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INTRODUCTION

The Water Tracer's Cookbook (Aley and Fletcher, 1976) is the
most practical, unambiguous manual concerning dye-tracing vyet
written, but parts of it are out-of-date. Rather than merely
reprint the Water Tracer's Cookbook or hastily whip out an
unsatisfactory successor to it, we have elected to prepare a new
cookbook -- and do it properly. In 1987 the National Water Well
Association will publish The Joy of Dyeing: A Compendium of
Practical Techniques for Tracing Groundwater, Especially 1in Karst
Terranes (Aley, Quinlan, and Vandike, 1987). Accordingly, this
draft preprint will not give coverage as complete as you (and we)
might desire. Many dye-related topics are not discussed in this
excerpt, but i1t gives the essential information and rationale for
most qualitative procedures. The Joy ¢f Dyeing will be a prac-
tical, more comprehensive manual, wi‘h speciiic 1instructions,
written in plain English. In the meantime, refer to the
references cited, @5 (19484b, 1984c) .

especlally those by 7 nes

run ¢groundwater traces

I estimate that 1300 professional iy




have been made so far in the U. S. I believe that more than 90%
of them were done with dyes, in karst terranes, and that dyes are
generally the cheapest, most practical tracers. Therefore, the
emphasis here is on dyes rather than other tracers.

A comprehensive general review of groundwater tracers was
made by Davis et al. (1985) so no attempt will be made to review
all of them now in use. I should add, however, that the discus-
sion of dyes by Davis et al. has many errors, omissions; and
mxslead1ng statements (Qulnlan, 1986) .

This text will emphasize facts, procedures for qualitative
tracing techniques, practical applications, principles, and
sources of dyes and necessary suppl1es. Some of this material is
in the Cookbook but most of it is not in the other recent publi-
cations.

Although I enthusiastically " extoll herein the general
practicality and superiority of qualitative dye-tests to quanti-
tative dye tests, there are many situations in which quantitative

tests give more information which is more useful. (Smart et al.,
1986).

I am not saying in these pages that, "This is the way
dye-tracing must be done." Rather, I am summarizing what I (and

others) have found to consistently give reliable results.

The definitive reference on the properties of dyes used for
trac1ng groundwater was written by Smart and Laidlaw (1977). I
won't try to summarize it.

Most traces can be run with one or more of the following four
dyes: Fluorescein,, Rhodamine WT, certain optical brighteners, and
Direct Yellow 96. Additional dyes, other tracing agents,
quantitative techniques, and dyeing kinetics will be briefly

reviewed in The Joy of Dyeing.

DYE NOMENCLATURE

A dye is a substance that can be applied in solution to a
substrate, or can be added to a liquid, thus giving the substrate
or the liquid a colored appearance. Fluorescent dyes have an
advantage over non-fluorescent dyes as tracers. Fluorescent dyes
can be easily detected in concentrations which are one to three
orders of magnitude less than those at which non-fluorescent dyes
can be measured colorimetrically.

Smart and Laidlaw (1977) logically classified water-tracing
dyes by color of their fluorescence: blue, green, and orange. To

these three groups one must add a fourth, yellow. But I prefer
to classify dyes according to the detector (bug) generally used
to recover them: activated charcoal and cotton. Before discuss-—

ing the dyes, however, it is appropriate to discuss dye
nomenclature.




The standard industrial reference to dyes is the Colour Index
(SDC & AATCC, 1971-1982), an incredible 7-volume compendium of
almost 6500 pages which describes an estimated 38,000 dyes and
pigments. (Colour Index is abbreviated as CI.) Most dyes listed
in it are classified both according to the dyeing method in which
they are used to color various types of textiles, leather, paper,
or other goods (the CI Generic Name) and according to their
chemical structure (the CI Constitution Number). For example,
Fluorescein is CI Acid Yellow 73 and CI 45350; it is sold-under
more than 30 different commercial names such as Soap Yellow F.
There are 18 CI Generic Name categories and 29 CI Constitution
Number categories for dyes, but they will not be discussed here
—-— other than to stress that the Generic Name classification is
based on industrial use and that the four major generic types of
dyes used in water tracing are: Acid, Basic, Direct, and
Fluorescent Brightening Agent. [References to discussions of dye
nomenclature are given by Quinlan (1986).] Dyes are also
classified according to their use in foods, drugs, and cosmetics.

'For example, water-soluble Fluorescein which has certified purity

is designated by the U. S. Food and Drug Administration as D&C
Yellow 8. (D&C = Drug and Cosmetic.)

There are numerous commercial names for most dyes. The rules
and logic of these commercial names are as chaotic as those for
prescription drugs. In order to avoid confusion in publications
concerning dye properties and trace results, one should always
include specification of dyes used by: the CI Generic Name or CI
Constitution Number, manufacturer, and the manufacturer's com-

mercial name.

The first part of the commercial name of a dye should not be
confused with the dye itself. Tinopal and Diphenyl, for example,
should always be capitalized; they are trade names belonging to
the Ciba-Geigy Corporation and used for whole series of
chemically unrelated dyes made by that particular company. To
use just the first part of a commercial name for a dye,
capitalized or uncapitalized, 1s ambiguous and erroneous. There
are, for example, 7 chemically different Tinopals and 20
different Phorwites currently sold in the U. S. by Ciba-Geigy and
by Mobay as optical brighteners.

The need for careful identification of dyes used for water-
tracin -- particularly 1if one 1is discussing their chemical
properties, toxicity, or excitation and emission spectra -- and
the importance of knowing something about dye nomenclature and
classification, are made obvious from inspection of the Colour
Index 1itself. For example, 5 structurally different kinds of
Rhodamine are sold in 1986 in the U. S. under 10 different names
by 6 manufacturers. This multiplicity of names for what may or
may not be the same dye is a result of the fact that until
recently, the manufacturer of a new dye or an allegedly new dye
did not want customers or the competition to know the nature of
the dye. If the manufacturer knew that his product was the same
as that of another, ne did not say so because such identification
could increase competition and force pric=s lower. Even today,
much information about dye structure and composition 1s propri-




etary; it is not released, partly because development costs must
be amortized.

When one publishes the results of tracing studies and gives
the name of a dye, it is essential that the full Colour Index
Generic Name be given at least once. To refer to, for example,
Direct Yellow without also specifying its number, 96 (as some
authors have), keeps the reader ignorant as to which of more than
180 direct yellows was used. Omission of this number in -the
title or text is like dropping just one shoe. Only part of the
story 'is known; the rest is left to the imagination.

The above discussion of dye nomenclature is academic and
useless if one is going to use nothing but fluorescein and one or
two other dyes. But familiarity with dye nomenclature and
classification 1is essential if one 1is going to read and
understand the dye literature, make justifiable decisions about
dye toxicity and equivalencies, find alternative sources of
supply (particularly when a supplier has ceased to make a
particular dye), and make valid price comparisons.

TYPES OF FLUORESCENT DYES USED FOR GROUNDWATER TRACING

There are three fluorescent dyes and one group of fluorescent
dyes used for most groundwater tracing in the U. S. Although all
of them are sorbed onto activated charcoal, they can be pragma-
tically classified into two principal groups according to the
method conventionally used to detect and recover them. They are:

A. Dyes recovered on cotton

1. Optical brighteners (organic compounds added to deter-
gents to "make your whites whiter")

a. Tinopal 5BM GX (a new, granular, less dusty formula-
tion of "Tinopal 5BM Extra Conc; the latter 1is no
longer available)

b. Phorwite BBH Pure (powder)

c. Phorwite AR Solution (13% BBH Pure, in water)

2. Direct Yellow 96 (powder)
B. Dyes recovered on activated charcoal
1. Fluorescein (powder)
2. Rhodamine WT (sold as a 20% solution, in water)

"Sources of supply, costs, concentration, and Colour Index
information on these dyes are given in Tables 1 and 2. Toxicity
data for all of them but Tinopal 5BM GX is given by Smart (1984).
Toxicity data for Tinopal 5BM GX is given by Lyman et al. (1975)
and Ganz et al. (1975); in the latter paper, it is identified as
DASC-4.

Similar data for other dyes which can be safely used will be
given in The Joy of Dyeing, but the major emphasis in it will be
on those listed above.

Not all optical brighteners are sulitable for water-tracing.
Some work best in hot water and are inefficient in cold (54 °F)
hard water. Many work best on  specific type of fabric. There




0 A
! - cpry
. . o .

f/fxv s Lo
L‘fn,v\ #v\.. . L :

*quaby butus3ybrig jusossiontd 1D = '¥°8°3 !MOTT98K 302110 1D = *i°Q@ :z a1qel Ut jou suotietAaiqqgy
‘T d1qel ur ‘sbed Butmolto3l ay3 uo uaatb aze sassaippe pue sauweu 19t11ddnrg
‘uMoys wnip pirepuels 3sabiel ayi ueyy ssat satarjuenb 103 ‘arqesridde ai1aym ‘sebieyd buryoedsa apniour seorig

pinb1a 18pmog pronbig 13pmog
7
SQT STT» | beq qU-0bx | SQT 9724 SQT 00€a 13430
BV 18 »0€° VS - »L6°C185 0¥y 8$ 00°T18 ° xGE° 88 8L HTS S0° LS P osz |
|
- LS ¢1s ST 68 00°11s - 8L°VTS sg° LS P 001
8v°2s 9 »0€°€S 66°€1$ 06°6S$ ©00°TT$ 0b°6$ BL*VTS S9° LS p 0§
SqQT1 6 . .
03 6Z1 A - 66°€1S 06°6$ 00° 118 - 8L V1S S0° mwv\ww P ST
0£°98 9
sSqQT y11 - - - 06°21$ 00°01¢ 00°b2Z$s GG~ mw ¢ 2 01
Br-€s o 03 1 WJ.
SA1 vZ1 - - - zom A% - 00°628 S8 11 25 |
03 1 \ I
UﬂNv - - dd 05 LTS - 00°0€$ RS mw 21 |
] m \\..\ % bwm
Keqow Nu Keqo 5-2 9-2 ﬁé\ %30 \e~4 wethd as/oo ($05)weTAd | (46£)a/0D
) mv\\\ Lam . wnip=p
(B °v-g-3) AmN ‘vegta) | (ze .<.m.mu (96 "x-a) \§AagAmmm pay p1oY I1D) (gL 3oﬂam>meM< 1) ued=>
\. 449¢L .Nw
—WM’; autaela \V.W».{b_/ (ahp 30 abejuasiad
uor3inyTos ¥y ai1nd HAd X9 W8S juetryrtag (uott1eb zad spunod o71) Tenide bBurmoys)
231m10yd a3 1mioyd tedouty 1Auaydtq (uotantos *§02) LM autwepouyy uisosaiontg (sq1)
“ 2218
(13uajybrag teostado) anig LG EDS abueag uaeaino abexoryg
|
u0330D uo pPaildalzag Teod1eyDd uo pajoazad |
=
(2¥01D¥d *8°0°3) 9861 ‘SHIITAdNS SNOIYYA WONI IT1GYTIVAY XA1LNI¥YND SIAXA HIADVEL JO QNNO4 ¥3I4 1SOD

T LSS -2y

$3s0o 8Ap jo uostiedwo) T F1EVI




TABLE 2. Suppliers of dyes, chemicals, bug. materials,.-and
ultra-violet* lamps N .

B 4

cc/p Chemcentral/Detroit 7 (313) 941-4800
13395 Huron River Drive
Romulus, Michigan 48174

C-G Ciba-Geigy Corporation (800) 334-9481
Dyestuffs & Chemicals Division
P.O. Box 18300
Greensboro, North Carolina 27419

C&K Crompton & Knowles (800) 323-4383
—_— Industrial Products Division
P.O. Box 68
Skokie, Illinois 60076 : ®
Fisher Scientific Co. ' (513) 793-5100
541 Creek Road ' (There are 26
Cincinnati, Ohio 45242 . other branches)
Klein & Thomas, Inc. (408) 378-7752

P.0O. Box 387
Saratoga, California 95071

Mobay Mobay Chemical Corporation . (800) 662-2927
Dyes and Pigments Division
Mobay Road
Pittsburgh, Pennsylvania 15205

Pylam Pylam Products Co. Inc. (800) 645-6096
1001 Stewart Ave.
Garden City, New York 11530

Ultra-Violet Products, Inc. (818) 285-3123

P.0. Box 1501
San Gabriel, California 91778

The abbreviations in column 1 are used 1n Table 1.
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are brighteners and there are brighteners.

There are two dyes called Fluorescein. Both of them are CI
Acid Yellow 73 but only one of them, sodium fluorescein, is
water-soluble and used for tracing. In the U. S. and England
this dye is generally (and erroneously) called Fluores ein rather
than its European name, Uranine. I will follow this custom. But
not all sodium fluorescein is the same. The yield of the
dye-manufacturing process varies from 1lot to 1lot and--has
increased as improvements were made in it. In order to achieve a
uniform product and, in some cases, in order to enhance the ease
of dyeing a product, it is conventional to add diluents (cutting
agents) to technical grade dyes. This is standardization, not
adulteration. For Fluorescein the diluents commonly used are any
one of the following: sodium chloride, sodium sulphate, and
Dextrin (a starch product made from corn), in concentrations that
range from 10% to 60%; 25% and 50% are the most common. This
means that the Fluorescein bought from a company today may have a
different diluent composition and a different strength (diluent
percentage) from what was bought from the same company last year.
It also means that: 1) calculations of dye-concentration (but not
dye-recovery) in quantitative tests will be higher than the
actual value if no allowance is made for the purity of the dye,
and 2) comparison of dye costs must consider diluent
concentration as well as cost per pound. A dye which costs more
per pound could be cheaper (in terms of active ingredients) than
one which costs less. A comparison of Fluorescein prices and
concentrations listed in Figure 1 shows that one company offers
50% more dye per pound at about half the cost per pound charged
by another. There are Fluoresceins and there are Fluoresceins.

Optical brighteners and Fluorescein are very susceptible to
photochemical decay, especially when in 1low cncentrations;
Rhodamine WT is less so, but this property is a problem only if
bugs are placed 1n a stream exposed to sunlight. Direct Yellow
96 does not undergo any significant photochemical decay; it is
ideal 1f you are tracing a stream that repeatedly sinks,
resurges, and flows along the surface.

All tracer dyes tend to react with the environment through
which they flow. Fluorescein, Rhodamine WT (to a lesser extent),
optical brighteners, and Direct Yellow 96 (the latter two to a
much lesser extent than Rhodamine WT) are all sorbed by clays.
Sorption precludes the use of Fluorescein and Rhodamine WT in
granular aquifers but it is less important in karst aquifers.
Optical brighteners and Direct Yellow 96 are more reactive with
cellulose (wood, leaves, etc.) than the other two.

DETECTION OF DYES

Dye 1s recovered with detectors known colloguially as bugs.
They are suspended 1n streams and springs, commonly on a hydro-
dynamically stable stand known as a gumdrop which is ¢xplained in
Fiaure 1.




Figure 1. Gumdrop used to suspend dye-detectors (bugs) above
stream beds. Total height 1is about 12 to 14 inches.

A -- Concrete semi-hemisphere, approximately 6 1inches in
diameter and 2 to 3 inches high. (Concrete 1is poured
into a hydrodynamically stable plastic cereal bowl lined
with Saran Wrap.)

B -- Galvanized steel wire, #9 gage. Note 1loops bent into
it.

C -- Nylon cord, 3/32 inches in diameter, tied to loop in
wire and to tree or large rock. (Tan or gold color is
recommended because 1t blends with dirt.)

D -- Vinyl-clad #10 copper electrical wire. It is twisted

through the steel loop and snugly around the piece of
cotton, E.

E -- Surgical cotton, 4 1inches long x 2 1inches wide and 1
inch thick. The cotton swings freely in any current and
stays free of sediment that might bury it. ’

Note: A second detector, for Fluorescein, Rhodamine WT, or
another dye sorbed onto charcoal, can be hung with a paper clip
onto the same loop to which C 1s attached. This detector

consists of one toc two heaping teaspoons of activated coconut
charcoal 1n a packet made of screening, as described 1in the text.




Cotton Bugs

Johnson & Johnson's Red Cross brand surgical cotton, pur-
chased in the l-pound size rather than a smaller size, is highly
recommended. Several other brands of surgical cotton are treated
with an optical brightener during their manufacture; they are,
therefore, unsuitable. Recently, however, Johnson & Johnson has
started to use brightener on some of its cotton. Check yours
before you buy in bulk or start your test. Always use an
ultraviolet 1lamp during bug fabrication to inspect bugs for
brighter or brightened contaminants on the cotton. Tom- Aley has
found 2.5-inch diameter cotton pads that are useful as bugs.
They are sold as Swiss Beauty Pads and may be found in some drug
stores. You can order them directly from the manufacturer, Klein
& Thomas Inc., at the ‘address given in Table 2 ($2.99 for 100
pads). Swiss Beauty Pads can be suspended in a packet made of
aluminum, nylon, or fiberglass screening, like those made for
. charcoal bugs and described in the caption for Figure 1.

A cylindrical cotton bug suitable for use in wells is Tampax.
I don't know about the fluorescence or non-fluorescence of other
brands of tampons. Tampax would also be a good "emergency bug"
that could be bought almost anywhere.

When recovering bugs in the field, I prefer to put them into
individual pre-marked 4x4-inch Ziploc or Whirl-Pac PVC bags.
Before going into the field, label and date each bag with a
marking pen which has an aromatic solvent-based ink. Water-based
inks will wash off. After you put the bug in the bag, but before
you seal 1it, squeeze the excess water out of the bug and drain

it.

After collecting a cotton bug, wash it thoroughly with a

high-speed jet of water. (I use a garden hose with a squeeze-
operated nozzle.) This removes clay, silt, and trash from the
cotton mass. Press it flat and examine with a long-wave UV lamp.

I recommend the Ultra-Violet Products model UVL-21 ($55.00) with
its model CC-10 viewing cabinet ($80.00; overpriced, but
extremely convenient and almost essential).

Cotton which has reacted with optical brightener is charac-
teristically blue-white. Cotton which has reacted with Direct
Yellow 96 is canary yellow. Cotton which has reacted with both
of these dyes 1is a distinctive white-white. Fluorescence
intensity is directly but not linearly proportional to the amount
of dye which has reacted with the cotton. Bugs which have not
reacted with optical brightener will not fluoresce. Bugs may
have a few blue-white flecks that fluoresce; these do not make a
bug positive. The flecks are merely brightened fibers from
elsewhere which got mechanically trapped in the bug as it sat in
the stream of water.

Some practitioners prefer to use cotton cloth rather than
surgical cotton as a detector because the cloth can be more
easily scanned by a fluorometer or spectrofluorometer, thus

-

partially quantifying the degree of positiveness of a bug. [




don't. My field tests with both types of detectors mounted on
the same gumdrop repeatedly show that the surgical cotton is
significantly brighter and more sensitive to lower concentations
of dye. This is probably because there are fewer fibers per unit
area in the cloth.

Charcoal Bugs and Elution

-
p

A charcoal bug consists of 1 to 2 teaspoons of activated
coconut charcoal in a packet made of aluminum, nylon, or
fiberglass screening. The packet is about 2.5 inches square and
two of them can be folded from a 5 x 7-inch piece of screening.
Do not use copper or brass screening. If you use nylon or
fiberglass screening, two of the seams can be closed with a
sewing machine, preferably with non-cotton thread, and the third
can be closed with staples. Alternatively, all the seams can be
closed with staples. Fold the ends over to prevent 1loss of
charcoal at the seams. The bug 1is hung on a gumdrop, as
described in Figure 1. Replace paper clips after two to three
weeks; they rust and they fail by fatigue where bent.

