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Research on the application of soluble, metal chelates for

water tracing using thermal neutron activation analysis for tracer

determination has led to the development of several tracers with

promising solution stabilities (conservative behavior) and determi -

nation sensitivities, The solution stabilities of the ethylenediamine

tetraacetic acid (EDTA) and the diethylenetriamine pentaacetic acid

(DTPA) chelates of the activable elements Cr, Co, Eu, In, Sb, Sc

and Tb were evaluated in a series of laboratory, radiotracer experi-

ments conducted under simulated field conditions. They showed that

1) chelation of metals produces highly conservative solution behavior,

2) DTPA is generally better than EDTA for improving tracer behav-

ior, 3) non-chelated metals are rapidly sorbed onto sediments and

4) chelation reduces sorption of metals onto sediments.
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Field tests of EuDTPA, TbDTPA, InDTPA and Rhodamine B

fluorescent dye in a small eastern Washington stream demonstrated

that the metal chelates have significantly improved solution stabilities

in natural water compared to widely used Rhodamine B. Minimum

detection levels in natural waters for the activable tracers were de-

termined to be 0.075 ppb for Eu, 0. 10 ppb for Tb and 0.55 ppb for In

in comparison to 0.49 ppb for Rhodamine B. Associated determina-

tion uncertainties (one standard deviation) amount to ±12% for Eu at

12 ppb, ±12% for Tb at 13 ppb, and ±13% for In at 10 ppb compared

to ±7.3% for Rhodamine B at 1-10 ppb. Activation procedures are

feasible which decrease the minimum detection levels to 0.0015 ppb

for Eu, 0.0019 ppb for Tb and 0. 0057 ppb for In in comparison to

0. 075 ppb for Rhodamine B.

Anion-exchange proved uniquely suited for recovery and concen-

tration of metal-chelate tracers from natural water and as a low

background irradiation and counting matrix. A method evaluation

and economic analysis clarify the potential application of activable

metal chelates for water tracing.
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WATER TRACING WITH SOLUBLE METAL CHELATES
AND NEUTRON ACTIVATION ANALYSIS:

A LABORATORY AND FIELD STUDY

INTRODUCTION

General Statement

The ultimate objective of hydrology is, in general terms, to

reach a perfect understanding of the hydrological cycle. The usual

approach is to develop rationalized models of the hydrological cycle

and then to attempt to verify them through the collection of basic data.

Two important aspects of this cycle are the flow of surface and sub-

surface waters. An important method of gauging the flow-rate and

flow-velocity of such waters is the tracer method which requires

the introduction of a tracer into the water-mass followed by its

subsequent detection at some point downflow. Detection may utilize

chemical or nuclear properties of the tracer. Whatever the means

of detection, all water-mass tracers must possess certain character-

istics, In general, an ideal tracer may be described as a safe,

readily available, reasonably priced solute with high detection sen-

sitivity that will correctly characterize the flow of the liquid being

traced without retardation due to chemical or sorptive reaction and

without modification of the intrinsic transmission characteristics of

the liquid.
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A number of tracers that have been used for surface and

ground-water studies are listed in Table 1. It is evident that pre-

viously used tracers suffer one or more faults and none are ideal.

Three of the more common problems are losses of tracer from solu-

tion, hazards to man or the environment, and limited sensitivity.

Radioactive tracers can generally be measured with greater sensi-

tivities than chemically detected tracers, but only at the risk of

radiation hazard. The greater sensitivity of radioactive tracers is

sometimes compromised by increased costs of production and hand-

ling. Development of a chemical tracer with increased determina-

tion sensitivity, solution stability and ease and safety of handling

would bring significant progress to the field of water-mass tracing.

Statement of the Problem

The aim of this research is to develop and test non-radioactive

tracers of increased sensitivity via neutron activation and gamma-ray

analysis and of increased solution stability by chelating the activable

element.

An immediate problem is to determine which element or ele-

ments would be appropriate as tracers. It is probably naive to as-

sume that a single element would be applicable to all natural waters.

To the extent that the chemical, physical and biological properties

of natural water systems vary, the choice of tracers may also vary.
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Table 1. Some surface and ground-water tracers applied to field problems.

Tracer Form Detection
Principal

Advantages Problems Ref.

3
H H20 a,c i,k 1,11,12

24
Na NaHCO3 d g, h, 1 1

36
Cl chloride a, c 1, k, m 3, 12

32
P Na2HPO4 b, c g, k, n 1, 12, 14

Na2SO4 b,c g,k,n 12

46
Sc ScCDTA a,b,d 1 9

51
Cr CrEDTA a, b, d 1, n 9, 12

60
Co K3 Co(CN)6 a, d i, 1 3,4

60 Co CoEDTA a, d 1. 1, n 12

86
Rb RbC1 b,d g,l 3,10

90
Sr solution c g, i, k, n 3

solution b, c g, k 1

82
Br NH4Br, KBr a, b, d 1 1, 3, 5,9, 12

106
Ru solution 106j

(
Ru) d g, i 3

125
Sb SbEDTA a, b, d 1, n 12

131
I NH4I, KI b, d g, j, 1, n 1, 6, 7, 11, 12, 13

140
Ba solution b,d g,l 3

137
Cs solution

, '' d g, i, 1 3

144
Ce solution d g, i, 1 3

95 95
Zr- Nb solution b, d g, 1 3

140
La LaCDTA '' a, b, d 1 9

198
Au AuC13 b,d g,j,l I
+ -

Na , Cl NaC1 conductivity e g, o 10, 11

Fluorescein solution fluorescence e g, j, n, o 10, 11

Rhodamine B solution fluorescence e g, j, n, o 15

Dextrose sugar chemical a, e n 11

a limited or no sorptive reactions
b intermediate half-life
c I3emitter, reduction in external radiation hazard
d y emitter, easily detected
e non-radioactive
g strong sorptive reactions
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Table 1. Continued

h short half-life
i long half-life

unstable in dilute solution
k emitter, harder to detect
1 y emitter, radiation hazard
m low specific activity
n biologically active or degraded
o background

. Dincer, 1967
2. Knittsson and Forsberg, 1967
3. Eden and Briggs, 1967
4. Sternauetal., 1967
5. Borowczyketal., 1967
6. Ubell, 1967
7. Guizerix, 196Th
8. Molinari and Guizerix, 1967
9. Sauerwein, 1967

10. Straubetal., 1958
11. Kaufman and Orlob, 1956b
12. Merritt, 1967
13. Halevy etal., 1958
14. Novak, 1960
15. Knutsson, Ljunggren and Forsberg, 1963
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However, the gross homogeneity of the earth's crust and, thus, corn-

parable global water chemistries should allow the same tracer to be

used in similar environments, i. e., one river to the next, etc.

A basic prerequisite of any water-mass tracer is its complete

and stable solubility in the water-mass. Any tendency for the tracer

to form or become associated with particulates may cause the tracer

to experience accelerations different than the water molecules. Thus,

the question of how well the tracer actually indicates true water mo-

tion arises. Many elements have nuclear properties attractive to

activation analysis. Other factors, such as chemical toxicity, cost,

availability, biological role and natural background, must be consid-

ered. However, the most critical and difficult question concerns

the stability of the tracer in the water environment. A possible

means for stabilizing an activable element in solution is to form

soluble chelates with a suitable ligand. Ethylenediamine tetraacetic

acid (EDTA) and diethylenetriamine pentaacetic acid (DTPA) form

strong, soluble chelates with a variety of elements. Their ability

to enhance the solution stability of selected activable element is

evaluated in this thesis.

This research consists of two principal parts, a laboratory

study and a field experiment. The laboratory study comprises radio-

tracer experiments aimed toward the development under simulated

environmental conditions of activable chelated tracers possessing



high solution stabilities. In the field test, potential tracers are

tested in a small stream to assess their behavior and determina-

tion sensitivities under actual environmental conditions. AnaLytical

procedures for neutron activation, chemical separation and gamma-

ray analysis of tracers and natural stream constituents are developed

and tested.
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BACKGROUND LITERATURE

To date, there has appeared no definitive text covering the

theory and applicationof artificial water-mass tracers. However,

there are several important volumes of symposium reprints and

condensations: IAEA, 1963; IAEA, 1967; and Stout, 1967. Several

literature surveys and bibliographies cover the literature to 1968:

Greene, l968a; Greene, l968b; Feely et al., 1961; Ballard etal.,

1964; and JohnstoietaL, 1961.

The choice of a non-radioactive tracer detectable via neutron

activation analysis is based on several requirements. The ideality

of the tracer is determined by the extent to which these requirements

are satisfied:

1. The tracer should possess a high sensitivity for the particular

mode of activation analysis in use.

2. The tracer should remain in solution, resisting precipitation

or sorption reactions.

3. The tracer should have a low natural concentration in the water-

mass into which it will be introduced.

4. The tracer should not be hazardous at the concentrations or

total amounts necessary for its use.

5, The tracer should have reasonable cost in terms of both time

and materials. It should be readily available.



In the following discussion each of the requirements is examined to

determine which combinations of activable element and chelating

agent provide the most promise for further study.

Amenability of Tracer to Neutron Activation Analysis

Several modes of activation analysis are suitable for use in the

determination of a water-mass tracer: (1) prompt gamma analysis,

(2) short irradiation followed by immediate counting of short-lived

activities, (3) long irradiation followed by decay periods prior to

counting of long lived activities. Determination sensitivity may be

increased by radiochemical separations and optimization of post-

irradiation decay periods prior to counting. The choice of mode is

largely determined by the availability of irradiation and counting

facilities. Another important factor is the matrix in which the tracer

will be irradiated, specifically the half-lives and relative abundances

of the activated tracer and matrix elements, The necessity for op-

timizing decay times prior to counting and/or radiochemical sepa-

rations depends on the elemental nature of the matrix.

In this study the long distance from the irradiation facility to

the counting equipment precluded the use of short-lived radionucides.

Due to its generally lower sensitivity (Lombard and Isenhour, 1968),

the prompt gamma-ray method is impractical. The approach in this

research was to utilize longer lived radionuclides and to increase



tracer determination sensitivity via recourse to high resolution

gamma- ray spectrometry, radiochemical separations and/or post-

irradiation decay periods for reduction of short-lived interferants

The activity of a radionuclide produced via thermal neutron

irradiation is given by

M (l-e ) (1)

The sensitivity for an element is a direct function of the activity, A,

of a specific radioisotope obtainable from a standard weight, w, of

the element with atomic weight, M, irradiatec' or time, t, in a

thermal neutron flux, . The symbol f is the natural fractional

abundance of the reacting stable isotope, and o- is the thermal

neutron cross-section for the production of the isotope with decay

constant, X, N is AvogadroTs number.

From equation (1), the most sensitive elements under the

operating conditions used can be calculated (Table Z) These ele-

ments may be considered for activable tracers on sensitivity grounds

alone
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Table 2. Elements most sensitive to thermal neutron activation
which produce radionuclides with half-lives > five days.

-1 13 -1 -2(dpm. mg at end of 1 hr irradiation at 10 n sec cm

l0 108 l0 106 l0 lO 10

Lu Tm Sc
Ir Ge

Eu
Tb
Yb
Ta

Cr
Co
Rb
Ru
Ag
In
Sb
Cs
Ce
Nd
Er
Hf
W
Hg

Zn Zr Ni
Cd Sn
Ti

Achievinga Soluble, Nonreactive Water - mass Tracer

An ideal water-mass tracer must behave physically and chemi-

cally like water molecules. Chemical and physical differences be-

tween tracer and water molecules cause divergence in their pathways

through the environment reducing the accuracy with which the tracer

follows the course of the water, Thus, an ideal tracer must satisfy

both hydrodynamic and chemical requirements,

In ground-water, if the actual linear flow rate is extremely

small, then differential molecular diffusion of tracer and water may

be quite significant in creating divergence in the flow of tracer and
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water. This divergence may be further affected if the tracer reacts

chemically with the porous medium, In flowing streams, differences

in mass between tracer and water molecules are of less significance

since molecular diffusion is negligible compared to turbulent diffu-

sion and dispersal by the differential convection currents associated

with velocity gradients, Even colloidal sized particles suspended in

flowing streams have been shown by Sayre and Hubbel (1963) to dis-

perse in the same manner and at essentially the same rate as dis-

solved constituents. Suspended sediment ranging from silt to fine-

sand sized particles (250-3, 9 j,) may also behave much like dissolved

and colloidal constituents when in active transport (Sayre and Chang,

1968). However, suspended sediments like bed-load sediments are

subject to the random cycle of settling, deposition and resuspension.

