifers. Thus, |loss due to adsorption can influence
the selection or quantity of a dye if the dye must drain through
unconsol i dated soil and residuum before reaching the bedrock-conduit system
In this case, an appropriate increase in the quantity of dye injected may be
necessary.
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The level of background fluorescence can effect the selection of a
particular tracer. For exanple, if injection water contains a relatively high
conponent of donestic sewage, fluorescence from optical brighteners, a conmon
constituent of home-laundry products, may preclude the use of optica
brighteners as tracers. Cl Direct Yellow 96 can be used where there is a high
background |evel of optical brighteners. Flourescein may also be present
because of its use as a coloring agent in a number of home products such as
shanpoos, bathroom cleaners, and antifreeze. Either optical brighteners or
fluorescein can be used if the background |evels of that particular dye are
determned to be sufficiently low and stable before the trace is begun. In
fact, determnation of background |evels needs to be adopted as the first step
in nost traces because this provides a standard for conparison of the dye
recover ed.

Because some fluorescent dyes decay upon exposure to ultraviolet [ight,
these dyes are less than ideal if the water being traced repeatedly sinks and
rises and flows along the surface. Smart and Laidlaw (1977) report that the
phot ochenmi cal decay rates are very high for fluorescein, which rapidly |oses
its fluorescence under bright sunlight conditions. Quinlan (1987a) also
reports that optical brighteners and fluorescein are very susceptible to
phot ocheni cal decay, especially when in low concentrations, but this is only a
problemif the detectors for recovering the dye are placed in direct sunlight.
If the loss of fluorescein or optical brighteners due to photochem cal decay
is possible, CI Direct Yellow 96 may be used because it does not undergo any
significant photochem cal decay (Quinlan, 1987a).

An evaluation of cost and availability of a particular dye involves
factors that can be unique to a particular user. Therefore, these factors are
not discussed here. Also, the various methods and equipment required for the
recovery of the tracers commonly used for qualitative tracing are discussed in
detail in a later section and are listed in Table 1.

3.2.3 Selecting Quantity of Dye for Injection

Having selected a particular fluorescent dye, the next step is to select
the optinum quantity of dye for injection. Except in unusual circunstances
where a highly visual appearance of the dye is desired, the quantity of dye to
be injected is selected in order to provide a detectable amount of dye at the
recovery point, but remain below visible levels. The quantity of fluorescent
dye used for each injection is based generally, on estimted flow conditions
and the straight-line distance of the trace. To some extent, the quantity of
dye will vary depending on the nature of the injection point. For exanple, if
the dye can be added to water draining directly into an open swallet, less dye
will be required than if the dye nust infiltrate through soil and
unconsol i dated material in the bottomof a plugged sinkhole. Dye studies
conducted by the U S. GCeological Survey usually linmit the maxinmm
concentration of fluorescent dye at a water-user withdrawal point to 0.01 ng/L
(Hubbard and others, 1982).

Sel ecting the optinmum amount of dye for qualitative tracing is, to some
extent, a matter of experience. The amounts nay be adjusted depending on the
initial results. Quinlan (1987a) suggests several rules of thunb as starting
points for tracing under average conditions in the Central Kentucky karst and
using various passive detectors for dye recovery. For qualitative traces
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under noderate-flow conditions to the average spring, he suggests one pound of
fluorescein per straight-line nmile of trace, up to a maxi numof five pounds.
For Direct Yellow 96 and optical brighteners in powder form two pounds per
straight-line mle of trace, and for sone optical brighteners in liquid form
one gallon per straight-line mle, up to a maxinum of four gallons is
recormmended. For initial traces in the Elizabethtown area, Kentucky (Mll,
Snoot, and Liebermann, 1988), the above procedure was used for

estimating the quantity of fluorescein dye for injection with satisfactory
results. However, as know edge of the flow system devel oped, the ampunt of
fluorescein per each injection was reduced to about 1/2 pound per straight-
line mle of trace. This amount proved adequate and likely could have been
reduced further, once the conduit flow path between the injection and recovery
points was established.

Aley and Fletcher (1976) present a nonmograph for selecting the quantity
of fluorescein to be injected if the ground-water flow system under
i nvestigation consists primarily of conduit flow in solution channels or
fracture zones. Their equation, shown here in the original units, is:

W, - 1.478\/DQ/V, (eg. 1)
wher e Wy - wei ght of fluorescein dye in kg to be injected,
D = straight-line distance in km from injection point
to recovery point;
Q = discharge at the resurgence in cubic neters per
second; and
V = estimated velocity of ground-water flow in neters
per hour.

For this equation, the velocity of ground-water flow is the nost
difficult to estimate because it depends on the nature of the conduits and the
hydrol ogi ¢ conditions at the time of the trace. Therefore, initial dye
tracing needs to be attenpted under medium base flow conditions for a study
area.  Subsequent traces under extreme flow conditions are needed to better
define the flow variations and possible changes in flow paths under different
flow conditions.

3.2.4 Dye-Handling Procedures

In order to sinplify dye injection when using powder such as fluorescein,
especially during windy conditions, the powder can be mixed with water before
going to the field. An approximate ratio of 0.5 pound per gallon is
suggested. The dye solution is poured into water draining directly into a
swal let in order to |lessen dye |oss due to photochem cal decay or absorption
by organic debris at the surface. Wile mxing and injecting the dye, extreme
care needs to be used to avoid contamnating clothing or the area around the
injection point. The need for care in handling the dye before and during the
Injection can not be overstressed because of the possibility of contam nating
the dye detectors or the area around the injection site. Such contam nation
can lead to a false positive trace and erroneous interpretations. To |essen
the possibility of contam nation, |ong-sleeve rubber or disposable, plastic
gl oves needs to be worn during all dye-handling operations. In addition
refer to other quality-control procedures described in section 3.4.
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If a trace is required during dry-weather conditions, hauled water can be
used to flush the dye into a particular injection point. Mst investigators
suggest the use of two tanks of water for dry weather dye injection.

Successful dry-weather traces have been conpleted using 1,000 to 1,600 gallons
of water per tank, (Mill, Snoot, and Liebermann, 1988, and Quinlan, 1987a).
Jones (1984) suggests the use of at |east 500 gallons of water for dye
injection and about 100 gallons should be dunped before the dye is added. In
general, the quantity of injected water seems to be less critical than the use
of the two-tank method for injection. The swallet is dosed with water from
the first tank but the dye is not injected until water fromthe second tank
begins to drain underground. This provides initial wetting of conduit
surfaces followed by a slug of water to flush the dye through the system The
success of this procedure depends on the length of the trace, the period of
time the recovery site is nonitored, and the nature of the conduits in
relation to the quantity of water used for the injection,

3.2.5 Dye-Recovery Equi pment and Procedures

In tests using fluorescein, the dye is recovered by passive dye-detectors
consi sting of packets of activated coconut charcoal suspended in all suspected
ground-water resurgence points for a particular trace. In addition, detectors
are placed in unlikely resurgences in order to define the background Ilevels of
fluorescence and to show the condition of the dye-recovery material in the
absence of dye.

The dye-detectors, or “bugs,” consist of a bag or packet of activated
coconut charcoal attached to a length of wire inbedded in a gumdrop shaped
concrete anchor about 6 inches in dianeter and 3 inches high (fig. 5). The
anchor may be made by pouring concrete into plastic bows lined with plastic
film A piece of 9-gage, galvanized wire, about 18 inches in length, is
i mbedded in the wet concrete. Sone investigators prefer to use two wires, one
for holding the bag of charcoal and the other for holding the swatch of cotton
i f optical brighteners are in use (Spangler, Byrd, Thrailkill, 1984). The bag
for holding the activated coconut charcoal is fabricated froma folded 3 by 7
inch piece of alumnum nylon, or fiberglass screening. Only activated
coconut charcoal (6-14 mesh) is used for absorbing fluorescein. It is
available from several scientific supply houses (table 2). Charcoal intended
for water-treatnent processes, aquariuns, or home barbecue grills does not
sorb the dye and is not acceptable for use as a detector. Because the coconut
charcoal loses its sorptive ability upon exposure to the atnosphere, it nust
be stored in air-tight containers at all tinmes. For this reason, the
preferred procedure is to place the charcoal in the fiberglass packets while
inthe field at each site, Sone investigators prefer to fabricate fiberglass
or al um num packets, conmplete with charcoal, before going to the field, This
s acceptable provided the packets are properly stored and protected from dye
contam nati on,

In order to maximze exposure to the dye, the gumdrop anchor is placed
near the center of flow of the suspected dye-resurgence point. If flow
velocities are sufficiently high to cause the loss of the anchor or detector,
the anchor should be placed in the main streambut in an area of |ower
velocity such as a pool. In cases where the channel is too shallow for the
anchor, a U-shaped wire pin may be driven into the channel bottomto hold the
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(adapted from Quinlan, 1987a, figure 1, p. E-B)

Figure 5. --Anchor used to suspend dye detectors (bugs) in springs or streans.
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Table 2.--Sources of materials and equi pment for dye tracing

Cost as of
Item 8-02-87 Sour ce
Fl uoroscein 814.50 per pound Chencentral /Detroit
(Cl Acid Yellow 73) 75 percent 13395 Huron River Drive
(powder) Romulus, M 48174
(313) 941- 4800
$30 per pound Pyl am Products Co. Inc.
50 percent 1001 Stewart Avenue
(powder) Garden City, Ny 11530
(800) 645-6096
Direct Yellow 96 814.71 per pound G ba- Geigy Corp.
(Di phenyl Brilliant (powder) Dyestuffs & chenmical Div.
Fl avine 7GFF) P.O Box 18300
Greensburg, NC 27419
(800) 334-9481
Rhodami ne  WI 20% sol ution Cronpton & Knowles
(C Acid Red 388) $10. 83 per pound I ndustrial Products Division
(9.92 pounds per P. O Box 33188
gal I on) Charlotte, NC 26233
(600) 438-4122
Phorwite | 85.90 per pound Mobay Chenical Corp.
BBH 768 (powder) %es and Pigments Division
(O F.B.A 28) Roa
Plttsburg, PA 15205
(600) 662-2927
Unbl eached cotton pads $72.00 per case U.S. Cotton, Inc.
Swi ss Beauty Pads case of 3840 P. O Box 367
Saratoga, CA 95071
(406) 378-7752
Activated coconut charcoal $18.00 per pound Fi sher Scientific Co,
6-14 nesh 541 Creak Road
Cncinatti, OH 45242
(513) 793-5100
Utra-violet |anp, $176. 00 Fisher Scientific Co.
| ong-wave rmodel 11-964-6 541 Creak Road
Cncinatti, OS 45242
(513) 793-5100
Filter fluorometer Turner Desi gns
model 10, 10-000 $5, 502. 00 2247 Od Mddle field Wy
| aboratory case 10-002 $ 431.00 Mountain View, CA 94043-2849
cuvette hol der 10-303 $ 210.00 (415) 965-9800
rhodam ne WF
filter kit 10-04 8 314.00
Automatic sanpler Instrumentation Specialties
model 2700 with conmpany
24 1000 nL glass bottles $2,170.00 P.O Box 82531
NiCad battery 195. 00 Lincoln, NE 66501
battery charger 56. 00 (800) 226-4373
A C converter and (402) 474-2233
battery charger 8 175.00

vinyl auction line with

strainer 25ft, x 3/8

in diameter $ 64.00
teflon auction line,

25ft, x 3/8 in dianmeter $ 92.50
stainless steel strainer $ 65.00

Use of brand/firnftrade nanes in this report is for identification purposes
only and does not constitute endorsement by the U S. Geol ogical Survey or the
U.S. Environnental Protection Agency.
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packet in place. However, this technique tends to hold the packet on the
bottom of the channel where it may be covered with sediment or damaged by
bott om dwel | i ng organi sms,

The anchor is secured to the bank with a small nylon cord. Use of a tan-
colored cord |essens the chance of discovery and tanpering. If the potential
for vandalismis high, hide the anchor or place it in a location that is not
easily accessible. In addition, a business card or note containing
information about the investigations can be encased in plastic and attached to
the anchor to help satisfy the curiosity of potential vandals.

In addition to discharge points such as streams and springs, detectors

may al so be suspended in toilet tanks in selected private hones served by a
well or in the stream of water discharging fromprivate or public supply
wells. Toilet-tank placement of the detector is not acceptable if self-

di spensing toilet bow cleaners are used. In that case, the detector can be
suspended in a container such as a 5-gallon bucket, and water from a garden
hose directed to flow into the container. The container needs to be placed
out of direct sunlight and located so that the wastewater does not create a
nuisance. A flow rate of approximately 1 gallon per mnute is adequate

The packets are left in place from1l to 5 days but are generally changed
nmore often if turbidity levels are high. Wen retrieved, each packet is
rinsed to remove accunul ated sedinment and trash, Each packet is then sealed
inalock-top plastic bag, |abeled, and returned to the |aboratory in a |ight-
tight case. If the packets are not processed imediately, they should be
dried and refrigerated in order to decrease bacterial action that could reduce
fluorescence.  Packets processed this way can be stored several weeks w thout
adversely affecting the fluorescence of sorbed dye.

Before being renoved fromthe fiberglass bag in the laboratory, the
charcoal is rinsed with a jet of water to remove sedinment which can interfere
with the analysis. Sonme investigators prefer to test only about half of the
charcoal and store the remainder in case there is need to confirmthe results
of the trace,

The presence of dye and, thus, a positive trace is determned by
elutriating the exposed charcoal in an alcohol solution and visually checking
for the characteristic yellowgreen color above the charcoal. For rhodan ne
WI, charcoal is placed in a small jar or beaker and covered with about 30 ni
of elutriant solution consisting of 38 percent ammoni um hydroxide, 43 percent
| -propanol, and 19 percent distilled water (Smart, 1972). For fluorescein, a
saturated solution of about 5 percent potassium hydroxide is the nost
efficient elutriant (Quinlan, 1987a), This solution consists of 6 to 7 grans
of potassium hydroxide dissolved in 100 nL of 70 percent isopropyl alcohol
(rubbing alcohol). After the potassium hydroxi de dissolves, the solution
separates into a supersaturated solution and a saturated solution. The
lighter saturated solution is decanted into the containers to cover the
charcoal . Additional test solution can be nmade by adding potassium hydroxide
or alcohol to the original solution so long as only the lighter, saturated
part of the solution is used to elutriate the charcoal. However, Quinlan
(1987a) reports that the potassium hydroxide and al cohol solution has a
limted shelf-life and should not be used if nmore than a few days old. The

33



amoni um hydroxi de, |-propanol, and distilled water elutriant has a shelf-life
of several months. Either elutriant can be used with the other dye, but each
is nost efficient for the dye indicated.

In strongly positive tests, the maximum color intensity devel ops al nost
i mredi ately upon addition of the elutriant and then slowy decreases (Jones,
1984). Aley and Fletcher (1976) propose a system for qualitative assessnent
of fluorescein dye concentrations that lists dye elutriating periods ranging
from15 mnutes up to 10 days. During the investigation in the Elizabethtown
area, Kentucky, Mull, Smoot, and Liebermann (1988) adopted 4 hours as the
maximum time for elutriation. In cases where the typical yellowgreen color
of fluorescein is not obvious, detection can be enhanced by focusing a beam of
sunlight or light froma microscope lanmp through the solution. Quinlan
(1987a) states that the light-beaning technique increases the detectability of
fluorescein so that concentrations as low as one part per billion may be seen.

| dentification of a strongly positive test is generally obvious
However, weakly positive tests require special care and experience |lest the
presence of algae and organic matter, which can occur as background, be
incorrectly interpreted as fluorescein. Persons unfamliar with the color of
dye elutriated from charcoal detectors need to prepare and elute |aboratory
test solutions of various dye concentrations before interpreting first-tine
dye traces. Dye identification can be confirmed by instrunmental analysis of
the elutriant, as described in section 3.3.5.