The following detector and some or all of the indicated

reagents are needed:

Activated coconut charcoal, 6-14 mesh (Fisher #5-685-A; cost:
$18.00 per pound). Unless you are going to use hundreds
of bugs per year, do not buy charcoal 1in containers
larger than l-pound. Charcoal loses its sorption ability
by reaction with air over a period of weeks to months,
depending upon how tightly the can is sealed. Do not use
the charcoal designed for water-treatment processes and
aguariums. .

Isopropyl alcohol (2-propanol): This 1is rubbing alcohol, a
70% solution, available in any drug store for about $1.00
per pint. You can also use the 99% solution available
from chemical supply houses at a price about 40 times
higher, or you can use the inexpensive 99% solution which
is sold for cleaning drums on xerox machines, but each
has to be diluted with water to 70%. 1If you don't dilute

~them, the KOH will not dissolve properly. Make a
saturated solution by adding about 6 to 7 grams KOH to
100 ml of the 70% alcohol. Use just the lighter liquid,
at the top, which 1is a saturated solution of about 5%

"KOH.
Ethanol
l-propanol Available from any
Potassium hydroxide : chemical supply house

ammonium hydroxide
Distilled water (Tap water would probably be satisfactory
when nothing else is available.)

A Fisher address is glven in Table 2. Bugs should be changed
every couple of days to weekly. In streams with smelly or
colored water, the charcoal will be rapidly exhausted; bugs
should be changed daily or more often.




If elution of dye from charcoal is not done within 6 to 12
hours after collection, the bug should be dried as soon as
possible after <collection. This will minimize Dbacterial
reactions that can destroy some of the fluorescein in the

charcoal.

Elution of dye 1is simple. Interpretation of elutants,
however, ranges from obvious to subtle and can be difficult when
the amount of dye recovered is minimal. One has to develop- an
"eye" for doing so.

I recommend the following elutants for recovering dye from
activated charcoal:

A. For Fluorescein: 5% KOH in 70% _isopropyl alcohel. (This
has a limited shelf-1j Do not use elutant more than a
few days old.)
For Rhodamine WT: a 5:2:3 mixture of l-propanol, concen-
Lrated NH.od,. and distilled water. (This has a shelf-life
of severé? months.)

The choice of which hydroxide to use in which alcohol depends
upon what dye is to be eluted, whether two dyes are to be eluted,
the adequacy of available ventilation, and one's tolerance for
ammonia fumes. As discussed by Atkinson and Smart (1981, p.
177), the best and most efficient elutant for Rhodamine WT is a
5:2:3 mixture by volume of 1l-propanol, concentrated NH,OH. and
distilled water, preferably warmed to about 140 OF (Smar% 1972'
Smart and Brown, 1973). Most practitioners, myself included,
elute at roomtemperature and we have assumed that the 5:2:3
"Smart Solution” is also optimal for elution of Fluorescein. But
it might not be optimal. Staff of the Missouri Geological Survey
prefer to use ethanol rather than 1- propanol because the fumes
are significantly less when ethanol 1is used. Their laboratory
tests have shown that 5% KOH in ethanol releases 51gnlf1cantly
more Fluorescein from charcoal than does 5% NH,OH in the same
alcohol. 1In contrast, the recovery of Rhodamine WT from charcoal
is far greater with S% NH4OH in ethanol than with 5% KOH in the
same alcohol. For semi-quantitative tests using activated
charcoal, a spectrofluorometer, and both dyes, the Survey has
standardized on elution with in ethanol. This 1is
because the significant decrease in é%e recovery of Fluorescein
when NH,0OH is used is much less than the great decrease in the
recovery of Rhodamine WT when KOH is used (James W. Duley, oral
communlcatlon, January 1986). Nevertheless, it has not yet been
shown whether l-propanol is more efficient or less efficient than
isopropyl alcohol, ethanol, or any other alcohol for elution of
Fluorescein from activated charcoal. There is a great need for a
systematic study of Fluorescein elution similar to the study by
Smart (1972) of Rhodamine WT elution. Such a study should start
with laboratory tests and be extended to include bugs wich have
been subjected to the vagerles of exposure in actual springs and
streams.

It 1s practical to elute dye in baby-food jars on which an
identifying number has been scribed. Similarly-sized jars which
can be sealed are also suitable.




Wash bugs with—a-high-speed—jet—of water;-this will—-remove ---

clay and silt which interferes with the analysis. Pour about
half of the charcoal into the numbered jar and cover the charcoal
with about 1/8" to 1/4" of elutant. Wait. [Keep the other half
of the charcoal in case it is needed for evidence, or in case
there is a foul-up such as dropping a jar, etc.]

The kelly-green color of Fluorescein is distinctive;-~but
interpretation of weakly positive tests is complicated by
confusion between this color and the color of algae and -organic
matter (humic acid, agricultural waste, etc.) which can occur as
background. All of them are sorbed by the charcoal and released
from it by the elutant. Many a test has been falsely called
positive by well-meaning people who hadn't yet learned to
distinguish the green of this background from that of
Fluorescein. The human eye is better able to distinguish between
them than is the fluorometer or spectrofluorometer.

The following is a semi-quantitative scheme proposed by Aley
and Fletcher (1976, p. 16) for assessing the degree of positive-
ness of Fluorescein recovery on charcoal:

1. Very strongly positive: Dye can be seen distinctly with
the naked eye in sunlight or in an artifically lighted
room within 15 minutes of the time that KOH and alcohol
are added to the charcoal. ,

2. Strongly positive: Same as above, but after 15 minutes and
before 3 hours. : :

3. Moderately positive: Dye can be seen with the naked eye in
sunlight or in an artificially lighted room, but not until
3 to 24 hours after adding KOH and alcohol. The dye is
indistinct, and the observer feels it is necessary to
verify the resplts by beaming a light into the sample jar.

4. Weakly positive: Dye cannot be detected by the naked eye
in sunlight or in an artificially lighted room until more
than 24 hours after adding KOH and alcohol. Dye can be
distinctly seen by the naked eye when a light is beamed
through the sample jar.

S. Very weakly positive: The appearance of the dye is similar
to weakly positive tests, but the dye cannot be seen until
more than one but less than 10 days after adding KOH and
alcohol. The dye can be distinctly seen by the naked eye
wpen a light is beamed through the sample jar.

The light-beaming technique increases the detectability of
Florescein; it can be seen in concentrations as low as one part
per billion. The technique is simple and can be done in either
of two ways:

1. Use the focussed beam from a microscope lamp.

2. Use sunlight and a 4-inch reading glass.

The "green beam" 1s more visible if it is viewed against a black
background.

Do not shake the jar. If you do, and if there is any sus-
pendad clay that was on the charcoal and is then in the elutant,
the beam will be white; you will have to wait, perhaps as long as




several hours, until it settles.

Elution of dye from activated charcoal does not give
reproducible, reliable results on a fluorometer or spectro-
fluorometer. There can be dye-losses due to microbiological
reactions and diffusion of adsorbed dye onto internal high-energy
sites in the charcoal; not all dye is eluted or the time
necessary for attainment of equilibrium between elutant, char-
coal, and dye is long, variable, and temperature-sensitive (Smart
and Friederich, 1982, p. 108-111).

Jars used for elution should be thoroughly washed between
uses. Some practitioners prefer to include a bit of Clorox in
the rinse water, in order to eliminate the possibility of
contamination from “~ tests to another. The use of Clorox,
however, is probably not necessary.

PLACEMENT OF DETECTORS

Place the bugs in a stream or spring and at a location which
maximizes the amount of water which passes through them. Anchor
a bug to a rock, use a gumdrop (Figure 1), or a Chaney-pin
(described in the subsequent section on principles of dye-
tracing). In my opinion, gumdrops offer the greatest convenience
and flexibility where there is much suspended sediment and when
bugs must be recovered at sites where water levels may fluctuate
more than a few feet. 1In the Mammoth Cave area we commonly have
a fluctuation of 10 to 20 ft; 50 ft is possible. Accordingly,
the non-gumdrop end of the cord should be tied at an elevation
not likely to be flooded during the duration of the test being
run. If flow velocities are very high, put the bugs in a more
sheltered area. Otherwise cotton may be washed away and charcoal
may be washed through the screen; the test can be lost.

Bugs can also be placed in wells or, preferably, in a stream
of water continuously or regularly pumped from a well. They can
even be put in the tank behind a toilet but, since the degree of
positiveness of a bug 1is directly related to the amount of
dye-laden water that has passed through it, pumped wells are more
sensitive and reliable than toilet tanks as an indictor of the
presence of dye. Recent observations in Arkansas by Tom Aley
suggest that even though most wells do not intercept trunk
conduits or their major tributaries, continuous pumping of a well
can reverse the normal flow of water. Pumping can draw dye-laden
water from the conduits and into the joints and bedding-plane
enlargements that normally feed then. He has had success by
continuously pumping wells for a week or more at rates up to 5
gpm (7200 gpd). Water flows through a garden hose and to an
opaque container which has an opaque cover. This protection
minimizes the likelihood that sunlight will enhance the growth of
green algae which can interfere with interpretation of elutant
color. Research needs to be done on the extent to which wells in
karst areas can monitor the conduits they don't intercept.

Pilfering of gumdrops can be minimized by using a plastic-




laminated tag similar to the one shown in Figure 2. It works.

HOW MUCH DYE TO USE

This is a matter of experience. Equations and a nomograph
may be given in The Joy of Dyeing but, for now, I'll state some
rules of thumb. ~For the a average Kentucky spring (whatever that
is) , under average conditions (whatever they are), I would start
with the following and adjust amounts downward or upward as
initial results suggest:

Fluorescein -- one pound per mile, up to five pounds

Direct Yellow 96, Tinopal 5BM GX, and Phorwite BBH Pure --

twice as much as for Fluorescein

Phorwite AR Solution -- one gallon per mile, up to four
gallons
Rhodamine WT -- not recommended for most qualitative tests

because the tea-like color of any organic matter common-
ly present can mask the pink tint of the dye unless
relatively large quantities are used. If you must, try
0.5 gallon per mile.

For quantitative tests, using a fluorometer or spectro-
fluorometer, use one tenth to one hundredth as much dye. Rhoda-
mine WT is the best dye to use for quantitative traces.

It is always a goal to limit the amount of dye to a gquantity
which is insufficient to impart a visible coloration to water.
This goal is inspired by health and aesthetic (public relations)
considerations, but there are times when, for public confidence
in results (or for rabble-rousing), it is advisable to have the
resurgence of the dye wvividly obvious to all. The 1limit of
visibility of Fluorescein is about 0.03 ppm; 0.3 ppm can be
easily seen with the ‘naked eye.

The U.S. Geological Survey has a policy of limiting the
maximum concentration of fluorescent dyes at water-user with-
drawal points to 0.0l ppm (Hubbard et al., 1982, p. 15), but this
is an arbitrary, conservative, non-obligatory 11m1t rather than
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PLEASE DO NOT DISTURSB

THIS IS PART OF A RESEARCH PROJECT CONCERNED WITH
TRACING WHERE SPRING WATERS COME FROM. FOR
INFORMATEON ABOUT THIS PROJECT AND ITS RESULTS
CALL JIM QUINLAN AT: 758-2394.

IF YOU MAYE REMOVED THIS DEYICE FROM THE WATER
WOULD YOU PLEASE PUT [T BACK THE WAY YOU FOUND |T.

THANK YOU, j

e

Figure 2. Laminated tag sometimes attached to a gumdrop in order
to discourage removal of it from water by people who are curious
as to what it 1is. (Shown actual size)




one based on a comprehensive assessment of toxicity.

I urge caution in the use of Direct Yellow 96. If you use
too high a concentration in a potable water supply you might dye
someone's laundry pale yellow. People will wonder where the
yellow came from. There will be no injury to their health but
they might be irked. And you might have to buy some clothes.

INJECTION OF DYE

. This too is an art. Whenever possible, use dye pre-mixed in
water. It can be stored and carried in gallon milk jugs. I
recommend using 1 pound per gallon of water for Fluorescein and 2
pounds per gallon for Direct Yellow 96 and optical brightener.
Warning: Do not store Direct Yellow 96 in a plastic milk jug for
more than a month or two. Direct Yellow 96 eats plastic; the
jugs crack and leak. The timing and location of the conseguent
disaster follows Murphy's Law.

Although you can easily inject Fluorescein powder and Tinopal
5BM GX where there is little or no wind, never inject Direct
Yellow 96 or Phorwite BBH Pure in powdered form —-— unless you are
prepared to have contamination of clothes and everything you come
in contact with. When injecting Fluorescein powder and there is
a wind, always be upwind of the powder; keep your equipment and
all onlookers upwind and well away from it. Try to be to the

side of or upstream from dye being injected into a stream. I
find Wellington-type rubber boots to be ideal and I always wear
long, electrician-type rubber gloves. [Playtex gloves aren't

long enough.]

A tank-truck of .water can be used for dye-injection into the
subsurface where natural flow, is not available. I have had
success with a "primer" of 1000 gallons before dye 1is injected.
The injection is followed by a "chaser" of about 1000 gallons.
More water or less water could be used, as circumstances seem to
require, but it is important to have a primer and a chaser.

RECORDING TEST DATA

The results of a dye test should be recorded on a data sheet

similar 'to that shown in Figure 3. I fill them in with an
ordinary pencil but record all positive results with a red pen.
This makes positive results less likely to be overlooked. 1

record a weakly positive test with a single dotted red cross.

Daily tasks associated with a dye-trace are recorded on the
bug sheet shown in Figure 4. Note the column for recording the
results of the dye tests. The jar number is always recorded on
the bug sheet, checked, and rechecked before any elutant 1is
poured into the jar.




BUG SHEET -- Miscellaneous Sites

TEST RUNBY " DATE
AY73 Rhod. o8 | pyos ' "~ } Pull|Pull | Hang |Hang |}
Fluor.| WT - Locatiom - - .| Gum |A1} Cott- Ch;(e' Gum
Charcoal Cotton S - qup Bugs. | on._.,FoaI‘_Drox
l:
t
X
)
Figure 3. Sheet for recording tasks performed and results.




RECORD OF DYE TEST

Input Point (Name of test)

Tracer

Precipitation Before or During Test

File #
Date Time
Amount Investigator

Date, Number of days since dye

Detectors placed at Date

input, and Eesu]ts

Number
of Days

Legend: - Negative Result
.+ Positive
++ Very Positive
+++ Spectacularly, Gloriously
Positive
/ Bugs not changed
Remarks :

B Background
B+ Fluorescence Significantly
above Background
NR Not Recovered (because of high
water or other reason)
L Bug Lost or Stolen
G New or Extra Gumdrop Installed

Interpretation:




RECENT ADVANCES IN THE INTERPRETATION OF DYE TRACES

Significant advances have been made during the past few years
in the interpretation of dye-trace results in karst terranes.
Repeated traces in the same swallet-to-spring system show that
the travel times in several British systems show an inverse,
non-linear (hyperbolic) relation with discharge (Smart, 1981;
Stanton and Smart, 1981). They showed that the breakthrough
curve (time VS. dye concentration) indicates increasing
dispersion with decreasing discharge, a consequence - of the
increasing "dead volume" of the conduit. Multiple dye-peaks
suggest that branched flow routes are present and that the
relative significance of each branch changes as spring discharge
changes. Where the travel time shows a 1:1 inverse relationship
to discharge, a system is interpreted to be phreatic; this
characteristic of simple phreatic streams allows graphic analysis
to distinguish them from vadose and complex phreatic streams.
They also showed that the amount of Rhodamine WT which is sorbed
in transit from swallet to resurgence is appreciably greater at
low flows than at high flows. A pulse-test (a powerful technique
explalned and reviewed by Smith, 1977, p. 99-101) made during low
flow in one of the systems 1nd1cates that only a small proportion
of the conduit is vadose (Smart and Hodge, 1980). Significant
advances in quantitative dye-tracing have also been made by C. C.
Smart (1983a, 1983b) and Smart and Ford (1982) in a glacierized
Canadian karst and by Lang et al. (1979), Collins (1982),
Burkimsher (1983), and Brugman (1986) in glaciers.

Interpretation of results of intensive tracing, especially
when done with complementary chemical analyses and discharge
measurements, has made it possible to construct mental models
that enable visualization and comprehension of water and
pollutant movement through karst terranes -- as shown by Jones
(1973), Quinlan and Rowe (1977), Aley (1977, 1978), Quinlan and
Ray (1981), Crawford (1984), Friederich and Smart (1982), C. C.
Smart (1984a, 1984b), Hallberg et al. (1985), Quinlan and Ewers
(1985), vandike (1985), Gunn (1986), and many others. A recently
proposed mathematical technique for analysis of transport of
material through any kind of natural system examines
residence-time distributions and can relate tracer studies to
empirical models (Buffham, 1985; discussed by Woods, 1985).
Perhaps this technique and one proposed by Rathor et al. (1985)
can be used for karst studies.

PRINCIPLES WHICH MAXIMIZE THE COST-EFFICIENCY, SUCCESS,
RELIABILITY, AND UTILITY OF DYE-TRACING STUDIES

I have had more than twelve years of experience in running
and directing hundreds of dye-tests in carbonate rocks. Tom Aley
and I have had more experience in doing so than anyone else in

the U. S., but we are still learning. This experience has raught
us much about how to and how not to run dye tests. The following
are some of the lessons I've learned and their application o the
study of karst hydrotiogy. The principles are not listed 11 any




particular order of significance.

PRINCIPLE 1. Dye-tests should be designed so that there is
always a positive result -- somewhere.

DISCUSSION: Negative results to a monitored site are always
questionable. But if they are accompanied by strongly
positive results to another site they can be considered

reliable for the flow conditions during the test -- and they
can be used. [The results might be different when the flow
is much .lower or higher.] Also, until one knows where a

tracer has gone, that tracer can not be used in the same
groundwater basin for a long time. If one has not accounted
for the dye from the first test, and if the same dye is used
for a second, third, or even a fourth or fifth test, one
never knows whether the positive results of a given test are
a result of dye injection from the first, second, fourth, or
fifth test.

PRINCIPLE 2, Always run background tests before tracing with
optical brightener.

DISCUSSION: This is always necessary with any dye if there is a
possibility of litigation over interpretation of ‘tracer re-
sults, or if it is possible that another investigator may be
tracing in the same area. Litigation aside, many karst areas
have a slight to moderate brightener background because
brighteners are in laundry detergents; laundry wastewater is
part of the effluent from septic tanks. Brightener can still
be used, and the background can be overridden, but a standard
for comparison 1is needed. [One can use anomalously high
background for brighteners as a prospecting guide to locating
effluent from sewage treatment plants, sewer lines, and
septic field systems (Quinlan and Rowe, 1977; Aley, 1985).]
Direct Yellow 96 can be ideal for use in areas where there is
a high background for brighteners. Routine qualitative tests
with other dyes generally do not require determination of

background but quantitative tests do. If there is a
possibility that someone else might have injected dye
recently, check for it. Cave explorers, for example,

sometimes run tests, generally with Fluorescein. Similarly,
1f you know of someone who may be doing some tracing in your
area of interest, check with him. The cour tesy is
appreciated and may be mutually beneficial. Aalso, he might
have (and be willing to share) data that will be useful to
you.‘ Return the favor.

PRINCIPLE 3. Generally speaking, never follow a qualitative test
to a given recovery point with the same dye if the second
test might also go to the same recovery point -- unless a
major storm has occurred after the first test is over and
before the second is started.

DISCUSSION: For traces to a given recovery site one should
always alternate from one dye to annther —-- unless a major
rainstorm has occurred. This 1s because a rain that occurs

after the first test may flush dyr-laden water which was
locally left stranded 1in the system (either in pocls or as
coatings on passage w:lls), thus gi.ing a falsely positive
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result. The rain that occurs after the first dye-test may
also flush dye which had been temporarily sorbed onto clays
and left "stranded" by receding floodwaters, thus also giving
a second maximum in a plot of dye-concentration vs. time. My
preference is to switch from a dye recovered on one type of
bug to a dye recovered on the other type.