Thus, the association of tracer with suspended or bed-load sediments

could lead to significant divergence in the flow rates and flow paths

of water and tracer,

A strong correlation exists between an element's abundance

as a solute in natural waters and its ionic potential or charge density

(Figure 1), Ions with high and low ionic potential tend to remain in

solution while those of intermediate ionic potential tend to precipitate

as hydrolysates. Exceptions exist as in the case of U(IV) which forms

soluble carbonate complexes [tJO2(CO3)3]4 (Agamirov, 1963). Ele-

ments with high or low ionic potentials and those that form soluble
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complex ions provide the greatest potential for use as water-mass

tracer s

Anionic solute species tend to be more conservative than

cationic species in natural waters. These observations result from

the presence of surface active, electrically charged, colloidal particles

and surface coatings. Common colloids in fresh water, such as

hydrous iron and manganese oxides and the clays, possess negative

electrostatic charges This explains the greater susceptibility of

cationic species to undergo sorption (Mason, 1966), Jenne. (1968)

proposes that hydrous iron and manganese oxides furnish the principal

control on the concentrations of heavy metals in soils and water.

Other controls include: 1) complex formation with organic sub-

stances, 2) ion exchange with clays, 3) adsorption onto carbonates

and 4) precipitation as the discrete oxide or hydroxide

An anionic, soluble species with a small charge density would

be a likely tracer candidate. Since thermal neutron activation analy-

sis is a method for elemental detectior and since it is generally

more sensitive for the heavier elements, a means of incorporating

heavier elements within a large soluble anion is necessary. Soluble

chelates possess unique tracer possibilities since the heavier ele-

ments generally have greater complexing strength to complement

greater activation sensitivity. As seen in Figure 1, the heavier

elements tend to be insoluble in natural waters, thus limiting their
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Figure 1. Ionic potentials (ionic chargeS ionic radius 1) of some important elements with
separation into geochemical groups based on generalized solution behavior. Data
after Phillips, 1965; geochemical boundaries after Mason, 1966.
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use as tracers in simple ionic form, This limited solubility may

actually be advantageous by lowering natural background. Thus,

chelation can convert the solution behavior of the metal from a sim-

pie, hydrated, reactive cation to a complex, less reactive anion

suitable for use as a tracer,

Chelation is defined as an equilibrium reaction between a metal

ion and a complexing agent (ligand), characterized by the formation

of multiple, coordinate bonds between the metal ion and a single

molecule of complexing agent and resulting in the formation of mul-

tiple metal-enclosing chelate rings. The metal ion accepts electron

pairs donated by the metal- complexing groups to form coordinate

bonds. Common donor atoms include N, 0 and S.

The metal- chelon- chelate equilibrium,

rn+ n- rn-nM +L ML (2)

is defined by the thermodynamic stability constant, K, under stand-

ard conditions by

K
{MLm}

S {Mm+} { L}
where Mm+ = metal cation with charge m+,

L = ligand anion with charge n-
m - nML = chelate of net charge rn-n, and

the braces denote activities.
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Stability constants provide a means of ranking the chelate

strength of various metals and ligands, Martell and Calvin (1952)

extensively discuss the factors influencing the stability of chelates,

These factors include the ligand properties of type and number of

donor groups, size and number of rings formed, steric and reso-

nance effects and effect of substitution on the donor groups; the me-

tal properties of ionic potential and ligand-field stabilization; and

the medium effects of competing reactions and pH.

Metal chelates of aminocarboxylic acids, such as EDTA and

DTPA, represent some of the most stable, water soluble chelates,

Table 3 compares the stability constants with EDTA, DTPA and

CDTA for a selected group of metals. DTPA possesses greater

thermodynamic stability than EDTA for most metals and therefore

should provide the more stable chelate for use as a tracer, The

application of various EDTA chelates for tracer use has been re-

ported. Apparently, no reports on the use of theoretically superior

DTPA have been published to date, Cyclohexanediamine tetraacetic

acid (CyDTA or CDTA) has been used successfully by Sauerwein

(1967) to chelate and '40La for use as tracers in measuring the

flow of a stream through a reservoir. CDTA possess generally

smaller stability constants than DTPA (Reilley, Schmid and Sadek,

1959; Schwarzenbach et al,, 1954). Thus from thermodynamic evi-

dence CDTA should offer no advantage over DTPA for use as a
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Table 3. Stability constants for various metals with EDTA, DTPA and CDTA.

Metal EDTA
log K Ref.

DTPA
log K Ref.

CDTA
log K Ref.

Ba (II) 7.8 1 8.6 7 8.0 14
Sr (II) 8.6 1 9.7 7 10.0 14
Mg (II) 8.7 1 9.0 7 10.3 14
Ca (II) 10.7 2 10.7 8 12.08 2

Sc (III) 23.1 2 -- --
Ti (III) 21.3 3 -- --
V (II) 12.7 4 15.1 8 --
V (III) 25.9 4 -- 19.40 2.
Cr (III) 24.0 12 -- --
Mn (11) 14.0 2 15. 1 8 16.78 2
Fe (11) 14.3 2 16.5 9 --
Fe (III) 25.1 5 28.6 9 --
Co (II) 16.3 2 18.4 8 18.92 2
Co (III) .-.-36 13 -- --
Ni (II) 18.6 2 19.6 8 19.4 14
Cu (II) 18.8 2 21. 1 8 21.30 2
Zn (II) 16.5 2 18.3 8 18. 67 2
Cd (II) 16.5 2 18.9 8 19.23 2
Hg (II) 21.8 2 26.7 10 24.4 14
Al (III) 16. 1 2 -- 17. 6 2
Ga (III) 20.3 2 -- 22.91 2
In (III) 25.0 6 -- --
Sn (II) 13.5 12 -- --
Pb (II) 18.0 2 18.8 10 19.68 2

Y 18.0 2 22.4 11 19.15 2
La (III) 15.5 2 19.9 11 16.26 2
Ce (III) 15.9 2 20.4 10 16.76 2
Pr (III) 16.4 2 21.8 11 17.31 2
Nd (III) 16.6 2 22.2 11 17.68 2
Sm (III) 17. 1 2 22.8 11 18. 38 2
Eu (III) 17.3 2 22.9 11 18.62 2
Gd (III) 17.3 2 23.0 11 18.77 2
Tb (111) 17.9 2 23.2 11 19.50 2
Dy (III) 18. 3 2 23.4 11 19.69 2
Er (III) 18.8 2 23.1 11 20.68 2
Tm (III) 19.3 2 22.9 11 --
Yb (III) 19.5 2 23.0 11 21.12 2

1, Schwarzenbach and Ackern-iann, 1947.
2. Schwarzenbachetal., 1954.
3. Pecsok and Maverick, 1954.
4. Schwarzenbach and Sandera, 1953.
5. Schwarzenbach and Heller, 1951.
6. Saito and Terrey, 1956.
7. Durham and Ryskiewich, 1958.

8. Chabereketal., 1959.
9. Vandegaeretal., 1959.

10. Andereggetal., 1959.
11. Harder and Chaberek, 1959.
12. Feelyetal. 1961.
13. Knutsson and Forsberg, 1967 (p. 652).
14. Reilley, Schmid and Sadek, 1959.
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chelon to stabilize activable tracers. (See Appendix I for a discus-

sion of thermodynamic stability versus kinetic inertness)

Lacey and de Laguna (1956) prepared tracer solutions of the

EDTA chelates of cobalt, chromium and antimony spiked with 60Co,

51Cr and 124Sb (concentrations and specific activities of the solutions

not reported) to test the effect of chelation in reducing the adsorption

of cationic radionuclides onto soils. Chelated and unchelated tracer

solutions were percolated once through columns of fine-grained,

calcareous shale of ion-exchange capacity 0. 3 meq . g 1 at the rate

of 4 m1min' for approximately 1 hr. Unchelated metal ions were

heavily adsorbed on the shale to the extent that the column effluent

to influent concentration ratio was <0. 15 for Co and < 0. 10 for Cr

and Sb. Chelation reduced adsorption, increasing the ratio to about

0.70 for SbEDTA and 1,0 for CrEDTA and CoEDTA. All chelated

tracers showed initial column loading; the extent to which cannot

be ascertained since no tracer recovery values were reported.

Halevy etal. (1958) compared several tracers for solution
36 1- 131 1- 192stability in limestone aquifers. Cl , I , Ir C163,

192IrEDTA, 65ZnEDTA and 60CoEDTA with the corresponding car-

rier concentrations of KC1 (100 ppm), KI (100 ppm), K3Co(NO2)6

(100 ppm) and NaEDTA (1000 ppm) respectively, were passed at

250 ml'min' through colunms containing crushed, marble-like,

crystalline limestone. Tracers were introduced into the columns
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as 250 ml pulses and were followed for three to four column volumes

or 0.5 to 1.5 hours, l3ll 65ZnEDTA and 60CoEDTA tracers corn-

pared favorably with 36C11 which was considered to be an ideal trac-

er inasmuch as Kaufman and Orlob (1956a) found chloride ion in corn-

parison with calcium cation, iodide, fluorscein and dextrose to be

the most satisfactory indicator of water movement through high-clay

soils. '92IrCl63 and '92IrEDTA behaved unsatisfactorily. Recovery

of tracer pulses was 36Cl, 99%;
l3ll 88%; 65ZnEDTA, 90 and

98%; 6OGOEDTA 88%; 1921r Cl63 , 82%and '92IrEDTA, 26%. Based on

laboratory results, Halevy etal. (1958) chose 60CoEDTA and l3lil

for field tests which consisted of injection of tracer into an aquifer

with subsequent recovery by pumping (the single-well pulse technique).
60 131 1-Recovery of CoEDTA and I was much lower than expected,

and thus, the validity of extrapolating laboratory results into the

field is questioned.
51 124 114mChromium ( Cr), antimony ( Sb), indium ( In), cobalt

60 192 144Go), iridium ( Ir) and cerium ( Ce), as the EDTA chelates

were evaluated in laboratory tests for use as radioactive tracers of

subsurface flow in the brines of petroleum reservoirs (Heemstra

etal., 1961). HTO, K'311, 6RbG1, '921rGl63 and 51Cr as the

hydrated cation were also tested for tracer use. Labeled chelate

solutions of total metal concentrations from 0. 1 to 3, 000 ppb were

prepared in 50, 000 ppm sodium chloride brines and forced through
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sandstone cores at approximately 3 ml° mm for up to 51 days.

Total loss of tracer ranged from 2%, '24SbEDTA; 16%, 60CoEDTA; 17%,

144CeEDTA; 23%, 192IrED.TA;25%, U4mInEDTA to 39%, 51 CrEDTA,

as compared with no loss for tritiated 1-iO. On the basis of high re-
124covery and minimum hold-up in the columns, SbEDTA proved to be

the best of the chelated tracers.
Chromium-EDTA complexes form slowly in chloride solution

probably due to ion-pair formation between chromium and chloride

ions. In nitrate or sulfate solution the complex forms more rapidly

(Knutsson and Forsberg, 1967). The low recovery of several tracers
described above (Heemstra etal., 1961) may have resulted from in-

complete complex formation in brines, as suggested by KnutssonetaL

(196.3) for chromium. The high ionic strength (>0.87) and high chlor-

ide ion concentration of the tracer solutions makes these data more
applicable to marine than fresh waters.

Knutsson, Ljunggren and Forsberg (1963) and Knutsson and
Forsberg (1967) carried out extensive laboratory and field tests of

CrEDTA as a tracer for ground-water flow. Contrary to Heemstra

et al. (1961), they showed in laboratory tests that 'CrEDTA is a

reliable tracer down to concentrations of 1 ppb in silty, sandy
and gravelly soils composed of common minerals 51 CrEDTA

tracer solution was pumped through columns filled with quartz,

sand, soil, rock and/or mineral combinations at a flow rate of
-140-45 ml h for periods of one to several days. 51CrEDTA re-

covery and delay compared favorably to those of tritiated water.