Optical brighteners and Direct Yellow 96 are recovered on swatches of
undyed, surgical cotton suspended in the ground-water discharge in much the
same manner as the charcoal packets. The cotton swatches are about 4 inches
long, 2 inches wide, and 1 inch thick and are suspended from the anchored wire
by a paper clip or appropriate cord, or enclosed in alumnum nylon, or
fiberglass packets simlar to those used to hold the charcoal, Care needs to
be exercised, however, because sone surgical cotton is brightened. A so, the
manuf acturer may change production techniques at sonme time, and sel
bri ghtened instead of-unbrightened cotton. Therefore, the cotton being used
for dye detectors needs to be checked for fluorescence or contam nation before
placenent in the field.

The cotton swatches are rinsed to remove sediment and trash when they are
recovered fromthe test site. Each cotton detector is placed in a carefully
| abel ed, |ock-top plastic bag for return to the laboratory. As with the
packets of charcoal, the cotton may be stored in a freezer for several weeks
wi thout affecting the fluorescence. Because of the possible masking of
fluorescence by sediment, the cotton needs to be thoroughly cleaned with a
hi gh-pressure jet of water before testing.

The presence of both optical brighteners and Direct Yellow 96 is
confirmed by viewing the cotton detectors under |ong-wave |ength ultraviol et
light. The fluorescence of these tracers is nmore visible if the exposed
cotton is viewed with ultraviolet Iight under subdued lighting such as a
darkened roomor viewing box. Cotton that has adsorbed optical brighteners
wi |l characteristically fluoresce blue-white, while the fluorescence of Direct
Yellow 96 is canary yellow. A positive trace is indicated only if the entire
cotton mass fluoresces relatively evenly. Scattered specks of fluorescence on
the cotton should not be interpreted as a positive dye recovery,

34



Because different types of dye collectors and detection techniques are
used to recover fluorescein and optical brighteners, nultiple qualitative dye
traces to the same recovery point may be performed sinultaneously. For
exanpl e, fluorescein can be placed in one injection point and recovered on
activated coconut charcoal, while Direct Yellow 96 or an optical brightener
could be placed into a second injection point and recovered on unbl eached
cotton suspended on the sanme anchor. |f a fluorometer or spectrofluoroneter
is available, rhodamne W might also be placed into a third injection point.
As many as three separate injection points may be traced to one resurgence or
di scharge point during the same test.

3.3 Quantitative Dye Tracing
3.3.1 Introduction

As used in this manual, quantitative dye tracing consists of the
injection of a known quantity of dye and the measurenent of the concentration
of dye over tine, at a particular ground-water discharge point such as a
spring or well. Determination of dye recovery requires neasurenent of both
dye content and ground-water discharge. These nmeasurenents are made at each
dye - resurgence site that was identified as being hydraulically connected to
injection locations by previous qualitative tracer tests. \Water sanples are
collected, usually with automatic sanplers, during passage of the dye cloud
and the dye content of each sanple is measured with a properly calibrated
fluoroneter or spectrofluorometer. These data are plotted against tine to
produce a dye-recovery (time-concentration) or breakthrough curve. A typica
dye-recovery curve is shown in figure 6.

Quantitative dye-tracing can be performed to determne potentia
contam nant transport characteristics, such as persistence, dispersion rates
and concentration. Quantitative dye tracer tests are generally nore |abor
intensive and require nore sophisticated equipnent and techniques than
qualitative dye tracing because the objective is to define dye concentration
variations during passage of the dye cloud rather than sinply to determne if
the dye appeared at a particular spring or well.

The shape and magnitude of the dye-recovery curve is determned by: (1)
the quantity of dye injected, (2) the characteristics of the dye, (3)
discharge rate at the resurgence, (4) rate of dispersion of the dye, and (5)
the cross-sectional mxing of the dye before arrival at the sanpling point,
The apparent shape of the dye-recovery curve can also be affected by the
sanpling interval. Analysis of the dye-recovery curve provides insight into
the flow characteristics of the aquifer such as the effective tinme of travel
between a swallet and the resurgence and the velocity of ground-water flow
Addi tional analysis of the recovery curve and discharge neasurements may be
used to provide estimates of peak concentration, duration or persistence, and
di spersion, Because these data may be related to the velocity and dispersion
of a potential ground-water pollutant, quantitative dye tracing is an
especial ly useful tool to managers of water supplies located in karst terrane,
where springs or wells are susceptible to the introduction of contam nants
into the ground-water system The followi ng discussion summarizes techniques
for quantitative dye tracer tests and analysis of the results. Aso included
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are references that describe, in detail, the procedures used. The discussion
describes each phase of quantitative dye tracing, generally in operational.
sequence.

3.3.2 Selecting Dye for Injection

The primary criteria for the selection of a fluorescent dye for
quantitative tracing are its (1) water volubility, (2) detectability in |ow
concentrations or whether it is strongly fluorescent, (3) separability from
background fluorescence, (4) stability or conservancy in the karst
environnent, (5) non-toxicity in low concentrations, and (6) cost. Generally
detection limts are controlled by background conditions such as turbidity;
the presence of substances that may fluoresce in the sane range as the dye,
such as algae; and the calibration of the fluoroneter. Conservancy refers to
the stability of the dye in the environment. No dye is 100 percent
conservative because some dye is lost to sorption or chemical decay.
Therefore, dye |oss nust be considered during quantitative analysis of the
dye-recovery data.

Rhodamine WI is specifically made for water tracing and has been widely
used for time of travel and dispersion tests in streams (Hubbard and others,
1982). Because of the relative simlarity between ground-water flow in karst
terrane and streanflow in nost areas, and because it neets the above
requirements, rhodamne W is comonly selected for quantitative dye traces in
karst terrane. Rhodamine WI was used by Mill, Snoot, and Liebermann (1988)
for quantitative dye tracer studies in the Elizabethtown area, Kentucky, and
is the dye used for all quantitative dye trace discussions in this nmanual

3.3.3 Selecting Quantity of Dye for Injection

After identifying and selecting input and resurgence points on the basis
of earlier qualitative traces, the quantity of dye to be injected for
subsequent quantitative tests needs to be determined. The quantity of dye
required for a quantitative trace depends on flow conditions, the distance of
the trace, and the peak dye concentration expected at the dye-recovery site
Consi derabl e experinentation may be required before the optimum quantity of
dye can be selected, consistently. In general, the quantity of dye injected
nmust be adequate to produce detectable dye concentrations at the nonitored
resurgence but ideally remain below the levels of visual detection. As stated
earlier, dye studies conducted by the US. GCeological Survey are usually
designed so that the anount of fluorescent dye injected into a water course
does not result in dye concentrations exceeding 0.01 ng/L at water user
wi t hdrawal points (Hubbard and others, 1982). This value may be exceeded if
the dyed water in the water-supply spring or well can be diverted from use
during passage of the dye cloud.

For initial quantitative traces, the quantity of dye per injection can
general ly be based on an equation for estimating the amount of a 20 percent
solution of rhodam ne WI needed for a slug injection (Kilpatrick and Cobb,
1985). The equation adapted to dye recovery froma spring or punped well is
as follows:

-5
V. = 3.79x 10709 ‘(,L 1.5) C, (eq. 2)
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wher e v the volume of rhodam ne WI, 20 percent solution, in

mlliliters;

Q = discharge, in ft3/s;

L = the apparent length of the trace, (map distance) in feet;
v = the apparent ground-water flow velocity, in ft/s; and

cp == the peak concentration at the sanpling site, in mcrograns

per liter (mg/L).

For initial traces, the ground-water velocity can be estimted fromthe
results of qualitative traces or fromspring discharge neasurenents. To
adjust for the neanderings of the subsurface flow passages, the apparent
length of the trace (straight-line map distance) is nultiplied by 1.5
(Sweeting, 1973 p. 231).

3.3.4 Dye-Handling and Recovery Procedures

Handling, transporting, and injecting dye for quantitative tracer tests
requires even nore care than that for qualitative tests, Considering that dye
concentrations are comonly nmeasured in parts per billion, or less, the
slightest contamnation can cause erroneous or msleading data. Rubber or
di sposabl e plastic gloves need to be worn during all handling of the tracer
and extreme care used to avoid contamnating clothing or the area around
injection or recovery points. Ideally, in both qualitative and quantitative
traces, care needs to be taken to ensure that dye collection devices are not
handl ed by the same person that previously handled the dye. Different people
need to handle each, or if only one person is used, the collectors need to be
pl aced before the dye is handled. The tracer needs to be stored and
transported to the injection site in an opaque, non-breakable container. The
quantity of dye to be injected needs to be measured with a graduated cylinder
or equivalent and mxed with water in a netal pail for injection. A netal
pail is used to lessen dye loss due to adhesion to plastic. The dye needs to
be diluted about 10:1 before injection. The mixture needs to be carefully
poured into water draining directly into a swallet or into the center of flow
if water is ponded over the swallet.

Rhodam ne WI normal [y comes from the manufacturer as a 20 percent
solution in bulk containers. CQver tine, some dye may settle out of solution
Therefore, before the dye is withdrawn from the container, the contents need
to be thoroughly mxed to ensure that the dye is appropriately m xed.

The collection of water sanples over time and fluoronetric or
spectrofluorometric analysis of their dye content is necessary to adequately
define the dye-recovery curve at a nonitored spring or well. The sanples can
be col | ected by hand or by automatic sanplers. Equipnent required for
sanpling by hand will vary depending on conditions at the sanpling site.
Sanpl es could be obtained froma bridge, a boat, or by wading.

Al though hand sanpling can suffice for quantitative tracing in certain
situations, automatic sanplers are nore efficient because sanpling may be
required for a prescribed frequency over a period of several days or during
inclement weather. In addition, the chance of mssing part of the dye cloud
I's reduced because automatic sanplers can sanple for long periods prior to the
arrival of the dye cloud. This may be necessary during initial quantitative
dye tracing when ground-water velocities are not well defined. Al so,
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simul taneous sanpling fromnultiple sites is generally nore efficient and may
be less costly with automatic sanplers because only one person is required to
service several sanplers. Because the passage of the dye cloud nust be
defined, the use of an automatic sanpler may pernmt nore precise detection of
dye concentrations than mght be achieved using the random hand sanpling
technique (Crawford, 1979, p. 43).

The use of automatic sanplers is not wthout sone disadvantages, however.
A problemwith both automatic and manual sanpling is the potential for poor
definition of the dye cloud if the selected sanpling interval is too long
Accurate definition of the dye-cloud peak generally requires relatively
frequent sanples, but continuation of the same sanpling frequency can lead to
excessive sanpling during the dye-cloud recession. In general, unnecessarily
frequent sanpling is preferred to inadequate definition of the dye-cloud peak
due to long sanpling intervals. Repeat traces may be needed to determne the
nmost efficient sanpling interval

The samplers may be subject to vandalism and coul d mal function,
especial ly during severe winter weather. Covers nade from boxes or barrels
that are lockable and insulated can inprove automatic sanpler reliability
under these conditions.

There are several types of automatic sanplers commercially available,
Also, Crawford (1979, p. 43) describes a “honemade” sanpler consisting of a
punp, punp activation clock, power source, and sanple distribution and storage
box. Automatic sanplers are generally of two types: (1) bank-nounted
sanplers having a small diameter suction tube leading to the sanmpling point in
the water, and (2) a floating, boat-like sanpler (Kilpatrick, 1972) that is
partially imersed in the flow Commercially produced, bank-mounted sanplers,
al so called sequential waste-water sanplers, which collect sanples in glass or
plastic bottles, are available from several nanufacturers. An |SCO sanpler,
nmodel 2700 (table 2), was used during the dye tracing in the Elizabethtown,
Kentucky area (Mull, Snoot, and Liebermann, 1988). Although superseded, this
model can collect and hold as many as 24 sanples with a sanpling interva
adjustable from1 to 999 mnutes and is powered by either self-contained
batteries or an external power source.

Regardl ess of the nethod of sanpling, glass sanple bottles are
preferable to plastic bottles because the dye may have a slight affinity for
the plastic, resulting in dye loss, One ounce (approximately 32 mlliliters)
pol yseal -cap gl ass bottles are commonly used for hand sanmpling. The dye
content of each sample is then neasured with a properly calibrated fluoroneter
or spectrofluorometer.

3.3.5 Fluorometer Use and Calibration

A filter fluoroneter is an instrument that nmeasures the intensity of
light at a selected wavelength from a water sanple containing a fluorescent
substance. The intensity of fluorescence is proportional to the anount of
fluorescent substance present. Fluorescence can also be measured with
fluorescence spectroneters or spectrofluorometers (Udenfriend, 1962 p. 62-86
and Duley, 1986). These instrunents are especially useful if severa
different dyes are being sinultaneously used for tracing to the same point or
if there is a high background level of dye froman earlier trace. In this
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manual , however, reference will only be made to the use of a fluoroneter.
Al'though a spectrofluoroneter offers many capabilities not available with a
fluorometer, the capital cost is about three times greater. A portable
instrument, such as the Turner Designs Mdel 10 (table 2) filter fluorometer,
provides direct reading of dye content as determined by prior calibration.
This instrument reaches operational tenperature in about 15 mnutes, can be
powered with either 115 volt a.c. or 12 volt d.c. current, does not adversely
increase the tenperature of the test sanple, and can be equipped for
continuous flowthrough nmonitoring and recording.

A filter fluorometer consists of six basic conponents as shown in figure
7 (Wlson and others, 1986). The light source and filters are selected for
maxi mum sensitivity to the particular fluorescent tracer being used according
to the manufacturers' specifications. Detailed information about the
operation and calibration of fluoroneters, is given by Wlson and others
(1986). The calibration procedure is reiterated here because dye-recovery
data acceptable for quantitative analysis is dependent on the use of a
correctly calibrated fluorometer

The preparation of calibration standards is basically the process of step
by step reduction of the stock dye solution until concentrations that are
expected during dye recovery are reached. This reduction is generally known
as a serial dilution and is explained in detail by Kilpatrick and Cobb (1985).
Preci se measurenents of the initial volume of dye and added diluent in each
step of the procedure are necessary in order to prepare a set of standards for
an accurate calibration of the fluoroneter. The serial dilution procedure is
based on the equation

W \'
G, = C d -G sg d , (eq. 3
v+ Yy v+ Yy
where C. = the new dye concentration, in mcrograns per liter (ug/L);
C; = the initial dye concentration, in mcrograms per liter
v, = the volune of the added diluent, in mlliliters (nL);
Vy = the volune of the dye solution added, in mlliliters;
Wy = the weight of the initial solution, in grams (g); and
sg = the specific gravity of the initial dye solution,

1.19 grams per cubic centimeter (g/emd) for
rhodam ne WI, 20-percent sol ution

For rhodanine WI, 20-percent solution, (200 g/L) 3 serial dilutions are
required to obtain concentrations on the order of 100 ug/L (table 3). In each
step, the preceding ¢_ becones the new initial concentration, C. This third
di lution (100 ug/L) nedds to be retained in quantity as a “working sol ution”
and is used for further dilution if standards bel ow 100 ug/L are needed. The
use of the working solution elimnates the necessity to perform conplete
serial dilutions each time the fluorometer is calibrated so long as the same
dye lot is being used. The same working solution needs to be used throughout
an investigation as long as all dye used is fromthe sanme dye [ot. The
working solution needs to be sealed and stored out of [ight when not in use
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6. Readout device
Gives values proportional to the
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| 4

EXCITATION
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2. Primary filter
Passes only a selected band of the

,< source’s output spectrum matching
a selected band of the dye’s
excitation spectrum.