PRINCIPLE 4. If possible, always try to run two tests

simultaneously -- to the same possible recovery site or to
adjacent sites.

DISCUSSION: This doubles productivity and cuts labor costs per

test to approximately half. For a given potential recovery
site, and depending upon circumstances, one should use one
dye detected on charcoal and another detected on cotton. For
example, use Fluorescein and optical brightener. This can be
followed by Rhodamine WT and Direct Yellow 96. (0Of course
one can start with Fluorescein and Direct Yellow 96 and
follow it with Rhodamine WT and Tinopal S5BM GX or Phorwite
BBH Pure or AR Solution.) In some aquifers, however, where
dilution (and perhaps also sorption) is high, Fluorescein is
the only dye which can be wused for qualitative tests;
Rhodamine WT could be used for quantitative tests.

PRINCIPLE 5. Qualitative dye-tests give useful results much more

rapidly and cost-efficiently than quantitative tests; often,
they are all that is needed.

DISCUSSION: Qualitative tests, using activated coconut charcoal

and/or surgical cotton as detectors can be run with a
detector cost of less than $0.20 each. The detectors work 24
hours .per day and need to be changed only once or twice per
week. (0f course, samples can be taken much more frequently
if there is a need for doing so.) Although the materials
cost is trivial, the preparation, setting, changing, elution,
and analysis of bugs is very labor-intensive. Much extremely
useful information can be gained by using grab-samples (or an
automatic sampler) and a fluorometer or a spectrofluorometer.
Fluorescein 1is the most practical dye to use with activated
charcoal; Rhodamine WT is not recommended for general
qualitative use. Each of the other three dyes is suitable
for quantitative use, but activated charcoal will not give
accurate quantitative results with any of them. Optical
brightener and Direct Yellow 96 work equally well with cotton
deteFtors.

PRINCIPLE 6. Set bugs at all the likely places to which dye

might flow, many of the unlikely places, and a few of the
stupid, incredibly impossible places.

DISCUSSION: Use enough dye to reach the most distant of the
above places. Dye is expensive, but it is cheap relative to
the time and labor costs necessary to re-run a trace which
isn't done properly the first time. The cost of charcoal and

cotton detectors 1s miniscule.

PRINCIPLE 7. Delineation of a groundwater basin by dye-tracing

should generally involve partial delineation of its
neighboring basins.
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DISCUSSION: This 1s a corollary of Principle #l1. . You should ﬁ

generally set bugs in the adjacent groundwater basins. By
having most dye flow to them, by simultaneously working
opposite sides of the basin to be delineated, and by
alternating the dyes used, one can work more rapidly and
efficently. Both sides of a suspected divide should be
tested by tracing, but the concept of an imaginary line that
neatly separates one basin from another doesn't always apply
in karst terranes. In most, dye which is injected near--the
center of'a basin goes to a spring or to a distributary group
of springs. But in some terranes, dye injected close: to the
assumed boundary between two basins flows to each of them.
Smart (1977) has suggested that, when it is desirable to
compute a water balance, the basin boundary should be chosen
so as to coincide with dye-inputs in which the dye was
divided evenly between the springs of two adjacent basins.
The "neatness"™ of basin boundaries is also shattered by
results in West Virginia described by Jones (1984c). Dye
from a sinking stream flows about a mile in 24 hours to a
particular spring. But a total of only about 5% of the dye
goes there; the remainder of the dye was recovered a month
later at a spring 12 miles away. Although calculation of
basin area for a water balance may seem like an interesting
but merely academic exercise, delineation of the boundary,
and determination of whether it is fuzzy or sharp, 1is
extremely practical and necessary if one must monitor a site
or make an emergency response to spillage of toxic agents.
Such a determination could only be done if springs outside
the basin to be delineated were also bugged.

PRINCIPLE 8. Always, always, always replace one set of bugs with
another, even if you are sure that the test is over.

DISCUSSION: Bugs are cheap relative to labor costs and the risk
of losing a test. Also, sites should be monitored until vyou
know the dye 1is out of the system. Meanwhile, the dye may
also show up elsewhere in either distributary flow or radial

flow.

PRINCIPLE 9. Be paranoid about the possibility of contamination
of samples, tampering, or removal of bugs by people curious
as to what they are.

DISCUSSION: Contamination happens, sometimes in the strangest
ways. Anticipation of its possibility is the key to its pre-
vention. Recognition of possible tampering is made easier
if: 1) extra, well-hidden bugs are set, 2) the dye (or dyes)
used and the bugged locations are kept secret until the test
1s over, 3) control bugs are set upstream from tributary
junctions, and 4) optical brightener 1is secretly used with,
for example, Fluorescein, as a check. Also, careful
monitoring of the timing, location, and dye-concentration of
the positive results will detect tampering by all but the

most skillful attempt at manipulation of the test results. I
minimize loss of bugs by using 3/16" qgoidline cord on
gumdrops; 1t "blends" with dirt. I =even rub dirt onto new
cord. Sometimes a monofilament fishing lice 1s best. L f
there 1s any possibility of public access 1o the bugs (oy




hikers, fishermen, etc.), it is necessary to set an extra bug
or two at each site. Tom Aley has had extensive experience
with steel "Chaney pins" which are driven into a stream
bottom and used for holding bugs without the aid of telltale
cords. If necessary, when Chaney pins are buried by
alluvium, they can be recovered with the aid of a metal
detector. The use of laminated tags like the one shown in
Figure 2 is effective.
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PRINCIPLE 10. If you have a choice, inject dye during moderate
flow conditions, while streamflow is in recession. -
DISCUSSION: Dilution will probably be minimal and flow times
will be average. This is the optimum time for tracing. See

Principle 11.

PRINCIPLE 11. Although the first dye-tests should be run when
conditions seem optimum, they should also be run at both
low-flow conditions and high-flow conditions -- in many
situations, but not all. .

DISCUSSION: Flow-routes that function only during moderate- and
flood-flow conditions may divert some of the water to springs
in adjacent groundwater basins. During such conditions dye
(or leachate from a site) can go to springs which it does not
reach during low flow. In the Mammoth Cave Region the flow
time between two points about 5 miles apart (Parker Cave and
Mill Hole) ranges from 18 days to less than 24 hours. The
average flow time is 3 to 5 days.

PRINCIPLE 12. Do not use a dye unless you know what it is.

DISCUSSION:. There are many dyes sold as "leak-tracers" which are
carcinogenic, mutagenic, etc. The companies selling them
disclaim responsibility for their use, but you can't --
morally or legally. See the toxicity review by Smart (1984).
In brief, Fluorescein, Rhodamine WT, and optical brighteners
are the safest dyes to use. Available data for Direct Yellow
96 does not suggest any problems with its use but it has not
been tested for mutagenicity. Rhodamine B is a known
carcinogen and possible mutagen; it should never be used
unless you can give a rigorous justification for using it
rather than a different dye. It should be stressed, however,
that the toxicity of Rhodamine B has been shown to be due to
impurities (diluents) within some batches of technical grades
of the dye, not the dye itself (Smart, 1984). According to
Smart, no water-tracing dye is acutely hazardous because of
short exposures to the locally very high concentrations of it
which can briefly occur where dye is injected. A concen-
tration of 1 ppm for 48 hours can be endured by the more
sensitive organisms.

PRINCIPLE 13. Always set bugs before you handle or dump dye.

DISCUSSION: This lessens the probability of contamination of
bugs. Also, carry the dye containers in plastic bags and 1in
a separate part of your vehicle (such as in the trunk or in
the back of a pickup truck). If you are working by yourself
and must load your dye after making up the bugs and loading
them, wash your hands and inspect tnem under an ulrraviolet

\%] lamp after you load the dye. {I don't recall how many times

L -




we have had to decontaminate spots of optical brightener on
the steering wheel of a pickup truck. Keep rubbing it with
cotton swabs until no more brightener transfers to cotton.]
Ideally, two people and different vehicles could be used, but
this is not necessary. Be careful, very careful.

PRINCIPLE 14. If there are enough accessible wells, if there is
no perched water above the main water mass, and if project
needs can justify and afford it, make a map of -~the
potentiometric surface, preferably before dye-tracing is
started or completed. .

DISCUSSION: The map can pay for itself, many times over. It is a
useful supplement which can greatly aid decision-making in
designing dye-tests and it can greatly decrease the number of
tests otherwise needed. Such a map can be almost useless,
however, if there are not enough wells to allow reliable
contouring, or if there are siltstones or shales within the
carbonate section; they tend to perch the water and make the
data misleading and difficult to interpret. '

PRINCIPLE 15. Know your dye.

DISCUSSION: Play with it in the office or laboratory, before you
start running tests for the first time. Make up a
Fluorescein solution that is approximately 1 ppm by mixing 1
gram of dye in 1000 ml of water and dilute it to 1 ppm. Pour
approximately 500 ml of this 1 ppm solution through a bug at
such a rate that it takes about 15 to 20 seconds to pass
through the bug. (Alternatively, and with a pair of tongs,
swish a bug through about 500 ml of the 1 ppm solution for
several minutes.) Rinse the bug in clean tap water for about
a minute and elute. You should get a very strongly positive
result. Repeat, using 500 to 1000 ml of 0.1, 0.01, and 0.001
ppm solutions. Results from these elutions are only semi-
quantitative, partly because not all of the dye will be
released from the charcoal. But it will give you a feeling
for how to elute and how to recognize Fluorescein. Having
run this series of tests, leave a "background" bug in a
stream for a week and run the same series of tests on the
elutant from it when you repeat the above series on a 1 ppm
solution of Fluorescein. Compare the results.

As with love-making, there is only so much you can learn from
the printed word. There 1is no substitute for experience or

experimentation.
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7
A REVIEW OF THE TOXICITY OF TWELVE
FLUORESCENT DYES USED FOR
WATER TRACING

P. L. SMART
Department of Geography
University of Bristol
Bristol BS8 1SS
England

Toxicological information is reviewed for twelve fluorescent dyes used in water tracing, Fluorescent
Brightener 28, Tinopal CBS-X, Amino G Acid, Dipheny! Brilliant Flavine 7GFF, Pyranine, Lissamine
Yellow FF, Fluorescein, Eosine, Rhodamine WT, Rhodamine B, Sulphorhodamine B and
Sulphorhodamine G. Mammalian tests indicate a low level of both acute and chronic toxicity.
However, only three tracers could be demonstrated not to provide a carcinogenic or mutagenic hazard.
These were Tinopal CBS-X, Fluorescein and Rhodamine WT. Rhodamine B is a known carcinogen and
should not be used. In aquatic ecosystems, larval stages of shellfish and algae were the most sensitive.
Persistent dye concentrations in tracer studies should not cause problems provided they are below 100

ug/l.

INTRODUCTION

Fluorescent dyes have been widely employed in the tracing
of water because of their high detectability. There is, how-
ever, increasing concern on the effects of chemicals in-
troduced into natural waters. This prompted a previous
review of the toxicity of fluorescent dye tracers (Smart,
1982). This paper updates the earlier work and also in-
corporates material not previously included due to limita-
tions on space. Information is provided on the 12 fluores-
cent dyes listed in Table 1. The chemical structures of these
dyes are given in Figure 1. Dyes for which the exact struc-
tural formula is not known, such as CI Fluorescent Bright-
ener |5, are not included. In order to update this data base, |
would appreciate receiving details of any toxicological infor-
mation which has not been included, or which has become
available since publication.

Before examining the data, it is important to remember
that differences in test protocols and methods, in test
species, route of administration and dose, all make com-
parison of toxicity data from different studies difficult. Fur-
thermore, the standard of toxicity tests has improved with
ume, and some of the earlier studies may follow protocols
no longer acceptable in modern toxicology. A more difficult
problem is that the toxicity of dyes may well vary with
manufacturer, or even the batch of dye tested, due to the
presence of impurities. In the case of biological stains, for
instance, Marshall and Lewis (1974) have shown that many
.ubstances other than the stated dye can be present. This has
been confirmed for several of the dyes discussed in this
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Table 1. Colour index (3rd ed.) designations, dye type and
bibliographical code used for the fluorescent dye tracers.

Name CI Number Dye Type Code

Calcophor White ST

CI Fluorescent

Brightener 28 Stilbene derivative FB28
Tinopal CBS-X

CI Fluorescent

Brightener 351 Sulphostyryl derivative FB3S1
Amino G Acid — Dye intermediate AGA
Diphenyi Brilliant

Flavine 7TGFF DY 96 Stilbene derivative DY9%
Pyranine CI 59040 Pyrene P
Lissamine Yellow FF CI 56205 Aminoketone LYFF

Fluorescein Sodium Cl 45350 Xanthene FL
Eosine Sodium CI 45380 Xanthene E
Rhodamine WT* —  Xanthene RWT
Rhodamine B Cl 45170 Xanthene RB
Sulphorhodamine B CI 45100 Xanthene SRB
Sulphorhodamine G C1 45220 Xanthene SRG

*Acid Red 388

paper by Lutty (1978) and Nestman et al. (1979), who quote
purities as low as 75%. The presence of impurities explains
why some workers reported Rhodamine B to be mutagenic
in the Salmonella typhum—mammalian microsome test,
while the pure dye was demonstrated to be non-mutagenic
{Nestman et al., 1979). There are also differences in the con-
centration -»f commercial dyestuffs due to incorporation of
additives, which makes comparison of diffzrent products
difficult. tio atternpt had been made in this review to deal
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carcinogenicity and mutagenicity, hazards which may be
caused by long-term low-level exposure. Finally, the possi-
ble toxicity of tracers introduced into aquatic ecosystems is
discussed. The toxicity criteria and measures included in the
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surnmary tables have been selected to permit wide compari-
sons of all the dyes. Where several sources of information
are available, these have been checked for conformity and
the most toxic result recorded. The tables provide a sum-
mary only, and reference should also be made to the original
sources from which the information has been abstracted.
These sources are coded according to the numbers given in
the bibliography.

Toxicity IN MaMMALs

Of the acute lethal data reported (Table 2), the LDSO
(Lethal Dose—50) value for oral administration is the best
general indication of dye toxicity. Although the maximum
experimental values for Eosine and Rhodamine B are lower
than desirable, the LDS0 for all twelve days is very high.
None of the dyes would be regarded as toxic using this
criterion, the corresponding value for common salt being 8
to 10 g/kg. The intravenous and intraperitoneal administra-
tion routes provide a test of the most severe situation, where
there is no barrier to movement of dyes from the gut into the
body. There is again no indication of substantial toxicity,
and Lutty (1978) concluded that Pyranine, Lissamine
Yellow FF, Eosine and Rhodamine WT, could be safely
used for angiography in the human eye. Fluorescein is al-
ready widely used for this purpose.

Given the higher intraperitoneal toxicity of Rhodamine B
compared to the other tracer dyes (Table 2), the more severe
effects observed for this dye in both acute and chronic oral
studies suggest that it is readily adsorbed in the gut. This is
confirmed by metabolic studies (Table 3). The two optical
brighteners, Fluorescein and Eosine are adsorbed to only a
limited extent, but information is not available for the other
tracer dyes. Eosine is discharged from the body via the bile
duct, a pattern associated with its bromine substituents (Iga
et al. 1971). All other dyes are cleared via the kidneys into
the urine. Pathological examination of rats fed high dietary
levels of Rhodamine B, showed enlargement of both the
liver (where metabolism occurs) and the kidneys (Webb
et al. 1961), but the metabolites were markedly less toxic. In
man, Fluorescein is metabolised predominantly to the
monoglucoride (Sheng-Chin Chen et al. 1980), with the
basic fluoran structure remaining intact, as is also the case in
the metabolism of Rhodamine B and Eosine.

Table 3. Uptake and excretion of the tracer dyes in mammals.

A REVIEW OF TOXICITY OF FLUORESCENT DYES

No teratogenic or other effects on reproduction were
observed in multi-generation tests on Calcophor White ST,
Tinopal CBS-X, Fluorescein and Rhodamine B. Rhodamine
WT and Tinopal CBS-X are severe irritants to the eye and
moderately irritating to the skin. Both Fluorescein and
Eosine are more toxic when contact is combined with ex-
posure to light. In the case of Eosine, this may be due to
release of halogen atoms during photo-decomposition
(Tonogai et al., 1978), but Takashi and Kobayashi (1977)
have demonstrated the importance of the singlet oxygen
formed on light excitation of both these dyes. Rhodamine B
does not show evidence of enhanced phototoxicity. This has
also been demonstrated by an extensive series of tests for the
two fluorescent brighteners.

All personnel handling dyes should wear protective gloves
and clothing. Excessive inhalation of dust should be
avoided, or a face mask empioyed during repacking of bulk
supplies. All skin areas inadvertently contaminated by dye
should be washed immediately with soap and water. Any
splashes in the eyes should be flushed with copious quan-
tities of water.

Based on the experimental results reviewed above, there is
no evidence of either a short or long term toxic hazard to
dye users or those drinking water containing tracer dyes.
Even those employing tracers routinely in their work would
not be likely to ingest sufficient dye to cause concern. For
Rhodamine B (the most toxic of the tracers), the long term
oral feeding studies yielded ‘safe’ continuous ingestion
levels of 0.75 mg per day (U.S. Department of Health
Education and Welfare, 1966), equivalent to 370 ug/1 for
normal consumption of drinking water. Comparable levels
of the other fluorescent tracer dyes would therefore be ac-
ceptable.

MuTtaGeNiciTY/ CARCINOGENICITY

Early experiments by Umeda (1956) demonstrated
development of Sarcoma (cancer) in long-term experiments
with rats fed 0.2% of Rhodamine B, Eosine and Fluores-
cein. However, these studies were found lacking with respect
to numbers of animals surviving, provision of adequate con-
trol, and experimental duration, when reviewed by IARC
(1977 and 1978).

FB28 FB351 P LYFF FL E RWT RB SRB SRG Source
Gut adsorptiond 0 (0] — — O (0] — + — — 16, 26, 79, 113
Excretion — — U 8] u B 8] u U U 48, 49, 57, 66
67, 98, 104,
105, 110, 112,
113, 114,
Metabolism¢© — O O M M O O M — M 11, 43, 66, 67,
i o o - 112, 113
Notes: a. (v = Less than 10" uptake ~ = Greater than 10% uptake
b. U = In unne via kidneys B = In faeces via bile
2 = Not metabolised M = Metabohised
? -
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Table 4. Carcinogenicity data for the tracer dyes

Test FB28 FB35S1 AGA DY9% LYFF FL E RWT RB SRB SRG Source
Dominant Lethal Mutagenicity
Test Rat and Mouse—No effect
glkg 1.0 1.5 — — - — — - - — - 4, 16, 53,
64, 80.
Carcinogenicity—rat 0/3 0/3 — — —_ 0/1 0/3 —_— 1/3 — — 7,13, 16,
33, 42, 46,
mouse — — — — — 71 /1 — 374 — — 47, 68, 110,
115,
Key: O/n = noncarcinogenic: ?/n = possibly carcinogenic: x/n = carcinogenic in x tests out of n reported

Subsequent experiments (Anonn, 1981) have confirmed
tt at Rhodamine B is carcinogenic. Results of more recent
feeding studies, with mouse and rat (US National Toxicol-
ogy Program) are not yet available for Fluorescein, while no
further testing of Eosine has been undertaken.