Only iron rich minerals, such as chlorite, goethite, limonite and
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magnetite, and the clays in general significantly influenced the be-

havior of 51CrEDTA as a ground-water tracer. Infield tests in till

soils and karst areas 51CrEDTA performed well, being in close

agreement with HTO and better than the dye suiphorhadamine G

extra. The more nearly ideal behavior of 51CrEDTA obtained by

these authors probably reflects preparation and purity controls which

as sured complete chelate formation.

Hazzaa etal. (1966) measured the effective porosity of ground-
131 1- 82 -1 51water aquifers using I Br , CrEDTA and HTO as tracers.

Tracer tests lasted from 33 to 64 hours and covered distances of 5 to

10 m in aquifers of 27 to 33 m thickness. Travel times for 51CrEDTA,
1311- 82 -1

I and Br compared favorably with HTO and the authors

concluded that the values for effective porosity are independent of

the tracer used.

Jennings and Schroeder (1968) conducted laboratory tests for

the evaluation of 1Z4SbEDTA, '41CeEDTA, CrEDTA, U4mIflED1A,

'°3RUEDTA and 85SrEDTA as ground-water tracers. Distributions

of tracer between solutions which contained calcium as the competing

ion and solid phases which consisted of crushed illitic shale, silty

limestone or quartz sand were determined in both batch and column

experiments. Batch and column distribution coefficients were deter-

mined and compared. The authors concluded that the more easily

determined batch distribution coefficients could be used to predict
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column elution histories,. These, in turn, could be used to predict

the stability of a tracer in a particular water-aquifer-tracer system.

In addition, the behavior of chelated tracers in column experiments

was compared to that of chloride ion and theoretical values.

51CrEDTA tracer performed best in the column tests with 98%

recovery and only minor pulse retardation in comparison to chlor-

ide. 1 14mInEDTA 141CeEDTA and '°3RuEDTA performed less

well with 95-97, 29-30 and 65-66% recovery, respectively0

1I4mInEDTA and 141CeEDTA showed significant pulse retarda-

tion while 103RuEDTA had only minor retardation relative to chlor-

ide. 85SrEDTA and '24SbEDTA did not elute from the columns which

suggested to the authors that chelates were broken and metal ions

were sorbed onto the column fill, Heemstraetal, (1961) found

'24SbEDTA to be a good tracer with 98% recovery in column tests.

It is probable that the 124SbEDTA chelate used by Jennings and

Schroeder (.1968) was not completely formed. Low recoveries of

'°3RUEDTA and '41CeEDTA were attributed to incomplete chelate

formation and chelate breakdown, respectively (Jennings and

Schroeder, 1968).

The literature yields the following general conclusions:

1. Chelation of metal ions reduces their reactivity with solid

phases.

2. Cr, Sb, In and Co as the EDTA chelates, show the greatest
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promise for water-mass tracers on the basis of solution

stability.

3, Tracer behavior in laboratory studies may not accurately

predict tracer behavior in the field.

4. A determination of the practical extent of complex formation

is necessary for meaningful interpretation of metal-chelate

tracer behavior.

5. Laboratory determinations of tracer distribution coefficients

appear to have value for predicting tracer behavior, at least

on a relative basis.

Tracer Selection Considering Elemental
Background in Fresh Water

To reduce error, a tracer with low natural concentration in

the water-masE is desirable. Analytical methods for most minor

and trace elements are available (Fishman and Robinson, 1969), but

reliable data on the concentrations of most trace elements in fresh

waters are scarce. A first approximation of the amounts of elements

to be expected in fresh waters can be estimated from elemental abun-

dance of crustal rocks. It is generally true that the amounts of ele-

ments introduced into rivers and lakes are proportional to crustal

abundances. Listed in Table 4 are the average crustal abundances

for those elements which collectively represent less than 0.4 weight



Table 4. Average minor and trace element composition of crustal rocks and rivers.

Element

1
Crustal

rocks (ppm)

2
Rivers

(ppb) Element

1Crustal
rocks (ppm)

2Rivers
(ppb)

Rb 90 1.5(3),1.1(4),1.7(5) As 1.8 2.0(6),.4(7)
Ni 75 10.0(3), 11.7(7) U 1.8 .5(6), .1(7)
Zn 70 45.0(6) Ge 1.5
Ce 60 -- Mo 1.5 .35(3),1.8(4)
Cu 55 5.3(3), 1.15(6) W 1.5 --
Y 33 -- Eu 1.2 --
La 30 -- Ho 1.2 --
Nd 28 -- Tb 0.9 --
Co 25 19(4), .06(6), .89(7) I 0.5 --
Sc 22 .43(6) Tm 0.5 --
Li 20 1.1(3),106(5),3.3(6) Lu 0.5 --
N 20 -- Ti 0.5 --
Nb 20 -- Cd 0.2 --
Ga 15 . -- Sb 0.2 1.1(4), 1.08(6)
Pb 13 4.0(3) Bi 0.2
B 10 10(3) In 0.1
Pr 8. 2 -- Hg 0.08 . 3(6)
Th 7. 2 -- Ag 0.07 .09(3), .30(4)
Sm 6.0 -- Se 0.05 .20(4), 2.57(6)
Gd 5.4 -- Ru 0.01 --
Yb 3.4 -- Pd 0.01 --
Dy 3.0 -- Te 0.01 --
Cs 3 .020(4), .018(5), .39(6) Pt 0.01 --
Hf 3 -- Rh 0.005 --
Er 2.8 -- Os 0.005 --
Be 2.8 -- Au 0.004 .02(6)
Br 2.5 4.8(6) Re 0.001 --
Sn 2 -- Jr 0.001 --
Ta 2 --

1Mason, 1966.

2References shown in parentheses.

3Durum and Haffty, 1963.

4Kharkar, Turekian and Bertine, 1968.

5Sreekumaran, PiIlai and Folsom, 1968.

6Rancitelli and Tanner, 1969.

7Livingstone, 1963.
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percent of the crust and individually not more than 0. 01 weight per-

cent each. Also included are values for trace element concentrations

in rivers and streams where representative values or averages are

available. In practice the natural background of the particular water-

mass must be defined prior to selection of a tracer. However, a

suitable element satisfying the other requirements of a tracer should

be available among the less abundant elements in the lithosphere and

hydrosphere.

Evaluation of Water Tracern in Consideration
of Water Quality Criteria

Each element or substance proposed for use as a water tracer

must be evaluated individually with respect to its potential toxicity.

U. S. Public Health Service drinking water standards (Table 5) serve

as a guide to those particular substances which are known to be haz-

ardous or undesirable for consumption. The danger from many less

abundant elements in the earth' s crust is in many cases not well

known. McKee and Wolf (1963) have surveyed and discussed the

available information to 1963 on all substances with respect to po-

tential water pollution and hazard. This volume serves as a first

reference for the assessment of hazard for a proposed tracer.

In general, the sensitivity of activation analysis should allow

the concentration of tracer to be 10 ppb, which in turn reduces
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Table 5. U. S. Public Health Service drinking water standards,
1963 (McKee and Wolf, 1963).

(Values for selected elements in ppm)
Re commended Maximum

Element Limit Allowable

As 0.01 0.05

Ba -- 1.0

Cd -- 0.01

Cl 250

Cr hexavalent - 0. 05

Cu 1.0

Fe 0.3 --

Pb -- 0.05

Mn 0.05 --

Se -- 0,01

Ag -- 0.05

Zn 5.0 --

N as nitrate 45

S as sulfate Z50
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hazard. As the chelation of simple ions suppresses normal ionic

characteristics in solution, so might it effect the toxicity of a par-

ticular substance. It is possible that chelation may increase or

decrease toxicity. Also, consideration must be given to the possi-

bility of eventual degradation of the chelate with release of the corn-

plexed metal. Thus, the toxicity of the chelated tracer may be a

function of time. The total amounts of tracer introduced into the

water, even if the concentration remains minimal, must be consid-

ered in light of potential concentrating mechanisms, such as organ-

isms, ion-exchange and surface foams.

Assessment of Tracer Costs and Availability

As a guide to assessment of tracer costs, Table 6 was pre-

pared from the current prices listed in several supplierT s catalogs.

Costs vary depending on time, supply, demand, quantity purchased,

purity required and chemical form. Thus, Table 6 serves as a first

approximation to tracer costs and as an inter comparison of costs for

most of the less abundant elements. Added to tracer cost is the ex-

pense of activation analysis, viz., neutron irradiation and gamma-

ray analysis, which is relatively high compared to other analytical

methods. Personnel, logistics and equipment represent additional

costs which are peculiar to individual situations and, thus, better

assessed for distinct tracer experiments. The levels of cost which
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Table 6. Order of magnitude costs for elements which are less
abundant in crustal rocks.

-

(Costs in U. S. dollars per gram of substance based on kg.
quantities of chemically and economically suitable metal,
oxide or salt forms of 99 percent or greater purity. Data
from the current catalogs of several suppliers.

1O 102 101 100 101

Br Sb Ce Er Lu
Co As Cs Eu Os
Pb Bi Cr Gd Sc
Zn Cd Dy Ga Tm
DTPA Cu Ge Au
EDTA I Hf Ho

La In Jr
Mo Nd Pd
Ni Pr Pt
Nb Rb Re
Ag Sm Rh
Ti Ta Ru
Th Ti Tb
Sn U Yb

w Y
Zr

Rhodamine B



are acceptable are directly dependent on the value of the information

to be gained from the use of the tracer.

In order to estimate the cost for the amount of tracer neces-

sary in an actual field experiment, Figure 2 was constructed for a

stream discharge measurement using the constant-rate injection

method (Dincer, 1967) with a tracer concentration in the stream of

10 ppb. The total cost for tracer per hour of the measurement is

obtained as a function of discharge and various tracer cost levels.

As an example, the cost of tracer for measuring a river dis-

charge of 1.0 x 1O4 cfs with EuDTPA is estimated. From Table 6

Eu costs $10°. g' and DTPA costs $10 g'. If the mole ratio

Eu:DTPA is to be 1.0, then the weight ratio EuDTPA is 0. 39.

Thus, under the conditions that Eu will be 10 ppb, DTPA will be

26 ppb. From Figure 2, the following costs are obtained:

Eu $1.0 x 1O4 . hour'
DTPA $2.6 x 101 . hour'
Tracer $1.0 x 1O4 hour'

The cost of DTPA is trivial compared to Eu.

The minimum fime the tracer must be continually introduced

into the stream is determined by the mixing length of the water-

course, Several formulas have been proposed to determine the

mixing length of stream (Dincer, 1967). Rimmar' s theoretical
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(Cost per Hour for Running the Discharge
Measurement Test as a Function of Stream
Discharge for Various Tracer Costs)
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Figure 2. Estimation of tracer costs for stream discharge measurement using the constant-rate injection method

at a tracer concentration of 10 ppb in the stream.
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formula gives the mixing length, L, as

b2L 0,13k (4)

where h is the mean width of the stream along the measuring

courser d its mean depth and k a coefficient equal to

k = C (0, 7C + 6) g (5)

where C ic Chezy's empirical resistance coefficient (15 < C < 50)

and g the acceleration of gravity,

At a discharge of 1,0 x 1O4 cfs, a reasonable mean flow

velocity might be 1. 5 ft' sec 1 with a transverse section area of

6,7 x 1O3 ft3. Assuming b = 1.2 x i02 ft, d = 57 ft and C = 35,

Rimmar's formula gives a mixing length of about 1, 1 x lO ft. Thus,

a minimu.m of 0, 0 hours would be necessary under the conditions

assumed at a minimum tracer cost of 2, 0 x 1O3 dollars, Guizerix

(1967a) found Rimmar's formula to overestimate mixing lengths by

factors of between 5 to 40 in contrast to Glover (1964) who found

good agreement in rivers, The minimum cost may be overestimated.
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LABORATORY EXPERIMENTS

Purpose and Description

For initial evaluation of the solution stability of possible trac-

ers, several radiotracer experiments were carried out in a manner

closely duplicating environmental conditions. The experiments inter-

compare the time functions of tracer solubility for several activable

elements in both simple cationic and complex EDTA and DTPA an-

ionic forms. These experiments include the following elements in

simple and complex forms with the exception of cesium which has

negligible complex strength with EDTA and DTPA: Sb, Go, Cr, Cs,

Eu, En, Sc, and Tb, The choice of these eight elements is based

on a combination of the criteria defining an ideal tracer. Chemical

costs were considered of less importance than activation sensitivity,

complex strength and crustal abundance.

