
NYO . 9019

THE STUDY OF THE POTENTIAL APPLICATIONS OF RADIOISOTOPE

TECHNOLOGY TO WATER RESOURCE INVESTIGATIONS AND UTILIZATION

Herbert W. Feely

i
■r *

Prepared for

United State* Atomic Energy Commission 
Office of Isotope* Development 

Washington 25, D, C.

ISOTOPES. INCORPORATED
123 Woodland Avenue 

Westwood, New Jersey

Third Quarterly Report 
Contract AT(30-1)2477 

January 31, 1961



Isotope*, Inc.

T\BLE OF CONTENTS

Page

OBJECTIVES AND APPROACH 1

PROGRESS DURING THE THIRD QUARTER 1

APPENDIX A.
3

APPENDIX B.
8

APPENDIX C.

APPENDIX D.

APPENDIX E. THE CHE.AT1ON OF RADIONUCLEAR TRACERS . . 62

11

THE USEFULNESS OF BORON AS A TRACER FOR 
WATER 

APPLICATIONS OF NATURAL RADIOCARBON GROUND 
WATER PROBLEMS .... 

A SUGGESTED EXPERIMENTAL INVESTIGATION OF 
THE FEASIBILITY OF DETECTING WATER TRACERS 
BY NEUTRON ACTIVATION 49

THE APPLICATION OF RADIONUCLEAR TECHNIQUES 
TO THE STUDY OF SOIL MOISTURE 26



i

OBJECTIVES AND APPROACH

The study which has been carried out under Contract AT(30-1)2477 has

as its objective the review of all work which has been done on the application of

if these applications are to be extended.

The study has been advanced by investigation of the scientific literature

and by discussions with scientists who are active in the various fields concerned

with water resources and supplies or in nuclear physics and chemistry. Critical

summaries have been prepared of the status of radioisotope use in various fields

of water resource research and utilisation. These summaries, together with

descriptions of needed experiments, have been included in the two proceeding

quarterly reports and in this report.

PROGRESS

During the third quarter of the contract year there was a continuation of

the literature arch and of the discussions with scientists and engineers which

have provided basis for these reports and the suggestions for future research

The information gathered has been incorporated into the discussionsprograms.

of the application of radicnuclides to particular problems or in particular fields

which are given in Appendices A through E of this report.

Appendix A contains a short review of the usefulness of boron compounds

as tracers for water. It has been suggested from time to time that, because of

I

1

radionuclear techniques to research in water resources and supply, the evaluation 

of this work. and the suggestion of specific experiments which must be performed
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its high cross section for neutrot s. boron could be detected in low concentrations

in water by its attenuation of a neutron beam passed through the water. On the

basis of calculations presented in Appendix A it has been concluded that boron

may be measured more accurately by conventional analytical methods than by

neutron absorption when it is present in water in trace quantities.

carbon*14

content of subsurface waters. The conclusion is reached that analyses of the

carbon- 14 concentration in the dissolved bicarbonate in samples of ground water

could often provide data useful for the determination of the source and history of

the water.

A summary of the present application of radionuclear techniques to the

measurement of soil moisture contents and an outline of the potential usefulness

of radioisotopes for tracing soil moisture are presented in Appendix C.

suggested experimental program for the determination of the feasibility of such

tracing is included in the appendix.

1 he need for the development of techniques whereby neutron activation

may be used to measure stable elements used as water tracers is discussed in

Appendix D. An experimental program whereby the feasibility of such tracing

might be tested is also suggested.

Appendix E contains a discussion of the principles involved in the

stabilisation of tracer nuclides in solution through the use of chelating agents.

Some past uses of chelated tracers are reviewed and the prospects for the

development of still better tracers through this technique are evaluated.

The final report for Contract AT(30- 1 >2477. which is currently being

prepared, will contain summaries o< all information and recommendations made

in the three quarterly reports in addition to some new material.

2

Indeed some preliminary work has already been conducted success

fully in this application abroad.

Appendix B contains a summary of the factors which affect the
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APPENDIX A

THE USEFULNESS OF BORON AS A TRACER FOR WATER

completely satisfy" the requirements of a good tracer; one which:

1 used boron in a secondary petroleum recovery operationCarpenter et al

Twoin three oil fields to obtain information about channelling of injected *-aters.

separate procedures were used for the identification of boron tracer in water:

The fluorescence analysisfluorescence analysis and emission spectrography.

Spectrographic analysis was performed later on all samples whichoccasions.