&

4. Secondary filter

Passes only a selected band of the dye’s
enussion spectrum and preferably none

of the light passed by the primary filter. I i 3. Sample holder
Right angle in light path minimizes

amount of scattered light reaching
sensing device.

(from Wlson, Cobb, and Kilpatrick, figure 4, p. 10)

Figure 7.--Basic structure of nost filter fluoroneters.
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Table 3.--Three-step serial dilution for preparation of
standards for fluoroneter calibration

Initial Specific New
concen- Gavity concen-
tration (granms tration
(mcro- per Vol unme Vol une (mcro-
grans cubic of dye of diluent grans
per centi- (milli- (mlli- per
liter) neter) liter) liter) liter)
First dilution 200, 000, 000 1.190 20 2,068 2,280, 000
Second dilution 2,280, 000 1. 002 20 3,000 15, 100
Third dilution 15, 100 1.000 20 3,000 100

Al though an infinite nunber of conbinations of water and dye can be used
to prepare standards, table 3 shows the conbinations for three dilutions to
produce the working solution of 100 mg/L, a commonly used calibration
standard. Distilled water is used for calibrating the fluorometer to zero
background. Fluorometer calibration should be checked with tenperature
equilibrated solutions before the final measurements for all dye sanples.

3.3.6 Calculating Mass of Injected and Recovered Dye

Anal ysis of dye-recovery data is based on a mass bal ance relation between
the injected and recovered dye (Hubbard and others, 1982). Therefore, a
critical element of this analysis is the determnation of the mass of dye
injected. It is calculated by the follow ng equation:

mass - volume x density x purity. (eq. 4)

Thus, for a 10 nL injection of rhodamne W, 20 percent solution, the mass is
conputed by multiplying the volunme (10 mL) by the density (1.19 g/em®) and by
the strength or purity (20 percent). In this case the nmass injected is 2.38
grans.

Calculation of the mass of dye recovered is based on the dye-recovery
(time-concentration) curve and on the discharge of the nonitored resurgence.
The time-concentration curve is a plot of time versus the dye content of water
sanpl es collected during the passage of the dye cloud. The curve is typically
bel | -shaped but skewed to the right, such that it is steeper on the rising
linb than on the falling or recession linmb of the curve as shown in figure 6
For the conditions of a variable flow rate the mass of dye recovered is:

®
M= Jocdt, (eq. 5)
J

M= mass of dye recovered,
Eg di scharge, and
dye concentration at tine t.

wher e
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If the flowrate is steady, the mass of the recovered dye is:

M-Qofcm:. (eq. 6)

Equations 5 and 6 are given for conceptual purposes only, conputational
formulas are given in sections 4.2.1, and an exanple of the conputation of the
mass of recovered dye is given in section 4,2.6. Discharge is determned by
current-nmeter measurements. |If discharge varies, such as during a storm
event, several discharge measurenents are necessary to accurately characterize
flow conditions and cal cul ate dye recovery.

3.3.7 Sanpling Procedures

Adequate definition of the time-concentration curve is dependent on an
appropriate sanpling interval that is based on an assessnent of the flow
conditions and hydrology of the test site. The sanpling interval chosen
during initial traces to a particular resurgence is frequently adjusted for
better definition of the time-concentration curve during repeat traces, For
exanple, the sanpling interval varied from20 to 60 mnutes during traces in
the Elizabethtown area (Mill, Smoot, and Liebermann, 1988), The adequacy of
the sanpling interval to define the dye-recovery curve can be determned by
measuring the fluorescence with a properly calibrated fluorometer and plotting
the results in the field,

The degree to which the dye is laterally and vertically mxed in the flow
at the sanpling site affects the sanpling strategy. Sanpling at a single
point froma laterally unm xed concentration distribution cannot be used to
properly calculate the mass of recovered dye for the sanpling interval

An acceptable nmixing length may be defined as the distance needed for
nearly conplete lateral mxing of the dye tracer in the test stream In the
application of dye-tracer techniques to surface-water investigations, the
mxing length can be estimted using techniques described by Kilpatrick and
Cobb (1985) and the distance to sanpling sites can be selected accordingly.
In ground-water applications of quantitative dye-tracer techniques, however,
this calculation has little application. In a single conduit system the
mxing length is typically the distance between the dye injection point, such
as a sinkhole, and the point of dye recovery from a ground-water resurgence,
such as a spring. This distance is fixed unless dye is sanpled downstream of
the resurgence point. In a converging flow system the nmxing length woul d
not begin until the |ast convergence of flow took place. In this case, an
adequate mxing length could, theoretically, extend beyond the resurgence
spring or well.

Inconplete lateral nmixing is usually the result of a short mxing length,
I nconplete mixing can also occur when undyed ground water enters the flow
system between the injection point and the sanpling point. The addition of
undyed water to the flow system upstream of the sanpling point, may cause
inaccurate estinmates of recovered dye.

During quantitative dye tracing, a prelimnary trace is usually needed to
assess the degree of lateral mxing of dye at the recovery point. Dyeis
recovered from at least three points in the cross section at the resurgence
and time-concentration curves are plotted for each sanpling point in the
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section. Conplete lateral mxing is reached when the areas under the tine-
concentration curves for each lateral position sanpled are the sane,

regardl ess of curve shape or nagnitude of the peaks. Kilpatrick and Cobb
(1985 p, 3) considered that mxing was adequate for single point dye sanpling
when the mxing was about 95 percent conplete at the resurgence or other
sanmpling point. The relation of mxing length to curve areas is illustrated
by figure 8

In order for sanples to represent the dye cloud with inconplete latera
mxing, the dye cloud needs to be sanpled at several points laterally, such as
at points a, b, and ¢ as shown in figure 8. Selection of these sanpling
points is based on equal increments of flow as determned froma stream
di scharge neasurement made with a current nmeter. For exanple, if three points
in a section are to be sanpled, the sanples need to be collected at 1/6, 3/6,
and 5/6 points of cumulative flow across the section (Kilpatrick and Cobb
1985). However, in nost karst ground-water situations, the recovery distance
I's hundreds to thousands of times greater than the dianeter of the stream or
conduit width. Therefore, single point sanpling should be adequate

3.3.8 Sanple Handling and Anal ysis

Specific procedures are required for the handling of water sanples after
col l ection because inproper handling can affect the accuracy of the
determnation of dye content. Al sanples need to be transported and stored
in light-proof containers to prevent reduction of fluorescence due to
photochem cal decay. Although some sanples may be checked for fluorescence in
the field, primarily as confirmation that the dye cloud was sanpled, the
sanples need to be returned to the laboratory for fluoronetric analysis of
their dye content.

Al'so, if results of the dye trace may be used as evidence for litigation,
it may be necessary to establish chain-of-custody control of the sanples.
This procedure ensures that the sanples are secure at all tinmes and a witten
log is maintained that identifies each person having access to the sanples
(Quinlan, 1986a).

The dye content of each water sanple needs to be measured by determ ning
its fluorescence in the |aboratory using a properly calibrated fluoroneter.
Because fluorescence activity is significantly affected by tenperature
(fluorescence is inversely proportional to tenperature), tenperature effects
must be accounted for in data analysis (WIlson and others, 1986). However,
tenperature effects can usually be ignored if the fluoroneter used for
measuring dye content does not increase the tenperature of the sanple during
analysis and if the tenperature of the sanple and calibration standards are
allowed to equilibrate, usually overnight, before analysis.

The results of the fluorometric analyses of the dye sanples should be
plotted as a dye-recovery (tine-concentration) curve, which is discussed in
section 4.2.1 of this manual
3.3.9 Adjustnent of Dye-Recovery Data

Because the dye is not conpletely conservative (that is, some of the dye
is lost to decay and sorption during the trace), the neasured dye
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concentrations are adjusted to elimnate the effects of dye loss. This
adjustment is required if the results of different traces are to be conpared
In this procedure, the neasured dye concentrations in each sanple for a given
dye trace are nultiplied by the ratio of the dye mass injected to the mass of
dye recovered.

Because the concentration of dye (tracer) recovered is affected by the
quantity of dye injected, it may be desirable to “normalize” the dye-recovery
data by dividing observed concentrations of each sanple by the mass of the
injected dye. The resulting concentrations are therefore adjusted to a
particular unit of dye, for exanple, mlligrams per liter per kilogram This
procedure conpensates for variations in the mass of dye injected during
different traces and sinplifies analysis of the tine-concentration data

To adjust for dye loss and normalize to a unit nmass of tracer, it is
necessary to assume that none of the dye is trapped in the subsurface or flows
to resurgences other than those sanpled and included in the conputation of the
mass of dye recovered, This fact can usually be established with qualitative-
tracer tests and confirmed with discharge neasurements during the tine of the
quantitative test, The conplexities of ground-water flow in karst terrane are
such that sone dye may escape detection by flowing to an unnonitored
resurgence, especially during traces performed under high-flow conditions. In
addition to inconplete mxing and nonconservative dye, the addition or
subtraction of water to the flow stream mght greatly affect the recovery and
conputed characteristics. The equations and nethodol ogy for these adjustnents
are shown in section 4.2.

3.4 Quality-Control Procedures

Extrene care nmust be used whenever handling dyes in order to avoid
contamnation of the dye detectors and sanpling equipment. For this reason
detectors or “bugs” need to be fabricated and installed before the dye is
handl ed and injected. This is also true for all sanpling equi pment including
automatic sanplers. Long-sleeved rubber or disposable plastic gloves need
to be used during all dye handling operations, including recovery operations.
This limts exposure to the dye and al so reduces the possibility of cross-
contam nation between exposed detectors and sanples through handling. The
| ock-top plastic bags used while returning the detectors to the |aboratory
shoul d not be reused. The dye needs to be stored in a separate room from the
detectors and sanpling equipnent and transported to the injection site in
| ock-top plastic boxes or in plastic jugs, in the case of liquid dye

First-time users of a particular tracer should conduct |aboratory tests
to famliarize thenselves with the characteristics of that tracer. In
particular, learning to recognize weakly positive concentrations of dyes such
as fluorescein requires practice, especially in locations where the background
fluorescence may be increased by traces of fluorescein (or substances that may
look like it) which are found in such products as antifreeze, dishwashing
liquids, and toilet-bow cleaners (Duley, 1983).

Repeat traces, both qualitative and quantitative, to the same point using
the same dye should not be performed until after the occurrence of a mgjor
stormin order to allow any residual dye to be flushed fromthe system This
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reduces the possibility that a later storm mght flush slow nmoving or residua
dye-laden water fromthe first trace and cause an incorrect positive trace.
Repeat traces during lowflow conditions nust be delayed sufficiently to
insure that residual dye has drained fromthe system In the case of
quantitative traces, this may be confirmed by near zero dye concentrations at
a spring or well nmeasured with a fluorometer prior to the start of each trace
In addition, fresh dye detectors may be kept in place for at |east a week

after the arrival of the initial dye cloud. This will help to define the

| evel of background fluorescence and monitor the arrival of a second dye cloud
froma single dye injection,

Quinlan (1987a) states that all dye-tracer tests be designed so that
there is always a positive dye recovery somewhere. Dye traces without
positive results generate questions such as, was enough dye used? Were the
correct resurgences nonitored? And were the resurgences nonitored |ong
enough? Al so, subsequent traces in the sane area with the same dye may be
questionable until the specific point-to-point connections are defined.

During fluoronmetric analysis, careful handling of the cuvette (sanple
hol der) is required to avoid an increase in sanple tenperature and the
resulting incorrect determnation of its dye content. The cuvettes need to be
handl ed only by the open end and cleaned with distilled water or water from
the next sanple between each reading. Al water and equipment used during
fluorometric analysis needs to be tenmperature equilibrated.

In addition to the collection of water sanples for fluoronetric analysis
during quantitative-tracer tests, passive detectors can also be used to
confirm passage of the dye cloud. This check is useful in case the selected
sanpling interval msses the dye passage or in case the automatic sanpler
mal functions. Passive detectors are used for a period of one to two weeks
after the passage of the dye cloud, in order to identify passage of a
secondary dye cloud, or confirmthat all dye has drained fromthe system

The time that the detectors are installed is a convenient tine to review
changes in water use from resurgence points such as intermttent wthdrawals
by farnmers for irrigation purposes. This is also a convenient time to explain
to the |andowner or water user the nature and purpose of the pending dye
trace, which is especially inportant if the possibility exists that the dye
may discolor the water. ldeally, this will sinply be a review of earlier
conversations when permssion to nonitor for the arrival of dye in privately
owned springs or wells was obtained.

3.5 Summary Decision Charts

Decision charts are presented which summarize the material presented in
the discussion of qualitative (fig. 9) and quantitative (fig. 10) dye tracing.
These charts present key steps, in sequential order, for conpletion of
qualitative and quantitative dye tracing in karst terrane.
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Figure 10---Decision chart for quantitative dye tracing.
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4. ANALYSI S AND APPLI CATION OF DYE- TRACE RESULTS

4.1 Introduction

G ound-water tracing has long been a valuable tool for investigating
ground-water conditions in karst terrane. Atkinson and Smart (1981) classify
the application of tracers into three use-categories: (1) determ nation of
flow paths and residence times, (2) measurement of aquifer characteristics
and (3) mapping and characterization of karst conduit systems. Aley (1984)
lists several applications of ground-water tracing that are especially useful
in water pollution investigations. Specifically, tracing provides (1) direct
proof of novement of water from one point to another, (2) results that are
easily understood by the public, regulatory agencies, and the courts, (3) a
qualitative indication of whether or not effective natural cleansing of water
contam nants coul d occur along the flow path, and (4) an indication of
underground travel rates, which tend to be underestimted by persons
unfam liar with ground-water flow conditions in karst terrane

Anal ysis and application of the results of dye tracing is controlled, in
part, by the design and inplenmentation of the tracer tests and can generally
be classed as qualitative or quantitative according to the nature of the trace
and subsequent anal ysis. Perhaps the sinplest and nost frequent use of the
data from dye tracing is to identify point-to-point connection between a
di screte ground-water input point such as a sinkhole, and a downgradient
di scharge point such as a spring or well. Nunerous investigators have used
these results to define the ground-water basin or catchnment area for a
particular spring or group of springs (Aey, 1972; Atkinson and Smith, 1974,
Quinlan and Ray, 1981; Quinlan and Rowe, 1977; Skelton and MIler, 1979;

Smart, 1977; Crawford, 1981; Thrailkill and others, 1982). These data are
useful for a variety of purposes but, from the standpoint of water-supply
protection, are especially useful for the identification of potential sources
of contaminants detected in springs or wells and are alnmost always a necessary
first step to quantitative dye tracing.