Europium and terbium combine high sensitivity to activation

analysis using long-lived activation products, relatively large stabil-

ity constants with EDTA and DTPA and comparatively low crustal

abundances. Scandium compares favorably with Eu and Tb with the

exception of a greater crustal abundance. Indium and antimony are

less sensitive to activation than Sc, Eu and Tb, but less abundant



than Tb and Eu. Cobalt possesses high complex stability, but is

either less sensitive or more abundant than Sc, Eu, Tb, Sb and In,

Chromium is included to compare these experiments with those of

others who have used 51CrEDTA as a water tracer, Cesium is in-

cluded to clarify its value as a water tracer in simple catioriic form,

Although this research is concerned with longer lived activi-

ties and their use as water tracers, indium and europium also possess

high sensitivity using short-lived isotopes (Figure 5, p. 49) which

might advantageously be utilized in a short irradiation and immediate

counting procedure, Dysprosium also possesses high sensitivity

using short-lived 165Dy (Figure 5), Since Dy, Eu and Tb are all

rare earths having similar chemistries, the time functions of tracer

solubility for Eu and Tb with EDTA and DTPA will allow reliable

prediction of the solution behavior of Dy chelates for use as water

tracers,

Time Functions of Tracer_Slit

In order to simulate environmental conditions as closely as pos-

sible in the laboratory, the various chemical forms of the eight tracer

elements were tested in standard amounts of freshly sampled Columbia

River water and sediments. The experiments were run in 100 ml poiy-

ethylene tubes agitated in thermostatically controled shaker baths at 10-

11°C for from one hour to ten day periods, Each of the ZZ individual
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tracer forms were tested as the radioactive species at metal concen-

trations in the river water of 10 igIl (Table 7). Radioisotopes were

produced by irradiation of standard metal solutions in the Hanford

production reactors. Complexed EDTA and DTPA were formed

after irradiation with a chelon to metal mole ratio of 10 at pH 6.5

to 7.5 (see Appendix II for preparation of cornplexed tracers).

Table 7, Tracers tested in the time function of tracer solubility
experiments.

Radioisotope Half-life Tracer form

l2.7y Eu3+, EuEDTA' , EuDTPA2

72. id Tb3+, TbEDTA1 , TbDTPA2

ll4mth 50.Od 1n3+,InEDTA1,InDTPAZ

46Sc 83. 9d Sc3+, ScEDTA' , ScDTPA2
60 Co 5. 26y 2+ 2-

Co , CoEDTA , CoDTPA

'24Sb 60. 4d Sb3+, SbEDTA', SbDTPA2
51 Cr 27. 8d 3+ 1- 2-Cr , CrEDTA , CrDTPA

2.05y Csl+

Total tracer
metal concen-
tration, gml

8.57 x

7.71 x

8.01 x

7.09 x

6. 19 x

6. 85 x l0

7. 17 x l0

6.50 x

'The 22 tracer forms listed constitute the 22 time function
of tracer solubility experiments.
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Each of the 22 experiments consisted of up to seven sets of

three tubes each, one set of three tubes of every time period, The

first tube of each set contained 60 g natural river water and 10 g

bottom sediments which served to characterize tracer behavior

under natural conditions, The second tube contained 60 g natural

river water without bottom sediments to evaluate the effect of bot-

tom sediments on tracer behavior. The third tube contained centri-

fuged river water without bottom sediments to evaluate the effects

of suspended sediments and the experimental tube on tracer behav-
1ior.

After a 24 hour temperature and mechanical equilibrium period

in the thermostatically controled shaker, standard amounts of radio-

active tracer solution were pipetted into all tubes, The tubes were al-

lowed to shake for periods of from one hour to ten days, At predeter-

mined times, sets of three tubes were removed from the shaker and

centrifuged, The supernatant from each tube was decanted off and

placed into standard counting geometry, Sediments were also

1All centrifuged samples were spun for 30 minutes at 1250
r, p. m, under conditions which according to Stokes' law are sifficient
to settle 1 i spherical particles of specific gravity 2. 2 g cm in
less than 15 minutes, The author is aware of the assumptions and
difficulties pertaining to the calculation of viscous settling rates
using Stokes' law, The conditions of centrifugation are sufficiently
severe to separate from the water column smaller particles than
would normally tend to settle from standing water during the time
period of a typical tracer experiment,
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placed into standard geometry, as were comparator standards.

Either the supernatant or sediment from each tube was counted

depending on which contained the greater activity.. This proced-

ure was repeated for each set for all 22 tracer forms and resulted

in the time function of tracer solubility in river water curves for

each tracer (Figure 3a and b).

Verification of Chelate Formation

To evaluate tracer solubility time functions in terms of ideality

of tracer behavior, it is necessary to know if the chelate equilibrium

is virtually complete. The practical extent of complex formation can

be determined using ion-exchange resin to separate cationic metal

and anionic complex forms. If a radioactive tracer solution is passed

through a cation-exchange resin, all metal cations are removed from

solution while metal-complex anions are passed through. From the
the law of mass action, as metal cations are removed from solution,

they should be continuously replaced by decomposition of the complex.

However, if the kinetics of the decomposition reaction are very slow,

then effective separation can be achieved and the practical extent of

complex formation ascertained (Appendix I).

Aliquots of radioactive tracer solutions were passed through

4 ml columns of Bio Rad AG 50W-X8, 50-100 mesh, cation-exchange
resin in the ammonia form. Column effluent or resin was counted to

determine percent complex formation (Table 8).
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Table 8. Percent complex formation determined with cation-exchange. Percent recovery of
complexes from solution and percent elution of metal by 12 M HC1 determined with
anion-exchange.

1
Percent DTPA Complex

Percent Complex Formation Recovery and Elution 2

Metal Metal- EDTA Metal- DTPA Recovery Elution

Sb 100 2 98 ± 2 100 ± 2 48 ± 2

Cr 67±2 71±2 --
Co 99 ± 2 101 ± 2 99 ± 2 98 ± 2

Eu 100 ± 1 100 ± 1 100 ± 1 100 ± 1

In 98±3 101±3 -- --
Sc 100±1 101±1 102± 1 102±1
Tb 99 ± 1 100 ± 1 99 ± 1 99 ± 1

Net counts tracer effluent from column
1001Percent Formation Net counts tracer added to column

2Percents obtained similarly to 1.

Effect of Cation-Exchange on the Chelate Equilibrium

To ascertain the effect of cation-exchange on the chelate equi-

librium, DTPA chelates of l4mIn and 6c were formed with a

chelon to metal mole ratio of one instead of ten, Each chelate solu-

tion was passed through two individual fresh 4 ml columns contain-

ing Bio Rad AG 50W-X8, 5 0-100 mesh, cation-exchange resin in the

ammonia form After the first run, 63 ± 1 and 65 ± 1 percent of In

and Sc, respectively, passed through the column. 2 After the second

All errors are reported as the standard deviation unless
noted otherwise,
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run, the same 63 ± 1 and 65 ± 1 percent of In and Sc passed the

column. This indicates that cation-exchange does not significantly

alter the chelate equilibrium within the resolution of the radiotracer

method.

Concentration of Complexed Tracers from Solution

An efficient method for tracer recovery and concentration

from natural waters would enhance tracer utility by reducing the

in situ concentration necessary for quantitative determination and

by reducing analytical costs. Since the metal complexes of EDTA

and DTPA are anionic, they can be removed and concentrated from

the water on anion-exchange resins.

As an initial test of tracer recovery, aliquots of several

radioactive metal-DTPA tracers were passed through 4 ml columns

of Dowex 1X-4, 50-100 mesh, anion-exchange resin in the chloride

form, Twelve molar HC1 was used to elute the metal from the col-

umn. Column effluent, resin or HC1 elutriant were counted to deter-

mine percent recovery of tracer on the resin and percent elution

of the tracer by HC1 (Table 8).

Results and Discussion

Several general conclusions follow from the time function of

tracer solubility experiments (Figure 3a and b).



1. Chelation of metals with either EDTA or DTPA improves

tracer solution stability over the simple ionic form in all

cases.

2. The theoretically superior complex stability of DTPA over

EDTA is evident for Eu, Tb, Sb and In.

3. EDTA and DTPA complexes of Sc and Cr appear equally stable.

4. CoEDTA appears to be more stable than CoDTPA.

5. Simple ionic forms of Cs, In, Eu, Sc, Co, Tb and Cr are

rapidly removed by sorption onto sediments.

6. The unchelated form of Sb is nearly as stable in solution as

the EDTA and DTPA forms.

7. Sorption of tracer to the polyethylene tubes was negligible

compared to sorption on sediments in all cases.

8. Sorption of tracer to suspended sediments was negligible corn-

pared to sorption to bottom sediments in all cases.

In comparing the solution behavior of previously reported

chelated tracers to those developed here, several prospects appear.

EuDTPA, TbDTPA, ScEDTA, ScDTPA and InDTPA hold the best

tracer possibilities with respect to solution stability. Since they

all remained in solution to near 100% for periods up to four to eight

days, they should pOssess as much, if not more, promise for water

tracers as CrEDTA which has been reported as a satisfactory tracer

by Knutsson and Fosberg (1967) and Jennings and Schroeder (1968).
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Both CrEDTA and CrDTPA appear to have inferior stability, How-

ever, the data in Table 8 suggest that poor behavior of Cr complexes

is a result of incomplete chelate formation, The increased solution

stability of CoEDTA over CoDTPA represents a reversal in trend

which lacks explanation in terms of either complex stability constants

or completeness of chelate formation; stability constants are not well

known (Table 3), and the chelates were completely formed (Table 8),

Both SbEDTA and SbDTPA appear to have comparatively poor solu-

tion stabilities and, thus, questionable potential as tracers, The

relatively high solution stability of the unchelated form of Sb sug-

gests its presence as a naturally complex anionic form which is in

agreement with the findings of Nelson, Perkins and Nielsen (1966),

Cesium is unsatisfactory for use as a tracer,

In all cases except Cr, EDTA and DTPA complexes were de-

termined to be completely formed within the error of the measure-

ment (Table 8), The incomplete formation of Cr chelates probably

results from the general inertness of Cr(II1) complexes (Cotton and

Wilkinson, 1962), and specifically, the slow formation of chelates

such as CrEDTA (Hamm, 1953), Heemstra (1968) achieved essenti-

ally complete formation of CrEDTA in about an hour by heating,

From the experiment with InDTPA and ScDTPA, it is concluded

that cation-exchange of the uncomplexed metal has no measurable

effect on chelate equilibrium, Apparently, the kinetics of chelate
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decomposition are quite slow and/or chelate stability large enough

to resist measurable decomposition by cation-exchange. Hence,

incomplete chelation of Sc and In at an initial metal to chelon ratio

of one is probably due to consumption of chelon by metal impurities

in the water and chemicals. The low initial concentrations of tracer

metal (<lOs ig 1) (Table 7) enables such impurities to success-

fully compete with tracer metal for chelon.

All six metal-DTPA tracers were quantitatively removed by

anion-exchange (Table 8). In all cases except Sb the metals were

quantitatively eluted with 12M HC1. Antimony readily forms ion

pairs with chloride in concentrated HC1 and, thus, would not be

expected to completely elute. Eu, Sc and Tb are not, or only

slightly, adsorbed by strong base anion-exchange resins in 12M

HC1 (Kraus and Nelson, 1956) and thus would be expected to quanti-

tatively elute. The reason for the elution of Co is not completely

clear, but may be explained by its rapidly decreasing distribution

constant at 12 M HC1 (Kraus and Nelson, 1956). The high recover-

ies and general facility of the anion-exchange method suggest its

practical application to field work.
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FIELD EXPERIMENTS

Purpose and Description

Extrapolation of laboratory results into the field is best done

with questioning reservation In the case of water tracers, the dis-

crepancy in behavior of 60CoEDTA under laboratory versus field

conditions reported by Halevyetal. (1958) (p.18 this thesis) testi-

fies to this fact and points out the need for field testing of proposed

tracers,

A small scale field experiment to evaluate several tracers was

performed in Meadow Creek, a small stream located in Garfield

County, Washington approximately 23 miles northeast of Dayton,

Washington and near Central Ferry. An approximately 0. 5 mile

reach of the creek about 2. 3 miles above its confluence with the

Snake River was chosen as the test site. Meadow Creek is a low

discharge stream of appropriate scale for developmental tests, The

creek offers no evidence that tracer behavior in it could not be ex-

trapolated into other streams The U.S.G.S. continually monitors

the creek level and reports daily discharge values based on rating

curves derived from periodic mechanical stream-flow measurement.