The spectrographichad given indications of boron during fluorescence analysis.

analyses were made with a precision of 10 percent average deviation from the

The sensitivity was sufficient to allow the identification of boron at Imean.

part per million in water.

It has been suggested that boron be used as a water tracer employing

Since the three radio -

products under thermal neutron irradiation, tracing either with radioboron or by

S

1.
2.

is susceptible to quantitative determination at very low concentrations, 
is entirely absent or else present in only tracer quantities in 
natural waters.
does not react with natural waters to form a precipitate.
IS not adsorbed by minerals or rocks.
is cheap and readily available, and 
is rather soluble in water.

3.
4.
5.
6.

"almost

was rapid and could be done in the field, but it could not provide a positive indica

tion of boron, for other fluorescent compounds were found in the samples on rare

Boron has been used to trace water in several experiments1,2* *

It has been stated1 that boron as the tetraborate or as boric acid will

nuclear techniques for its detection in low concentrations.

active isotopes of boron, B8. B9 and B12, all have half lives of less than one 

second, and since the stable nuclides. B10 and B**. do not yield radioactive
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It is assumed that shielding and collimation are such that

thermalized neutrons per minute enter the sample, which is contained

in a cubic vessel with edges 4. 64 cm long.

would be:

2

-<TNxI

where: Io initial neutron intensity

final neutron intensity

N - in absorber

thickness of absorber in cm.x

4

The practicality of determining boron in water by measurement of its 

effect on neutron absorption may be deduced from the following calculations.

Let us assume that the concentration of boron in a 100 ml sample of water 

is to be measured using a 50 me Ra + Be neutron source which yields 5. 11 x 10?

Actually this value is a weighted average of the cross sections 

(3850 barns and 19. 57% abundant) and B1 1 (< 0. 05 barns and 80. 43% 

abundant).

boron-10 (1 ppm): 5. 57 x IO16

number of atoms per cm^ 

neutron cross section in cm2 

neutrons per minute.

5. 11 x TO°

Neutron absorption by the samples may be calculated using the 
6 equation :

atoms/cc; 0. 0002 barns (2. 00 x 10”28

hydrogen: 6.68 x TO22 .-»♦ «/<•*• • n n v.—/■» in

I *

boron (1 ppm): 5. 57 x 10

cm2)

atoms/cc; O. 33 barns (3. 30 x IO"*’3 cm2)

16 atoms/cc; 755 barns (7. 55 x IO-22 cm^>

atoms/cc; 3850 barns (3.85 x IO”21 cm2)

The number of atrrns of each element in the sample and their capture cross 
5 

sections for thermal neutrons 

oxygen: 3.34 x 1022

The neutron flux emerging from the 

sample will be calculated for boron concentrations of 1 ppm boron, TOOO ppm 

boron, and I 000 ppm boron-10 and for pure water.

detection of boron with activation analysis are infeasible. Boron does possess a 

distinctive nuclear property, however, in its very large neutron absorption cross 

section (755 barns), 

of B»0
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I 5. 11 x

5. 11 x

. 4.6 neutrons per minute.x

I

I 5. 11

5. 11 x

3. 8

After passage through water containing 1U00 ppm boron -10, the intensity would

be:
19IO* x 5. 57 x 10I 5. 11 x

5. 11 x

1.7 neutrons per minute.x

From the calculations it can be seen that the absorption of neutrons by

is not significantly increased by the addition of tracer quantities (< 1 ppm)

of elemental boron. A concentration of TOOO ppm boron -TO, an isotope with a

very high neutron absorption cross section, decreases beam intensity by a factor

of 2.7. Such an increase in absorption by tagged water would be discernible, but

the high concentration of boron -10 required makes this method non-competitive

x 4. 64)]

x 4.64) ♦ 
x 4. 64 j

e-[(3.30 x 10~25 
(2x10"28

106

IO*

• 4. 6 x

106

IO* neutrons per minute.

e - Jo. 1023) *(3.85 x 10"21

- Jo. 1023) ♦(0.99)]

e-0.102310*

IO6

5. 11 x

5. 11 x

x 6.68 x 1022 
x 3. 34 x 1 022

The neutron intensity remaining after passage of the beam through pure water 

would be:

After passage through water containing 1 ppm boron, the intensity would be:1 
1XJ* e~£°‘ 1<«3)♦ (7. 55 x 10"22 x 5. 57 x IQ16 x 4. 64)] 

106 e-f0. 1023)<r(0. 0002)]

After passage through water containing 1000 ppm boron, the intensity would be: 
x IO* e * lOZ3H-(7. 55 x IO-22 x 5. 57 x IO19 x 4. 64}

IO* e 'EL0’ 1023)+(0. 195}

X ID* neutrons per minute.

tn



1b otope s, Inc .

with methods employing physical determinations of boron. In concentrations

comparable with those sufficient for analysis by fluorescence or spectrography.

boron cannot be determined in solution by measurement of its effect on the neutron

absorption of a water sample.