Fluorescent whiteners have been extensively tested in
mammals because of their widespread use and large produc-
tion. Both Calcophor White ST and Tinopal CBS-X have
been demonstrated to be non-carcinogenic in long-term
feeding studies in rat, and in the Dominant Lethal Muta-
genicity test in rat and mouse (Table 4). Information on car-
cinogenicity is not available for the remaining dyes, and an
evaluation of their safety must be based on mutagenicity
screening tests, which are rapid and less costly (Hoffman,
1682). These frequently employ micro-organisms or in vitro
cultures of mammalian cells, although several in vivo tests
are also available. There are strong correlations between the
mutagenicity of chemicals in short-term tests and their car-
cinogenicity in mammals (Bartsch et al., 1980).

The three mutagenicity test results reported for Tinopal
C3S-X are negative (Table 5), as would be expected from
the carcinogenicity data discussed above. Amino G Acid
and Lissamine Yellow FF have only been subject to a pre-
lirninary screening using the Ames Test (Kilbey, pers.
comm., 1981). Amino G Acid was non-mutagenic, confirm-
ing the statement of Combes and Haveland-Smith (1982)
that sulphonation of amino-napthalenes generally renders
them non-mutagenic. Lissamine Yellow FF yielded uncer-
tain results.

Fluorescein has been extensively tested in a variety of
micro-organism tests for mutation and DNA alteration
(Table 5). The results of the DNA<ell binding (DCB) test
suggested that this dye was a possible mutagen on metabolic
activation (Kubinski et al., 1981), but the authors were un-
able to confirm this result using gel-electrophoresis.
Yoshikawa et al. (1978) reported no inactivation of trans-
forming DNA in vitro using Bacillus subtlis. Other systems
were also negative for mutagenic activity, with the exception
of the results using photoactivation reported by Nishioka
(1976) for unspecified mixtures of xanthene dyes. Photoac-
tivation was not demonstrated in the Rec-Assay or inactiva-
tion of transtorming DNA in Bacillus subtlis (Yoshikawa

26 » Tue NSS BuiLerny, OCTOBER 19%4

et al., 1978). Fluorescein has not been tested in mammalian
systems for its effects on chromosomes, but the balance of
the test results indicates it does not constitute a mutagenic
hazard.

Eosine has also been widely tested and, unlike Fluores-
cein, demonstrates consistent photoactivation of muta-
genicity in three different systems and four tests (Table 5). It
is, however, uncertain to what extent these in vivo results
can be applied to in vitro systems. No clastogenic effects
were observed in tests using Chinese hampster ovary cells
(Au and Hsu, 1979), nor were mutations induced in vivo in
Allium apa or Vicia faba (Landa et al., 1965). Dye concen-
trations in the latter tests were, however, rather low, al-
though a mutagenic effect was obtained for Rhodamine B.

Rhodamine WT has been the subject of extensive study by
Douglas et al. (1983). Nestmann and Kowbel (1979,
reported that the dye was mutagenic in the Salmonella
typhum/mammalian microsome Ames test. However, in a
battery of in vitro and in vivo tests in mammalian systems,
Douglas et al. (1983) were only able to demonstrate a weak
in vitro mutagenicity on using very high dye concentrations.
No evidence of in vivo genetic activity was observed in terms
of sperm abnormalities or bone marrow micro-nuclei in
mice. They conclude that ‘Rhodamine WT appears not to
represent a major genotoxic hazard.’

Rhodamine B has been widely tested for mutagenicity as it
is a known carcinogen. Out of twelve systems investigated,
mutagenic activity was demonstrated in only five, including
in vivo in Drosophila melanogaster (Clark, 1953)—although
these experiments have been criticized by Lee et al. (1983).
This demonstrates the limitations of mutagenicity tests and
emphasizes the need for a wide suite of test results before
deciding on the status of test materials. Furthermore, in the
Ames test different results were reported for dye from a
number of sources, with only two out of seven tests demon-
strating mutagenic activity. Nestman et al. (1979) and Doug-
las et al. (1980) demonstrated that the mutagen was an im-
purity in the technical grade dye employed. This is an impor-
tant finding because the concentration of impurities in com-
mercial dyes may well vary with both manufacturer and dye
batch. The advantages of utilising dves from a manufacture,
«ho has obtained relevant toxicity test information are thus
clear.
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Sulphorhodamine B has been tested in six systems. It
shows no in vivo chromosome alteration in rat or in vitro in
human bone-marrow cells, findings similar to those tor
Rhodamine B. However, unlike Rhodamine WT, it doues
cause chromosome aberrations in vitro in Chinese hampster
cells. Sako «i al. (1980) have also demonstrated u cytotoxic

b. Photoactivation required to produce mutagenicity (S,Y,AC,7)

A REVIEW OF TOXICITY OF FLUORESCENT DvYEs

effect of Sulphorhodamine B in fetal rate hepatocytes, al-
though this was significantly smatller than for halogen-bear-
ing xanthene dyes. There is therefore some evidence from in
vitro systems that Sulphorhodamine B is a mutagen, but this
has not been demonstrated in vivo.

Table 6. Status of the tracer dyes with respect to carcinogenicity and
mutagenicity.

Dye Status

FB28 Non-carcinogenic No data

FB351 Non-carcinogenic Non-mutagenic

AGA No data Probably non-mutagenic
LYFF No data Possibly mutagenic

FL Non-Carcinogenic Non-mutagenic

E Uncertain Possibly mutagenic
RWT No data Possibly non-mutagenic
RB Carcinogenic Possibly mutagenic

SRB No data Possibly mutagenic

No information on the mutagenicity of Direct Yellow 96,
Pyranine or Sulphorhodamine G has been obtained.

The discussion above illustrates the difficulty of assessing
the status of chemicals when a complex and differential
genotoxic response is shown, as appears to be the general
case with rhodamine dyes. This difficulty is enhanced when
the products tested are of technical grade and may contain
impurities. Table 6 summarises the findings of this review.
Three dyes can be identified as causing minimal carcino-
genic and mutagenic hazard; Tinopal CBS-X, Fluorescein,
and Rhodamine WT. Conversely, Rhodamine B is known to
be carcinogenic and possibly mutagenic and should not be
used.

AquaTtic ORGANISMS

There is a considerable body of data on the toxicity of the
tracer dyes to fish. Most comparative data is available for
the 48 and 96 hour LCS0 (Lethal Concentration—50) in
rainbow trout (Safmo gairdneri) (Table 7). In these tests,
Rhodamine B and Tinopal CBS-X were the most toxic trac-
ers, a finding supported by studies with bluegill (Lepomis
macrochirus) and chanel catfish (Ictalurus punctatus.
However, the LC50 values of these two tracers are still
relatively high and they would not generally be considered
toxic. Furthermore, dye concentrations of over 100 mg/ |
would only be achieved during the injection phase of a
tracer test, and would be very unlikely to persist for several
days. Data for Calcophor White ST and Pyranine is limited
1o a single species but, again, indicates low acute toxicity.

The only long-term fish exposure experiments are those of
Benoit-Guyod et al. (1979) using guppy (Lebistes ret:-
culatus) and are particularly useful as they relate to the most
widely used tracers. After thirty days, there was some
evidence of continuing mortality with additional exposure,
but the TLM values at this time are the most useful guide 10
long-term toxicity 1 fish. Rhodamine B, Eosine and the (wo
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Sulphorhodamine dyes are significantly more toxic than
Rhodamine WT or Fluorescein. However, the TLM values,
even for the more toxic tracers, are still three orders of
magnitude greater than the visible dye concentration and
five orders of magnitude in excess of those commonly ex-
pected in long-term tracer experiments. Indeed, as pointed
out by Abram and Rhodes (1978), aesthetic considerations
relating to the visible colouration of natural waters are more
likely to limit tracer concentrations than dye toxicity. These
considerations, however, would not apply to the blue
fluorescent tracers which are colourless in solution.

Data are also presented in Table 7 for three aquatic in-
vertebrates. Asellus aquaticus (the water hog louse) is
generally considered a robust organism, while Daphnia
mcagna (water flea) is more sensitive, and has been widely
employed in bioassay work. The 72 hour LC50 values for
Daphnia are generally lower than those for fish (as is also
the case for Artemia salina). However, the egg and larval
stages of organisms are even more sensitive as demonstrated
by the limited data for a number of shellfish (Table 7). Con-
centrations of 1 to 10 mg/1 of Rhodamine WT, Rhodamine
B and Fluorescein (depending on the test organism) do not
affect development or cause mortality in shellfish eggs and
larvae after forty-eight hours’ exposure. Whilst further data
are needed for the other tracer dyes in these sensitive
systems, it can be concluded that dye concentrations as high
as 1 mg/1 can be tolerated for two days without damage to
aquatic organisms.

Several studies have been conducted to examine the
degree of uptake and elimination of Rhodamine B by
shzlifish. Waugh and Key (1967) and Geckler and Wand-
strat (1964) found that no staining occurred at concen-
trations of 0.02 mg/ 1 in European flat oysters (Ostrea edulis
L) and quahog clams (Mercenaria mercenaria) respectively.
Even at much higher initial concentrations, the dye was
eliminated within twenty-four hours on transfer to clean
water, although Galassi and Canzonier (1976) demonstrated
rerention for up to three days in the biue mussel (Mytilus
eaulis galloprovin cialis). Comparable data is not available
for the other tracers, although Feron and Hitz (1975) and
Ganz et al. (1975) found that Tinopal CBS-X was not sig-
nificantly accumulated and was rapidly expelled from blue-
gill (Lepomus macrochirus), even after prolonged exposure
at 0.1 mg/1. Smart and Smith (in prep.) observed that the
strong staining of trout (Salmo gairdneri) exposed to 500
mg/1 of Rhodamine B declined on transfer to clean water.

The bioaccumulation tendency of dyestuff can be in-
dicated from the partition coefficient in n-octonal/water
(Anliker et al., 1981). This coefficient has been determined
for several tracers by Benoit-Guyod (1979) (Table 8). As ex-
pected, the high water solubility and anionic character con-
sidered desirable in a tracer, give low partition coefficients.
Also shown in Table 8 is a rating for protein binding, which
ts derived from in vitro experiments (Lutty, 1978; Lutty,
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qualic organisms.

Table 7. Toxicity of tracer dyes in a

Source

RB SRB SRG

RWT

FBJ351 AGA DY9% P LYFF FL

FB128

Fish

88 12.

116-58

24

1360
> 320

138
> 100
> 100

752
1372
3420
3433

30 days. Lebistes reticulatus

TLSO mg/t—

9, 53, 70,

155

> 1000
> 1000

> 1000
> 1000

130

96 hr. Salmo gairdneri

LCS0 mg/1—

100. 19, 70,
100, 107. 16,
70. 53, 70.
107, 108.

11, 43.

11, 43.

> 320

> 1000

48 hr. Salmo gairdneri

241 —

> 1000

96 hr. Lepomis macrochirus
96 hr. Ictalurus punctatus

48 hr. Oryzias latipes

126

> 500

> 3000

> 3000

> 500

> 500

Maximum Non-48 hr. Leuciscus idua
96 hr. Idua melanshes

lethal Con-
centration

mg/l

Aquatic Invertebrates

100, 117.

89.

550

> 2000

> 1000

> 3000

96 hr. Asellus aquaticus
24 hr. Artemia salina
72 hr. Daphia magna

LCSO mg/t

180
29

100-300

12, 100.

88

170 139

165

> 1000d

386¢

Shell Fish

48 hr. Crassostrea virginica
48 hr. Crassostrea gigas

No effect
Develop-
ment of

9l.

89.
B9.
18

76.

10.0

48 hr. Hemicentrotus pulcherrimus

48 hi. Myiilus edulis

1.0

cggs mg/l
LCS0 mg/1

> 500

10< >1.0

96 hr. Corbicula manilensis

10< >1.0

120 hr. Australorbis glabratus

Sr.

C.

b. 36 hr.

st a. 1200 when bromine released during photodecomposition.




1979; Tonogai et al., 1979b; Tatsuji et al., 1971; Gangolli
et al., 1972). These results relate well to the partition coeffi-
cients, although Eosine appears to be bound to a greater ex-
tent than Fluorescein, despite its somewhat smaller partition
coefficient. They also indicate that Lissamine Yellow FF has
some potential for bioaccumulation. However, even in the
case of Rhodamine B, the most lipophilic of the dyes tested,
the bioaccumulation factor would be below 100 and further
testing in vivo would not be considered necessary.

Table 8. Partition coefficients (n-octonal/water) and protein binding of the
tracer dyes.

Partition Coefficient Protein binding?
P - ]
LYFF - +
FL 4.1 x 10-} +
E 4.7x10-2 +
RWT 4.7 x 10-2 +
RB 1.9x10+2 +
SRB 6.2 x 10-3 0
SRG 9.5 x 10-3 0

Notes: a + = Protein bound. + = Weakly bound. 0 = Not protein
bound.

Table 9. Effect of tracer dyes on algae (dye concentration 10 mg/1, ex-
posure period 7 days).

FB28 FL E RB  Source
Selanastrum capricornutum ++ — — +0 63
Chlorella sp. - + + + + ++ 72
Scenodesums sp. — 0 0 + 72
Chlorococcum sp. —_ 0 +0 + 72
Nostoc sp. — 0 0 +0 72
Anabaena sp. — 0 + + +0 72
Oscillatona sp. — 0 0 +0 72

Key: ++ = Nogrowth retardation
+ = Some growth retardation
+0 = Severe growth retardation
0 = No growth

[n practice, the empirical studies of the elimination of
Rhodamine B from shellfish and trout discussed above in-
dicate that there is little possibility for bioaccumulation of
this dye once environmental concentrations fall on comple-
tion of a tracer test.

Only two studies have reported the effects of tracer dyes
on algal growth (Table 9). Little and Chillingworth (1974)
showed that whilst Calcophor White ST caused no growth
inhibition in Selanastrum capricornutum over a fourteen-
day exposure period, Rhodamine B caused severe growth re-
tardation at 10 mg/1. There was no effect for Rhodamine B
at | mg/l. In an earlier study, Mason-Williams (1969)
showed a differential response to dye exposure for 4 number
of species found in Welsh streams. Surprisingly, Rhodamine
B was less toxic overall to algae than Eosine, which was mar-
ginally less toxic than Fluorescein, the reverse of t!: order in
higher organisms. Algal growth appears 1o be a'tected at
similar concentrations by tracer dves as the sensi-ve larval
stages of shellfish. This reinforces the conclusi n drawn
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above that enduring tracer concentrations as high as | mg/1
would not be detrimental to aquatic ecosystems.

The toxicity of dyes to bacteria has been investigated
primarily to determine the possible suppression of bacterial
decomposition in sewage works. At present, only limited
data is available, but following the adoption of a test pro-
tocol by ETAD (Brown et al., 1981), more comparable data
should become available. No data is available for Lissamine
Yellow FF or Rhodamine WT. However, as only the basic
dye Rhodamine B appears to affect aerobic decomposition
(Table 10), a finding supported by the wider survey of
Hunter (1974) for other acid and basic dyestuffs, no detri-
mental effects would be expected for these dyes. The limited
data for Salmonella typhum employed in the Ames test pro-
tocol suggest that there are no large differences in the toxic-
ity of the various tracers to bacteria. It is not possible to
convert the plate concentrations to environmental levels, but
overall the data do suggest that bacteria are less sensitive to
the tracer dyes than either algae or shellfish eggs and larvae.

In conclusion, there is no evidence of significant bioac-
cumulation for any of the tracer dyes in fish. The most sen-
sitive aquatic organisms to the dyes are the developmental
stages of shellfish, and algae. These, therefore, determine
the maximum prolonged dye concentration which can be
recommended. This limit is set at 1 mg/1, well above the
persistent dye concentrations commonly used in tracer tests,
and at least one order of magnitude above the visible
threshold. There is no evidence that short-term exposure to
concentrations in excess of 1 mg/1, such as could occur
transiently at injection sites, are harmful, but prior dilution
should be employed if rapid dispersion and dilution of the
tracer dye is not expected.

Discussion

Before discussing the toxicity information described
above, attention must be drawn to the possibility that
chemical transformation of the tracer dyes may occur after
release, producing compounds which are intrinsically more
toxic.

Information on the toxicity of photo-decomposition
products of tracer dyes has been reviewed above, with
Eosine appearing to exhibit both photo-activation of
mutagenic activity and phototoxicity due to release of
bromine atoms. Smart and Smith (in prep.) showed in acute
tests using Asellus aquaticus that for Lissamine Yellow FF
the photodegradation products were similar in toxicity to
the parent dye; but for Amino G Acid, they were significant-
ly less toxic. In other tests, photo-decomposition products
may well have been present and are therefore incorporated
into toxicity figures in a non-systematic manner. The even-
tual photo-decomposition products of Fluorescein (and. by
analogy with metabolism, of rhodamine dyes) are pthalic
acid and rescorcino! (Ishibashi 1965). The latter was found
0 be non-mutagenic when test data were reviewed by H-d-
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Table 10. Effect of tracer dyes on bacterial decomposition (dye concentration 100 mg/ 1, exposure period 3 hours), and in Salmonella typhum (Ames lest).

FB28 FB3S1 DY9% P FL E RWT RB SRB SRG Source
Activated sludged +b + + + + + + 0 + +¢ 11, 14, 16, 19,
(Aerobic) + 0 - - — —_ _ — — — 29, 43,45, 72
Salmonella typhumd — >2 — — 10 >1 21 >1 — — 56, 83, 86, 87

Notes:  a. Upper line = effect on bacterial decomposition (+ no effect, 0 significant effect)
Lower line = Biodegradation of dye (+ biodegraded, 0 not biodegraded)

b. Aerobic and anaerobic decomposition.
¢. Anaerobic decomposition only.
d. Concentration of dye retarding growth (mg / plate).

dle et al. (1983). Therefore, photo-decomposition product
toxicity appears only to be a problem for Eosine.

A particular hazard has been identified by Abidi (1982)
due to the production of diethylnitrosamine (DENA) from
the reaction of nitrites with the diethylamino moieties pres-
ent in all rhodamine dyes. DENA is a potent animal carcino-
gen (Magee and Barnes, 1967). Abidi (1982) demonstrated
the production of DENA in both natural and distilled water
systems with nitrite levels in excess of 11 ug/l and Rho-
damine B with WT concentrations greater than 1 ug/1. It is,
however, difficult to reconcile the high reaction yields (up to
96%) quoted in the laboratory experiments, with the known
long-term persistence of rhodamine dyes in tracer tests. The
DENA formed in the laboratory experiments was found to
photo-decompose relatively slowly under ultraviolet irradia-
tion. In the presence of ascorbic acid nitrosation was in-
hibited. Thus the observed persistence of anionic rhodamine
dyes may be related to competing reactions which retard ni-
trosation of the dye, reducing the DENA hazard corre-
spondingly. Determination of DENA levels during field
trials with rhodamine dye tracers is urgently needed.

The third problem associated with the chemical trans-
formation of tracer dyes is related to the production of
chlorophenol compounds on chlorination of water for
domestic supply. No experimental work has been conducted
on this problem, although taste experiments with Rhoda-
mine B performed by Wilson (1968) suggest that this reac-
tion does occur. This confirms the statement of Murphy
et al. (1975) that ring structures with electron-activating
substituents (primarily OH and amino groups) are likely to
be chlorinated. Further work is needed on this problem.

The acute and chronic toxicity of all the tracer dyes in
mammal systems is sufficiently low that no danger should
result in their use, providing normal precautions are ob-
served during dye handling. However, only three tracers can
be demonstrated to cause minimal carcinogenic and muta-
genic hazard, Tinopal CBS-X, Flourescein and Rhodamine
WT. Conversely, Rhodamine B is known to be carcinogenic
and should not be used. The status of the remaining tracers
is uncertain and they should be used only after careful con-
sideration of the probable exposure risk, both to tracing per-
sonnel and to the wider population. In aquatic ecosystems,
bioaccumulation is not a problem with any of the dyestuffs.
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There is no acute hazard associated with short exposures to
very high dye concentrations, such as can occur on injec-
tion. For longer exposures, the development stages of shell-
fish and algae appear to be more sensitive than fish. Even in
these systems, a concentration of 1 mg/1 for 48 hours can be
endured. [t should not be a problem to keep persistent dye
concentrations well below 100 ug/1, particularly as this is
well above the visible threshold where aesthetic considera-
tions may become dominant.