Results of qualitative dye tracing can confirmthe validity of water-
| evel contours and thus the direction of ground-water novenent. Qualitative
dye tracing can also identify the nature of the systemdraining to a
particular spring, that is, whether the flow systemis convergent or
distributary to the spring. If distributary, qualitative dye tracing is the
nmost practical technique to identify the springs that drain the system
These techniques can also efficiently show changes in flow routes when
drainage from a particular sinkhole or karst window is traced to different or
addi tional springs during high-flow conditions

Wth the aid of the filter fluorometer and conservative fluorescent dyes,
the analysis of data from ground-water tracer tests can be quantitative in
that nmass-bal ance anal ysis of dye-recovery data is possible. These data, in
conbination with a carefully measured discharge, pernits a hydraulic
characterization of the underground conduit network and the definition and
estimation of flow characteristics that is not generally available from other
techni ques. For exanple, repeated traces between the same input and recovery
points showed the relation between traveltinmes and discharge (Smart, 1981;
Stanton and Smart, 1981; Mill and Snoot, 1986). Smart and others (1986)
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denonstrated the advantages gained from quantitative tracing over the
qualitative methods for definition of a karst conduit system on the basis of
mass bal ance of the fluorescent tracers.

In recent years, significant advances have been made in the application
of quantitative dye tracing to the description of flow characteristics such as
di spersion. The analysis of results of quantitative dye tracing was used by
Ml |, Snoot, and Liebermann (1988) to describe predictive relations between
di scharge, mean traveltime, apparent ground-water flow velocity, and solute
transport characteristics in the Elizabethtown area, Kentucky. Because of the
simlarity between a water-soluble contaminant and the fluorescent dyes used
for dye tracing, the results of these studies can be applied to predict
probabl e inpacts on a water supply arising fromthe spill of water-soluble
contam nants. Contaminants that are not soluble in water do not migrate at
the same rate as do soluble contam nants. Quantitative dye tracing is
therefore, not applicable in determning flow rates of immiscible
contamnants.  Crawford (1986) presented the hypothesis that floating
contamnants carried by cave streams accunulate upgradient from the point
where cave passages become conpletely filled, Section 6 describes, in detail
the application of results of quantitative dye tracing to predicting flow and
transport characteristics of potential contamnants in karst water supplies,

4.2 Definition of Quantitative Characteristics

The initial result of quantitative dye tracing is a set of neasured dye
concentrations, each sanpled at a selected tine and place. For dye tracing in
streans, it is possible to sanple at many locations within a cross section and
at many stations along the flow path, measuring concentration as a function
both of cross-sectional |ocation, |ongitudinal distance, and elapsed timne
since injection. For karst ground-water flow, however, one is generally
restricted to sanpling at one or a few fixed locations, neasuring
concentration only as a function of tine.

Quantitative characteristics are the numeric descriptors of a dye-
response curve. They may be derived from quantitative dye trace data. Sone
characteristics, such as elapsed tine to peak dye concentration, may be taken
directly fromthe neasured data, Qthers, such as nmean traveltine and
normal i zed dye concentration, are calculated from the neasured data. Still
others, notably the dispersion coefficient, my be estimated from the data
only if sinplifying assunptions are nade

This section describes the primary quantitative characteristics for dye-
tracing analysis and how they are derived. A summary table of these
characteristics is given in section 4.2.5. An exanple of the conputation of
quantitative characteristics for an actual dye trace is given in section
4.2.6. A conputer program code that calculates quantitative characteristics
is discussed in section 6, and is listed in Appendix A

Application and interpretation of these quantitative characteristics is
di scussed in section 5 of this manual. It includes the devel opment of
rel ations anong characteristics, and their use in the prediction of
contaninant transport.
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4.2.1 Dye-Recovery Curve

The devel opment of quantitative information from dye traces is based
primarily on the analysis of dye-recovery curves, which are plots of
concentration versus elapsed time since injection. Such curves are also known
as tine-concentration, breakthrough, or dye-response curves. Plotted dye-
recovery data typically gives a positively skewed, bell-shaped curve that is
steeper on the rising linmb than on the falling Iinb.

A dye-recovery curve yields several quantitative characteristics by
sinple inspection, The time of injection (t,) is used as the beginning of the
dye-recovery curve (fig. 11) and is taken as zero. The neasured dye
concentration at t,becones the background concentration. Tinme to |eading
edge (t,) is the e?épsed time, or tine of travel, before concentration
increasks above background. Time to trailing edge (cT)is the time of trave
until concentration decreases to the background |evel; and may be called the
el apsed tine for dye passage. Tine to peak concentration (t__ ,)is the tine
of travel fromdye injection to the peak of the dye-recovery®cutve,
Persistence is the length of tine that any given concentration is exceeded.
Qther characteristics may be defined, such as time of travel fromthe |eading
edge until the concentration has decreased to 10 percent of the peak value
(Hubbard and others, 1982).

The shape and magnitude of dye-recovery curves are influenced, primarily,
by the amount of dye injected, the velocity-and magnitude of flow, the mxing
characteristics within the flow system the sanpling interval, and whether the
discharge is diluted by non-dyed waters. The data froma single dye trace
generally reflect conditions for that particular test, and especially for that
particul ar discharge. Repeated quantitative dye traces between the sane
injection and recovery points are needed to describe the dye-trace
characteristics under different flow conditions.

The mass of dye recovered, is summed fromthe time-concentration data for
a dye trace, by the followi ng relation

n [4 [4
M, = 0.1019 i‘fl (€ - Cp) Ati’ (eq. 7)
wher e M, = ass of dye recovered, in kilograms (Kkg);
0.1019 = a unit conversion factor;
n = nunmber of sanpling intervals, equal to the total nunber of
sanpl es mnus one;
't the 1*® sampling interval

Q, = nean discharge during the it sanpling interval, in cubic feet
, per second (ft3/s);

¢, = nean measured dye concentration during the it interval, equa
to the mean of the two sanples taken at the beginning and end
, of the interval, in ng/L;
Co = background dye concentration, neasured at time of
B injection, in mlligrams per liter (ng/L); and
Atﬁ' = duration of 1*P sanpling interval, in hours.
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If the unit of concentration used in equation 7 is pg/L, then the mass of dye
recovered will be conputed in grams. Note that the sanpling interval is the
period of time between two successive samples or observations, and that the
summation was conputed fromthe mean values w thin each sanpling interval. In
this manual, concentrations that pertain to a sanpling interval are identified
with the subscript “i”; concentrations that pertain to a given sanple are not
subscripted

For verification, total dye recovery needs to be conpared with the anount

of dye injected. If the dye is known or suspected to move from the injection
point along nore than one conduit, it is necessary to sanple each resurgence
and sum the nmasses of dye recovered. If the difference between total dye

recovery and the amount injected is appreciably nore than what is expected to
be lost to decay and sorption, the results need to be re-exam ned. Such
results may occur if the conduit system has not been well-defined and all
resurgences have not been sanpled. Aso, calculated dye recoveries may exceed
the injection quantity if the dye is not well mxed in the cross-section, if
water sanmples are not representative of the discharge cross section, or if

di scharge neasurenents are erroneous.

Measured dye-recovery concentration needs to be adjusted for background
concentration and reasonable dye |oss by:

M

’ ., .. in

C =(C-Cy . (eq. 8)

W

out

wher e c:' = adjusted concentration, in ng/L;
C = measured concentration, in ng/L; and

M, = mass of dye injected, in kg.

4.2.2 Normalized Concentration and Load

Because the quantity, or mass, of injected dye may be different for
different dye traces, dye concentrations for each trace are nornalized to give
the concentration that would have occurred if a standard mass of one kilogram
of dye had been injected. Nornalized dye concentrations are calcul ated as:

1t 1 [ ’ 1
-(@-c , (eq. 9)
M 0

in out

C=C

where C - normalized dye concentration, in mlligrams per liter
per kilogram of dye injected, in (mg/L)/kg

Normal i zed concentrations are useful for deriving relations anong
quantitative characteristics and discharge, and are used for the prediction of
concentrations resulting fromthe injection of a known mass of contam nant.

A plot of normalized concentration gives a true picture of concentration
versus time, for a particular hydrologic condition. Dye-recovery curves of
normal i zed concentration for seven different dye traces between the sane
sites, but under different hydrologic conditions, are shown in figure 12
Because the concentrations have been scaled for a standard injection mass, one
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m ght expect the seven curves to have equal areas under their curves. This is
not the case because there is increased dilution with increased discharge; the
faster traveltimes and higher discharges, hence, greater dilutions are
neasured by the response tunes to the left in figure 12. The effects of

di scharge variation between traces may be renoved, however, by converting
normal i zed dye concentrations to nornalized dye |oads.

The normalized dye |oad, or mass flux, is the amount of dye per Kilogram
injected passing the sanpling point at a given tinme. Load is dye
concentration tines discharge, and normalized load is normalized concentration
times discharge, calculated as:

L =28.32 CQ (eq. 10)

where L = normalized dye load, in mlligrams per second per
kilogram of dye injected, in (nmg/s)/kg; and
28.32 = a unit conversion factor; and
C = normalized dye concentration in (ng/L)/kg
Q = discharge, in ft3/s.

Areas under different normalized dye-load curves are equal and by definition
sumto 1 kg per kilograminjected over the duration of each test. Normalized
| oad curves fromdifferent dye traces may be plotted on the same graph, to
illustrate the passage of the dye cloud under different hydrol ogic conditions,
The normalized dye load for seven dye traces made between the sane sites is
shown in figure 13. Curves toward the left of the graph were obtained under

hi gh-flow conditions, and show that the dye cloud traveled nore rapidly and
with |ess spreading than the curves toward the right, which represent |owflow
condi tions.

4.2.3 Time-of-Travel Characteristics

Time of travel is the tinme required for novement of the dye cloud between
the injection site and the sanpling site. The dye cloud spreads as it moves,
however, so the |eading edge of the dye cloud can pass the sanpling point |ong
before the trailing edge, with the tine to peak dye concentration somewhere in
between. The tine to peak concentration gives an indication of the tinme of
travel, but because of the typical asymetry of the dye-recovery curve, it is
not representative of the time of travel for the bulk of the dye cloud. For
quantitative analysis, the time of travel is best represented by the centroid,
or mass-wei ghted mean, of the dye-recovery curve. The tine of travel of the
centroid of the dye mass, or sinply the nean traveltine, is conputed as:

n
z t; G At:i Q

!
t - , (eq. 11)
n
Y C. At. Q
o 19717
wher e t = mean traveltine, in hours; and
t, T el apsed time since injection during the ith sanpling
interval, in hours; and
¢, = normal i zed dye concentration during the ith sampling

interval, in (ng/L)/kg
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Conputation of the apparent mean velocity of ground-water flow follows
directly fromthe nmean traveltine:

i d
u = , (eq. 12)
3600 t
where u = nean-flow velocity, in feet per second (ft/s)
d = map distance of the trace, in feet;
3600 = a unit conversion factor, and

T = nean traveltime, in hours.

Because the exact flow path and distance between the dye input and recovery
points is not known, d and u are are apparent values, conputed as if the dye
followed a straight line between the points. Thus, the actual flow velocity
i's probably somewhat greater than the apparent velocity because of the |onger
neandering nature of the actual flow path in nost karst aquifers. The termw
does give, however, a general idea of ground-water velocity that may be
conpared between dye traces for different flow conditions. It may also be
used in estimting the dispersion coefficient discussed in section 4.2. 4.

The standard deviation of the time of travel of the dye mass is a
tenporal measure of the amount of dispersion of the dye mass that occurred
during the dye trace. In other words, it indicates how much the dye cloud has
spread out in time, between the injection and the sanpling site. It is

related to the time of travel and the rate of dispersion, and is conputed by
the equation:

-

n 2 0.5
i"_zl(ti't> Cide; @
g, = - . (eq. 13)
Lifl €1t & ]
wher e o, - standard deviation of the traveltime of the dye mass
in hours.

The standard deviation of traveltine is used in creating the dinmensionless
dye-recovery curve, in calculating the dispersion coefficient, and in
devel oping relations anong the quantitative characteristics and discharge.
Because it is a neasure of the total ampunt of dispersion that has taken

pl ace, ¢g. generally increases when the time of travel is long or when the rate
of disper§ion s great.

The skewness coefficient is a nmeasure of the lateral asymetry of the
time-concentration curve. This non-dimensional statistic is computed as:

n _ 3
Z(tg-t) Cidr; Q

i=1
Y- , (eq. 14)
3 n
1)
n 1E1 c;dt;
wher e y= = skewness coefficient.
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A symetrical curve would have a skewness coefficient of zero. The dye curves
shown in figures 12 and 13 are positively skewed. Positive skewness indicates
that the tine-concentration curve is weighted to the right, and that
concentration recedes nmore slowy than it rises

As presented, the skewness coefficient is not applied directly for predictive
purposes for ground-water protection. Rather, it is used to conpare dye-
recovery curves, to interpret the way in which the dye cloud disperses, and to
synthesi ze standardized dye-recovery curves, as discussed in section 5.2

4.2.4 Dispersion Characteristics

The longitudinal dispersion coefficient is a measure of the rate at which
the concentrated dye mass spreads out along the flow path, and is defined as
the tenporal rate of change of the variance of the dye-trace cloud (Fischer
1968) . Longitudinal means |engthw se, or along the flow path; dispersion
means spread; and a dispersion coefficient is a rate of spread. In this
manual , dispersion is considered only in one dinension, and |ongitudina
di spersion is referred to sinply as dispersion. A consideration of dispersion
is appropriate because it is the general termto describe the spreading of the
dye mass that results both in increasing persistence and decreasing
concentration as tine passes. In surface-water studies, determination of the
di spersion coefficient is one of the primary goals of tracer tests. Al though
the dispersion coefficient is not used directly for predictive purposes in
ground-water studies, it is useful for making conparisons anong dye traces of
the relative rate of spreading and, nore inportantly, as a conceptual tool for
under st andi ng observed dye-trace results, as seen in section 5.2

Two nethods of estimating the dispersion coefficient are presented. Both
are based on equations presented by Fischer (1968), with the assunptions of
constant velocity and uniform flow characteristics between the injection and
sanpling points for the entire duration of the dye trace. This first and nore
general equation is based on the definition of dispersion coefficient from a
slug injection of dye:

, (eq. 15)

wher e D, = first dispersion coefficient, in (ft?/s).

The second equation is based on the further assunption that the dye-response
curve is normally distributed, with zero skew along the flow path. When
sanpl ed at the peak of the dye-recovery curve

588.5
C - , (eq. 16)
peak
A\/ 4Dyt oy
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where ¢ =~ peak of the normalized concentration curve, in ng/L/kg

peak
588.5 = a unit conversion factor

T = = 3. 1416;

A = the effective cross-sectional area of the flow nedium in
square feet (ft2?), estimated as discharge divided by
nmean flow velocity; and

D, = second dispersion coefficient, in ft?/s,

On the basis of equation 16, the second estimate of the dispersion coefficient
may be conputed as:

346,400
D, = , (eq. 17)
2
m
4 tpeak (Cpeak A)
wher e 346,400 = a unit conversion factor.