These independent discharge values supply a basic stream parame-

ter necessary for the tracer tests.. The small scale was necessitated
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by limited monetary, logistic and personnel resources in addition

to convenience for developmental work.

The tracer test used is a variation of the insantaneous tracer

injection method for stream-discharge measurement as described

by Dincer (1967). The discharge Q, measured downstream from

the point of tracer injection, is given by

AQ= (6)
(CQCB) dt

where A is the total amount of tracer injected, CQ the tracer con-

centration in the downstream samples and CB the natural or residual

concentration of tracer in the stream. The integral should cover

the entire passage time for the tracer spike For this study, the

tracer was injected at a constant rate q, at a concentration Cq

and for a time T. Thus, equation (6) becomes

C qT
(7)

Y(CQ-CB) dt

In order to evaluate tracer behavior, the ratio

(CQCB) dt Q

CqqT

is calculated. The values for Cq q, T and Q are known or deter-

mined prior to the tracer test, while the integral is determined by
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the test. The denominator of equation (8) represents the total amount

of t:acer i:ijected. The integral i. e'aluated over te ticre that

CQ> GB so that the numerator represents L!e ttal amount of

tracer which passed the sampling point.

The R value for a tracer indicates the extent to which it ap-

proaches ideality with regard to solution stability. Thus, R = 1

indicates no loss of tracer from solution between injection and samp-

ling. As R -*0 the loss of tracer increases with complete loss at

The ratio dt T reveals the extent of tracer retardation with

respect to the water resulting from hydrodynamic and chemical inter-

actions of the tracer and stream. Theoretically, no tracer can be-

have identically with water. Longitudinal dispersion, the major

dispersive process in flowing streams, causes dt> T with the dif-

ference increasing with T. As the ratio dt. T4+00, the difference

in behavior of tracer and water molecules approaches a maximum.

Choice of Field Tracers

The practical sensitivity for quantitative tracer determination

is limited by the natural or residual tracer concentration in the wa-

ter. In the use of radioactive tracers, tracer background is usually

zero, and any stable isotope naturally present, plus any from the

addition of carrier, provides increased solution stability for the
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tracer. With the use of neutron activation for tracer detection,

natural or residual background may not be zero, and carrier addi-

tion is limited to congeneric forms not producing interfering activa-

tion products (Figure 5). Thus, a preliminary trace element analy-

sis of the water system to be studied is required for the best choice

of tracer.

A multielement analysis of the trace constituents of Meadow

Creek water and suspended sediments was done by neutron activation,

group chemical separations and gamma-ray analysis (Table 9). A

flow diagram of the analysis procedure is shown in Figure 4. The

method is essentially as described by Rancitelli and Tanner (1969)

and Jensen (1962). The only variations are the deletion of the car-

bonate form resin from the group 1 separation, the increase in sam-

pie size from 30 to 70 g and the inclusion of particulate matter in

the gamma-ray analysis. All fractions from the separation proced-

ure were counted to check for completeness of separation. Every

radionuclide occurred to greater than 99% in the correct fraction.

EuDTPA, TbDTPA, ScEDTA, ScDTPA and InDTPA were found

in the laboratory test to be the most stable in solution (p. 40), Of

the four activable elements available, Eu, Tb and In.have the smallest

background concentrations in the creek. On the basis of solution sta-

bility, amenability to neutron activation analysis and background

concentration, EuDTPA, TbDTPA and InDTPA were selected for
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WATER SAMPLE QUICK STREAM
FROZEN AT COLLECTION

TAMINATION, ADSORBTION
SITE TO PREVENT CON

4,ON CONTAINER WALLS,OUT-
GASING AND BIOLOGICAL
ACTIVITY. ./

-+c 1

FROZEN
WATER

SAMPLE
NEUTRON

IRRADIATION 70g

.1SAMPLE ETCHED*rO
REMOVE SURFACE CON-
TAMINATION, MELTED AND _ PARTICULATE
FILTERED. CARRIERS ADDED MATTER
BEFORE FILTRATION. 45pore COUNTED

lOOp1 FILTRATE
FILTRATE SAMPLED

4 COUNTED FOR 24No,
38CI

GROUP / SEPARAr/ON

PRECIPITATION AND
ION-EXCHANGE WITHOf a s FORM DOWEX
I-X2

50°C WATER JACKET

DOWEX I HYD.

DOWEX I SULPHIDE ..

GLASS WOOL PLUG

GROUP II SEPARATION

K, Rb & Cs PRECIPITATED
FROM COLUMN EFFUENT AS
THE TETRAPHENYL BORON

4

RESINS COUNTED
FOR 46Sc, 5Cr, 6Mn
59Fe,60Co,64Cu,65Zn,
75Se, 76As 828r "°'Ag,
22'24Sb,203Hg AND

OTHERS

FOR 42K, 66Rb & 'Cs
\. PRECIPITATE COUNTED

4
FILTRATE COUNTED

24No AS CHECK ON SEPARA-
TIONS

Figure 4. Multielement analysis of trace constituents in Meadow Creek water
and suspended sediment using neutron activation, chemical separa-
tions and gamma-ray analysis.

*
Etching entails melting and discarding of outer susface of frozen sample.



Table 9. Multielement analysis of the trace constituents of Meadow Creek water and suspended
sediments via neutron activation, group chemical separations and gamma-ray analysis.

Fraction (JIg element. 1_i water)

Element Dissolved Error
(%)1 Particulate Error (%)1

Antimony .068 25 .18 25

Bromine 145 25 ND --
Cerium ND -- D --
Cesium .064 25 73 25

Chlorine D -- D --
Chromium .93 25 16 25

Cobalt 1.0 25 1.8 25

Copper .066 25 1.5 25

Europium D D

Hafnium ND D

Indium ND D

Iron 106 25 9000 25

Lanthanum ND - .46
Manganese 63 25 63 25

Mercury .045 25 ND --
Potassium 6700 25 1600 25

Rubidium ND -- 12 32

Ruthenium D - - ND - -

Samarium ND D

Scandium . 047 25 2. 7 25

Selenium 7.0 25 2.4 25

Silver ND -- ND

Sodium 24000 25 D

Terbium ND D

Zinc 45 25 134 25

1Error estimated at ± 25% or ±counting error whichever is greater.

D = detected; detection limit determined by equation (9) p. 72; conveys that analysis did
not include or did not allow quantitative determination.

ND= not detected
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generator was used to inject tracer into the stream at a constant

rate, Activable and dye tracers were sampled in polyethylene

bottles.

Analytical Methods

Fluo rome try

5Z

Rhodamine B was determined in the field by chemical fluores-

cence using a portable fluorometer. Instrument readings were con-

verted to dye concentrations using a calibration curve prepared by

dilution of standard dye solution with distilled water. Creek water

served as the blank corresponding to zero fluorescence. Samples

and standards were thermally equilibrated before measurement.

Fluorescence measurements were made with a G. K. Turner

Associates Model ill automatic servo-balancing fluorometer

equipped with a high sensitivity cuvette holder and general purpose

ultraviolet light source. The filter system consisted of a narrow

pass primary (excitation) filter (Corning color specification no. 546)

which peaks at 546 m1j. and a narrow pass secondary (emission) filter

(Corning color specification no. 590) which peaks at 590 m. The

range selector was set at the most sensitive position, 30X.
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Activation Analysis

The DTPA tracers were recovered from creek water with

columns containing 0.2 g (oven dried) Dowex 1-X2, 50-100 mesh,

anion-exchange resin in chloride form. The columns have a total

ion-exchange capacity of 0. 7 meq which exceeds that necessary for

tracer concentrations < 100 ppb. After the column was washed with

5 ml double distilled water, 200 ml creek water containing tracer

was passed at i -z m1 min 1 followed by 5 ml double distilled water.

The resin was extruded from the column into a 2/5 dram polyethylene

snap-top vial, dried under a heat lamp and finally freeze-dried to

remove moisture. The 2/5 dram vial was sealed and packed with

polyethylene shreds at the center of a #25 Nalgene capsule. The #25

capsule, which serves as the irradiation capsule, was wrapped with

aluminum foil to reduce contamination and secured with plastic tape.

Standard solutions were sealed in quartz ampoules and prepared in

#25 capsules for irradiation in the same manner as the samples.

Samples and standards were exposed to an integrated flux of 3 x 1016

ncm
Air and freeze drying reduces steam production during irradi-

ation and, thus, the chance of rupturing the sample container. To

3n denotes neutron.
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further reduce the chance of rupture the 2/5 dram vials were vented

with a needle hole. This tiny aperture allowed gases to escape while

not permitting contamination to enter. Even so, several vials

showed signs of internal pressure. No significant radiation or

thermal damage to resins or polyethylene occurred during these

irradiations. However, if the exchange properties of the resin are

important to post-irradiation separations, the extent of resin de-

gradation must be ascertained.

After irradiation the resin was placed in a 1/2 x 2 in. PVC ring

and mixed with plaster of paris in order to achieve a standard count-

ing geometry.4 The irradiation standards were prepared in the same

geometry by mixing 50 il of solution with plaster in a ring. Quanti-

tative determination of the tracer is carried out by gamma-ray an-

alysis on one or more of four counting systems described on page 63.

Results and Discussion

The results of the field tests are shown in Figure 7a, b, c, and

d and Tables 10, 11, and 12. Examination of the R values in Table

11 leads to the following conclusions:

1. Rhodamine B dye suffers heavy losses from solution with only

10, 7, 4 and 2 percent of the dye passing stations I, II, III

PVC denotes polyvinyl chloride plastic.
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Table 10. Multitracer field experiment. 1

Rhodamine B InDTPA EuDTPA; TbDTPA

T, mm 180 ± 2 180 ± 2 180 ± 2

Cq, gml 4.00 ±29 x io_2 4.06 ± .53 x 10 4.40 ± .53X 10; 4.36 ± .52 x

q, ml.sec1 .135 ±.005 .335 ±.002 .335 ±.002

9, mlsec 47.36 ±.x 10 47.92 ±.79x 10 47.64 ±.76x 10

A,g3 58.3 ±4.8 14.7 ± 1.9 15.9 ± 1.9; 15.8 ± 1.9

C8, g ml zero zero zero

Errors at ± standard deviation

2U. S. C. S. discharge values (Boucher, 1969)

3
A Cq q. T

Ui
'0



arid IV, respectively.

2. EuDTPA, TbDTPA and InDTPA are significantly more stable

in solution than Rhodamine B.

3. EuDTPA and TbDTPA as a double tracer show a high degree

of internal consistency in addition to relatively small losses

from solution as indicated by 98, 89, 83 and 74 percent of

EuDTPA and 101, 89, 83 and 74 percent of TbDTPA passing

stations I, II, III and IV, respectively.

4. InDTPA appears to have less solution stability than either

EuDTPA or TbDTPA with 74, 67, 63 and 58 percent passing

stations I, II, III and IV, respectively.

It is noted that all the R values, except for the Rhodamine B

stations and for EuDTPA and TbDTPA at station II, were calculated

from open-ended tracer passage curves (Figure 7a, b, c, and d).

Thus, they represent only minimum tracer passage and tend to

underestimate the solution stability of the tracers.

The Rhodamine B curves (Figure 7a), the EuDTPA station II

curve (Figure 7b) and the TbDTPA station II curve (Figure 7c) pro-

vide the only complete tracer passage curves for which meaningful

dt T' ratios can be calculated. The dt. T' values at station II

(Table 11) indicate less retardation of EuDTPA and TbDTPA than of

Rhodamine B.

Another indication of solution stability is the ratio of the
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-1Table 11. R and dt. T values for tracers evaluated in Meadow Creek field tests.