Further information is needed both on the mutagenicity
of tracer dyes, and on the effects of long-term exposure in
sensitive larval stages of aquatic organisms. There is also a
need to assess the toxicological significance of compounds
formed in the environment by reactions with dyestuffs.
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NOTES ADDED IN PROOF

1) Theiss et al. (1981) have reported a weak tumorigenic response in mice
for Amino G Acid. In view of this finding, one of the other blue fluores-
cent tracer dyes should be used in preference to Amino G Acid.

A draft report detailing the toxicology and carcinogenesis trials on
Fluorescein has now been prepared (National Toxicity Program
Technical Report Series 265, available from National Toxicity Program,
P.O. Box 12233, Research Triangle, Park, NC 27709, USA). The study
found equivocal evidence of carcinogenicity in male rats, but no
evidence in female rats or in male or female mice. Fluorescein was also
found to be non-mutagenic in the Sa/monella typhum mammalian
microsome assay, confirming the earlier results of Nestmann et al.
(1980).

Crompton and Knowles Corporation have obtained expert opinion on
the probable cancer risks arising from formation of diethylnitrosamine
from Rhodamine WT. They conclude that incremental lifetime risks due
to diethylnitrosamine exposure from Rhodamine WT would be far less
than 10-6 (considered by the EPA as acceptable).
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An Evaluation of Some Fluorescent Dyes for Water Tracing
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Eight fluorescent dyes (amino G acid, photine CU, fluorescein, lissamine FF, pyranine, rhodamine B,

| rhodamine WT, and sulpho rhodamine B) were compared in laboratory and field experiments to assess
their utility in quantitative tracing work. The properties considered included sensitivity and minimum
detectability, the elTect of water chemistry on dye fluorescence, photochemical and biological decay rates,
adsorption losses on equipment und sediments, loxicily lo man and aquatic organisms, and cost. The
orange fluorescemt dyes are more useful than the blue and green because of the lower background
fluorescence at the orunge wave band., which permits higher sensitivities to be obtained. Pyranine
fluorescence is strongly affected by pH over the runge encountered in natural waters, which precludes its
simple use in quantitative work. Amino G acid. photine CU, pyranine, and fluorescein all have high
photochemical decay rates. Pyranine, lissumine FF, and amino G acid are the dyes most resistant 10
adsorption, but rhodamine WT, fluorescein, and sulpho rhodumine B also have moderately high resis-
tance. Rhodamine B is readily adorbed by most muterials. Rhodamine WT (orange), lissamine FF
(green). und amino G acid (blue) are the three tracer dyes recommended: they may be used simultaneously

to trace three injection sites with the filter combinations suggested.

INTRODUCTION

Fluorescent dye tracing techniques are now widely used in
hydrology. In surface waters they are commonly used for dye
dilution gaging [Cobb and Bailey, 1965}, in particular for the
calibration of structures [Kilpatrick, 1968} and where current
metering is difficult, for instance, under an ice cover [Kilpat-
rick, 1967) or in steep rocky channels (Church and Kellerhals,
1970]. Dyes are also used for time of travel studies (Buchanan,
1964] and for dispersion experiments in rivers [Yotsukura et
al., 1970] and in marine/estuarine environments [Pritchard
and Carpenter, 1960]. The tracing of karst groundwater has
frequently been carried out by using fluorescent dyes [Drew,
1968; Brown et al., 1969], though applications in other aquifers
have been largely limited to oil fields [Sturm and Johnson,
1950]. Dyes have also been employed for point dilution studies
in wells [Lewis et al., 1966). Reynolds (1966} reports the use of
fluorescent dyes for tracing soil water, while Robinson and
Donaldson [1967] have studied water uptake in plants, using
these tracers. There are also significant applications of dye
tracing techniques in engineering, for instance, circulation
studies in chlorine contact chambers [Deaner, 1970] and infil-
tration measurements in foul water sewers [Smith and Kepple,
19721.

Of the commonly used fluorescent dyes, fluorescein (Colour
Index (Cl) 45350 [Society of Dyers and Colourists, 1971}) has
been used since the end of the nineteenth century {Dole, 1906].
It is visibly detectable in low concentrations but has very poor
stability under sunlight. Thus in the early 1960's, when work-
ers in the United States and Japan were assessing fluorescent
dyes for quantitative tracing work in surface waters, they
adopted the equally fluorescent dyve chodamine B (Cl 45170
[Pritchard and Carpenter. 1960]). However, il became appar-
ent that rhodamine 8 was readily adsorbed onto sediments,
and subsequently, sulpho rhodamine B (Cl 45100) wus in-
troduced. Although this dye was resistant to adsorption, it was
comparatively expensive and was later replaced by the cheaper

Copyright © 1976 by the Amercan Geophysical Unron
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dye rhodamine WT, which was developed specifically for trac-
ing work (U.S. patent 3, 367, 946). Reynolds [1966] used the
green dye pyranine (Cl 59040) for tracing percolation water
because it was very resistant to adsorption. Recently, a group
of blue fluorescent dyes, known as optical brighteners because
of their use in whitening paper, textiles, and other off-white
products, have been applied to water tracing [Glover, 1972].
There has been a little previous work on the sujtability of
rhodumine WT for water tracing, but considerably more data
are available for fluorescein, sulpho rhodamine B, and rho-
damine B. However, much of this information cannot be di-
rectly compared between one study and another because of differ-
ences in experimental techniques. Furthermore, little work has
been presented on the use of pyranine, the optical brighteners,
or two dyes used for aerosol tracing, lissamine FF (CI 56205
(Yates and Akesson, 1963]) and amino G acid [Dumbauld,
1962]. Available details of the names, structures, and suppliers
of all the dyes studied are given in Table 1. This paper eval-
uates the existing information on the above dyes and presents
the findings of an extensive series of tests on their usefulness as
waler tracers. Finally, recommendations are made on the util-
ity of the different dyes for quantitative and other tracing work.

ANALYSIS

Instruments. Although it is possible to determine the con-
centration of fluorescent dyes in solution by using a spectro-
fluorometer, the expense, compiexity, and delicacy of these
instruments rule out their general application. Most water
tracing work is carried out by means of filter luorometers such
as the Turner |11 or the Aminco Bowman fluoro/colorimeter.
These muchines are only moderately expensive, simple to use,
and sufficiently robust for operation in the field with a portable
generator. Furthermore, their sensitivity is comparable to that
of a spectrofluorometer, although they are considerably less
specific unless interference filters are employed

In a flter Aucrometer, excitation cnergy is provided by a
replaceable light source, commonly a low-pressure mercury
lamp with or without a phosphor coating. The light passes
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TABLE . Generic and Alternative Names and Chemical Structure of the Tracer Dyes

Colour
Name in Text Index No. Generic Name Alternative Names Chemical Structure
Blue Fluorescent Dyes som
Amino G uacid® 7-amino 1,3 napthalene Com, ,
v disulphonic ucid "o,s "<t m—(:}tn-}
Photine CU" Cl fluorescent MM weoys
brightener {5 o L "
Green Fluorescent Dyes MOOcUo
Fluorescein 45350 Cl acid yellow 73 Fluorescein LT O °
Uranine' cooms 8§>~Oc~,
Sodium fluorescein ' SoMe
Lissamine FF 56205 Cl acid yellow 7 Lissamine yeltow FF" Ne0,8 30.Ne
Brilliant sulpho flavine FF" ot %
Brilliant acid yellow $G” '
Pyranine 59040 Cl solvent green 7 Pyranine "'.c,..,., “O"..e,n,» °
D&C green 8/ Uc o .
Orunge Fluorescent Dyes [ Ocooa ‘“”‘"""C[ D’"‘C"""
Rhodamine B/ 45170 Cl basic violet 10 Lo
Rhodamine WT* . oo
Sulpho rhodamine B 45100 Cl acid red 52 Pontacyl brilliunt pink B** R e coons
Lissumine red 4B so.
Kiton rhodamine B '
Acid rhodamine B” S0uRe

*Discontinued.
All Colour Index numbers refer to 3rd edition of the Colour Index

b, Hickson and Welch Ltd.; ¢, ICI Limited: d. Allied Chemical Cor

(1971]. Superscript letters refer to manufacturer: g, L. B, Holiday Lid.:
poration (Specialty Chemicals Division): e, Furbwerke Hoechst A. G.:

J. CIBA-Geigy U.K. Lid.: g. Furbenfabriken Bayer A.G.: A, Du Pont de Nemours and Co. Lid.: i, GAE Corporation: j. H. Kohnstanns

and Co. Inc.

through a primary filter before entering the sample com-
partment, where it is absorbed by the dye sample to be re-
emitted at a longer wavelength as fluorescence. This emitted
light passes through a secondary filter, which is opaque to light
passing the primary filter and is normally at 90° to the primary
light path. The amount of light passing through the secondary
filter is measured on a photomultiplier and compared with a
reference light path to produce a readout. Sensitivity may be
controlled by changing the amount of excitation energy or by
varying filter transmittances using neutral density filters. Fur-
ther details of the operation and construction of Buorometers
are given by Wilson [1968], Udenfriend [1962], and the liter-
ature of fluorometer manufacturers.

Filters and lamps. Careful selection of the primary and
secondary filters is necessarv in order 1o maximize sensitivity,

minimize background, and permit the analysis to be suf-
ficiently specific. Normally, the primary and secondary filters
are chosen to have peak transmission at the maximum ex-
citation and emission wavelength of the selected dye. How-
ever, where overlap of the primary and secondary filters
occurs, light scattered in the sample may enter the photo-
multiplier and produce an apparent fluorescence reading.
Because some fluorescent dyes have only 50 nm between
the excitation and emission maxima, this can be a particular
problem. In such cases it may be necessary to excite the sample
at other than the excitation maximum. This will also be neces-
sary if a noncontinuous light source is used, for example, the
mercury famp emitting only at the mercury lines. Such a lamp
will simplify filler selection considerably because it is only
necessary to select a specific line(s) for the assay, and a filter

TABLE 2. Excitation and Emission Maxima of the Trucer Dyes and
Filter Combinations for Their Analysis
Maximum Muximum Mercury
Excituntion, Emission, Primary Line, Sevondary
Dye nm nm Filer nm Filter
Blue Fluorescent Dyes
Ammno G acid 355(310) 445 7-37° 365 YRt
Phoone CUJ 345 435(4595)
Green Fluorescent Dyes
Fluorescen 490 520 9t 436 S5t
Lissamine #F 420 515
Pyrianioe 455 (405) SIS
Orunge Fluorescent Dyes
Rhodumine B 5SS S¥0 2X 10T by 346 4-97% + 166"
Rhodamine WT SSS SK0
Sulpho rhodamine B S68 S90
Frgees o parentneses refer e secondary maxima. For ol spectia. o oas T 0
TCorng hiter,
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overlap is thus permissible at wavelengths other than those
emitted by the source. Furthermore, it may reduce the back-
ground emission of other fluorescent compounds present in
the sumple.

There are two commonly available types of color filter, dyed
in the glass and gelatin filters (interference filters are not con-
sidered here because of their relatively low transmission).
J Dyed in the glass filters are extremely stable under high light

B R Tl

intensities, but because of the limited number of dyes avaii-
able, they tend to have a broad transmission wave band with a
long ‘tail’ toward longer wavelengths. Gelatin filters are much
sharper in their resolution but less stable to light. Further-
more, if they are used unmounted, they scratch readily and are
badly affected by heat. This has proved to be a specific prob-
lem with the Turner 111 fluorometer, where the primary filters
are in close proximity to the light source and may become very
hot, Gelatin filters should therefore be glass mounted, either
on purchase or by using photographic slide cover plates.
Table 2 presents maximum excitation and emission wave-

PPN el . i

e

500 600

Wavelength (nmj)

Fig. la. Excitation spectra of amino G acid, lissamine FF, and rhodamine WT and transmission characteristics of
primary filters (shaded).

lengths for the dyes considered here and the filter combina-
tions recommended for their analysis, the spectra of which are
given in Figure |. Other filter combinations will also give
satisfactory resuits. In all cases a low-pressure mercury lamp
(General Electric Company G4T4.1) having significant emis-
sion only at the mercury lines has been employed. The orange
filters are those recommended by G. K. Turner Associates for
the Turner 111 fluorometer, which have proved to be very
sensitive and to produce a low background. The green filters
use the 436-nm mercury line, but a primary transmitting the
405-nm and 436-nm lines (e.g., a Wratten 36) would give
similar results and reduce the pH sensitivity of the pyranine
analysis. The secondary filter, a Wratten 55, has a relatively
high transmittance, and therefore a neutral density filter
(about 30-40% transmittance) should be used to provide a
convenient working range. A Corning 1-56 filter with a broad
transmission in the visible wavelengths has been used in this
study in place of the neutral density filter. A sharp-cut second-
ary filter composed of a Wratten 55 in combination with a

PR T o]
N W
N 7
)" I .
/ ]
\ Z
r -4
c q *J 20 é‘
Q N <
z S
2 Wy g
£ 55¢ 44N &
e -
~ | 1405
o] “ c
= . o
\_é‘ l Rhodamine WT é
= \ y 460
© \ o
2 q —
= Aming G Acd . )
& Ussarmine FF 7
/ 480 ¢
S
by
a
A i S~ L
400 500 600 700
Wavelt ngtoininy
P e Fmsaon spectra of amino G oaad, lissamine b oand rhodamine WT and transmission characteristics of
secondary hiter . oshaded).




18 SMART AND LAtDLAW: DYE TRACERS

TABLE 3. Sensitivity and Minimum Detectable Concentrations
for the Tracer Dyes

Buckground
Sensitivity,* Reading.t Minimum
ug | 7/scale scale units Detectubitity 3
Dye unit 0-100 ugl!
Amino G acid 0.27 19.0 0.51
Photine CU 0.19 19.0 0.36
Fluorescein 0.114 26.5 0.29
Lissamine FF 0.11 26.5 0.29
Pyranine 0.033 26.5 0.087
Rhodamine B 0.0i10 1.5 0.010
Rhodamine WT 0.013 1.5 0.013
Sulpho 0.061 1.5 0.061
rhodamine B
For a Turner 111 filter tuorometer with high-sensitivity door and -

recommended filters and lamp a1 219C.

*Ata pH of 7.5,

tFor distilled water.

tFor u 10% increase over background reading or | scale unit.
whichever is larger.

Wratten 44 will minimize interference {rom orange fluorescent
dyes. The Corning 7-37 primary and Wratten 98 secondary
combination has been found excellent for the blue fluorescent
dyes.

To date, no quantitative work using two or more dyes
simultaneously has been reported. (However, Rochat et al.
[1975] have described the separation of rhodamine dyes by
both chromatographic and solubility techniques. A minimum
sensitivity of 1-2 ug 1-! was claimed from laboratory studies,
but no analyses were reported from field tests. The technique
could also be used for the separation of fluorescein and lissa-
mine FF or pyranine, so that five fluorescent dyes could be
determined in the same sample.) Simultaneous use is desirable
becuuse a single set of water samples can be used, for instance,
to define the flow paths of two or three sinking streams in a
karst aquifer. Fluorescent dye techniques have therefore been
limited in this respect in comparison with microbiological
[Wimpenny et al., 1972]. radioactive {Abood et al., 1969}, and
lycopodium spore {Drew and Smith, 1969} tracing methods.
This disadvantage may be overcome by using a blue, u green.
and an orange fluorescent dye with the recommended filter
combinations. These filters minimize the udditive interference
from the Auorescence of the other two dyes, even at moder-
ately high concentrations. The green filter combination is most
sensitive 10 this interference: however, concentrations ol at
least 65 ug 17" of rhodamine WT and 60 ug |~ ' of amino G uacid
are required to produce a 10% increase in the distilled water
background Nuorescence with the Wratten 55 und 44 second-
ary combination. The blue and orunge filter combinations

TABLE 4 Temperatire Exponents tor the Tracer Dyes

Temperature Exponent,

Dye MO
Amino G aad ooy
Photine CU -0.0t2
Fluorescemn 00016
Lissamine FF 00020
Pyranine =009
¥ hodamine B 0027
Khodamine W T 027

Sulpho rhodamine B H29

0 T T T T T T T T
L Ahodamine 8 _
Rhodamne WT
18 b N
Sulpho Rhodamine: B
o "_ ‘.n(l,—!) s
16 4 <
Fg Fluorescence al
;'7 L standard temperaiure 1g
:_' F Fluorescence at
v 4 sampie temperature b
3 Phonne CU
% o -
-
§ 12 |
2 -2 Fluorescein h
<
4 Lissamune fF
5 4
=)
10 N
N\
Pytanine and Amino G Acio
L
a8 L
-
Qas j
i 1 1 i i
~-25 -20 -5 -1 -5 1] 5 10 15 20 25

Temperature Dilference (t14,-1)°C

Fig. 2. Temperature correction curves for the tracer dyes.

show no interference until concentrations of lissamine FI
exceed 120 ug I-' and 400 ug 17", respectively. With concentra-
tions in excess of these values, cross calibration will be re-
quired to correct for the interference. This will be necessary at
much lower concentrations if less selective filter combinations
are adopted. ’
Sensitivity and detectability. The sensitivity of the fluoro-
metric analysis depends on both the efficiency of the dye in
converting excitation energy into fluorescence and the trans-
mission of the filter combination. However, the detectability
also depends on the background or blank fluorescence valuc.
Background fluorescence in natural waters is variable in both
space and time; therefore detectabilities are reported here for u
distilled water blank. It is best to use distilled or deionized
water to prepare general calibration curves, the dye concentra-
tion in natural waters being determined by subtraction of the
difference between the higher natural background values and
those in distitled water. This procedure eliminates the necessity
for specific calibration curves for water of different quality.
Tuble 3 presents sensitivities and minimum detectable con-

xHPO, 8 Na,PO,
x HCH & Nalws

A HNO, & NaOH

2 H,S50, 8 NaOM

10 T 3

big U Eifect of pHoon Huorescence of rhodaenine WT . ditterent
acids bemny used
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Fig. 4. Effect of pH on fluorescence of the trucer dyes.

centrations for the eight dyes under study (a Turner I 11 filter
fluorometer with a high-sensitivity door, a far ultraviolet lamp,
and the recommended filter combinations being used). The
instrument is readable to 0.5% of full scale and is linear to 1%.
The minimum detectability in Table 3 is taken as being a
reading 10% in excess of background fluorescence for distilled
water or | scale unit, whichever i1s greater. Sensitivity is the
gradient of the calibration curve for the most sensitive scale.
These values will all vary slightly from one fluorometer o
another.

The orange dyes have considerably lower background read-
ings than the blue, which are smaller than the green. By the use
of suitable neutral density filters the background readings
could be reduced to similar absolute values, though there
would be a corresponding reduction in sensitivity. Rhodamine
WT and rhodamine B have the lowest minimum detectability.
The minimum detectability for sulpho rhodamine B is better
than that for pyranine, despite the latier's higher sensitivity.
This iltustrates the influence of the absolute value of the back-
ground reading on the detectabilities quoted. The remaining
four dyes have detectabilities of a similar order of magnitude.