1 0 costs $742. 00 for 50 grams or $1,092. 00 for 100 grams '. This price is too

high to allow the use of sufficient tracer to obtain the required high boron -10

concentrations in samples.

Another factor, the toxicity of boron, will limit its use in some environ-

Although the tolerance for boron in water varies from one plant to another.ments.

The common compoundsunsuitable even for plants which are tolerant of boron .

of boron are slightly toxic to animal life also.

By using fluorescence analysistrace water in secondary recovery investigations.

and emission spectrography concentrations of 1 part per million are detectable.

Concentrations greater than 3.75 parts per million may prove toxic to crops and

■Nuclear methods for thetherefore boron may not be used indiscriminately.

detection of boron in water samples are infeasible at tracer concentrations.

6

Summary

Boron in the form of borax or boric acid has been successfully used to

96 percent enrichment of boron- 

7
Boron containing a

concentrations exceeding 3. 75 parts per million in water have been designated as
8
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INTRODUCTION

The applications of radioisotope technology to water resource investigations

and utilization includes the use of naturally-occurring in addition to manufactured

Considerable emphasis is placed on the latter because of their

large scale production as

other hand, naturally occurring isotopes, particularly those produced by cosmic

ray reactions possess numerous advantages. For example, the applications of

these nuclides create no additional radiological health hazard. The procedures

involved are relatively inexpensive since no handling or injection costs are involved

and in addition they can be employed on a much broader scale. C onside rable

research has already been performed to determine the distribution and levels

of activity of these nuclides and in many ways the natural tagging of water bodies

can not be duplicated by artificial injections.

discussed ii a previous quarterly report . In this section we will consider natural

nuclide which has received relatively little consideration as a

possible water tracer in the past. A review of possible ways in which carbon-14

can be employed to determine the age and origin of subsurface water is presented.

In addition an outline of the principles and techniques of the method is given.

9

11

The Potential applications of one such isotope, natural tritium, have been 
1

radioisotopes.

a by-product of nuclear reactor operations but, on the

radiocarbon, a
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PROPERTIES AND OCCURRENCE OF CARBON-14

Carbon-14, produced in the atmosphere by the interaction of cosmic-ray

produced neutrons with atmospheric nitrogen-14, decays by beta emission with

in 1951. From considerations of the cross sections and neutron production rates

of the surface of the earth. These atoms are rapidly oxidized

to form carbon dioxide molecules and then mix through the earth’s dynamic carbon

cycle, including the atmosphere*, the oceans, plants and all living matter. Since

the time-scale involved in the ormation of sedimentary carbon (i. e. , coal, oil.

limestone etc.) is on the order of millions of years, the carbon-14 produced in

the above processes will exist only in those exchange reservoirs communicating

with the atmosphere over periods of hundreds and thousands of years. These

Thus L>ibby concluded that the specific activity of carbon should be

'"*•'1 6 dpm/g carbon if a steady state is attained. Mere recent neutron flux

estimates yield a value of 15 + 4 dpm/g for the specific activity of carbon-14.

direct measurements of carbon extracted from the exchange reservoir.

The basic principles for a method of age-determination can be enunciated

a» a result, of this theory and measurements of carbon-14 in various materials.

As long as the cosmic ray flux remains constant, all carbon in materials formed

in the exchange reservoir will have 

10

a constant specific activity of carbon-14

reser voir ocean, atmosphere, living biosphere) contain an estimated B to 8. 3 

g carbon/cm .

it was calculated that carbon-14 was being produced at a rate of 3.6 carbon-14 

atoms /sec/cm2

This value is therefore in good agreement wfth 14 4>1 dpm/g which is based on

a half life of 5570 +30 years. i he prediction of the existence of this nuclide and 

its subsequent discovery was. the result of fine work by Libby^ and his co-workers
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regardless of the time or geographic location. When material is removed from

the exchange reservoir, by death and burial of an organism or precipitation of

carbonate from water, the carbon-14 will decay and the carbon-14 cone mt i ation

in the material will be a function only of the elapsed time since it was removed

from the reservoir. Actual measurements on known samples ranging in age

from TOO to TOOO years reveal the expected results, demonstrating the reliability

of the method.