Rhodamine B EuDTPA TbDTPA JnDTPA

A,g 58.3 ± 4.8 15.9 ±1.9 15.8± 1.9 14.7 ±1.9
T, mm 180 ±2 180± 2 180 ±2 180± 2

1
Station I

F 2
g 593 ±.73 10.1 ± 1.6 10.3 ± 1.,6 8.23 ±.L3

dt, mm 185 ±2 117±2 117 ±2 136±2
1q.C.dt> g A 10.3 ± 1.2 10.2 ±1.2 11.1 ± 1.4

R .102 ± .015 .980 ±.193 1.01 ± .20 .741 ±.150
-1dtT 1.03 ± .02

Station II

.392 ± 49 14.1 ±2.2 14.1 ±2.2 9.88±1.6
dt,min 196 ±2 182 ±2 182± 2 180± 2

R .0672 ±.0100 .887 ±.175 .892 ±.176 .672 ±.136
dt.T1 1.09 ± .02 1.01 ± .02 1.01 ± .02

Station III

9 g 2. 56 ± .32 13. 2 ± 2. 1 13.2 ± 2.1 9.32 ± 1.5

dt, mm 204 ± 2 180 ± 2 180 ± 2 180 ± 2

R .0439 ±.0065 .830 ±.163 .835± .164 .634 ±.128

dt. T1 1.13 ± .02

Station IV

g 1.28 ± 16 11.7 ± 1.8 11.7 ± 1.8 8.50 ± 1.4

dt, mm 209 ± 2 180 ± 2 180 ± 2 180 ± 2

R .0219 ±.0033 .736 ±.145 .740 ±,146 .578 ±.117
-1dtT 1.16 ±.02

1At Station I for the activable tracers, the ratio R is calculated with A = q cq dt because
dt< T. (See Figure 7.)

2C C
9. \

(C9_C8)dt. (See Figure 7 and equations (6), (7) and (8).)
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maximum tracer concentration measured during the field test to

the maximum theoretical concentration. An ideal tracer would have

values for this ratio near one except, possibly, for hydrodynamic

effects leading to incomplete mixing. This interpretation of the

ratio assumes complete mixing. Examination of values for this

ratio (Table 12) indicate:

1. All three activable tracers have superiQr solution stabilities

compared to Rhodamine B.

2. EuDTPA and TbDTPA appear more stable in solution than

InDTPA.

Table 12. Ratios of maximum measured tracer concentration, CQM, to maximum theoretical
tracer concentration CQT, for the field tests. 1

Rhodamine B EuDTPA ThDTPA InDTPA

Station I

CQM CQT1

Station II

-1
CQM CQT

Station III

-1
CQM eQT

Station IV

-1
CQM CQT

1 -1
CQT = Cq q 9

.12 ±.02

.075 ±.01

.99 ± .15

1.08 ± .17

.052 ±.008 1.04 ± .16

.028 ±.004 .97±.15

1.03 ±.16 .78 ± .13

1.08 ±.17 .78 ± .13

1.04 ±.16 .82±.13

99 ±.15 .72±.12
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COUNTING SYSTEMS

In order to achieve sensitive radionuclide determination the

counting requirements of the various radionuclide mixtures encoun-

tered were matched to counter system capabilities. The four sys-

tems and their use in this research are as follows:

1. 3 x 5 Nal - A 5 in. diameter x 3 in. thick NaI(Ti) detector en-

closed in 4rr lead shielding is coupled to a 400 channel pulse-

height analyzer with paper tape readout. This system was

adequate for determining single radionuclides, such as in the

laboratory tracer experiments, where greater counting effici-

ency is more important than high energy resolution.

2. Ge diode -A five-sided coaxial Ge (Li) detector with an active

volume of 20 cm3 enclosed in Cd-Cu lined 4ir lead shielding

is coupled to 2048 channels of a 4096 channel pulse-height

analyzer with paper tape readout (Cooper etal., 1968). This

system was valuable for resolving complex matrices and al-

lowed the multielement analysis of creek water and suspended

sediments with a minimum of chemical separations. It was

also used to check radioisotope spectrum purity in environ-

mental samples prior to counting on one of the more efficient

NaT systems.

3, Nal Well - A 9.37 in. diameter x 8.81 in. thick NaI(Tl) detector



with a 3. 12 in. diameter x5. 96 in. deep well surrounded by a

36 in. diameter x 36 in. thick plastic phosphor anticoincidence

shield is coupled to a 400 channel pulse-height analyzer with

paper tape readout. The detector and anticoincidence shield

are encloscd in a 4i lead shield lined with 4 in, thick boron-

paraffin to reduce the ordinarily high background of large de-

tectors (Wogman, Robertson and Perkins, 1967). This system

was useful for counting il4mIn in the presence of 82Br in sam-

ples from the InDTPA field test. The near 4 i geometry, high

counting efficiency and reduced Compton response of this system

allowed reasonable determination of the low energy gamma ray

(191 key) of il4m1

4. Multidimensional System - Two 4 in. thick x 6 in. diameter

solid Nal (Ti) crystals set in coincidence compose the principal

detector which is anticoincidence shielded by an 11. 5 in. diame-

ter x 12 in. thick annular NaI(Tl) crystal. The detector and

shield which are enclosed by 4 lead shielding are coupled to

a 4096 multiparameter analyzer for multidimensional gamma-

ray spectrometry. Readout is by photographic printer. This

system provides selectivity and sensitivity for the quantitative

determination of low levels of many radionuclides in complex

matrices due to anticoincidence shielding and two dimensional

gamma-ray spectrometry (Perkins, 1964). This system was

used in the multielement analysis of Meadow Creek.
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DISCUSSION OF ERRORS, DETECTION LIMITS AND
DETERMINATION LIMITS IN ACTIVATION

ANALYSIS OF 'IELD TRACERS

Errors

Potential sources of error in the activation analysis of tracers

include gravimetry, volumetry, sample contamination, counting

statistics, self-shielding, source homogeneity, interfering nuclear

reactions and neutron flux gradients. Errors in gravimetry and

volumetry are easily evaluated and generally negligible, the ex-

ception being the pipetting of 50 pl volumes which was determined

to have an error of ±1. l% Sample contamination may occur at van-

ous times during the sampling, processing and irradiation procedure.

Sources of error may include accumulation of dust from air and

equipment, contamination from sample containers, cross contami-

nation and penetration of residual activity present in the irradiation

facility through the irradiation capsule0 An upper limit for contami-

nation was set by running a resin blank and a resin plus creek water

blank through all analytical steps with the field tracer determinations.

No discernible contamination or background from Eu, Tb, or In was

detected which is in apparent contradiction with the data in Table 9.

The discrepancy is due to the seasonally increased sediment load

of Meadow Creek at the time of the multielement analysis.



Counting errors amounted to 1.7, 1. 8 and 6. 2% for Eu, Tb

and In tracers in creek water containing approximately 12, 13 and
-1 5 152 160

10 1 activable metal, respectively The Eu and Tb

counting errors which arise from ten minute counts on the Ge diode

after irradiation to an integrated flux of 3 x 1016 n' cm2 followed by

decay periods> 10 days, could easily be reduced by longer or more

efficient counting and by multidimensional analysis. Indium- 1 14m

was counted for 30 minutes in the NaT well, Longer counting times

would reduce error while multidimensional analysis is of limited

value due to the small gamma-gamma coincidence percentage for
114m 82In and because of Br interference.

Self-shielding errors can result from one or more of several

processes depending on sample size, sample matrix and neutron

spectrum. Activation of large samples (> ig) and/or samples con-

taming nuclides with high thermal neutron absorption cross- sections

may result in significant flux suppression within the interior of the

sample. If the neutron spectrum contains an appreciable epithermal

flux, then, in addition to thermal absorption, resonance absorption

and seif-thermalization of epithermal neutrons can produce a more

complex self-shielding error, Fortunately, selected irradiation

positions in the Hanford reactors have cadmium ratios in excess of

5A11 errors are reported as the standard deviation unless
noted otherwise.
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100 and, thus, the effects of resonance absorption and self-thermal-

ization are greatly reduced Using the Hanford reactors, Rancitelli,

Haller and Tanner (1968) have shown that self-shielding error in

biological material limited to one gram is less than five percent.

In order to minimize self-shielding error, comparator stand-

ards were in dilute solution (< g activable elementm1') and

of small dimension (100 F1 in 0.5 mm wall, 3 mm ID quartz ampoule).

Samples containing a maximum of 106 g activable tracer adsorbed

to 0.5 g anion-exchange resin were irradiated in similar dimension

in polyethylene. The anion selectivity of anion-exchange for tracer

recovery further benefits the reduction of self-shielding by greatly

reducing the retention of most of the heavier elements present in

natural water. The thermal neutron absorption cross-sections for

polyethylene, quartz, anion-exchange resin and biological material

are all less than 0.5 barns based on their average compositions

and should contribute minimal self-absorption error for the small,

uniform samples and standards irradiated in the field tests. The

upper limit for self-absorption error is, thus, set at ±5%.

Uniform source density was achieved by thoroughly mixing

resins and standards with plaster of paris in l/Z x un. PVC rings

for counting. Errors in source homogeneity and geometry were

determined by counting rings from both sides. The standard devia-

tion of source error was ±4 0%



During neutron irradiation in a reactor, significant sources

of error may result from interfering nuclear reactions. Side reac-

tions with matrix nuclides and impurities can lead to errors by

producing the isotope of interest and/or an isotope which emits a

photon of similar energy to that of the isotope of interest. Due to

the relatively low energy gamma-ray spectrum in a reactor, photon

induced reactions will be less significant than (n, p) and (n,a) reac-

tions. Although a cadmium ratio in excess of 100 greatly reduces the

importance of (n, p) and (n, a) reactions, these reactions can become

significant if their target nuclide is in higher concentration than the

thermal neutron target,or if their reaction threshold lies in the

thermal region.

Possible interfering nuclear reactions for Eu, Tb, and In

activation analysis are listed in Table 13. Side reactions producing

the isotope of interest are seen to be trivial even with the generous

assumptions used in calculation of the activity ratios. Natural con-

centrations of Gd, Dy or Sn equal to tracer concentrations (0. 1 to

100 ppb) are improbable, and the reaction thresholds for these reac-

tions are all greater than 1 Mev.6 Side reactions leading to photon

interference are for the most part unimportant with the possible

exceptions of l9bHg interference of ll4mjn and '9Ir interference

6 Calculation by author.



of 160Tb. Even these interferences, however, were absent in resin

and creek water blanks.

Since all gamma-ray spectra were checked for purity with the

high resolution Ge diode, the chances for photon interference are

further reduced. Considering this, the results in Table 13, and

the insignificant blank activity, errors from interfering nuclear re-

actions are considered negligible.

Irradiation in an anisotropic neutron flux can lead to significant

errors. Standard solutions were used to evaluate the neutron flux

gradient across the irradiation positions used and to determine the

correction factor necessary to bring standard and sample into cor-

respondence. The standard deviation for the flux gradient correction

factor was determined to be ±5. 5%.

Propagation of errors results in the following standard devia-

tions for Eu, Tb and In determination in creek water under the irradi-

ation and counting conditions as described above

± l21 for Eu at 12 ppb,

± 12% for Tb at 13 ppb,

± 13% for In at 10 ppb.

The total error associated with the determination of Rhodamine

B tracer in creek water includes those due to gravimetry, volumetry,

fluorometer fluctuation, suspended sediments, sorptive reactions,

photo- and bio-degradation of fluorescence among possibly others.



Table 13. Interfering nuclear reactions for Eu, Tb and In activation analysis. 1

Activable Element Eu Tb In

Isotope produced
by (n,y) reaction

Photon measured
(keV)

Possible interfering
nuclear reactions
producing the isotope

2of interest (activity ratio)

Possible interfering
nuclear reactions
producing isotopes
emitting photon of
similar energy
(photon ratio)3

152
Eu(12. 7y)

344

152 152 7Gd(n,p) Eu(10

124 125 6Sn(n,y) Sn (2x10

174Hf(n, )175Hf( 2x101)

180 181 1Hf(n,'j) Hf(2x10 )
158 159 7Dy(n,y) Dy(3x10

160Tb (72. id)

299

160 160 4Dy(n,p) Tb(10

142 143 1Ce(n,y) Ce (5x10

191 192Ir(n,y Ir (2)

102 103 6Pd(n, y) Pd(5x10

192 193 3Os(n,y) Os(lxlO )
102 103 5Ru(n,') Ru(lxlO
132 133 6Ba(n,y) Ba(SxlO )

67Zn(n, p)67 Cu (4x107)

114mIn (50. Od)

192

114 114m 3Sn(n,p) In(1O

58 59 3Fe(n,.y) Fe(4x10

59 59 7Co(n,p) Fe(lxlO
196 197Hg(n,y) Hg(.2)
190 191Os(n,y) Os(3x10

1Radioisotope data from Lederer, Holland and Perlman (1967).