Quinoid fFarm e amooLna
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5 Strocture of Maore e ol kb condations
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Fig. 6. Elfect of pit on excitation and emission spectra ol pyranine.
The least sensitive, amino G acid, has a minimum detectability
such that it can be resolved at a ditution of | partin 2 X 107 of
distilled water,

Temperature. Fluorescence intensity varies inversely with
temperature, though this rate depends on the dye. The experi-
mental data, consisting of Nuorescence readings at a number of
different temperatures, were fitted by a curve of the form

F=F,expm

where F is the fluorescence reading at temperature t, £, is the
fluorescence at 0°C, and n is a constant for a given dye. The
exponents obtained for each dye are given in Table 4. The
Auorescences of the rhodamine dyes and photine CU ure sig-
nificantly affected by temperature variations, and corrections
may therefore be necessary in quantitative studies. Figure 2
presents temperature correction curves for the eight tracer
dyes derived from the temperature exponents by the procedure
of Feuerstein and Selleck [1963] and Wilson {1968}, The curves
agree closely with those previously reparted for fluorescein,
rhodamine B. rhodamine WT, and sulpho rhodamine B.
Dunn and Vaupel [1965] have shown that temperature varia-
tuons may also affect the operation of filter Auorometers. This
is well illustrated by the gradual increase in Auorometer efh-
ciency which occurs as the machine warms up alter switching
on. These authors have presented a method for the correction
of fluorometer readings based on the sample compartment
temperature. However, it will often be simpler to prepare a
calibration curve at a selected room temperature and continue
to use this room temperature for all analyses. When continu-

TABLE 5. Effcct of Sodium Chloride on the Tracer Dyes
Sodium Chlonde Concentration

Dye 01 M S A

Amino G oaad 100 LR)
Photine (U 100 Ly
tluorescon 100 A
[issamine FF 104) A
Pyranine 100 LAY
Rhodumine B 100 A

Khodamine W 97 2
Salpho recdamine B 1.] t

bogure Conerie g Coirescence o daishdie e
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ous monitoring work is being carried out in the field, it is
relatively simple to take occasional discrete samples for later
laboratory analysis. These may be used to check the continu-
ous record and also to correct for both machine and sample
temperature differences from the values used during calibra-
tion. Furthermore, if the samples are allowed to come to
laboratory air temperature or are placed in a water bath, it will
often be necessary to check only two or three sample temper-
atures for a whole batch of samples.

EFFECT OF WATER QuaLITY
pH

Figure 3 presents data showing the variation in fluorescence
with pH for rhodamine WT. The curves were prepared by
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Effect of sodium and potassium chloride on fluorescence of rhodamine WT.

using three different acids and a phosphate buffer sytem to
lower the pH of the dye solution. It is clear that different
curves are obtained for each particular anion, and that specific
interactions may therefore complicate the determination of
pH/Ruorescence curves. It will often be more satisfactory to
use natural water samples to prepare these curves when waters
of high or low pH are to be traced.

The standard curves presented in Figure 4 were prepared by
using pH 4.0, 7.0, and 9.2 buffer tablets (obtained from British
Drug Houses Ltd.) with hydrochloric acid and sodium
hydroxide to extend the pH range. Figure 4 indicates that pH
variations between pH 4.0 and pH 10.0 present no significant
problems with lissamine FF and sulpho rhodamine B. Rho-
dumine B and rhodamine WT fluorescence is affected to a
significant extent below pH 5.0, amino G acid below pH 6.0,
and fluorescein and photine CU below pH 6.5. Some correc-
tion should be considered in waters with a pH lower than these
values. Pyranine shows excessive variation in fluorescence with
pH changes in the range normally encountered in natural
waters. This would prove a severe problem for quantitative
applications in waters of variable quality. These results are in
good uccord with the findings of Feuerstein and Selleck [1963)
for fluorescein, rhodamine B, and sulpho rhodamine B: those
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Fig. 10.
of rhodamine WT, lissamine FF, and photine CU.

of Von Mdoser and Sagl [1967] for sulpho rhodamine B and
fluorescein; und those of Abood et al. [1969] for rhodamine
WT.

There are two possible reasons for the response of fluores-
cent dyes to pH chunges: ionization and structural changes.
The dyes examined are anionic (except rhodamine B, which is
cationic), and as pH decreases, the acid functional groups
become protonated. This affects the degree of resonance in the
molecule and reduces the amount of fluorescence. The change
will be instantaneous and directly related to the dissociation
constant of the dye. For carboxylic groups, dissociation occurs
between pH 4 and pH 6, compared with pH 6-7.5 for phenolic
groups and below pH 5 for sulphonate groups. Thus the dyes
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having sulphonate acid groups remain fluorescent to lower pH
values, as is exemplified by hissamine FF and sulpho. rho-
damine B.

In some xanthene dyes, structural changes may oceur as pH
decreases. Fluorescein, for example, chunges from 4 quinoid
structure under alkali conditions to a colorless leucocom-
pound under acid conditions (Figure $). The quinone ring in
the quinoid structure is Ruorescent, while the lactone ring of
the leucocompound is not. Simitar changes, which are olten
reversible, an Cindicator efTect” thus being given. may also
occur with the other dyes.

FFor pyranine the very sharp change in fluorescence at pH 7.0
is due to the ionization of the phenoiic OH group, which
cuauses @ change in the absorption spectrum (Figure 6) but not
in the emission, which remains at 510 nm. The use of the 405-
nm mercury line in addition to the 436-nm line in the primary
fitter combination will reduce the magnitude of this elTect.
Either a pH correction must be applied when pyranine is used,
or the dye should be calibrated in the water under study.

Salinity

When tracers are being used in estuarine and marine envi-
ronments or in brackish groundwater, high salinitics wiil be
encountered which may affect tracer performance. Feuerstein
and Selleck [1963) have reported that rhodamine B und sulpho
rhodamine B were only shightly affected by chlorosities of up
to 18 g 1" but that there was a marked effect for fluorescein.
Unfortunately, the full data were not presented, nor were the
experimental methods. Table 5 shows the effect of two concen-
trations of sodium chloride on the tracer dyes; these corre-
spond to chlorosities of 3.6 and 17.8 g I-'. Fluorescein exhib-
ited. no decrease in Auorescence with increasing salinity, but
sulpho rhodamine B, rhodamine B, and rhodamine WT were
all affected. Earlier experiments have given much more signifi-
cant reductions in the fluorescence of rhodamine WT (Figure
7). No explanation can be offered for the differences in behav-
ior between the two tests, which were conducted several years
apart in different laboratories and on different batches of dye.

TEheener

b

ot

=
»
c
<
e
k4
z
T

1 1

a00 500

Wavencngite oo
Figo 11 Emssion spectra of some asturally occurning pigmenis and Boorescent compounds Curse B v sulphes

nates [Christman and Minear, 1967, Figure Vi curve 2, River From
extruct [Chrisiman and Ghassemi, 1966, Figure 3] curve 4, Suwan«
fulvic acid extract from soil [Seal eraf . 1964 Figure H]ocurve 60w orerextrecc ol e wigae, ditlerentianed o,
phycoervthnn (curve fa) and phycocvarn tourve bb) [Rabinosics DS ¢

nowck ST Bigare 2402

Smarst esariveT Forure Hocurse 30 zias bie baes

 River i dluca und Christman 1960 F oo e 3 Cyrve
P mgmoent
ce DVOREwad curve Toonlon vl g [Rans




22 SMART aAND Laintaw: Dyt TRACE RS

TABLE 6. Background Fluorescence Expressed as Apparent Dye Concentration
for Selected Field Situations

Blue Filters®

Green Filters* Orange Filters*

Sample Origin Samples X s.d. X s.d. X s.d.
Karst Resurgence, Mendips
46 hours during a storm event 24 s i1.9 6.3
46 hours after a storm event 23 6.9 0.4
Agricultural Catchment, South Cotswolds
28 days in October 1974, low flow 90 36.5 16.5 11.0 s.Ss 0.0 0.04
21 days in July 1974, summer storm 63 SIS 225 21.0 8.3 0.07 0.04
23 days in Junuary 1975, high flow 50 47.2 25.0 236 6.4 0.06 0.05
Karst Area, Ceniral Jamaica West Indies {J weeks in June 1975)

Groundwater from production well 16 1.2 7.6 ] 1.9 -0.01¢ 0.008
Southern springs 34 1.4 12.2 24 20 0.008 0.013
North coast springs 32 14.4 13.2 4.0 34 0.013 0.023
Surface streams RIY 232 9.4 1.2 2.5 0.029  0.0s2
Spring polluted by bauxite etfluent 7 854 14.9 21.0 3.3 0.10 0.0t4

*Expressed as apparent concentration of photine CU, lissamine FF_ and rhodamine WT, respectively,

in ug |-

tFluorescence less than distilled water used for calibration.

Figure 7 presents detailed data for the effect of sodium and
potassium chloride concentrations on this dye. It is clear that
there is a significant difference between the two sults, perhaps
related to the alkali in which rhodumine WT is dissolved.
Furthermore, the effect of the salts was not instantaneous, u
gradual decay occurring over a period of up to 300 hours. This
may explain dye losses in tracer tests in saline environments,
which have previously been attributed to adsorption. Further
work is clearly needed il rhodamine WT is to be used for
quantitative work in saline waters.

Chlorine

In some specialized applications, particularly high concen-
trations of other compounds may be present. In such cases it is
necessary to evaluate the behavior of the tracer in that system.

Apparent Concentration of Lissamine FF (pg 1°)

o] LS G Cm o

o} 25 50 75 10
Apparent Concentration of Pnoroe o o g Y
Foo 12 Correlation between [ARTE STFSRITTAN! omseenee an the
sreen wond hlue wavelengdhy cxpresscd as app o Centraes of

ssarae BEoand nbonne (U

ke

Deaner [1973] has investigated the effect of chlorine on rho-
damine B and rhodamine WT for use in chlorine contact
chumbers. He showed that there was a progressive loss of
fluorescence which was independent of dye concentration and
most rapid at high chlorine residuals, though no single rute
could be obtained for a given residual because of the continu-
ous loss of chlorine from the sampies. Figure 8 is a plot of the
data in Deaner’s Table | showing the effect of chlorine after
exposure times of 2, 5, und 20 hours. The data indicate that
rhodamine WT is more resistant to.chlorine than rhodamine
B. However, the data in Deaner’s Figure 5 show a 31% reduc-
tion in fluorescence after S hours at 22 mg 17" initial residual
chlorine concentration, compared with only an 8% reduction
interpolated from the results in his Table |. This may be
related to the higher suspended solid concentration for the
Figure 5 samples (40 mg - compared with 22 mg |7 for Tuble
1), indicating that dyc adsorption may also be contributing to
the reduction in fluorescence. For short-duration tests at nor-
mal chlorine Josage there will not be a significant reduction in
the fluorescence of rhodamine B or rhodamine WT, but for
durations over 2 hours, apparent dye losses must be taken into
consideration.

Bachground

An apparent or real fluorescence background in water sam-
ples taken for dyve analysis can cause several problemsin tracer
studies Tt mev muask very fow concentrations of the tracer or
cause apparent recoveries 1o be in excess of 100% 10 quan-
ttative work The two major sources of hackpround are natu-
ral fuorescer e unid suspended sediment.

Suspended ediment. The presence of suspended sediment
riises apparent background Huorescence und reduces elicctive
dye Nuorescewce becuuse of light absorpton and seattering by
the sediment sarticies Figure 9 shows the effect of a st sice
sediment su-conded in distlled water on fuorescence readings
for the blue. reen ind urange hilter combinanons, The «fect
to refatively <ot wonen ats compared to the other sour.os of
huckpround Covimumoangereases being 70200 Gad 1 wluic
divisions orne g sensitive scale for the blue greer. ang

orarpe hter cutevely s AT three curves exhirat muasna,
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TABLE 7. Photochemical Decay Cocllicients for the Tracer Dyes
Sulpho
Amino G Photine Lissamine Rhodamine  Rhodanune  Rhodannne
Source and Conditions Acid Cu Fluorescein Ft Pyranine B W 1
Pritchard and Carpenter
[1960]
Artificial light 1.7 <10 ¢
Sunny Pix o L7 > 1o
Fewerstein and Selleck
[1963]
Cloudy S0t 45000 20 <10
Sunny 2610 21000 PO =0
Yates und Akesson
[t963]*
Minimum rate 45X 10 ¢ 0 3.6 x40 ¢ J4x {0 ¢
Maximum rate 29 x 10 d.60 X 10! 1.2 x 1y 64 % j0
Wart [ 1965]
Sunny. 10ugl ! SO X100 S0
Sunny, 100 ugl-! ldxo e RIES ol (O
Uon Maser and Sagl
[1967]
Cloudy 1.Sx 10 ¥.0 X 10 1Xx 10
Sunny 26X 10! 74 x t0 1.0 x 0 ¢
thood ¢t al [1969)
Sunnv R3x o (IR S6x 0
o hours, Sunny,
100 ug ! 't L6 X107 >634x 10" S0 <o x o 1210 SAXJOY <O x 0 Ll <40
6 hours under 6Q-W
lamp, 10 gp | 't 37T x10 SSxin? 13X 10 <rox o 1.6 x 10 ¢ PSX 0 <00 <0<

“These decay rates refer 1o exposure of dry dye analyzed as a solution.
tExpressed as hall the actual decay rate o correspond to environmental rates, 12 hours of darkness being included.

indicating that the increased absorbence due 1o suspended
sediment becomes more important than the scattering. As
would be expected, this effect occurs at lower sediment concen-
trations for the shorter wavelengths, and in fact, the fluores-
cence readings for the blue filter combinations are reduced to
the blank values at quite low sediment concentrations.

Figure 10 gives the reduction in fluorescence of a dye solu-
tion for sediment concentrations of up 1o 1000 mg |-'. Above
this concentration, adsorption of the tracer onto the sediment
may become an experimental problem. The effect was found to
be independent of dye concentration. The blue emission wave-
length is clearly affected much more than the green and or-
ange. The average of the duta presented by Feuerstein and
Selleck [1963, Figure 7] for the orange filters supports the
general trend of this data but not the absolute magnitude. This
1s probably due to the different sediment used. Fine white
sediment may in fact increase apparent fluorescence even al
sediment concentrations which are very turbid, while this is
never the case with dark-colored sediments.

In most cuses, if the suspended sediment s allowed to settle
out for a pertod of 10-20 hours, substantially correct dve
concentrations may be obtained from the decunted sample
For sediment concentrations below 1000 mg | ', adsorption
ctfects will not be a problem unless the sediment is extremely
fine or contains much organic matier. For such cases or when
readings are required immediately. the sumple may be centri-
fuged to remove the sediment. When trucer dves are being
moritored 0 the held, with either individua!l samples or a
continuous dow samphng system. it s often necessury 1o ob-
trn nformation mmmediately. In osucn cases where 1L is not
possuble to centrifuge the samples, didotion using distilled wa-
fer bas been found 10 give excellent resuils, even with sediment
Conczntratiens of severa! thousand medhgrams ner hiter [Perr

und Craves D971 Dilution of the tarod samp o0 by | S with

distilled water was found to increase readings by 50% for a
peak concentration of 8 ug 1~ of rhodamine WT. Further-
more. the technique allowed satisfactory determination of the
low-concentrution tail of the tracer pulse, which was com-
pletely obscured by the very high sediment concentrations.

Background fluorescence. Unlike background problems
caused by suspended sediment, those caused by natural Auo-
rescence are widely reported |Feuerstein and Selleck. 1963:
Wright and Collings, 1964; Knochenmus, 1967; Drew. 1968:
Brown and Ford, 1971). The cause of this fluorescence has
frequently been wrongly ascribed to the fluorescence of algae.
especially Chlorelia, and to other natural plant pigments. The
majority of algae and phytoplankton contain the green pig-
ment chlorophyll, which has a strong red fluorescence peaking
at 650 nm (Figure 11, curve 7). Clearly, this will cause very
little fluorescence interference even when the orange filter com-
bination is used. Some red algae do contain phycoerythrin,
which has a fluorescence maximum at 580 nm, coincident with
the rhodamine emission peak (Figure | 1. curve 6). However, it
hias been widely recognized thut the background fluorescence
at the green wave band is many times stronger than that at the
orange. which is rarely a major problem. Therefore it muay be
concluded that the algal pigments are not an impdriant cause
of background fluorescence.

Most natural waters contain dissolved and colloidal organic
matter which when it is sutficiently concentrated produces a
mirked yeliow /brown colortition {Bluck and Christman, 1963)
Fhis material consists of complex polvmeric hydroxy-carboxyvl
wand wrovianc aads [Lamar, 1965 ] which frequently contain
snown flucrescent structures. breure 1 presents luorescent
smission seectra reported in the hiterature for o number of
saturab widers and soil and plant extracts. Emission maama
pecur it wavelengths from 420 16 320 nm for =orural waters

caat Ao am for pule mill e oeat n all cise me haores
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cence was strong. Furthermore, recent work has shown that
the total organic carbon (TOC) concentration in a range of
poliuted and natural waters correlates linearly with fluores-
cence measured over a wide wave band between 400 and 600
nm [Smart et al., 1976).

The mean and standard deviation for background fluores-
cence values during a series of dye tests conducted in unpol-
luted limestone basins in the southern Cotswolds and Mendips
(United Kingdom) and in a karst area in central Jumaica are
presented in Table 6. As would be expected, the blue and green
background values are much higher than the orange, as is their
standard deviation. The variation is due to both between-site
variations caused by differences in the water sources (illus-
trated by the Jamaica values) and temporal variations at a site
caused by storm flow (illustrated by the Mendip resurgence
data). Highly variable values are found for soil waler, surface
runoff from clay soils, and rivers receiving sewage or agricul-
tural efluent, while lower more constant figures are obtained
from groundwater bodies sampled in pumping wells and
springs. .

Because of the high background at the green and blue wave-
lengths the sensitivily of the analysis for these dyes has been
reduced from that obtained by other workers (Feuerstein and
Selleck, 1963; Von Mdser and Sagl, 1967). The apparent in-
creased discrimination of a high-sensitivity filter combination
is negated by the corresponding increase in the variability of
the background. Attempts to separate buckground from dye
fluorescence by physical and chemical techniques have proved
unsuccessful because of the chemical similarity of the com-
pounds producing the background to the dye itsell. Thus a
thorough knowledge of the range of background variation is
required when green and blue fluorescent dyes are being used.
This is rarely necessary for the orange dyes because of the
much lower background readings.

Given the spectral uniformity of background fluorescence, it
is sometimes possible to graph intercorrelations of blue, green,
and orange fluorescence values. Any increase in the back-
ground value al a given wavelength will be reflected by a
parallel increase at the other wavelengths. Thus u sumple
containing dye will have a significant positive deviation from
the mean correlation line between readings at that wavelength
and those at both of the others. There is often considerable
scatter in such plots, which limits their sensitivity. The tech-
nique may not work if the sample is positive for both filter
combinations plotted, but by using the third wavelength it is
often possible to prove this case. Figure 12 shows the correla-
tion obtained between background fluorescence at the blue
and green wavelengths for 76 water samples from several
sample locations over a period of |0 days. The correlation
coefficient is 0.54, which is statistically significant at the 99.5%
level. Also shown are lines representing the deviation from the
best fit linc through the data produced by the presence of one
dye in concentrations of 10 and 20 g 17U duis clear that a
minimum concentration of 15 ug Vol lissamine FF and 20 up
I of photine CU will be necessary in the sample (o be readily
separable from background fluorescence

NONADSORPTIVE Dye Loss

Photochenmical decay.  When compounds apsorb hight en-
ergy, the molecules become excited and raised to g higher
energy stuie Fluorescence is caused when the molecylos revert
o the lower energy state by the emission of | vht. The high-
energy stuie wiil also tuke part in chemical rencnicens more
readiiy thun the base state: thus as compounds Thoresce, they

EP -1

often decompose owing to oxidation and other chemical
changes. The rate of this decay will depend on the energy of
the incident light beam. Thus photochemical decomposition is
dependent on both light intensity and wavelength, ultraviolet
light causing more rapid decomposition than longer wave-
lengths.