The value of the dispersion coefficient is affected by the flow velocity
and the characteristics of the flow nedium In a water body, the observed
amount of dispersion is affected by turbulent forces as well as by sinple,
hydrodynam ¢ di spersion, and the conputed dispersion coefficient reflects the
conbination of both processes. In the case of sinple dispersion alone, the
dye spreads outward by nolecular diffusion, and concentration within the dye
cloud is normally distributed in space. Even so, the dye-recovery or tine-
concentration curve for the case of sinple dispersion is expected to have a
slightly positive skew  This slight skew results fromthe transformation of a
dye cloud that is normally distributed longitudinally at any given time into a
set of dye sanples froma fixed location at different tines. In other words,
by the time the trailing point of the dye cloud passes the sanpling point, it
has had nore tine to disperse, thus lagging and extending the tail of the
observed curve. This is, however, a relatively small effect. In practice,
the skewness of the observed dye-response curves is typically nuch greater
than that expected fromthis axis transformation. Mst of the skewness, or
| engt hened recession of the dye-recovery curve is not accounted for by sinple
di spersion alone, but results mainly from unequal flow lengths and velocities
along and across the flowpath, or in other words, turbulence

If the dye-recovery curve were normally distributed and perfectly
sanpl ed, values of D, and D,conputed from the curve would be equal. In
practice, however, séveral factors typically lead to different values of D,
and D,computed from the same curve. The assunption of zero skewness, used in
conputing D, usually does not hold. The quantities u and A are not sinple
constants, but rather apparent average values. The conputed dispersion
coefficient is a conmposite term for the conmbined action of sinple dispersion
and turbul ent action. Turbulence not only introduces skewness, but also
i ncreases the conputed value of standard deviation of traveltine, thus
increasing the value of D. If the sanpling interval is not adequate to
precisely measure the peak concentration and the time it occurred, the value
of o, will be affected. An inadequate sanpling interval also affects the
conpated val ues of the other quantitative characteristics from which the
di spersion coefficients are estimated. Based on this discussion, it is
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difficult to determne which of the two values is more correct. Both are
relative values, and the reader is cautioned not to attach undue nuneric
accuracy to the conputed values of D, and D,. When conparing dye-recovery
curves, however, the use of either cdef f i ciént gives a relative idea of the
rate of spread of the dye cloud along the flowpath. At present, consideration
of the dispersion coefficient is appropriate mainly as a conceptual tool for
understanding relations anong the quantitative characteristics under different
hydrol ogi ¢ conditions.

4.2.5 Summary of Quantitative Terns

Table 4 gives a summary of the main terns used in the devel opment of
quantitative characteristics. Measured data are plotted to make a time-
concentration or dye-recovery curve of a particular dye trace. The area under
the time-load curve is sumred to give the total mass of dye recovered and
percent recovery is conputed. Concentrations are adjusted by subtracting the
background concentration and dividing by the percent recovery, Concentrations
are normalized to a standard injection by dividing by the mass injected.

Loads may be normalized by multiplying normalized concentration by discharge.

Statistical descriptors of the dye-recovery data are based on mass-
wei ghted monents of the data. Mean traveltine is the best estimate of the
time of travel. Standard deviation of traveltime is a nmeasure of the anount
of dispersion that occurred during the trace. The skewness coefficient
measures the asymetry of the curve, and is indicative of the time delay for
passage of the trailing edge of the dye cloud.

Di spersion sinply neans the gradual outward spread of the dye from an
initial slug to an expanding dye cloud. It is caused by sinple nolecul ar
di ffusion, known as hydrodynam c dispersion, and the turbulence of the water
body . The dispersion coefficient is an estimate of the rate at which the dye
cloud expands. Its application to ground-water flow in karst terranes is
presently limted to conceptual use in interpretation of repeated dye traces
under differing hydrologic conditions.

4.2.6 Exanple of Conputation of Quantitative Characteristics

A dye trace performed on My 30, 1985 at Dyers Spring near Elizabethtown,
Kentucky (Mill, Smoot, and Liebermann, 1988) produced the time-concentration
data shown on the left side of table 5. Including the end points, 26
observations of dye concentration were made. Map distance frominjection to
sanpling point was 3,000 ft. Discharge of 1.14 ft3/s was neasured by current
meter at the spring, and was constant throughout the dye-trace period. A
quantity of 15 nL of 20 percent rhodamine W was injected. From equation 4,
the mass of dye injected was:

Mass - volume x density x purity

L (15 cm¥) (1.19 g/em®) (0.20) - 3.57 g.
Background concentration (¢ was 0.01 wmg/L, time of injection (¢t was 1015
hours. The neasured time-concentration data are displayed in figure l4a

The data were processed using the conputer program DYE, described in
section 6.1. Qutput fromthe programis shown on the right side of table 5.
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Table 4--Summary of terms used in definition of quantitative characteristics

Characteristic Met hod  of o )
Comput ation Definition or primary use
Dye-recovery curve Measur ed Measured concentration as a function of
time. Basis for all further conputations.
Time to leading edge Measur ed Conparison of curves, synthesis of
Figure 11 standardi zed curves.
Mass of dye recovery Equation 7 Conputation of percent recovery, correction
for dye |eas.
Adjusted dye concentration Equation 8 Correction for back-ground and dye |oss.
Normal i zed dye concentration Equation 9 Correction for unit mass of injection.
Anal ysis and prediction.
Normal i zed dye |oad Equation 10 Conpensation for discharge dilution,
for conparison of rapeat traces.
Time of travel Time required for passage of the dye cloud.
Aso called traveltine.
Mean traveltime Equation 11 Best estimate of time of travel. Analysis
and prediction.
Mean flow velocity Equation 12 Conputation of dispersion coefficients.
Analysis and prediction.
Standard deviation of traveltinme Equation 13 Amount of spread of the dye cloud.
Analysis and prediction:
Skewness coefficient Equation 14 Asymmetry of the dye-recovery curve.

Di spersion

Di spersion coefficient

Equations 15,

17

Synthesis of standardized curves.

Ceneral term for the gradual spreading of
the dye cloud, Strictly speaking,
I ongi tudi nal dispersion.

Rata of dispersion. Conceptual analysis.
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Tabl e 5.--Measured and conputed data for dye trace at Dyers Spring, May 30, 1985

[ (my/L)/kg, rn'lligramspger liter

er kilogram injected; (ng/s)/kg,

r second per kilogram injected]

mlligrams

Measured data

Computed data !

Concentration

Measur ed Di schar ge, mnus back- , .

) concentration, in cubic ) El apsed ground, in Nor mal i zed Nor mal i zed
Time in mcrograns feet per Chservati on, Ctimg, m crogr ams concentration | oa
of day per liter second in hours in hours per liter [ (my/ L)/ kg] [my/s)/ kg
10 15 0.010 1.140 1 0.0 0,000 0.000 0. 000
21 45 .010 1.140 z 11.5 .000 .000 .000
22 15 . 060 1.140 3 12 . 050 .022 123
22 45 .500 1.140 4 12.5 .490 .220 7.086
23 15 1.320 1.140 5 13 1.310 . 587 18.945
23 45 2.050 1.140 8 13.5 2.040 .914 29.502

15 3.900 1.140 7 14 3.890 1.743 56. 257

45 4.200 1.140 8 14.5 4.190 1.877 60. 596
115 4.200 1.140 9 15 4.190 1.877 60. 596
145 3.400 1.140 10 15.5 3.390 1.519 49. 026
215 3.050 1.140 1 16 3.040 1.362 43.964
2 45 2.450 1.140 12 18.5 2.440 1.093 35.287
315 2.000 1.140 13 17 1.990 .892 28.779
345 1.500 1.140 14 17.5 1.490 . 668 21,548
415 1.200 1.140 15 18 1.190 .533 17.210
4 45 .950 1.140 16 18.5 . 940 421 13,594
515 .600 1.140 17 19 . 790 .354 11.425
5 45 .600 1.140 18 19.5 .590 . 264 6.533
6 15 .550 1.140 19 20 .540 . 242 7.809
6 45 .500 1.140 20 20.5 . 490 . 220 7.066
715 .420 1.140 21 21 . 410 .184 5.929
745 .370 1.140 22 21.5 . 360 .161 5.206
8 15 . 350 1.140 23 22 . 340 . 152 4.917
8 45 .300 1.140 24 22.5 .290 .130 4.194
13 45 .200 1.140 25 21.5 .190 . 085 2.748
22 45 .010 1. 140 26 36.5 .000 .000 .000

1 The following summary statistics were conputed from the data:

Mass of dye recovered, 2.232 grans;

an di scharge, 1,140 (ft’/s);
,\\//Ean travel t1ng, 17%1?(6%0{”5;’ _)
El apsed time to pack concentration, 14.500 hours;
Standard deviation of traveltime, 4.370 hours;
Peak normalized concentration, 1.877 (nmg/L)/kg;
Peak normalized |oad, 60.596 (ng/s)/Kkg;

parent mean_ vel omt¥,, 0.049 ft/s;
First dispersion coefficient (Dl[gz, 4.737 ft’ls;
Second dispersion coefficient (D2), 0.981 ft?s;
Skewness coefficient, 1.998.
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Summary statistics conputed fromthe data are shown at the bottom of table 5.
A summary of the method used in conmputing the quantitative characteristics
fol | ows.

For conputational purposes, 25 sanpling intervals were obtained by
averagi ng val ues between the 26 consecutive observations, or sanples. For
exanple, for the fifth sanpling interval--the period of time between the fifth
and sixth observations- -concentration was the nean of 1.32 and 2.05, less the
background, giving 1.67 pg/L or 1.67 x 107 ng/L. For a duration of 0.5 hours
and a nean discharge of 1.14 ft3/s, the nmass of dye recovered during the
internal, fromequation 7, was 9.73 x 10°kg, or 0.0973 g. The same genera
procedure was used for all subsequent calculations involving sanpling
intervals.

The total mass of dye recovered during the trace, fromequation 7, was
2.23 x 10°kg, or 2.23 g. Percent recovery, based on 3.57 g injected, was
62.5 percent.

Normal i zed dye concentration and |oad were conputed for each observation,
using equations 9 and 10. Note that a quantity expressed in units of ng/L/g
has the sane magnitude as in units of ng/L/kg. Thus, for convenience, in
equation 9 pg and g may be used for the conputation, with the result given in
nmy/ L/ kg. For exanple; for the sixth observation in table 5,

C
and L

0,914 ny/ L/ kg
29.5 ny/ s/ kg

5 - 0.01) 1/2.23
2 (0.914) (1.14)

(2.0
28.3
Graphs of normalized concentration and |oad versus time are shown in figures
14b and 14c, respectively.

Mean traveltinme, standard deviation of traveltime, and skewness are
calculated from equations 11, 13, and 14 respectively. These equations are
based on the statistical definitions of nean, standard deviation, and skewness
coefficient. In equation 11, the time termt is used to give the first
monent about the origin or, in other words, the mean. In equations 13 and 14,
the time term(t,- t)"refers to the n"central nonent of the data. The
term (. At N §s used t0 weight the time termby the corresponding mass of dye

for the in%e%val

As shown in table 5 the nmean traveltinme for the exanple was 17.15 hours.
Note that the nean traveltime occurred later than the normalized peak
concentration, which reached 1.88 mg/L/kg at 14.5 hours. A skewness
coefficient of 2.0 reflects the asymetry of the curves in figure 14, which
shows the lagging effect of the passage of the trailing edge of the dye cloud.
Based on the apparent flow length of 3,000 ft, the mean-flow velocity was
conputed fromequation 12 as 0.049 ft/s, or 176 ft/hr

Conputation of the two estimates of the dispersion coefficient follows

from equations 15 16, and 17, using quantities that have already been
det er m ned.
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In this exanple,
4,372

L - 3600 4. 049)2

2 17.15
A = 1.14/0.049 = 23.5 ft?, and

D - 4.74 ft2/s,

D, = 346,400/(47r(14.5) [¢(1.88 0.98 ft2/s,

The different values for p, and D,, assumng that sanpling was adequate
is primarily due to the skemnes& or agynnﬁtry, of the curve introduced by
turbul ent action of the water body. The value of D,is primarily dependent on
the peak of the dye trace; Don the standard deviation, which is influenced
by the asymmetry of the curve, D,may be thought of as being nore
representative of the nolecular diffusion and b, of the turbulent forces. It
shoul d be remenbered that these are not precise]EStinates and that neither
value is necessarily nore correct, but that these values may be conpared to
val ues obtained from other dye traces.

5. APPLI CATI ON OF QUANTI TATI VE DYE- TRACE RESULTS
FOR PREDI CTI NG CONTAM NANT TRANSPORT

5.1 Introduction

Because the movenent of dye used for tracer studies is simlar to nost
conservative soluble contam nants, dye-trace results can be used to predict
the transport characteristics of such contamnants. For exanple, nornalized
dye consentrations froma dye trace, in (ng/L)/kg, can be multiplied by a
given mass of contamnant to estimate the time-concentration response at the
sanpling site that would result froma contamnant spill at the injection site
under the same hydrol ogic conditions.

The use of results fromrepeated dye traces extends the range of
hydrol ogi ¢ conditions for which the time-contam nant response may be
estimated. Furthernore, results from repeated dye traces may be conpared and
analyzed to derive relations among the quantitative characteristics and the
hydrol ogi ¢ conditions as shown by Mill, Snoot, and Liebermann (1988), and
Smart (1981). If such relations can be established, then the interpretation
of the results, the understanding of the karst ground-water flow system and
the ability to predict contam nant response are all strengthened.

5.2 Relations anong Quantitative Characteristics

In most cases, discharge is the variable that characterizes the
hydrol ogi ¢ conditions associated with a dye trace. By use of data from
repeated dye traces, each quantitative characteristic can be plotted as a
function of discharge. Least-squares regression or another reliable method of
fitting curves to data may be used to establish a relation between each
characteristic and discharge. If a statistically significant relation can be
established for a given characteristic (such as nmean traveltinme), then its
val ue can be predicted for a given discharge. As with any enpirically derived
relation, predictions should be used with caution, and may not be valid if
di scharges are outside the range of the original data.
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As an exanple, relations were developed for quantitative characteristics
from seven dye traces at Dyers Spring (Mill, Snoot, Liebermann, 1988). A
sunmary of the characteristics is given in table 6. In the table, the second
estimate of the dispersion coefficient (b,) is shown. By use of standard
| east - squares regression techniques, best-#1t nodels were devel oped, that
used several transformations of discharge as the independent variable. The
best transformation for a given characteristic was chosen, based on the
greatest value of R%2, where R is the correlation coefficient of the
regression. |f several transformations resulted in close fits, the sinplest
or nost readily understood was chosen. For exanple, the inverse
transformation was chosen for nean traveltine, because traveltime is inversely
proportional to velocity. Figure 15 shows exanples of the relations of the
quantitative characteristics to discharge devel oped from seven dye traces to
Dyers Spring. \When appropriate, it may also be useful to derive relations
among various quantitative characteristics such as peak dye |oad as a function
of mean traveltine.