) method -

suggest that the cosmic ray flux has remained relatively constant over the past

100,000 years and thus the carbon-14 production rate also should have remained

constant.

From 1951 until the present time the validity of the carbon-14 method has

been demonstrated repeatedly. During this time, however, as in all scientific

endeavour, refinemexts have been made in the measurement techniques and in

For example, isotopic fractionation is now known tothe original assumptions.

occur during the transfer of carbon from one exchange reservoir to another.

such as in the photosynthetic process, thus producing measurable differences

Carbonate in ocean water

ratio which is about 2. 5% higher than that in wood and hence ithas a C

But the exchange of

Actually this difference is not observed

and prior to 19U0 when there were no disturbing influences on the steady state 

the difference between the carbon-14 concentration in wood and ocean water

This smaller difference arises frombicarbonate did not exceed one percent.

11

carbon dioxide across the ocean-air interface must be infinitely rapid for the 

C^/C^ ratio to reach equilibrium.

1

would be expected on thermodynamic grounds that, as a result of fractionation, 

the C^/C1^ ratio would be about 5% higher at equilibrium.

in carbon-14 specific activity between the two phases. 

1J/C12

Theoretical considerations together with comparison of carbon-14 

ages with Ages based on an independent method - the ionium (Th^^®
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the relatively slow rate of transfer of carbon dioxide across the ocean-air

interface. Another refinement in age calculation* arose from the realisation 

that through the burning of coal and oil. significant amounts of carbon (with no

carbon-14) from the sedimentary reservoir were added to the exchange reservoir 

This so-called

nuclear detonation*. Measurement*

the carbon-14 specific activity in the atmosphere had risen by about 25% in the 

waters to some extent they are not of major importance in most studies.

The basic principle behind the application of natural radiocarbon to ground 

water depend* upon the decrease of carbon-14 concentration of the water which 

occurs because of radioactive decay after it become* isolated in an aquifer and

is no longer in contact with any source of exchangeable carbon. If the original

carbon-14 concentration can be estimated accurately then the length of confine

ment tn the aquifer can be calculated from measurements of the carbcn-14

In aquifers such as the Dakota sandstone it should be possiblespecific activity.

to estimate the time which has elapsed since the water left the surface. In

other regions where "old” water is being removed and the aquifer i* being 

recharged with much younger water the radiocarbon concentration could be 

useful in determining the ratio of original to recharge water.

A knowledge of the rates of input and output under these circumstances

would enable calculation of the probable effective life of the aquifer. F urthe r more

12

northern hemisphere.

Although all three of these factors can affect the C*4/C'^ ratio in grourU 

recent addition of carbcn-14 to the exchange reservoir as a result of Thermo- 

this effect4 indicate that by spring 1959

actually has resulted in a 2. 5 ♦ 0. 5% depletion of the atmospheric 

carbon-14 specific activity between 1850 and 1950. A third complication is the

thus reducing the carbcn-14 concentrations in the atmosphere.

Sues* Effect-^
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in many regions of natural recharge such aa those in the Western United States

it is desirable to know the actual area where water is being recharged and the

efficiency of this recharge. Carbon-14 measurements might resolve some of

these problems. These applications of carbon-14 warrant closer examination

RADIOCARBON AGE DETERMINATION OF GROUND WATER

The simplest application of carbon-14 to ground water problems is the

of a water body: the time elapsed since it left the

Under the most ideal circumstances one measurement of the

ratio in the dissolved bicarbonate of the ground water would be sufficient

to enable the age of the water to be calculated. As a rule, however, two other

pieces of information are necessary:

1. the concentration of carbon-14 in the water when it left the surface and

Z.

many occasions to obtain quite accurate estimates

of both quantities. Where direct estimates cannot be made there are usually

sufficient data available to enable upper and lower limits to be placed on the age.

When these are combined will, geological and other evidence the range of possible

Both of these requirements areages can usually be narrowed considerably.

discussed in greater detail in the following sections.

11

the extent to which chemical and physical processes, other than radio
active decay, have altered the original carbon-14 specific activity.

zone of aeration.

C14/C12

and in the following sections each is examined in greater detail and a discussion 

of the required experimental data is given.

determination of the "age"

Fortunately it is possible on
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12 Ratio In Surtace Waters

i. carbon dioxide produced by decaying vegetation in the eoil.

2. atmospheric carbon dioxide, and

3.