It is very difficult to obtain photochemical decay rates which
have direct application to field conditions because decomposi-
tion is dependent on dye concentration and light intensity.
Table 7 gives decay coefficients reported in the literature for an
exponential decay of the form

F=F,exp —kt

where £ is initial Auorescence, Fis luorescence at time {, and
k is the decay coefficient. The decay rates are very high for
fluorescein, which rapidly loses its Auorescence under bright
sunlight conditions. Sulpho rhodamine B is less affected than
rhodamine B, but lissamine FF appears to be an order of
magnitude better than these two. The rates presented probably
represent maximum values for field conditions, where water
depth and turbidity will considerably reduce the average light
intensities.

Comparable values for the dyes evaluated in this study are
also given in Table 7. The very fast decay of photine CU under
all light conditions precludes its use as a quantitative water
tracer. This also applies to fluorescein [Feuerstein and Selleck,
1963} and pyranine, which was previously thought to be rea-
sonably stable [Drew, 1968]. The orange fluorescent dyes and
lissamine FF exhibit low photochemical decay rates such that
no correction will be required for tests of up to | week in
duration. It is significant that the difference between the decay
rates for a 6-hour exposure to sunlight and a 6-hour exposure
to artificial light becomes progressively higher for dyes absorb-
ing at shorter wavelengths. This ratio varies from 3-4 times for
the orange dyes to over 40 times for the blue dyes, as would be
expected given the much greater ultraviolet absorption of blue
dyes together with the significant ultraviolet content of sun-
light. Amino G acid has a low photochemicul decay rate
compared with other blue fluorescent dyes.

Chemical decay.  Feuerstein and Selleck [1963] und Wan
[1965] have both reported that vigorous agitation of dye solu-
lions may cause reduction in fluorescence even under dark
conditions. Watt attempted a systematic study of this effect
but experienced considerable experimental dilficulties, finally
concluding that rhodamine B wus more susceptible than
rhodamine WT or sulpho rhodamine B 1o this type of decuy.
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He reported hittle or no signiticant loss for the dyes over a 3-
dayv period of agitation or after a similar period with oxygen

hubbling through the sumple.

The expernimental blank solutions used in all the experiments
reported here have been found stable, even when they are
agitated. Changes in the pH of unbullered pyrunine samples
may cause variation o Huorescence, and in common with
ph{»!im‘ CU and fuorescein, its high photosensitivity may
resull i significant decay over the short periods when these
wimples are removed from dark conditions. G. K. Turner
Associates reports the reduction of rhodamine B fluorescence
i contact with metals.

Biodegradation.  The susceptibility to biodegradation of a
tracer dye is significant because experiments may be carried
out in biologically hostile environments, for instance, acti-
vited sludge systems {Scalf et al., 1968], when the tracer must
he conservative. However, over the long term it must not
persist in the environment, although because of the Jow dos-
aves normally used. this should not be a problem except for
continuous ditution Qow gaging [Goodell et al., 1967).

Feuerstein and Selleck [1963] reported adsorption jsotherms
for a high-rate sewuge oxidation pond effluent, but over the |-
hour period used for equilibration, biodegradation was prob-
ahly small, Pritchard and Carpenter [1960] report that rho-
damine B in a sumple which contained a large algal population
showed no measurable decrease in fluorescence over a period
of 4 days.

Experiments on the biodegradation of these tracers using
biologically active materials are difficult to conduct because
the relutive magnitudes of adsorption and biodegradation
losses are not known. Furthermore, the populations present
are not stable through time, and very high buackground values
muv be encountered. Figure 13 shows data for adsorption on
two different components of a mixed liquor, subsamples of
which had been sterilized before addition of the dye. The
marked difference between the curves for the sterilized and live
subsamples indicates  that there wuas a sigmificant non-
adsorptive loss, which probably represents biodegradation of
the dve. Certainly, other dyves arc known to be biodegradable
1 hoth aerobic and anaerobic systems [Hunter, 1973 Etzel and
Grady, 1973). including stilbene triazine opucal brighteners
similar to photine CU.

Therefore for tracing work in systems with lurge popu-
Laons of microorganisms it is likely that biodegradation will
he uosignilicant cause of dye loss. In the majonity of surfuce
waters it will be unnecessary to consider brodegradation of the
tricer dyves because bacterial populations will be very much
fower than those used in these experiments,

ADSORPTIVE Dyt Loss

Vdsorption of dye onto sediment surfaces s mainly irrevers-
thleand therefore o high resistance to adsorption s of pura-
mount mportance for a dye tracer. Consequently, a larpe
tumber of laboratory experiments, normally using butch tech:
figtes but sometimes using elution through a column, have
Seen reportest n the hiterature [Dole. 19060 Feuersiein and
Sedlvch, 19623 Woright and Collings, 1964 Warr, 1965 Scanian
PIGK Talbor and Henry, 1968 Score et al | 196%1 However,
DeCiiise ol vanatons an (1)’(.‘ concentration, chIll:‘ru(u)n tiine,
svoenimental rechngue, and the sediments used, 1o has proved

dyes or sediments rather than to simulate environmental con-
ditions closely.

Experimental methods.  The inorganic adsorbents used in
the tests were all ground to pass a 100-um sieve and consisted
of an orthoquartzte sandstone (100% quartz), a pure lime-
stone (99% calcium carbonate), und two British Phurmacopeia
clays. bentonite and kaolinite, ohtained from Evans Medical
(Liverpool. United Kingdom). The bentonite wus identified as
a low-silica member of the Montmorillonite series by X ray
dilfraction techniques, and the kaolinite as a pure kaolinite
(ALS1L,0,(OH),). The organic udsorbents used were an acid
peat thumus), finely shredded heather roots and stems (Cal-
luna vulgaris). and a marine ply sawdust.

A known weight of adsorbent and a dye solution of selected
concentration were sealed in a fAusk and shaken for 2 hours.
Adsorption was substantially complete within this time, but
several days were allowed for a true equilibrium to be estab-
lished. The samples were centrifuged. and the equilibrium dye
concentration determined. Blanks of both dve ulone and sedi-
ment alone were also prepared. The blunks of dye alone were
used to correct for uny decay of the dye solution with time,
while those of sediment alone permitted subtraction of the
fluorescence background due to leaching from the adsorbent
(particularly important with organic substrates). Blanks con-
stituted about 25% of all samples run in the experiments.

A number of variables control dye adsorption in a balch
system; pH, temperature, water quality, and degree of agitu-
tion are environmental factors which were held constant dur-
ing the experiments. The four variables sediment concentra-
tion, dye concentration, sediment type, and dye type were
experimental variables. The effects of sediment and dye type
are discussed below. Scotr er al. [1969] have illustrated the
effect of sediment concentration on the percentage of rho-
damine WT adsorbed on a fine fuvial sediment from the Rio
Puerco (Figure 14). The arithmetic scale shows that at high
sediment concentrations the substrate is a considerably less
efficient adsorbent than it is ut low sediment concentrations,
though the converse may be inferred from the logarithmic plot
presented in the onginal (their Figure 3).

The effect of varying the dve concentration is tllustrated in
Figure 15, There is a marked decrease in the percentage of dye
foss with increasing initial dye concentration. though the ac-
tual weight of dye adsorbed increases. This s important in
quanutative applications because percentuge dye loss. and
therelore error in discharge determination, will be higher for
fow dye concentrations than for high dye concentrations in a
given situation. Talthot and Henrv [1968) examined the effect of
dve and suspended sediment concentration on adsorption
losses. They presented correction curves for rhodamine B dye
based on their experimental results but were only uble to
achieve w moderate fit with test data. In practice, attempts to
correct dye concentrations for adsorption losses are liable to
considerable error, and o4 specitic correction curve would be
needed Tor each field toal Clewrv itis more desirable to select
a dve with a high adsorpuion reastance than o rely on such
procedures

Elect of sediment tiope on advorpnon. Figure 16 prosents
adsorption data for hssamine 0 on seven ditferent sedimen: s,
fourinorganic and three ¢ogane For the inorganic matenals,
natural buckground Huorescencs was relatively small, but for

PrOah o exend the resuits of one study o trose of maore cRe vovamic matenials o b ooh concentrations it was simelar oo
studies o opew v ontroduced tracers The oxperimens verctude te the dve b b scence bapure 17 show oo o
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Fig. 14.

Effect of sediment concentration on dye adsorption for rhodamine WT. Data are from Scotr et al. {1969,

Figure 2].

dye fluorescence falls below the background fluorescence, the
accuracy of the results is dominated by the variability of the
background. This was commonly +10%; therefore for large
adsorptive dye losses the error may approach +100%, though
it was much less in the majority of the experiments. For the
orange fluorescent dyes the error was considerably less than it
was for the blue and green dyes because the blank Auorescence
was lower (10 g 1" of humus gave an apparent concentration
of 1.2 ug 17" of rhodamine WT, 70 ug I-* of lissamine FF, and
80 ug 7' of amino G acid). These limitations on experimental
accuracy should be considered when the adsorption data are
being examined.

In Table 8. adsorption losses for all eight dyes tested are
presented. At the bottom of each sediment lype column u
mean rank is given: this is derived by ranking the sediments for
cuch dye at the two different concentrations in order of ad-

sorptive efficiency and averaging for the total number of cases.
The orgunic sediments adsorb far more dye than the inorganic
(see also Figure 16). This is expected because of the extremely
large surfuce area of organic material and the large number of

broken bonds present on these surfaces. This finding has been-

widely reported for the adsorption of organic pesticides on
soils; for example, adsorption of the acid pesticide Pichloram
correlates highly with soil organic matler content but not
significantly with percentage of clay [Grover, 1971]). The unde-
cayed organic materiai of the heather roots and sawdust has an
adsorptive efficiency very similar to that of the decomposed
humus material {cf. Pauli, 1961},

The orthoquartzite adsorbs markedly less dye than the other
three materials, which are not significantly different from each
other despite the lurger total surface area of the clays. The fine
San Francisco Bay sediment of Feuerstein and Selleck {1963}
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Fig. 16.  Effect of sediment type on dye adsorption for lissamine FF.

Initial dye concentrations were 200 ug 17"

containing ‘abundances of illite, montmorillonite, and kaolin-
ite materials’ adsorbed almost exactly the same amount of
rhodamine B at a sediment concentration of 200 mg 1" as did
the kaolinite in this study. The ‘filter sand’ of Wartt [1965] was
very similar to the orthoquartzite used in these experiments,
but the Rio Puerco sediment of Scott et al. [1969] fell between
these two. [t may be concluded that adsorption losses under
field conditions will be much more of a problem in environ-
ments containing abundant organic matter, such as soil or
sewage ponds, than it will be in even the most turbid inorganic
fluvial system.
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Resistance to adsorption of the tracer dyes. -Figure 18 shows
adsorption of the tracer dyes on a range of kaolinite sediment
concentrations using a constant initial dye concentration of
100 ug I-'. Rhodamine B is conspicuously the least resistant to
adsorption owing to its cationic nature. It is clear from the
replicate values plotted that even with inorganic substrates
there is some experimental variance. Sulpho rhodamine B
exhibits the highest losses of the anionic dyes, twice as large as
those for rhodamine WT, the next most resistant. Lissamine
FF and fluorescein exhibit very similar values, while amino G
acid, photine CU, and pyrunine show very small losses, which
would be negligible under field conditions. Comparison of the
adsorption losses in Table 8 with those in Figures 18 and 19
shows that different adsorption runs do not give the same
absolute results, although the ranking of the dyes remains
essentially unchanged.

Humus was also used to study the relative resistance of the
tracer dyes (Figure 19). Again rhodamine B showed poor
resistance. Photine CU, fluorescein, and rhodamine WT were
considerably more resistant, but much less so than amino G
acid, pyranine, lissamine FF, and sulpho rhodamine B. Be-
cause of the high humus concentration used, the pH of the
solution was as low as 4 lor several of the runs. Adsorption of
the anionic dyes is retarded by repulsion from the negatively
charged surface of the organic matter. Therefore greater ad-
sorption would be expected at low pH values when the dye
molecules become protonated. Thus the increased dye losses at
the high humus concentrations may be augmented by this
effect, which has been widely reported for organic pesticides
[Frissel and Bolt, 1962; Boardman and Worrall, 1966; Grover,
1971].

The four dyes most resistant to adsorption on organic mat-
ter all have sulphonic acid functional groups: three for pyra-
nine, two each for sulpho rhodamine B and amino G acid, and
one for lissamine FF. This strong acid group does not pro-
tonate until relatively low pH values, and the dyes therefore
maintain their resistance to adsorption. Photine CU also has
sulphonic acid groups, but because of its planar molecule,
which has a high affinity for celtulose surfaces, it exhibits poor
resistance to adsorption on humus compared to its good resis-
tance to adsorption on inorganics. Both rhodamine WT and
fluorescein have carboxyl acid groups, which are liable to
protonation at a higher pH than the sulphonic acid groups,
their lower resistance to adsorption thus being explained. Cor-
ey [1968] has previously suggested that more than one sul-
phonic acid group was a useful indicator of a resistant dye.
The data support this conclusion, though the good perfor-
mance of lissamine FF with only one such acid group shows
that this should not be the only criterion employed in dye
selection.

Rhodamine B is clearly of little use as a quantitative tracer
because of its very poor resistance to adsorption. Pyranine and
amino G acid are resistant to adsorption on both organic and
inorganic materials, while lissamine FF and sulpho rhodamine
B show a relatively higher resistance to adsorption on organic
material. Rhodamine WT and fuorescein have a moderate
performance on both types of substrate, but photine CU,
which is resistant to adsorption on inorganic sediments, shows
a murked affinity for organic matenals.

Adsorption losses onto equipment.  Yotsukura et al. (1970]
have reported adsorption of rhodamine B dye onto glass
sainple bottles during a dispersion study, though the problem
wis not encountered when rhodamine WT wus used. Rho-
darvae B s catiomic and is therefore attracted by the negative
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TABLE 8. Comparison of Tracer Dye Adsorption on Mincral and Organic Materials
Sediment Mineral Organic
Concentration,
Dye gl Kaolinite Bentonite Limestone  Orthoquartzite  Sawdust Humus Heather
Anmino G acid 2.0 99 95 66 75
200 97 96 17 39
Photine CU 20 93 80 93 58 48 60 57
20.0 90 38 40 83 s 14 23
Fluorescein 2.0 98 98 98 9K 86 83 41
20.0 93 87 94 98 I 17 0
Lissamine FF 2.0 97 96 96 99 83 9% 1]
20.0 96 92 88 95 70 68 54
Pyrunine 2.0 95 100 96 100 70 76 74
20.0 95 98 85 87 R RY} 14
Rhodumine B 2.0 } 4 8 10 12 3 4
20.0 4 3 2 8 4 2 ]
Rhodamine WT 2.0 &9 92 93 9% 81 82 %l
20.0 67 79 66 90 42 H I8
Sulpho rhodamine B 2. 88 98 97 92 g2
0 51 76 o 63
Average ranking of 5.2 5.3 5.4 6.2 2.7 23 1.%
best adsorbents
Figures are percentage of dye remaining in solution from a 100 g | initial dye concentration.

charges present on most solid surfaces. The other dyes studied
here are anionic and are repelled by such surfaces; hence
adsorption losses are considerubly less. No significant losses of
any of the anionic dyes tested were observed on soft or hard
glass (Pyrex) containers for periods of up to 10 weeks. Fur-
thermore, no losses were found for rhodamine WT and lissa-
mine FF stored in polythene bottles or in contuct with rubber
bungs or ‘Parafilm’ laboratory sealing film over the sume

period.
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When blue fluorescent dyes are used, care shouid be taken
that the sampies do not come into contact with cotton wool,
paper, textiles, or other materials treated with blue fluorescent
optical brighteners. It is particularly important that non-
fluorescent laboratory detergents be used because most domes-
tic products contain 0.1-0.6% by weight of brightening com-
pounds. One particular source of contamination was found to
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TABLE 9. Toxicity of Rhodamine B and Fluorescein to Fish at 12°C

LCy.mgl-!
Dye Species 6 Hours* 24 Hours 48 Hours 96 Hours
Rhodamine B rainbow trout 736 306 217
channel catfish e 962 647 526
bluegill 1176 754 700 379
Fluorescein rainbow trout 6410 4198 3420 1372
channel catfish s 3828 2826 2267
bluegill 5000 4898 3433

*Estimated from other data.
Data are from Marking [1969].

be transparent polythene tubing, which contained very large
quantities of brightener, readily leached by dye soiutions pass-
ing along it. It is relatively simple to check such gross sources
of contamination by using sample blanks or a hand-held ul-
traviolet lamp. In general, contamination at the green and
orange wavelengths is minimal.

Toxicity

Two aspects of dye toxicity are important: first, possible
deleterious effects on aquatic and marine life and second, the
limitations which should be considered where human con-
sumption of the labeled water is a possibility. Pritchard and
Carpenter [1960] reported on the toxicity of rhodamine B to an
unnamed species of fish which survived without ill effects for 2
months in a 100 mg |- solution. Bandr [1957] showed that
Aluorescein at 100 mg 1-' was not toxic to trout and roach,
while Sowards [1958] observed that visible concentrations of
this dye did not affect the toxicity of Pronoxfish, a fish tox-
icant, to longnose dace (Rhinichthys cataractae). Marking
[1969] determined LC,,'s, the concentration in solution which
causes 50% mortality in the test species after a specified ex-
posure period, for rhodamine B and fluorescein by using rain-
bow trout (Salmo gairdnerii), channel catfish (Ictalurus punc-
tatus), and bluegill (Lepomis machrochirus) for 24, 48, and 96
hours at 12°C (Table 9). Rhodamine B was considerably more
toxic than fluorescein, and the LC,, decreased with exposure.
The dyes had little effect on the toxicity of antimycin A,
rhodamine B slightly increasing it and fluorescein slightly de-
creasing it. Smolt of both silver salmon and Donaldson trout
experienced neither mortalities nor respiratory problems in
concentrations of rhodamine WT of 10 mg |~ for 17.5 hours
at 22°C or an additional 3.5 hours at 375 mg 1-* [Parker,
t973]. No abnormalities in body length or weight were ob-
served for goldfish (Carassius auratus) maintained in several
stilbene triazine optical brighteners at concentrations of {0
and 20 mg |=* [dkamatsu and Matsuo, 1973]. Ninety-six-hour
LC,yo's determined for a number of brighteners by Keplinger et
al. [1974] and Sturm and Williams [1975] ranged from 32 to
474 mg 1" for bluegill (Lepomis machrochirus), from 108 to
1780 mg {~! for rainbow trout (Salmo gairdnerii), and from 86
to 1060 mg |~! for channel catfish (/cralurus punctatus) (cf.
Table 9). Akamatsu and Matsuo [1973] report [.C,,’s as high as
2 g 17!, though experimental details are not given. Although
body levels of optical brightener above the concentration pres-
ent in the water have been observed in long-term aquarium
studies with goldfish and bluegills, these concentrations rap-
1dly fell once the fish were placed in freshwater [Jensen and
Fettersson, 1971; Ganz er al., 1975).