Once established, the relations may be used for prediction and to gain an
under standi ng of the novement and spread of solutes in the karst ground-water
system Interpretations of the quantitative characteristics should be based
on the established relations and on an understanding of solute transport, both
in general and in a specific karst ground-water system The quantitative
characteristics conputed for a given dye trace result from conpl ex
interactions within the flow system mainly between the length of tinme that
the dye is in the systemand the rate and pattern with which the dye
di sperses.  Although the best enpirical fit among variables may differ for
different locations, it is likely that certain general relations wll hold for
nost karst ground-water flow systenms. For a specific flow path, if discharge
increases fromone dye trace to another, then

(1) Apparent flow velocity will increase and the mean traveltine wll
decr ease;
(2) The dispersion coefficient will increase, because of increased

turbul ence and mxing brought about from the increased velocity;

(3) Standard deviation of traveltime will probably decrease, because
even though the dye cloud disperses nore rapidly, it has less time
to disperse;

(4) Peak normalized |oad may increase, because the time of passage is
shorter and the response curve is steeper and narrower; and

(5) Peak normalized concentration may decrease, because the dye is
diluted by the increased discharge.

To illustrate interpretation of a specific set of dye-trace results, the
relations derived fromthe dye traces at Dyers Spring, as shown in figure 15,
may be interpreted as follows. Discharge is the controlling factor of the
quantitative characteristics for the seven dye traces. The relations between
discharge, nean traveltime, and the dispersion coefficient nmay be used to
explain other dye-response characteristics. As discharge increases, velocity
increases (fig. 15a) and tinme of travel decreases (fig. 15b). Thus the dye
cloud has less time to disperse, which tends to decrease the standard
deviation. In the sanme circunmstance, however, the dispersion coefficient
increases (fig. 15c); thus the dye cloud disperses nore rapidly, which tends
to increase the standard deviation. The net result of these contrary
tendencies is that as discharge increases, standard deviation decreases
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Table 6.--Quantitative characteristics of seven dye traces at Dyers Spring

/L)/kg, mlligrans per liter per kilogram injected;
[Errg %/k%, rn'IIl%rams r[))er secondpper kil%gramijnj ect ed]

Appar ent

Me en mean ) ) Standard Di spersion
Mass Dis charge, travel - velocity, Nor mal i zed Normalized  deviation of  coefficient,
Dat e ~of dye in cubic time of in feet peak dye peak dye travel tine in square
of dye injected, feat per dye mass, per concentration | oa of dye mass, feet per
trace in grans second in hours second [(my/L)/ kg [(my/s)/ kg in hours second
2-28-85 2.38 4.72 6.05 0.138 1.12 150 1.48 3.07
3-1-85 2.38 4.59 6.19 135 1.55 201 .82 1.61
5-23-85 3.57 1.35 14.6 . 057 2.53 96.5 2.17 .52
5-30-85 3.57 1.14 17.1 . 049 1.88 60.6 4.37 .98
7-16-85 2.36 .12 25.4 .033 2.23 45.5 3.69 .46
6-12-85 2.38 .53 3.4 027 2.48 35.1 4.68 37
2-26- 66 7.14 2.88 7.18 116 2.06 168 1.46 1.46

(fig. 15d). This indicates that traveltime exerts a greater influence on the
relative anount of dispersion than does the dispersion coefficient. The sanme
interaction of traveltime and dispersion coefficient also affects the peak
value of the normalized dye load, or peak |load. As discharge increases, the
peak |oad increases (fig. 15e); because the traveltime is shorter, the rate of
mass transport is greater. \Men considered as mass per unit volume, or
concentration, this increased load is diluted by the increased vol une of
water, resulting in an overall decrease in peak concentration (fig. 15f). At
this location, the amount of downstream dispersion is dependent mainly on the
length of time since injection, which in turn is dependent on the trave

di stance and di scharge.

Interpretations such as these allow one to conceptualize the transport of
dye or other soluble materials within the karst system This understanding
may then be applied to predict the behavior of solutes in the karst system
under different flow conditions

5.3 Devel opnent and Use of Dinensionl ess Dye-Recovery Curve

Know edge of quantitative response characteristics is useful in
predi cting the peak concentration or nean traveltime of the dye cloud for a
given injection, but it is know edge of the dye-recovery (tine-concentration)
curve itself that allows prediction of variables such as the time to |eading
edge of persistence--variables of inportance to water-supply managers. This
section describes one procedure for developing a generalized curve that can be
used for predictive purposes.

Sinulations of dye-recovery curves that are based on sinple dispersion
theory yield dye-cloud concentrations that are normally distributed along the
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mean velocity; B. Mean traveltime;

69



4 [ e [T
D, = 0.054 + 0.513 Q C

R2 = 0.834

where D2 = gecond dispersion cocfficient .

3 Q = discharge
i R = correlation coefficient

DISPERSION COEFFICIENT,
IN SQUARE FEET PER SECOND

. B Computed
e Lugst-squares regression

0 PSR SIS TN YN ST ST VAN TV SN ST SO VR VU TN SN S RN VI S R

0 1 2 3 4 S
DISCHARGE, IN CUBIC FEET PER SECOND

Y NI S

0, = 3.50 - 1.62 In Q

R2 = 0.834

4 r where g, = standard deviation of
i traveltime

P Q = discharge

R = correlation coefficient

P

T
MU S BPU S TS |

STANDARD DEVIATION OF TRAVELTIME
OF DYE MASS, IN HOURS

ﬁ . -
L B Computed 1
L Least-squares regression

0 PRNUT S SRS NS SOV SO0 SN WY UHUE N SV SO SO SN SN SUN SR ST SR NS

0 1 2 3 4 I‘ 5
DISCHARGE, IN CUBIC FEET PER SECOND

Figure 15 (continued.--Relation of selected quantitative characteristics
to discharge based on seven dye traces to Dyers Spring: C. Dispersion
coefficient; D. Standard deviation of travelting;

70



250

)
n =
ZQ
- 200
(0%
0 =
=
0 <
(%
= ) 150
Z O
-
S o
L
gy 100
w e
- =z
ale)
fg S 50
S50
Q. x
L
a
0
)
= 3
&
O
O w
|
£8 2.5
=5
z =
= 2
Z &
Q0
—
23 s
=X
Z
{d Ll
°F
o3&
O =
T
Mo 05
QA 4j
« O
3 0
a.

LENNL AR RO S S B M S

LR AN R B B S S S 1

Lp = 71.7 + 71.0 1n Q

R? = 0.906 .

where Lp = peak dye load

FREPENT U U '

Q = discharge

R = correlation coefficient

P PR S

M Computed

Least-squares regression

TS G VUG S T SESUS TODY S WA I U VO G U U SO VT U SO N SRV ]

1 2 3 4 5
DISCHARGE, IN CUBIC FEET PER SECOND

SV R SRS VENUUS S G G U SU WS S S WA WU NN WEE N VR S SON Y T

Cp = 2.53 - 0.244 Q

R? = 0.739
where Cp = peak dye concentration

Q = discharpe

R = correlation coefficient

B Computed

Least-squares regression

1 2 3 4 5
DISCHARGE, IN CUBIC FEET PER SECOND

Figure 15 (continued).--Relation of selected quantitative characteristics
to discharge based on seven dye traces to Dyers Spring: E. Nornalized
peak |oad; F. Normalized peak concentration.

71



flow path. Transformation of a dye cloud that is normally-distributed in
space at a given time into a set of dye sanples froma fixed |ocation will
introduce a slight positive skewness but will not adequately reproduce the
skewed shape of observed tine-concentration curves. The skewed shape results
mainly from unequal flow Iengths and velocities along and across the flow
path. If in general, the shapes of a set of observed curves are sinmilar, a
standardi zed recovery curve can be developed to simulate tinme-concentration
curves for the site under study.

In the absence of an adequate theoretical model or frequency distribution
that generates curves of the proper shape, a graphical solution can be
appl i ed. Individual dye-response curves for which discharge is constant
shoul d be resealed so that the peak value of each curve equals one, the nean
traveltime is zero, and the standard deviation of traveltine is one. A sanple
of conputer program code that will acconplish this is the program SCALE,

di scussed in section 6.2. The resulting standardized curves all should be
plotted on the same axis. If the shapes and the skewness coefficients are
simlar, then the curves can be overlaid and redrawn into a single,
representative dimensionless curve. This standardized, dinensionless recovery
curve can be used to derive response curves of dye or contam nant
concentrations or |oads under constant discharge conditions.

An exanple of the devel opment of a dinmensionless recovery curve is shown
in figure 16, using data fromfive of the dye traces at Dyers Spring.
Figure 16a shows normalized dye concentration as a function of tine for the
five traces. For each trace, concentration and time were standardized using
the conputer program SCALE (section 6.2), based on

C, = C/cpeak (eq. 18)
wher e cs = standardi zed concentration
and b, = (t - 1:)/at (eq. 19)

wher e ts = Standardi zed tine.

c_ represents the fraction of the peak concentration; t, represents t he nunber
of standard deviations away fromthe nmean travel tine.

The standardi zed val ues were plotted on the same graph (fig. 16b). By
definition, for each trace the peak value is one, mean traveltime is zero, and
standard deviation of traveltime is one. Skewness coefficients for the five
traces ranged from1.4 to 2.0. On the basis of the skewness coefficients and
visual inspection of figure 16b, the five curves were judged to be simlar.

Al though there are nmore rigorous methods for deciding whether the curves coul d
be fromthe same population (simlar), their use and description are beyond
the scope of this manual

A conposite curve was sketched that represented the typical shape of the
five standardized dye-trace curves. Coordinates of ¢ and t were taken from
the curve. Figure 16c shows this representative curvé and sélected
coordinates. This is the dinensionless recovery curve
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Figure 16 (continued).--Devel opnent of a standardized, dinensionless
recovery curve for Dyers Spring: C. The resulting standardized,
di mensi onl ess recovery curve, conposite from the five standardized
curves.

Al curves in figures 16 b - ¢ have a mean of zero, a standard
deviation of 1, and a peak value of 1.

At this point an iterative procedure was used to adjust the curve. The
coordinates were adjusted slightly until the representative curve nmet the
design criteria: mean - 0,0, standard deviation = 1.0, and skewness
coefficient - 2.0. Design criteria can be evaluated by processing the
coordinates using the program SI MJLATE (section 6.3) to generate simulated
dye-trace data, then processing those data through the program DYE (section
6.1) to conmpute the summary statistics. For exanple, suppose that in the
program SI MILATE, one specified that t should equal 10 and ¢ should equal 1.
However, sunmary statistics from program DYE mi ght indicate Fhat t = 10. 4,

g, - 1.2, and = 2.8. One mght adjust the coordinates of the curve to give
it a shorter and thinner recession tail. The process continues until one is
satisfied that the design criteria are met. The dinensionless recovery curve
shomn in figure 16c has been adjusted for this exanple such that t = 10.01

= 0.996, and ¥ - 2.03.Because this is an iterative, graphical solution,
soﬁE degree of perseverance, skill and intuition may be required. Nuneri cal
met hods of conpositing curves into a single representative curve with desired
characteristic are currently being investigated by the authors.

Once the curve has been devel oped, three characteristics are needed to
convert the dimensionless recovery curve into real values: mean traveltine,
standard deviation of traveltime, and peak concentration or load. If these
three values are known or can be estimated from previously derived relations,
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then a sinulated curve may be obtained from the dinmensionless recovery curve.
An ideal situation would exist if relations were derived such that these three
val ues could be estimated based only on the discharge at the sanpling point.

A sanple of conputer programmng code that will acconplish this is the program
SI MULATE, discussed in section 6.3. The curve of concentration as a function
of time, or Cas a function of t, is sinulated fromthe dinensionless recovery
curve, by use of the three scaling factors cp, €, and o

G =~ C, cp , (eq. 20)

and t=T+oct . (eq. 21)

Li kewi se, loads can be sinulated by substituting L and Lp for C and Cp,
respectively. A conparison of the actual dye trace for Dyers Spring on My
30, 1985 with the sinulated curve is shown in figure 17, The scaling factors
were estimated as functions of discharge, by using the regression relations
shown in figures 15b, d, and f, respectively; T = 16.46, ¢, = 3.29, Cp =
2.25. Residual errors of the regression, notably peak concEntration in this
case, are reflected in the sinulated curves when conpared with actual data.

Anot her graphi cal approach for synthesizing a response curve, described
by Kilpatrick and Taylor (1986) for surface-water applications, is to
approxi mate the shape of the dye-response curves by scalene triangles. The
three corners of the triangle are taken fromthe curve as the followng tine-
concentration coordinates: tinme to |eading edge, background concentration
time to peak, peak concentration; and time until a recession concentration
equal to 10 percent of the peak is reached, background concentration. Four
characteristics (three time values and peak concentration) are required in
this approach. As with the dinmensionless recovery curve, if these
characteristics are known or can be estimated, a sinulated response triangle
may be derived

5.4 Prediction of Contam nant Transport

Gven the vulnerability of karst aquifers to contamnation, it is
important that the manager of a water system supplied by a karst aquifer have
the capability to predict flow characteristics of the aquifer. This
capability is needed to devel op preventive nmeasures and to be prepared to take
emergency actions in case of the introduction of contamnants into the
aquifer. Once quantitative relations are known for a given ground-water flow
path between an injection and resurgence point, the time variation of
concentration, as well as quantitative characteristics for a given injection

may be predicted. If a dinensionless recovery curve has been devel oped, the
tinme-concentration curve itself may be simulated. A general procedure that
allows such prediction follows. Items 1 through 4 have been discussed

earlier, and the reader is referred to the appropriate section of the manual
Steps 5 through 7 are presented here with an exanple.

(1) Establish connection between injection and resurgence point by
qualitative dye tracing (section 3.2);
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Figure 17.--Conparison of nornalized dye-recovery to sinulated curve
for Dyers Spring, My 30, 1985. The parameters of the simulated

curve were estimated solely as a function of discharge.

(2) Perform quantitative dye traces under several discharge conditions
(section 3.3);

(3) Determine relations such that peak concentration, nmean traveltinme,
and standard deviation of traveltime can be predicted, ideally, as
sinple functions of discharge (section 5.2);

(4) If the general shapes of the dye-recovery curves are sinilar,
conposite the curves into a single dimensionless recovery curve

(section 5.3);

(5) Assume a discharge and a mass of contaminant to be spilled or
i nj ect ed;

(6) Compute peak concentration, nean traveltime, and standard deviation
of traveltime fromthe derived relations

(7) Scale the dinensionless recovery curve using these variables, to
predict the tine-concentration curve of the contam nant at the

sanpling point; and

(8) For the case of a series of injections, time-concentration curves
can be predicted for each injection and then superposed to derive
the resultant time-concentration curve
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For the purpose of illustration, suppose we wish to consider the effect
of a chemcal spill at the karst w ndow, which was used as the injection site
for the Dyers Spring dye traces. Qualitative dye traces had previously
confirmed that the karst wi ndow drains to Dyers Spring, a water-supply source
for the city of Elizabethtown, Kentucky. Before the hypothetical spill, steps
1 through 4 had already been conpleted. Step 5: Assune that 50 gallons of 5-
percent copper sulfate solution are spilled into the karst w ndow and that we
are interested in predicting the concentration of dissolved copper at the
sping. That quantity of copper sulfate solution, a comon agricultura
chem cal, contains 1.13 kg of copper. Assune that the discharge at Dyers
Spring is 0.9 ft3/s and stable.