2Ratio of activity produced by (n,'y) to that produced by (n, p) assuming equal target weights and an 100 mb (n, p) reaction cross-section.

3Ratio of photon activity produced by desired (n, y) reaction to that produced by interfering reaction at end of 30 minute irradiation
assuming equal target weights.

0
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A series of replicate determinations of fluorescence on Rhodamine B

standards prepared from distilled water produced .a standard

deviation of ±7. 3%.

Detection and Determination Limits

A tracer's usefulness is partially determined by its sensitivity

for quantitative determination. The conditions of activation analysis

used for this field study do not utilize full analytical sensitivity. For

example, the counting time could be extended from 10 to 100 minutes,
16 17the integrated flux could be increased from 3 x 10 to 3 x 10

n cm2 and the precounting decay time could be lengthened to re-

duce the background which is composed principally of 82Br (35. 3h).

Increased sensitivity is achieved only at the expense of time, and

thus, a balance must be struck between ultimate sensitivity and cost.

The field conditions and the purpose of the tracer test must justify

the effort afforded to the increase of sensitivity. To realize the

sensitivity gained through augmentation of analysis procedures,

detection and determination limits are calculated for the analysis

conditions used in the field tests and for a set of arbitrary but rea-

sonably extended conditions.

Currie (1968) criticizes the numerous, inconsistent and limited

definitions of detection and determination limits currently used in

analytical chemistry and recommends new definitions of qualitative
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detection and quantitative determination limits. Three specific levels

are required to completely define the lower limits of an analytical

procedure: (1) a Decision Limit, L, at which the decision 'detec-

tion - no detection" can be made, (2) a Detection Limit, LD, at

which detection can be relied on with set confidence, and (3) a Deter-

mination Limit, LQ at which quantitative determination can be esti-

mated with set precision. LD is defined as the detector signal

(counts) such that LD> Lc95% of the time. LQ is defined as the

detector signal (counts) necessary to obtain a relative standard devia-

tion no larger than 10%.

Currie (1968) derives the three limits for the case of paired

observations (one blank and one sample) as

Lc 2.33 (9)

1/2LD 2.71 + 4.65 (10)

LQ = 50 {1+{1+ B2.5J} (11)

where is the limiting or true mean of the blank or, in this case,

the gross blank background counts. A particular limit is related

to a mass of element, m, through the general equation

L=km (12)

where k is an overall calibration factor relating detector response

to the mass present.
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In Table 14a, the neutron activation analysis parameters and

their associated detection and determination limits are shown for the

Eu, Tb and In field studies. Due to calibration factor errors which

are considered systematic in the derivation of equations (9), (10)
and (11), the limits in terms of mass and concentration contain un-
certainties which must be characterized by the error limit intervals
given on page 69. Table 14b shows for comparison the increase in
detection and determination sensitivity through reasonable augmenta-
tion of activation and counting procedures. By increasing the inte-
grated flux a factor of 10, the counting time a factor of 3. 3 to 10 and
the sample size a factor of 5, the quantitatively determinable con-

centration of tracer in creek water is decreased by factors of .0152,
.0132 and .0102 for Eu, Th and In, respectively (Table 14b).

The decision, detection and determination limits for Rhodamine
B analyses in creek water are defined by the following three equa-
tions derived by Currie (1968) for paired observations,

Lc 2.33 °B (13)

LD=4.65oB (14)

LQ = 14. 1 °B (15)

where B
is the standard deviation of the blank fluorescence. From

7these equations and equation (12), the limits were determined to

7Equation (12) is of the form L kC, where C is concentration
and k is the calibration factor (calibration curve) relating detector
response to concentration.



74

Table l4a. Qualitative tracer detection and quantitative tracer determination limits for the
neutron activation analysis procedure used in the field study.

Eu Tb In

Counting system Ge diode Ge diode Nal well
-2Integratedflux, n cm 163x 10 163x 10 163x 10

Counting time, t, mm 10 10 30

Gamma ray measured KeV 344 299 192

Gross blank, I'tB'
counts 124 157 20, 691

Standard, E, cpm.g element1 1.72x 10 1.51 x io8 1.01 x io8

Creek water sample size, V, ml 200 200 200

LC counts 25.9 29.2 335

LD COunts 54.5 61.0 671

L9, counts 215 234 2.08 x 1O3

mC g element1 1.51 x 10 1.93 x io_8 11.1 x io_8

22.2mD g element 3. 17 x io8 4.04 x io_8 x io8

g element j. x io8 15.5 x 68.8 x io8

cC ppb element1' 2 .0755 .0965 .553

CD ppb element .158 .202 1.11

C9, ppb element .625 .775 3.44

1Assuming no error in k, where k = E t; see equation (12).

2 -1C = mV in ppb element in creek water.
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Table 14b. Qualitative tracer detection and quantitative tracer determination limits calculated
for arbitrarily but reasonably augmented neutron activation analysis procedures.

Eu Tb In

Counting system Ge diode Ge diode Nal well
-2

Integrated flux, n. cm 173 x 10 173 x 10 173 x 10

Counting time, t, minutes 100 100 100

Gamma ray measured, KeV 344 299 192

GrossblankaB counts 1.24x 1O4 l.57x 1O4 6.90x 10
1

Standard, E, cpmg element 1.72x 1O 1.51 x 1O9 3.37x 1O9

Creek water sample size, V, ml 1000 1000 1000

L, counts 259 292 1.93 x 10

L counts 520 585 3.86x 10
D 3 3

L counts 1. 63 x 10 1.82 x 10 1. 18 x

m, g element1 i.i x io 1.93 x 5.73 x 10

g element 3.02 x 10 3.87 x 1O9 11.4 x

m, g element 9.48 x 10 10.2 x 10 35.0 x

CC ppb element1' 2 .00151 .00193 .00573

CD ppb element .00302 .00387 .0114

C9, ppb element .00948 .0102 .0350

C (Table 14b) C (Table 14a)1 .0152 .0132 .0102

1Assuming no error in 1<, where k = t.

= mV1 in ppb element in creek water.
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be,

C = .487 ppb

CD . 972 ppb

CQ = 2.95 ppb

for Rhodamine B in Meadow Creek water.
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CONCLUSION AND METHOD EVALUATION

General Conclusions

The field experiment showed that EuDTPA, TbDTPA and

IrDTPA tracers possess significantly greater solution stabilities

than Rhodamine B. The losses of dye in Meadow Creek are at least

partially accounted for by the observed red coloration of surface

foam and algae (Figure 6). Feuerstein and Selleck (1963) found

Rhodamine B readily sorbed by San Francisco Bay sediment and

to a lesser degree by algae. Loss of fluorescence by photochemical

change and biological degradation of Rhodamine B can be signifi-

cant, amounting to as much as 50% in 31 hours (ibid.). On the other

hand, foam and algae samples collected during the metal-chelate

tracer tests contained no detectable amounts of Eu, Tb, or In. Los-

ses of metal-chelate tracers may be attributed to: 1) exchange reac-

tions with metal species present in the creek water during the test

and during storage prior to analysis, 2) sorption reactions with solid

phases including sediment and sample container, and/or 3) bio-

degradation of the chelate.

Because the complete passage of the metal-chelate tracers

was not recorded at every station (Figure 7) the percent passage

(R 100) as calculated from equation (8), is necessarily based on
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integration over the time the tracer was injected at a constant rate,

T, instead of the theoretically correct passage time for the tracer

spike, t. Thus, since t is probably greater than T due to disper-

sion of the tracer, the loss of metal-chelate tracers is most likely

overestimated and the solution stability of these tracers is under-

estimated (Table 11).

The uncertainties (standard deviations) in the determination of

dye and metal-chelate tracers are of similar magnitude: 12% for

EuDTPA at 12 ppb, 12% for TbDTPA at 13 ppb, 13% for InDTPA at

10 ppb, and 7. 3% for Rhodamine B. In contrast, EuDTPA and

TbDTPA determinations are four to five times more sensitive than

Rhodamine B, whereas InDTPA and Rhodamine B are nearly the

same. Feuerstein and Selleck (1963) report the minimum limit of

detectability for Rhodamine B in natural waters as 0. 066 ppb using

a fluorometer system similar to that used in this study. This limit

most closely corresponds to the C level defined by equations (12)

and (13). The C, CD, and CQ levels for Rhodamine B determi-

nations were calculated from the data of Feuerstein and Selleck (1963)

and compared below with the CQ level for tracers used in this
8study:

is the decision limit; CD is the qualitative detection
limit; and CQ is the quantitative determination 1imit Definitions
appear on p. 72.
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EuDTPA CQ 0. 625 ppb

TbDTPA CQ = 0.775 ppb

InDTPA CQ3.44PPb
Rhodamine B CQ = 2.95 ppb
This Study)

Rhodamine B CQ = 0.45 1 ppb
C =0.l49ppb(Feuerstein and D

Selleck, 1963) C = 0. 0746 ppb

The quantitative determination limit for Rhodamine B calculated

from Feuerstein and Selleck (1963) is six to seven times lower than

for this study. Considering the Rhodamine B determination limit of

Feuerstein and Selleck (1963) to represent the minimum determinable

concentration in natural waters, which is in agreement with Pritchard

and Carpenter (1960), maximum Rhodamine B sensitivity is slightly

greater than for EuDTPA and TbDTPA with the conservative acti-

vation analysis used in this study (Table l4a). Optimum activation

procedures would decrease metal-chelate determination limits be-

low the determination limit for Rhodamine B by factors of about

48 for EuDTPA, 44 for TbDTPA and 13 for InDTPA (Table l4b),

Although a price differential exists between metal chelates and

Rhodamine B (Table 6), the greater sensitivity of the metal

chelates tends to offset their higher costs. Also the extra

quantity of Rhodamine B necessary to offset greater losses



to sorption and degradation reduces the cost difference. The use of
ll6m 152m 165 l65mhighly sensitive, short-lived In, Eu, Dy or Dy

would further increase sensitivity aiid reduce costs.

Method Evaluation

Activation analysis is characteristically tedious and expensive.

Every effort was made to develop a tracer method useful on a field

scale. Anion-exchange has several intrinsic qualities which make t

uniquely suited to recovery of metal chelates from fresh water. By

recovering only anionic species, anion-exchange reduces contamina-

tion from activable cations. Since strong-base anion-exchange resins

consist of elements (C, N, H and 0) with low thermal neutron activa-

tion cross-sections, and since exchangeable interferants can be re-

placed, such resins provide an irradiation matrix with low back-

ground. Resin backgrounds in the field tests were negligible and
152 160allowed counting of Eu, Tb and ll4mIn on the irradiated resin.

Certain modifications in the method should reduce costs and

increase its utility. Polyethylene tubing of compatable dimension

with the irradiation facility could hold the anion-exchange resin

during tracer recovery, irradiation and counting. Tracer could be

recovered by pumping water from depth directly to the resin columns.

A series of resin columns held on a rack would enable numerous

samples to be taken rapidly0 After tracer recovery the resin
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containing columns would be freeze-dried, sealed, irradiated with

suitable protective cover to minimize contamination and counted after

suitable decay periods. Such an automated system would facilitate

the analytical procedure and make synoptic tracing possible. Activa-

tion analysis using short irradiation followed by immediate counting

of short-lived rathonuclides would speed recovery of results.

Activable tracers have two distinct disadvantages: 1) material

and analysis costs are high, and 2) results are not available in real

time. These problems limit the general application of the method.