Panciera [1967] has shown :hat 2-day-oid oyster larvae
(Crassocrrea virgrnica ) died within 2 davs at HXimg | ' concen-

trations of rhodamine B, showed temporary retardation of
growth at 10 mg 1!, and suffered no ill effects at | mg |-
Similarly, at the high concentration, no eggs developed to the
larval stage, while 27% had some abnormality at 10 mg |-,
and none were affected at | mg 1=, Parker [1973] showed that
for rhodamine WT, development-continued normally in Pa-
cific oyster (Crassostrea gigas) eggs and larvae up to concen-
trations of 10 mg 1=* for 48 hours at 24°C. The flesh of quahog
clams (Mercenaria mercenaria) was rapidly stained by rho-
damine B at dye concentrations in excess of 0.09 mg 1%, but
the dye was rapidly cleared once the clams were placed in dye-free
water. At concentrations above 8.4 mg |-! the clams showed
avoidance reactions and contact staining. Woelke [1972] has
observed that sea urchin eggs (species hemicentrotus) were af-
fected by rhodamine B at 32 mg |-* but not at 10 mg |-*, while
embryos of the bay mussel (species mytilus) were affected at
concentrations 10 times lower than this. Toxicity experiments
conducted at 10°C with a number of fresh and brackish water
invertebrates including water flea (Daphnia magna), shrimp
(Gammarus zaddachi), log louse (Asellus aquaticus), may fly
(Cloeon dipterum), and pea mussel (species pisidium) at a
maximum concentration of rhodamine WT of 2000 mg 1-!
showed no mortality of any species over periods of 48 hours
and | week compared to the control animals (J. S. Worttley
and T. C. Atkinson, personal communication, 1975).

From the data presented, it is apparent that rhodamine B is
more toxic to aquatic organisms than both rhodamine WT and
fluorescein, probably because it is readily adsorbed on living
tissues owing to its cationic nature [Little and Lamb, 1973].
Nevertheless, concentrations sufficiently high to be a problem
are so transient under normal field applications, because of
rapid dilution following injection, that the dye will not cause
any ill effects to aquatic life. However, in view of the greater
toxicity of rhodamine B compared with anionic dyes, it is
recommended that rhodamine B not be used as a water tracer.
No specific information has been obtained on any of the other
anionic dyes, but it is probable that they have toxicities similar
to those reported for Auorescein and rhodamine WT. Optical
brighteners of the silbene triazine type have LC,, values in the
same range as those for the other dyes, and it is thus likely that
photine CU has a similarly low toxicity.

The toxicity of compounds to man is normally investigated
on laboratory animals: safe dosage levels are then scaled up,
and an additional safety factor is incorporated. Rhodamine B
has been investigated by a number of workers and is generally
recognized to be by far the most toxic of the xanthene dyes
because it is readily adsorbed on body tissue [Webb et al.,
1962]. Webb and Hansen (1961] studied the metabolism of this
dye and. asis true for uorescein. found that the basic fluoran
structure was not hroken down in the body, though the me-
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tabolites were significantly less toxic than the original dye
[Webb et al., 1961). Umeda [1956) reported that sarcoma was
caused in some rats following subcutaneous injections of
rhodamine B but that this was much less frequent for in-
jections of fluorescein. At dietary levels below 0.2%, neither
dye caused tumors in feeding studies. Hansen et al. [1958)
noted 100% mortality within 42 days after feeding rhodamine
B at a 2% dietary level. The dye retarded growth and caused
liver damage: liver enlargement was also evident after 90 days
in rats fed at a 1% level. D. Donaldson (unpublished data,
1971) studied the effects of rhodamine B, sulpho rhodamine B,
and rhodamine WT in oral feeding studies at 10 ug 17" in
drinking water in the rat. He reported that all test animals
showed loss of body weight compared to a control group and
that rhodamine B and sulpho rhodamine B caused the greatest
liver enlargement. Subcutaneous injections of 50 ug of sulpho
rhodamine B caused inflammatory sores at the injection sites
and a marked loss in body weight, whereas rhodumine WT
and rhodamine B appeared to cause no traumatic ifl effects
even after 56 days of this treatment.

Akamatsu and Matsuo [1973] have reviewed a large number
of studies on the toxicity of optical brighteners and conclude
that they do not present any toxic hazard to man even at
excessive dosage levels. The LDy, the dose per unit body
weight which causes 50% mortality in the test species, for oral
feeding studies in mice und rats averaged 7 g kg™ of body
weight for stilbene triazine brighteners, while continuous feed-
ing studies indicuate that a 60-kg man could ingest 1-2 g/d for a
considerable period without any ill effects. Hickson and
Welch, Ltd. (personal communication, 1975) have confirmed
that the brightener used in photine CU has been subjected to
acute and long-term feeding studies. which have indicated a
sutisfactory toxicity level.

Rhodamine WT, fluorescein, and photine CU have rela-
tively low toxicity levels, while those of rhodamine B and
sulpho rhodamine B appear to be slightly higher. No data are
availuble for the other dyes studied, but the manufacturers
have indicated that lissamine FF is unhkely to cause any
unusual toxic hazards. Fluorescein and pyranine have been
certiied for use in externally apphied drugs. hpsticks. and
cosmetics in the United States by the Food and Drug Admims-
tration. while no applications have been made for the remain-
ing dyes except for rhodamine B, which was decertified in the
early 1960's. Rhodamine B and fiuorescein have been placed in
toxicological classitication Ci11 by the Food und Agriculture
Organization/World Health Organization. The use of rho-
damine B in wuter which may pass into supply is generally
avoided in the United States. Permitted continuous ingestion
levels for rhodamine B, sulpho rhodamine B, and rhodamine
WT have been set at 0.75 me/d. which is unlikely to be
exceeded 1f concentrations at the intake remain below 370 uy
| ' The U.S. Geological Survey recommends that tracer tests
aim for a final concentration not exceeding 10 ug t ' and
preferubly below this level Until more information s avalable
on the toaaty of tracer dyes, 10y recommended that these
levels be adhered o wund that lecal water undertukings and
river authorities be informed prior to the runmng of any tracer
test. (This s i tact required by taw in Great Britain.) How-
ever, because of the relatively short duration of most tracer
tests, the veey high detectabilities available with fluorescent
dves, and the fow toxcities of the dyes themaclves. ro prob-
fems should be encountered with any of the dves

vn additionae consideration where water may enter g do-

mestic supphy which o ontonmated o~ the pradacaon of chlo-

rophenols in water containing dye molecules. Chlorophenols
impart a bitter metallic taste to water even at very low concen-
trations and are thus extremely undesirable. Wilson [1968]
reports the results of a taste test in which nine tasters sampled
water containing 0.75 mg }=' of residual chlorine and three
different concentrations of rhodamine B. All nine were able to
detect the astringent taste at 50 ug I=', only four at 10 ug 17",
and none at S ug 17"

Taste tests were carried out with the anionic dyes by using
four untrained tasters and dye samples prepared in Sheflield
tap water, the residual chlorine concentration of which was
low. No chlorophenol or other taste was detected for any of
the dyes at concentrations of 10 and 100 ug I"'. Samples with
concentrations as high as 10,000 ug I-' were found to cause
little significant taste, though these were not presented to the
whole tasting panel. At concentrations of 100 ug |-* the dyes
are readily visible, and it is therefore probable that water color
will be 4 more important constraint on dye concentration than
taste. However, if higher chlorine residual concentrations are
present, the threshold level for taste may be lower. Because the
biue Mluorescent dyes adsorb in the ultraviolet wave bund, they
are colorless in solution until they reach very high concentra-
tions (0.1-1.0 g 1-"). when they are detectable by a blue fluo-
rescent sheen. In situations where the aesthetics of a water
body are to be considered. this may prove an extremely useful
property.

FIELD EXPERIMENTS

Many authors have reported on the relative merits of dilTer-
ent dyes under field conditions. Watr [1965) showed that
rhodamine B gave losses of 25% averaged over 24 tests in
mountain watersheds in Colorado. In one stream the average
losses were as high as 53% for rhodumine B and 32% for
sulpho rhodamine B, though no check was made on the accu-
rucy of the guging structures used in these tests. Kilpatrick et
al. [1967] reported losses of 49% for rhodamine B, 25% for
sulpho rhodamine B, and 7% for rhodamine WT for gaging
tests made at the same tocation under ditferent discharge con-
ditions. An average loss of 5.4% for sulpho rhodamine B (six
tests) and 1.1% for rhodamine WT (24 tests) was reported by
Nilpatrick et al  [1967). Kilpairick [1970] also presented the
results of a lurge number of dyve gagings conducted by the U S.
Geological Survey and concluded that less rhodamine WT is
necded for u given injection than rhodamine B, despite the
greater minimum detectability of rhodumine B. Yotsukuro er
al. [1970] have also emphasized the clear advantages that
rhodamine WT has as a tracer over rhodamine B in ume of
travel and dispersion measurements. .

Fewer lests huve been conducted with green fluorescent dyes
because they are widely recognized as being infenor to the
orange dves for use in surfuce waters [Feuerstein and Selleck.
1963]. Barsche et al. [1966] present results which show that
fluorescein and sulpho rhodamine B exhibit comparable losses
under similar test conditions, although they were not directly
compured. Mather et al. [1969] have reported very large appar-
ent losses ol Huorescein under acid conditions 1na sandstone
aguifer, while saltintected simultaneousty was not atfected. W
1. Stanton (personal communication, 1974) found that pyra-

nine Lailed to trace conpections 1n a karst aguler fater proved
by the use of rthodamine WT in amounts of t-4 the amount of
pvranine used Arkon eoal [1973 00 contrast present duta
indicating a recose v of pyramine of ahcea PP 0 g quan-
Ltative  tesr, desprie careful cabibraber o the dyve using
spongw ater troon The \.m*nlmg site, chough hischarge s as not
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known exactly. Similarly, Abood et al. [1969] report several
cuses where dye recoveries have been greater than 100%,
probably owing to variation in the background fluorescence.
Smart and Smith {1976] have recently tested a number of dyes
in u surface river in Jumaica. They concluded that lissamine
FF was the most resistant to adsorption, though rhodamine
WT and Nuorescein also gave high recoveries. Pyranine and
the optical brighteners photine CU and photine CSP experi-
enced large losses in both surfuce water and groundwater tests,
recovery values being under 50%.

Tests conducted during this work have shown that rho-
damine WT is generally the most satisfactory dye tracer, while
pvranine and photine CU have proved to have severe limita-
tions. A comparison of these three dyes in a surface stream
containing a large growth of weed gave recoveries of 100%,
95%. uand 30% for rhodamine WT, pyranine, and photine CU,
respectively, after a mean residence time of 3.5 hours and 98%,
88%. und 11% at a second site after another 7.4 hours. The
pyranine results were carefully corrected for pH variation, and
it i1s clear that moderate recovery figures can be obtained.
Better recovery figures are obtained for photine CU in under-
ground tests because photodecomposition losses are elimi-
nated. In a groundwater trace in a karst area in Great Britain,
lissamine FF und rhodamine WT gave directly compurable
concentrations after correction for the different amounts in-
jected. Exact recoverics were not computed.

In most comparison tests it is usual to use quantities of
tracer which produce compurable percentage increases over
background readings. Table 10, however, presents data de-
rived from a test in which 10-mg solutions of dye were injected
sequentially into a small peaty stream with a low pH (5.0). Itis
clear that the accuracy for the determination of the orange dye
concentrations is much greater than that for the green and blue
dyes because of the low background combined with high in-
strumental sensitivity, as was discussed previously. Sulpho
rhodumine B, rhodamine WT, fluorescein, and lissamine FF
have comparable recovery figures, while rhodamine B and
amino G acid were better than photine CU and pyranine (not
pH corrected). In practice, percentage losses wouid be much
lower for the blue and green dyes because larger initial in-
jections would be used, raising the final concentrations and
decreuasing the percentage loss.

RECOMMENDATIONS FOR DYE TRACER APPLICATIONS

The presence of a significant fluorescence background at
both green and blue wavelengths is probably the most impor-
tunt factor affecting selection of a tracer dye. For a single

TABLE 10. Comparison of Tracer Dyes in a Peaty Stream
Background Peak Peuk Dye
Reading. Reading.  Concentra-  Recovery,
Dye scale units  scaleunits  tion, ug t°! %
Anino G aad 225 25.6 12.5 52
Photine CU 225 23.2 5.0 27
Fluorescen 33.5 49.2 22.0 80
Lissumine FF 335 46.3 20.5 %4
Pyranine 335 38.9 1.0 12
Rhodamine B 09 54.4 154 72
Rhodimine 09 92.4 212 86
wT
Sulpho 0.9 18.6 2.0 100

rhodamine B

For dve injection of S0 mg

injection there is thus a definite preference for the use of an
orange dye, though clearly both blue and green dyes will be
necessary for multiple injections. Rhodamine WT and rho-
damine B are 3 times us Auorescent as sulpho rhodamine B and
will therefore label a larger volume of water per unit weight
(Table 11). Similarly, pyranine is more fluorescent than lissa-
mine FF and fluorescein, which are in turn more fluorescent
than the blue dyes.

Although temperature corrections are eusily applied, for
continuous monitoring it may be necessary to obtain a simul-
taneous record of temperature variations. While the green and
blue dyes have low temperature sensitivities, those for the
orange dyes are fairly high. Consequently, it is normally neces-
sary to stundardize temperatures, for instance in a water bath,
or to measure sample temperature on analysis. Of the other
water quality parameters examined, salinity does not appear to
have a significant effect on dye fluorescence, though there is
some evidence that long-term exposure of rhodamine WT may
lead to some losses. Little information on the relative behavior
of these dyes in contact with chlorine is available, though it is
known to affect dye fluorescence. For work at high chlorine
levels, specific investigation of dye performance is recom-
mended. The anionic dyes are stable under alkali conditions
but show u reduction of fluorescence at low pH. Sulpho rho-
damine B and lissamine FF are most stable under these condi-
tions, while fluorescein and photine CU would exhibit large
losses. Because pyranine shows excessive variation of fluores-
cence with pH in the range normally encountered in natural
waters, it cannot be recommended as a quantitative dye tracer
unless pH is carefully monitored.

Pyranine, fluorescein, and photine CU have extremely high
photochemical decay rates, a reduction of fluorescence under
both natural and artificial illumination thus being caused.
Amino G acid has a moderate decay rate and when it is
exposed continuously to bright sunlight would therefore ex-
hibit significant fosses. For the three orange dyes and lissamine
FF. photochemical decay would only be important in tests
lasting several days. Biodegradation will not be a problem
under most natural conditions, though for work in biologically
hostile environments it is probably a significant cause of dye
losses, which should be considered in dye selection. Rho-
damine B sufTers from enormous losses due to adsorption on
many surfaces and is not recommended because of this prob-
lem. [t is also signiticantly more toxic than other dyes. and its
use should therefore be avoided. Pyranine and amino G acid
are both very resistant to adsorption on both mineral and
organic surfaces, while fluorescein and rhodamine WT exhibit
moderate resistance. Although sulpho rhodamine B is not
readily adsorbed by humus, it suffers significant losses on
mineral surfaces, the converse of the adsorption characleristics
of photine CU.

. The volume of water labeled per unit cost is given for the
tracer dyes in Table |1 on the basis of the minimum detect-
abilities in Table 3 and prices quoted for 10 kg of tracer
delivered in the United Kingdom. Although rhodamine B
appears to be the most economical tracer, because of its very
large adsorption losses this figure will effectively be much
reduced in pracuce, Furthermore, these tosses preclude its use
for quanutative applications. Rhodamine WT. the second
most cost effective dye in the table, has no serious disadvan-
tages. although it was not the most conservative tracer of those
examined In environments with much organic matter, suipho
rhodamine B might be considered because of its good sdsorp-
non resistance, though it s more expensive thua rhodamine
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TABLE It. Cost Effectiveness of the Trucer Dyes
Volume Volume
Cosl per Labeled per Labeled
Kilogram,*  Kilogram, per £,
Dye State L 10 mkg 'V 100 2 2 Supplier
Amino G acid powder 3.50 20 5.7 L. B. Holliday Ltd.,
Hudderstield, U. K.
Photine CU 20% solution 1.00 2.8 5.6 Hickson & Welch Lid.,
Castleford, U. K.
Fluorescein powder 4.00 35 8.8 Brico Ltd.. London,
U. K.
Lissamine FF powder 13.50 35 2.6 L. B. Holliday Ltd.,
Hudderslield, U. K.
Pyranine powder 13.00 120 9.2 Bayer U. K. Ltd.,
Richmond, U. K.
Rhodamine B powder 5.00 100.0 200.0 Brico Ltd.. London.
U. K.
Rhodumine WT 20% solution 6.50 77.0 240 DuPont U.K. Lid.,
Altringham, U. K.
Sulphorhodamine B powder 8.50 16.0 19.0 Brico Ltd., London,

U. K.

*For 10-kg lots delivered, October 1975.
tBased on minimum detectabilities in Table 3,

WT. Lissamine FF, which is extremely stable and resistant to
adsorption losses, is unfortunately the least cost effective of the
dyes considered, being over 9 times more expensive to use than
rhodamine WT. However, because of its superior properties it
is recommended as the best quantitative tracer of the three
green dyes tested. In nonqualitative work, especiaily for
groundwalter tracing, where photochemical decay is not a
problem, the economy of using fluorescein, which is only 2.6
times more expensive than rhodamine WT, may be considered
where more than one dye is to be injected simultaneously. Of
the two blue dyes, whose cost effectivenesses are very similar,
amino G acid has superior photochemical and adsorption
characteristics and is therefore the most useful.
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Bickel, Ph.D. David North Dakota Public Service Commission ND dbickel@state.nd.us
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Clayton Kort Thunderbird Wildlife Consulting, Inc. WY clayton@vcn.com
Coiley Bartly Usibelli Coal Mine, Inc. AK bartly@usibelli.com
Dreesbach Catherine Montana Dept. of Environmental Quality MT cdreesbach@mt.gov
Fortner Amber Utah Division of Oil, Gas & Mining uT amberfortner@utah.gov
Fritz, P.E. Doyl WWC Engineering WY wweshr@cyberhighway.net
Galetovic Joe Office of Surface Mining CO jgaletov@osmre.gov
Gerlach Julie Aqua Terra Consultants, Inc. WY julieg@atcwyo.com
Gerlach Joe Aqua Terra Consultants, Inc. WY joe@atcwyo.com
Giurgevich Bob Wyoming DEQ WY rgiurg@state.wy.us
Hoy Roberta Wyoming DEQ WY rhoy@state.wy.us
Huits Craig Wyoming Dept. of Environmental Quality WY chults@state.wy.us
Kaldenbach Tom Colorado Department of Natural Resources CcO tom.kaldenbach@state.co.us
Kirkham Russ Assica Depotuwent o/ Ayt cni Boc.  |AK russell_kirkham@dnr.state.ak.us
Lucero Angie Office of Surface Mining / NM alucero@osmre.gov
McDannel Angela Montana Dept. of Environmental Quality MT amcdannel@mt.gov
McGinnis Deborah Office of Surface Mining CO dmcginni@osmre.gov
Ogle Kathy Wyoming DEQ LQD WY kmogle@state.wy.us
Oswald Christopher Western Energy Company MT coswald@montana-wcc.com
Papka Diane Montana Dept. of Environmental Quality MT dpapka@mt.gov
Price Michael Entrada/San Juan, Inc. Ut mike_price@frontiernet.net
Robinson Gene OSM Casper Field Office WY GROBINSO@OSMRE.GOV
Sivanpillai, Ph.D. |Ramesh University of Wyoming WY sivan@uwyo.edu
Storie Steven Powder River Coal Company WY SSTORIE@PEABODYENERGY.CO
Sweet Jonathan Wyoming DEQ - District 3, LQD WY (Swell stale WY, US
\Wagner Linda OSM Western Regional Office CO Iwagner@osmre.gov =
Wait Janie lwter Howwdaco Regnd &esr, Ine. WY jweri @ interweunfainrese iels,
Yde Chris Montana Dept. of Environmental Quality MT cyde@mt.gov
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