Step 6: Fromthe enpirical relations shown in figures 15b, 15d, and 15f,
the follow ng values are estimated:

mean travel tine,
T~ 271+ 1567/ (0.9) = 20.1 hours

standard deviation of traveltineg,
g, - 3.50 - 1.62 in (0.9)= 3.67 hours; and

normal i zed peak concentration
cp = 2.53 - 0.244 (0.9) = 2.31 (my/L)/kg

Because 1.13 kg of the copper sulfate was spilled, the peak concentration
woul d be (2.31 ng/L/kg)(1.13 kg) or 2.61 ny/L of dissolved copper.

Step 7. Use these values to scale the dinensionless response curve wth
the program S| MLLATE (section 6.3). The time-concentration response at Dyers
Spring can be predicted and plotted (fig. 18). The time-concentration val ues
may al so be processed through the program DYE (section 6,1) to give summary
statistics. The following information is gained:

The |eading edge of the solute mass would be expected at Dyers
Spring about 14 hours after the spill occurred;

Concentration at the spring would be expected to peak at 18 hours,
decrease to 2 percent of the peak by 34 hours, and be virtually
undet ect abl e about 40 hours after the spill occurred; and

The drinking-water standard of 1 ng/L for copper (U S. Environnenta
Protection Agency, 1986) woul d be exceeded for about 5 hours at the
spring, beginning about 16 hours after the spill event.

Step 8: Steps 5 through 7 can be repeated for different conbinations of
contam nant mass and discharge to provide an ‘in-advance” estimate of the
timng and magnitude of contaminant spills. For the case of nultiple or
continuous injections, a valid approach is to consider the sequence as a
series of discrete events. Estimate the response curve for each event and
plot themon graph paper. For any given time, the resultant concentration is
the sum of the curves at that time. An exanple of this procedure is not
presented here.
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Wth this information, the manager of the public water supply can take
appropriate steps to protect the safety of the commnity’s drinking water,
such as using an alternative water source, increasing the volune of treated
water in storage, providing treatment to |ower the concentration of copper in
the water supply to acceptable levels, or diverting the unsafe water until the
concentration of the contam nant reaches acceptable |evels.

The procedures denonstrated in this section are intended to serve as a
framework to help interpret dye tracing results, and make predictions or
estimates based on those interpretations. [If a dinensionless recovery curve
is not devel oped, nuch useful information may still be obtained from the
results of quantitative dye tracing by developing relations anong the
quantitative characteristics and discharge. Predictions of traveltime and
peak concentration may still be made. Characteristics other than those
related in figure 15 (section 5.2) may also be examned. For exanple, elapsed
time to peak concentration and elapsed time to the |eading edge of the dye
mass al so mght be estimated as a function of discharge. |If discharge
measurements are not feasible, another variable, such as stage or depth to
water, mght be used as the indicator of hydrol ogic conditions

6. USE OF COWUTER PROGRAMS

This section describes three computer programs that are used to execute
the cal culations described in sections 4 and 5. The three progranms are
witten in BASIC programm ng |anguage and are designed to execute on conmonly
avail abl e mcroconputers. The progranms were witten with several goals in
mnd: perform calculations in equations 7 through 21; use a common format for
input and output of data; allow flexibility in scaling, simulating, and
evaluating sets of data, and interactive execution with a mnimm of user
effort.

6.1 Program DYE

The program inputs “raw’ clock time and concentration, conputes mass of
dye recovered, conputes normalized dye concentration and |oad, and conputes
sunmmary quantitative characteristics. Equations 7-17 are used. The source
code for the program and exanples of input and output are listed in appendix
A. The user is required to enter the name of the input data file, the name of
an output file, and the map distance of the trace (d), in feet.

The format of the input data file is as follows: a period in colum 1,
clock hour in colums 3-5 clock mnutes in colums 7-8, neasured
concentration in colums 10-16, and nmeasured discharge in colums 18-24. Each
sanpl e occupies one line. The first Iine should show the time of injection
and the background concentration at the tine of injection. The period in
colum 1 is required to maintain proper spacing of the output.

The output file contains the same data as the input file, with these
additional colums: the nunber of the sanple; elapsed tine from injection, in
deci mal hours; mneasured concentration mnus background; normalized
concentration; and normalized load. Colum headers are added to the beginning
of the file. The summary statistics are added at the end of the file.
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When executing the program the user has the option of scaling nornalized
concentration and load in the output file. For actual dye-trace data, this
option should be ignored (that is, enter zero). However, program DYE can use
the output file from program SI MULATE as input. Wen this is the case, the
user can use this option to ensure that the normalized values are of the
proper magnitude, as shown bel ow.

This is one exanple of executing the program DYE. User entries appear in
| ower case and to the right of the colons. The file SAWPLE. DYl contains
nmeasured dye-trace data and is shown in Appendix A 2. The output file
SAVPLE. DYO i s shown in Appendix A 3.

basi ¢

| oad “dye”

run

ENTER NAME OF I NPUT FILE . sanpl e. dy
ENTER NAME OF QUTPUT FILE . sanple. dyo
SCALE THE QUTPUT ? 0=NO 1=YES -0
ENTER DI STANCE TRAVELED IN FEET : 3000
FINI SHED. .

This is an exanple using sinulated dye-trace data. The input file,
call ed SAVPLE. SIO was generated using the program S| MULATE and is shown in
Appendi x C. 3. The peak normalized concentration is arbitrarily set at 2.5
(ng/L)/kg. Al other normalized concentration & |load val ues are scal ed
accordingly.

basi ¢

| oad “dye”

run

ENTER NAME OF I NPUT FILE :sanple.sio
ENTER NAME OF QUTPUT FILE : sanpl e. out
SCALE THE QUTPUT ? 0=NO 1=YES 01
ENTER PEAK NORM CONCENTRATI ON . 2.5
ENTER DI STANCE TRAVELED, IN FEET : 3000
FINISHED. .,

Qutput from the program DYE may be used several ways. The data nay be
plotted, as in figure 14. The output for several dye traces may be conbined,
as in table 6 and figure 12. The relations shown in figure 15 were derived
fromthe values output by this program

6.2 Program SCALE

The program inputs data that was created by the program DYE and scales it
so that the output data have these characteristics: nmean traveltine = 0
standard deviation of traveltime = 1, and peak concentration = 1. The source
code for the program and exanples of input and output are listed in Appendix
B. The user is required to enter the name of the input data file, the nane of
an output file, and three scaling factors: peak concentration, nean travel-
time, and standard deviation of traveltime. These three factors may be
obtained fromthe summary statistics given by the program DYE.
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Time and normalized concentration are taken from colums 30-35 and 45-51,
respectively, of the input file. Equations 18 and 19 are used. The out put
file of the program DYE may be used as input to the program SCALE, but first
the headers and summary statistics nust be renoved fromthe file. Any
appropriate editor may be used for this purpose. The output file from program
SCALE contains two itens: standardized time and standardized concentration

This is one exanple of executing the program SCALE. The input file
called SAMPLE. SCI is shown in Appendix B.2. The output file called SAWPLE. SCO
I's shown in Appendix B.3. The three scaling factors were taken from Appendix
A 3.

basi c

| oad “scal e”

run

ENTER NAME OF | NPUT FILE . sanpl e. sci
ENTER NAME OF QUTPUT FILE . sanple.sco
PEAK NORMALI ZED CONCENTRATI ON . 1.877
MEAN TRAVELTI ME . 17.146
STD. DEVI ATION OF TRAVELTI ME . 4.37
FINI SHED. .

Qutput from the program SCALE is primarily useful for devel opnent of a
representative dimensionless recovery curve, as shown in figure 16b. The
output may inmmediately be resealed, if desired, by using it as input for the
program S| MULATE.

6.3 Program SIMUIATE

The program inputs a data file containing coordinates for a standardized
curve and sinulates a dye trace based on the desired characteristics. The
source code for the program and exanples of input and output are listed in
Appendix C. The user is required to enter the name of the output file,

di shcharge, and the factors: peak concentration, mean traveltine, and standard
deviation of traveltine.

Standardi zed time and concentration are input by the program from col ums
2-10 and 12-20, respectively, of the input file. Equations 20 and 21 are
used. The input file is assumed to have the file name “SI MULATE. DAT".
Typically, this file would contain the coordinates for the representative
di mensi onl ess recovery curve. |f desired, output from the program SCALE can
al so be used without nodification

The output file contains clock tine, concentration, and discharge, and
al so contains the “sanple” nunber and decimal tine. It may be used as input
to the program DYE wi thout nodification.

This is an exanple of executing the program SIMILATE. The file called
SAWVPLE. SIO is shown in Appendix C 3. The scaling factors used here were
obtained from the regression relations shown in figure 15 using a discharge
of 1.14 ft3/s
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basi ¢
| oad “sinulate”

ENTER NAME OF QUTPUT FILE . sanple.sio
PEAK CONCENTRATI ON 0 2.25

MEAN TRAVELTI ME : 16.46

STD. DEVI ATION OF TRAVELTI ME . 3.287

DI SCHARGE (for output only) c 1,14
FINISHED. . .

Qutput from the program SI MJLLATE can be plotted and eval uated, as shown
infigures 17 and 18. Summary statistics for the output may inmediately be
calculated by using it as input for the program DYE. This is the best way to
eval uate the dinensionless recovery curve as it is being adjusted to nmeet the

design criteria.
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APPENDI X A -- Conputer program DYE
A1 -- Programmng code

5 REM PROGRAM ‘ DYE. BAS

10 REM PG BASI C PROGRAM TO COMPUTE DYE- TRACE CHARACTER! STI CS
15 REM | NPUTS CLOCK TIME, CONC., & Q

20 REM OUTPUTS NORMALI ZED CONC. & LOAD, PLUS STATISTICS

25 REM

30 DEFINT I-K MN

35 DIM T(500), C(500), CN(500), Q500)

40 DI M S$(500)

45 Pl-41*ATN(1!)

50 |=0

55 DAYS=0!

60 CMAX=0!

65 LMAX=0!

70 REM

75 REM EXAMPLE OF | NPUT FORMAT --- DATA MJST CONFORM

80 REM FIRST LINE |'S REGARDED AS THE TIME OF | NJECTI ON & BACKGROUND CONC
85 REM COLUW 1 MJST CONTAIN A PERI OD TO ENSURE PROPER SPACI NG
90 REM . HHH MV CCOCCCC

95 REM . 10 15 .01 2.56

100 REM

105 INPUT “ENTER NAME OF INPUT FILE : “,X$
110 OPEN "I ", #2, X$
115 INPUT “ENTER NAME OF QUTPUT FILE : “,Y$

120 OPEN "0", #3,Y$
125 1SC=1
130 INPUT “SCALE THE QUTPUT? 0= NO 1= YES : “,ISC

135 |F 1SC=1 THEN INPUT “ ENTER PEAK NORM CONCENTRATI ON : *, SCPEAK
140 | NPUT “ENTER DI STANCE TRAVELED, IN FEET : “, X

145 REM

150 REM READ | NPUT FILE, ADJUST FOR BACKGROUND

155 REM CONTI NUE

160 |F ECF(2) THEN GOTO 250

165 | NPUT#2 |, STINS

170 THEVAL(M D(STI NS, 3, 3))

175 TMEVAL(M D$(STINS, 7, 2))

180 CC=VAL(M D$(STIN$, 10, 7))

185 QQ=VAL(M D$( STIN$, 18, 7))

190 REM TH HOURS, TM M NUTES, CC- CONCENTRATI ON, QQ- Di SCHARGE

195 1F TMKO OR QQx. 01 GOTO 155

200 |=+1

205 |F I=1 THEN BACK=CC : BEG=TH#(TM 60) ELSE |F THLAG>TH THEN DAYS=DAYS#|
210 REM ADD 24 HOURS |F CLOCK RESETS AT M DNI GHT

215 T(1)=TH+(TM 60) - BEG+( DAYS* 24)

220 O(1)=CC- BACK

225 Q1)=QQ

230 S$(1)==M DS(STIN$, 1, 24)

235 |F C(1)>CVAX THEN CMAX=C(1) : TPEAK=T(I)
240 THLAG=TH

245 GOTO 155
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250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345
350
355
360
365
370
375
380
385
390
395
400
405
410
415
420
425
430
435
440
445
450
455
460
465
470
475
480
485
490

APPENDI X A -- Conputer program DYE-- Conti nued
A1 -- Programmng code

REM CONTI NUE

REM COWPUTE DYE RECOVERY FOR EACH | NTERVAL

TOTAL- 0

K=I-1

FOR J=1 TO K

DT=T(J+1)-T(J)

CCC=(C(J+1)+C(J)) /2

QE(QJI+1)+Q(J))/ 2

TOTAL=TOTAL+CCC* QQQ* DT

NEXT J

REM TOTAL = GRAMS RECOVERED

TOTAL=TOTAL*28. 316* 3600*. 000001

REM

REM COWPUTE SCALI NG FACTOR

|F ISC=l THEN SCAL- SCPEAK/ (CMAX/ TOTAL) ELSE SCAL=I!
PRINT#3, “  TIME CONC Q BS TIME G BACK NORM C NORM L*“
PRI NT#3, * hh mm ug/L ft3/s hours ug/L ng/L/kg mg/s/kg”
PRI NT#3, “ *

CPEAK=0!

PEAKL=0!

REM

REM COVPUTE NORMALI ZED CONCENTRATI ON AND LCAD FOR EACH SAWPLE
REM CN(J) IS NORMALI ZED TO MJ L/ KG | NJECTED

REM CADJ = C(J) * | NJECTED/ RECOVERY

REM CADJ |'S NOT USED OR COWPUTED IN TH S PROGRAM

REM CN(J) = CADJ/INJECTED = C(J)/ RECOVERED

REM

FOR J=1 TO |

CN(J)=C(J)/ TOTAL *SCAL

| F CN(J)>CPEAK THEN CPEAK=CN(J)

CLOAD=CN(J) *Q(J) *28. 316

| F CLOAD>PEAKL THEN PEAKL=CLOAD

PRI NT#3, S$(J) TAB(25);

PRINT#3, USING' ###";J;

PRINT#3, USING' ###. ##";T(J);

PRINT#3, USING' ###. ###"; C(J); ON(J); CLOAD

NEXT J

REM

TTOT=0 : REM SUM OF TIME

Qror=0 : REM SUM OF DI SCHARGE

CTar=0 : REM SUM OF WEI GHTS

TCTOT=0 : REM SUM FOR FI RST MOMENT OF TI ME
TTCTOr=0 : REM SUM FOR SECOND MOMENT OF TI ME
TTTCTOr=0 REM SUM FOR THI RD MOVENT OF TI ME
REM SUMMATI ONS USI NG MEAN VALUES FOR EACH | NTERVAL

FOR J=1 TO K

DT=T(J+1)-T(J)

CCC=(C(J+1)+C(J)) 12

TIME=(T(J+1) +T(J))/ 2
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495
500
505
510
515
520
525
530
535
540
545
550
555
560
565
570
575
580
585
590
595
600
605
610
615
620
625
630
635
640
645
650
655
660
665
670
675
680
685
690
695
700
705
710
715
720
725
730
735