However, in certain cases the high sensitivity, improved solution

stability and reduced hazard of activable metal-chelate tracers will

allow the method to be profitably applied. Specific examples might

be effluent water and waste tracing in surface and ground water,

solution tracing in industrial and manufacturing processes and hydro-

dynamic studies of streams, ground-water and conduits, The method

may also be applicable to estuarine and marine waters, but a study

of activable background and metal-chelate solution stability in such

waters is necessary. The correspondence of tracer behavior found

in laboratory and field tests would allow an expedient and meaning-

ful feasibility study of the application of activable metal-chelate

tracers to marine waters.
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APPENDIX I

Discussion of thermodynamic stability versus kinetic
inertness as applied to metal-chelate tracers

In a thermodynamic sense, the term complex stability describes

the amount of association that occurs between metal and ligand spe-

cies in solution at equilibrium. The stability of a complex can be

expressed quantitatively in terms of its stability constant, Ks,

where

{MLmn}
Ks= (3)

{Mm+} {L

for the equilibrium reaction

kf
Mm+ + L

b
Lmn (2)

where

m+
M designates the metal species with charge m+,

L' designates the ligand species with charge n,
Mm - n

designates the complex species with charge m-n,

is the specific rate constant for the forward reaction,

kb is the specific rate constant for the back reaction and

the braces denote ionic activities.
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Although the thermodynamic stability constant can be related to the

specific rate constants by
kf

K s kb
(16)

there is no relation between the kinetics of a reaction and the thermo-

dynamic energy changes accompanying the reaction. Classical ther-

modynamics can predict the feasibility or spontaneity of a given reac-

tion, but it can make no statement that the reaction will proceed at

any finite rate,
In a kinetic sense, the term complex stability has been used to

express the probability or affinity of the ligand to be replaced by

solvent or other competing species present in solution, The more

stable or inert the complex the less tendency it has to undergo re-

placement reactions, As for the metal-chelate tracers tested in

this research, thermodynamic stability constants were used as the

initial criteria for their selection, However, kinetic inertness is

probably the main reason for their "solution stability." If k<< kfl

the metal chelate could resist competition from other metal ions

present in natural waters and remain intact for the time periods of

tracer experiments.

Tyree (1967) points out that in natural waters few metal ions

may exist as simple hydrated species and relatively few oxyanions

may exist as simple monomeric species Actually, depending on pH,
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temperature, concentration and solution history, i sopolyions and

hydrous metal oxides appear to be the important species, The point

of interest with respect to metal-chelate water tracers is that the

complexity of speciation in natural waters may result in nonequilib-

rium conditions or in a system approaching equilibrium with a half-

time of ion years. It has been suggested by Tyree (1967) that even

biochemical chelating agents may be able to remove metals as

chelates only slowly from isopolyhydroxometal ions, It is equally

plausible that metal-chelate tracers would also degrade slowly. If

this is true, then the quasi-inertness of a river system approaching

equilibrium with a long half-time may be providing the kinetic solu-

tion stability observed for the tracers tested here.
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APPENDIX II

Preparation of Metal-Chelate Tracers

In addition to the principal chelate equilibrium, various other

equilibria may be operating to reduce chelate formation. The extent

of competitive equilibria depends on pH and the concentrations of

competing species in the solution. Equation (2) can be used to sum-

marize the various competitive equilibria.

Mm+

+aOH +bY

M(OH)ma

(Hydrolysis
Effect)

MYmbP
b

n- MLmn (2)+ L ________

(Complex Effect)

+cH+ + +0H

MXLmn S

M(OH)

HMLmn+l

(Metal- Chelate Derivatives)

H c-n
C

(Pro tonati on
Effect)

Hydrogen ions can compete with metal ions for chelon, and

hydroxyl ions can compete with chelon for metal ions. Thus, both

the hydrolysis and protonation effects tend to reduce the effective

stability constant for chelate formation by shifting equilibrium to
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the left. Since hydrolysis and protonation effects work in opposition,

an optimum pH for chelate formation exists as a function of the abso-

lute stability constant (equation (3)), the acidity constants for the

chelon and the solubility product constant of the metal hydroxide

(Reilley, Schmid and Sadek, 1959). Competing metal and ligand

species can also reduce the effective stability constant for chelate

formation by shifting equilibrium to the left. The concentrations of

strongly chelating metals and strongly complexing ligands must be

minimized to promote chelate formation. Formation of metal-

chelate derivatives (mixed complexes) tends to increase the net

stability of the metal chelate by shifting equilibrium to the right.

Metal-chelate tracers used in fresh waters should be prepared

with a pH near that of the water to reduce competitive reactions.

Thus, all metal-chelate tracers were formed in the following gen-

eral manner at a final pH of 6.5 to 7. 5:

Acidic solutions of metal (pH 3-5) and basic solutions

of chelon (pH 8-9) were mixed from the acid side at room

temperature. The amounts of HNO3 used to dissolve the

metal (salt or oxide) and of aqueous NH used to dissolve

the chelon (acid form) were precalculated to give a final pH

of 6. 5 to 7. 5. Adjustment of pH, which usually amounted to

<0. 5 pH units, was made with dilute acid or base. Effective

equilibrium, as indicated by stable pH, was usually obtained
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within 24 hours. Completeness of metal chelate formation was

checked as described on p. 35. Concentrations of metal solu-

tions used in the laboratory and field studies are given in

Tables 7 and 10, respectively.

Since an exact description of competitive equilibria acting in

natural waters is unknown, a chelon to metal mole ratio of 10 was

used to increase the stability of the metal-chelate tracers. Excess

chelon was probably completely complexed with natural metals

considering that the tracers were used in the < 20 ppb range. Ex-

cess chelon acts as carrier for the tracer, but it could also increase

error and reduce determination sensitivities of the activation analy-

sis by allowing the extraction of interfering metals as metal chelates

onto the anion-exchange resins used to recover and concentrate tracer

from solution. Field test results show no indication of this effect.



APPENDIX III

Data for Figure 3, Time function of tracer
solubility under simulated river conditions

Figure 3a

Tracer Time
Percent

in solution Tracer Time
Percent

in solution

In lh 77 ± 6 Eu lh 44 ±1
4h 74±6 4h 34±1
12h 71±6 12h 37±1
id 66±6 id 25±1
2d 40±6 2d 21±1
4d 6±6 4d 10±1

7d 6±1
InEDTA lh 101 ± 8

4h 93 ± 8 EuEDTA lh 96 ± 1

12h 89±8 4h 96±1
id 94±8 12h 94±1
2d,45m 91 ± 8 id 86 ± 1

4d 90±8 2d 82±1
4d 71±1

InDTPA lh, Sm 100 ± 8 7d 62 ± 1

4h 95±8
12h 99 ± 8 EuDTPA lh 100 ± 1

id 96±8 4h 98±1
2d, lh 93 ± 8 12h 99 ± 1
4d 99±8 id 97±1

2d 97±1
Sc lh 50±1 4d 99±1

4h 34±1 7d 99±1
12h 27±1
id 26±1 Tb lh 23±2
2d 20±1 Sh 15±2
4d 14±1 12h 23±2
8d, 6h 5 ± 1 id, 2h 15 ± 2

2d,3h 11±2
ScEDTA lh 100 ± 1 4d 18 ± 2

4h 99±1 8d 5±2
12h 99±1
ld 99 ± 1 TbEDTA lh 99 ± 2
2d 98±1 5h 97±2
4d 99±1 12h 96±2
Sd, 6h 99 ± 1 id, 2h 92 ± 2

2d,3h 85 ±2
4d, 88 ±2
8d 81±2
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Figure 3a

Tracer Time

APPENDIX III (Continued)

Percent
in solution Tracer Time

'erccnt
in solution

ScDTPA lh 99 ± 1 ThDTPA lh 95 ± 2

4h 98±1 5h 95±2
12h 99±1 12h 95±2
id 99 ±1 ld,lh 96±2
2d 98±1 2d,3h 97±2
4d 100 ±1 4d 97±2
8d,6h 99 ±1 8d 97±2

Figure 3b

Cs lh,lOm 77 ±1 SbEDTA lh 100±6
4h,5m 64 ±1 4h 97±6
12h,lOm 50 ±1 12h 100±6
ld,40m 50 ±1 id 99 ±6
2d 29 ±1 2d 95 ±6
4d 14 ±1 4d 92 ±6

8d 86 ±6

Co lh 95 ±1
Sh 72 ±1 SbDTPA lh 92 ±6
12h 62 ±1 4h 96 ±6
ld,lh 54 ±1 12h 92 ±6
2d 43±1 id 99±6
4d, lh 26 ±1 2d 96 ±6
8d, 21h 21 ±1 4d 99 ±6

8d 83 ±6

CoEDTA lh 99 ±1
8h 100 ±1 Cr lh 55 ±2
12h 99 ±1 4h 43 ±2
id, lh 99 ±1 12h 37 ±2
2d 99±1 id 30±2
4d, lh 97 ±1 2d 28 ±2
8d, 21h 96 ± 1 4d 14 ± 2

lOd,4h 12 ±2

CoDTPA lh 99 ±1
8h 98 ±1 CrEDTA lh 88 ±4
12h 98 ±1 4h 85 ±4
ld,lh 97 ±1 12h 85 ±4
2d 97 ±1 id 83 *4
4d, lh 93 ±1 2d 85 ±4
8d,21h 86 ±1 4d,3h 80 ±4

lOd,4h 85 ±4
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Figure 3b

Tracer Time
Percent

in solution Tracer Time
Percent

in solution

Sb lh 92±6
4h 102 ± 6 CrDTPA lh 88 ± 4
12h 95 ±6 4h 87±4
id 95 ±6 12h 85±4
2d 85±6 id 87±4
4d 85±6 2d,lh 80±4
8d 79 ±6 4d,3h 83 ±4

lOd,4h 78 ±4



APPENDIX IV

Data for Figure 7, Tracer passage cairves in Meadow Creek

Figure 7a Rhodamine B

Time
Station of day 1Concentration (ppb) Station

Time
of day Concentration (ppb)

1436 0 III 1505 0
1445 6.9 1520 0
1510 8.5 1535 1.0
1530 7.8 1550 2.8
1547 7.6 1605 3.2
1600 7.2 1620 3.1
1617 7.5 1635 3.5
1630 7.0 1650 3.8
1645 6.9 1705 3.4
1700 7.2 1720 3.3
1716 6.9 1735 3.2
1730 6.1 1750 3.2
1737 6.5 1805 3.0
1739 .40 1820 3.0
1741 0 1835 1.4
1743 0 1850 .35
1807 0

1455 0 IV 1500 0
1510 4.0 1515 0
1525 4.9 1530 0
1540 4.7 1545 0
1555 5.2 1600 .65
1610 5.2 1615 1.2
1625 5.3 1630 1.3
1640 5.5 1645 1.5
1655 4.6 1700 1.3
1710 4.7 1715 1.5
1725 4.6 1730 1.5
1740 4,4 1745 1.8
1755 4.0 1800 1.6
1810 .35 1824 2.0
1825 0 1835 2.0

1850 1.5
1900 1.0



Figure 7b and 7c, EuDTA and TbDTPA

Time
Station of day

I 1503
1530
1600
1630
1700

Conce:
Eu

18. 8
18.4
18.9
18.9
19.0

APPENDIX IV (Continued)

tration (ppb)
Th

19. 6
19. 1
19.4
19.0
19.2

1445 3.1 3.4
1515 16.1 15.8
1545 20.7 20.5
1615 18.5 18.5
1645 18.3 18.9
1715 19.9 20.3
1745 2.1 2.1

Figure 7d, InDTPA

Time
Station of day

I 1115
1200
1245
1315
1331

II 1115
1145
1215
1245
1315
1345
1415

Station

III

Iv

100

Time
ofday

Concentration (ppb)
Eu Th

1500 1.0 0.83
1530 12.2 12.6
1600 14.4 14.7
1630 17.6 18.4
1700 18.9 19.3
1730 19.3 19.7
1800 17.2 17.2

1510 0 0
1540 10.8 10.8
1610 10.5 10.5
1640 18.1 18.0
1710 17.7 17.8
1740 17.2 17.7
1810 18.7 18.9

Concentration (ppb)
Time

Station of day Concentration (ppb)

13.3 III 1130 0
13.4 1200 10.0
12.3 1230 12.4
11.3 1300 14.0
12.1 1330 11.6

1400 10.6
1430 11.0

9.4 IV 1140 0
13.4 1210 6.4
-- 1240 11.8

11.9 1310 11.7
11.4 1340 11.1
13.3 1410 12.3

0 1440 12.3

1Standard deviations Rhodamine B ± 7. 3, EuDTPA ± 12%, TbdTPA ± 12% and
InDTPA ± 13%.