APPENDI X A - Conputer program DYE-- Conti nued
A'1 -- Programming code

QE( QA J+1) +Q(J)) /2
WEl GHT=CCC* QQQ¥ DT
TTOT=TTOT+ DT
Qror=Qrar+ Dr*QQ
CTOT=CTOT+ VI GHT
TCTOT=TCTOT+ TI ME* \El GHT
TTCTOT=TTCTOT+ TI ME* TI NE* WEI GHT
TTTCTOT=TTTCTOT+ Tl NE* TI ME* TI NE* WEI GHT
REM PRI NT J, DT, CCC, TI ME, QQQ CTOT, TCTOT, TTCTOT, TTTCTOT
NEXT J
REM
REM COVPUTE STATI STI CS
QBAR=QTOT/ TTOT
TBAR=TCTOT/ CTOT
SECBAR=TBAR* 3600
TVAR=( TTCTOT/ CTOT) - TBAR* TBAR
SECVAR=TVAR* 3600* 3600
TDEV=TVAR", 5
TSKEWE( TTTCTOT/ CTOT) - 3* TBAR* ( TTCTOT/ CTOT) +2* TBAR* TBAR* TBAR
TSKEWC=TSKEW ( TDEV* TDEV* TDEV)
TCV=TDEV/ TBAR
U=X/ SECBAR
D1- . 5* U U* SECVAR/ SECBAR
AA=Q(1)/ U
D2- 346400! / ( 4* Pl * TPEAK* ( ( CPEAK/ SCAL) * AR) A2)
PRINT#3, " " :  PRINT#3, " "
PRINT#3, " DI STANCE (feet) "
PRINT#3, USI NG' ###HHHH, #4; X
PRINT#3, "TOTAL RECOVERED (grans) "
PRINT#3, US| NG' #i#Ht#. ###" TOTAL
|F 1SC <>1 THEN GOTO 660
PRI NT#3, "SCALI NG FOR NORMALI ZED VALUES ";
PRINT#3, US| NG' ####. ###": SCAL
PRINT#3, "MEAN DI SCHARGE
PRINT#3, US| NG ####. ##" ; QBAR
PRINT#3, "TIME TO CENTRO D OF MASS (hours) "
PRINT#3, US| NG ####. ###" ; TBAR
PRINT#3, "TIME TO PEAK (hours) "

(ft3/s) ",
PRINT#3, US| NG' ####. ###" TPEAK

PRINT#3, "STD. DEVIATION OF TIME (hours) "
PRINT#3, US| NG' ####. ###" TDEV

PRINT#3, "PEAK NORM CONC. (mg/L/kg)  ";
PRINT#3, US| NG' ###H#. ###" ; CPEAK

PRINT#3, "PEAK NORM LOAD (mgy/s/kg) "
PRINT#3, US| NG' ####. ###" : PEAKL

PRINT#3, " VELOCI TY (ft/s) "
PRINT#3, USI NG' ####. " ; U

PRINT#3, "Dl SPERSION COEFF. (DI1) (ft2/s) ";
PRINT#3, USI NG' ###t#. ##4"; DI
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APPENDI X A -- Conputer program DYE--Continued
A1 -- Programm ng code

740 PRINT#3, "DI SPERSION COEFF. (D2) (ft2/s)
745 PRINT#3, US| NG'####. ###"; D2

750 PRINT#3, " SKEWNESS COEFFI Cl ENT

755 PRINT#3, USI NG'####. ###"; TSKEWC

760 PRI NT#3, "COEFF. OF VAR ATI ON

765 PRINT#3, USING'####. ###", TCV

770 CLOSE #2

775 CLCSE #3

780 PRINT "FIN SHED..... "
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APPENDI X A -- Computer program DYE--Continued
A.2 -- Program code

. 010 1. 140 This file
.010 1.140 is called
.060 1.140 SAVPLE. DI
.500 1.140

.320 1.140

.050 1.140

.900  1.140

.200  1.140

200 1.140

400 1.140

050 1.140

.450  1.140

.000 1.140

.500 1.140

.200 1.140

.950 1.140

.800 1.140

.600 1.140

.550 1.140

.500 1.140

.420 1.140

.370 1.140

.350 1.140
.300 1.140

.200 1.140

010  1.140
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APPENDI X A -- Conputer program DYE
A 3 -- Sanple of output

TI ME CONC O OBS TIME C- BAK NORM C NORM L
ny/ L/ kg mg/ s/ kg

. 000

hh nm /1 £t3/s hours  ug/L
10 15 0.010 1.140 1 0.00 0.000

21 45 0.010 1.140 2 11.50 0.000

22 15 0.060 1.140 3 12.00 0.050

22 45 0.500 1.140 4 12.50 0.490

23 15 1.320 1.140 5 13.00 1.310

23 45 2.050 1.140 6 13.50 2.040

15 3.900 1.140 7 14.00 3.890

45 4,200 1.140 8 14.50 4.190

115 4.200 1.140 9 15.00 4.190
145 3.400 1.140 10 15.50 3.390
215 3.050 1.140 11 16.00 3.040
245 2.450 1.140 12 16.50  2.440
315 2.000 1.140 13 17.00 1.990
345 1.500 1.140 14 17.50 1.490
415 1.200 1.140 15 18.00 1.190
445 0.950 1.140 16 18.50 0.940
515 0.800 1.140 17 19.00 0.790
545 0.600 1.140 18 19.50 0.590

6 15 0.550 1.140 19 20.00 0.540

6 45 0.500 1.140 20 20.50 0.490
715 0.420 1.140 21 21.00 0.410
745 0.370 1.140 22 21.50 0.360

8 15 0.350 1.140 23 22.00 0.340

8 45 0.300 1.140 24 22.50 0.290

13 45 0.200 1.140 25 27.50 0.190
22 45 0.010 1.140 26 36.50 0.000

DI STANCE (feet) 3000. 00
TOTAL RECOVERED (gr ans) 2.232
MEAN DI SCHARGE (ft3/s) 1. 140
TIME TO CENTRO D OF MASS (hours) 17. 146
TIME TO PEAK (hours) 14.500
STD. DEVIATION OF TIME (hours) 4,370
PEAK NORM CONC. (no/ L/ kg) 1.877
PEAK NORM LOAD  (nmg/ s/ kg) 60. 596
VELOCI TY (ft/s) 0. 049
DI SPERSI ON CCEFF.  (D1) (ft2/s) 4,737
DI SPERSI ON COEFF.  (D2) (ft2?/s) 0.981
SKEWNESS COEFFI Cl ENT 1.998
COEFF. OF VARIATION 0. 255
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000
022
220
587
914

. 743

877

. 877
. 519

362

. 093

892
668
533

421
. 354

264
242
220
184
161
152
130
085

. 000

. 000
. 000
. 123
. 086
. 945
. 502
. 257
. 596
. 596
. 026
. 964
. 287
. 779
. 548
. 210
. 594
. 425
. 533

7. 809

086
929
206
917
194
748

. 000

This file
is called
SAVPLE. DYO



APPENDI X B -- Conputer program SCALE
B.1 -- Programmng code

5 REM PROGRAM * SCALE. BAS

10

95

REM PC- BASI C PROGRAM TO SCALE DATA SO THAT QUTPUT WLL
REM  HAVE PEAK=1, MEAN=0, AND STD=1
REM READS TIME & NORVALI ZED CONC. FROM DYE PROGRAM S OUTPUT FILE,
REM  BUT REMEMBER TO STRIP AWAY COLUWN HEADINGS, ETC. FIRST
REM QUTPUT FROM TH'S PROGRAM IS IN THE SAME FORMAT AS THE | NPUT TO
REM  THE ‘' SIMULATE PROGRAM
DEFINT 1-N
INPUT "ENTER NAME OF INPUT FILE : ", X$
INPUT "ENTER NAME OF QUTPUT FILE : ", Y$
OPEN "1", #2, X$
OPEN "0, #3, Y$
I NPUT " PEAK NORMALI ZED CONCENTRATION : ", CP
I NPUT "MEAN TRAVELTI ME . ", TBAR
INPUT "STD. DEVI ATION OF TRAVELTIME : *, STD
REM CONTI NUE
|F EOF(2) GOTO 125
INPUT #2, S$
CIN= VAL(M D§(SS$, 45, 7))

100 TIN= VAL(M D$(S$, 30, 6))

105 C= CIN CP

110 T= (TIN-TBAR)/ STD

115 PRINT #3, USING "###. #fit#", T, C
120 GOTO 80

125 REM CONTI NUE

130 CLOSE #2

135 CLOSE #3

140 PRINT "FINISHED . . . . . '
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010
010
060
500

. 320
. 050
.900

200
200

. 400
. 050
. 450
. 000
.500
. 200
. 950
. 800
. 600
. 550
. 500
. 420
. 370
. 350
. 300
. 200
. 010

APPENDI X B -- Conputer program SCALE

140
140

. 140

140

. 140
. 140
. 140

140

. 140
. 140
. 140
. 140
. 140

140

. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140

oo~NoOhwN

B.2 --

Sanpl e of input

COOCOO0O0OOOORPRPNWWARWNROO0O
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. 000
. 000
. 050
. 490
.310
. 040

890
190
190
390
040
440
990
490
190
940
790
590
540
490

. 410

360
340
290

.190

000

o000 00000000ORRrRRRRO00000

000
000
022
220
587

914
. 743
877

877

. 519
. 362
. 093

892

. 668

533

421
. 354

264
242
220

. 184
. 161

152
130

. 085
. 000

0. 000
0. 000
0.723

7.086
18. 945
29. 502
56. 257
60. 596
60. 596
49. 026
43. 964
35. 287
28. 779
21. 548
17. 210
13.594
11. 425

8. 533
7. 809
7.086
5.929
5. 206
4.917
4.194
2.748
0. 000

This file
is called
SAVPLE. SCI



-3. 92357

. 29199
17757
. 06316

-0.94874
-0. 83432
-0. 71991
-0. 60549
-0. 49108
-0. 37666
-0. 26224

o v

. 14783
. 03341

08101
19542
30984
42426
53867
65309
76751
88192
99634
11076

. 22517
. 36934
. 42883

efofolofolfolofofolofolofofof ol oo Gy Yoo oo N oY)

. 00000
. 00000
01172
11721
. 31273
. 48695
. 92861
. 00000
. 00000

80927
72563

. 58231
. 47523
. 35589

28396
22429

. 18860
. 14065

12893

11721

09803

. 08578

08098

. 06926
. 04529
. 00000

APPENDI X B --

B.3 --

Conputer program SCALE
Sanpl e of out put

This file
is called
SAMPLE. SCO
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APPENDI X C -- Conputer program S| MJLATE
C.1 -- Programing code

5 REM PROGRAM ‘ SI MULATE. BAS

160
165
170
175
180
185

REM PC- BASI C PROGRAM TO SI MULATE DYE- TRACE DATA FROM
REM A STANDARDI ZED CURVE
REM THE PROGRAM ASSUMES THAT THE | NPUT DATA IS ON THE FILE * SI MULAT. DAT’
REM QUTPUT FROM THI S PROGRAM CAN BE USED AS INPUT TO THE ‘ DYE' PROGRAM
DEFINT |-N
I NPUT "ENTER NAME OF OUTPUT FILE : ", Y$
OPEN "1", #2,"SI MULATE. DAT"
OPEN "O', #3, Y$
I NPUT " PEAK CONCENTRATION : ",CP
I NPUT "MEAN TRAVELTIME : ", TBAR
I NPUT "STD. DEV. OF TRAVELTIME : ", STD
INPUT "DI SCHARGE (for output only) : ", Q
PRINT #3, ". 0 0 0.000";
PRI NT #3, USING "###. ###"; Q

PRINT #3, " 1 0.00"
=1

REM CONTI NUE

| F EOF(2) THEN GOTO 170

| NPUT#2, TIN, CIN

| =1 +1

C= CINCP

T= TBAR +TI N*STD

| HR=I NT(T)

FRAC=T- | HR

| M NEFRACF60 +. 5

IF IMN =>60 THEN | HR=I HR#1 : | M NeI M N-60
PRINT #3, ". "

PRINT #3, USING "###": IHRIMN,
PRINT #3, USING " ###. ###": CQ
PRINT #3. USING " ###': |;
PRINT #3, USING " ### ##"; T
GOTO 90

REM CONTI NUE

CLOSE #2

CLOSE #3

PRINT "FIN'SHED, . . . . '
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-1.73200
-1. 65482

. 59544
. 53723
47426

-1.41342
-1. 34895
-1. 29280
-1. 23160
-1.17368
-1.11610

. 07168
. 00689
. 94844

-0. 89185
-0. 85594

81937
76230
71937
69300
66626
63871
60658
58038
54700
50805
47257
43956
41139
35554
30576
26539

-0. 22400

15661

-0.07825
-0.01571

................. ... ...
S S R e e o R R R R R R e R R R N e e e i e

. 03057

07120

. 13532

20188
26964
33400
39976
47735
57371
66184

. 16068
. 88085

O OO0 00 0000000000000 00O 0000000000000 00000000000

APPENDI X C --

. 00000
. 00344

00663

. 01009

01650
02792
04447
05966
08767
12800
19577
26170
38133
49700
62070
71164
79504
89150
94598
96831
98136
99169
99601
99940

. 00000

99941
99555

. 98841

97665
93566
88924
84527
79693
73000

. 65412
. 59677
. 55198
. 51865
. 47602
. 43611
. 39702
. 36339
. 33500

30700

. 27050
. 24400
. 21690
. 18647

C2--

Comput er program SI MULATE
Sanpl e of input

This file
is called
SI MULATE. DAT
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arProwodpPoPONRRRERREPE

. 03891
. 23134
. 44169
.62979
. 84284
. 03238
. 44606
. 92505
. 55459

. 16994
. 13544
. 37800

APPENDI X C --

=lefololofoloofo Yo NeR o)

. 15325
11917
. 09025

07199

. 05533
. 04716
. 03650
. 02800
. 02100
. 01600
. 00900

00000

C2--

Comput er program SI MULATE- - Cont i nued
Sanpl e of input
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OCOOOCOCOOORRFRRFPRFPRFPEFPEFEFEPNNNDNNDNPDNDNDNDNDNDNDNDNNNNNNRPRPPRPPRPPRPOO0OO0OO0O00000000O00O0

. 000
. 000
. 008
. 015
. 023
. 037
. 063
. 100
. 134
. 197
. 288
. 440
. 589
. 858
. 118
. 397
. 601
. 789
. 006
. 128

.179
. 208
. 231
. 241
. 249
. 250
. 249
. 240
. 224
. 197
. 105
. 001
. 902
. 7193
. 643
472
. 343
. 242
. 167
. 071
. 981
. 893
. 818
. 754
. 691
. 609
. 549
. 488

APPENDI X C --
C3--

140

. 140
. 140
. 140

140

. 140
. 140

140

. 140
. 140
. 140

140

. 140
. 140
. 140
. 140
. 140
. 140

140
140
140

. 140

140

. 140
. 140
. 140

140

. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140
. 140

140
140
140

. 140
. 140
. 140

oo UT DN WP -

Conmput er
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program S| MULATE
Sanpl e of out put

This file
is called
SAMPLE. SI 0



C3 --

APPENDI X C --
19 22 0.420 1.140
19 53 0.345 1.140
20 31 0.268 1.140
21 12 0.203 1.140
21 49 0.162 1.140
22 31 0.124 1.140
23 9 0.106 1.140
24 30 0.082 1.140
26 5 0.063 1.140
28 9 0.047 1.140
30 10 0.036 1.140
32 2 0.020 1.140
34 9 0.000 1.140

Conmput er

program S| MJLATE- - Cont i nued

Sanpl e of output

#U.S. GOVERNMENT PRINTING OFFICE: 1988 - 531 - 559
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