The first two source* supply carbon-14 to the dissolved bicarbonate in the water

because the carbon dioxide is of recent origin compared with the half life of

carbon-14. The third source involve* the removal of carbon from the sedimen

tary reervoir where there is no carbcn-14 remaining because the material is

old that all the carbon-14 ha* disintegrated through radioactive decay.so

Solution of carbonate mineral* by the water, however, doe* not necessarily

mean that the dissolved bicarbonate will contain no carbon-14. The solution of

limestone to form predominantly bicarbonate requires the presence of additional

carbon dioxide. At least 50% of the total carbon will be derived from this carbon

Ca (1)

/C ratio in the water will be

This value represent* a lower limit

ratio for surface water in which all the dissolved ♦

limit for this ratio is. of course, approximately TOO% of the atmospheric value

when all the dissolved bicarbonate is of recent atmospheric origin. Intermediate

14

"•oil"

Processes influencing The C

Several sources exist for the dissolved bicarbonate of surface waters; 

the three most important being

calcium carbonate present in soils and underlying geological 
formations, e. g. limestone.

,4/c

a recently living source of CO^ (probably a good assumption for surface waters) 

or from the atmosphere then the resultant

close to 50% of the atmospheric value, 

therefore for the initial

dioxide source. This is illustrated in the equation:

CaCO, 4-H2O 4- CO2 Ca**4 1HCO]

If the carbon dioxide Involved in this solution is derived entirely from decay of

bicarbonate has originated from the solution of carbonate minerals. The upper 
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values are certainly possible when the source is par.ially from carbonate 

minerals and the remainder is derived during the solution of silicate miner sis.

In the Latter situation the dissolved bicarbonate originates, not from the 

dissolution of the rock itself but from recent carbon dioxide according to the

reaction:

3H2O +2CO, -*■ Ca <2)

etc

the resultant C ratio will be about 75% of the atmospheric ratio. Further-

which will increase the carbon-14 concentration of the solution, is a more

carbon-14 concentration in the solution, and hence the minimum value of 50% of

Bearing

have predicted for various

conditions the following average* Cor the C ratio, relative to the atmos

pheric value*

1. for streams flowing mainly over silicate minerals. 0.90 * 0.10

Cor streams flowing mainly over limestone terrain;2. 0. 75 A 0. 15

for streams flowing over an unknown sequence:3. 0. B0 A0. 20.

They found that these predictions were borne out in practice. Thus we can see

that using a reasonable assumption f0. SO AO. ZU) there is an uncertainty in the

initial ratio of 25% and an error in the age of about A ZUOO years. The magni

tude of this error is obviously independent of the age of the water. Where ages

of ground water are of the order of tens of thousands of years, this uncertainty

151

more, the isotopic exchange between dissolved bicarbonate and soil or atmospheric 

co2, 

rapid process than the exchange with carbonate minerals, which will decrease the

Hence when the total dissolved bicarbonate is derived from the solution of equi

molar amount* of calcium carbonate and calcium magnesium or iron silicates^ 

14/C12

Ca SiO3

the atmospheric ratio will probably be exceeded in nearly all situations, 

in mind the above reactions Broecker and Walton5 

14/C12

■**a2HCO3“ A Si(OH)4
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becomes of the same magnitude as the error associated with the radiochemical

measurement of such small quantities of carbon-14. For much younger ages.

of course, this error is more serious on a percentage basis. Fortunately, as

discussed previously, a much better estimate of the initial ratio can be made if

one obtains certain other evidence. Provided the source of the ground water is

In fact.ratio.

have observed in waters draining this type of rock, the

initial ratios invariably were greater than 90% of the currently prevailing atmos

pheric ratio and a value of 0. 95 ♦ 0. 05 could have been employed. The error

in age would therefore be about 400 years thus considerably extending the useful

range of the method.

C and Broecker,

The former have analysed several hard ground waters and

found carbon-14 concentrations ranging from 70% to 90% of that in contemporary 

plants while the latter, from the analy; es of carbon-14 in recently formed cave 

deposits, concluded that an initial ratio of BO to 90% that in modern plants would

This occurssatisfy the conditions of growth in the three samples analyzed.

when reprecipitation of calcium carbonate is taking place a short time after the 

original solution of calcium carbonate from the sedimentary reservoir, which 

is devoid of carbon-14.

ratio in surface water should exceed 50% of the atmos

pheric C ratio.

16

Even in hard water lakes, such as those recently 
g 

discussed by Oana and Deevey . it is unlikely that this minimum value is attained.

14/C

reasons why the C 

"•/C12

first average of 0. 90 * 0. 10 may be used for the initial C
5 as Broecker and Walton

known and the path of the water is known to have been over igneous rocks, the 

14/C^

There are, in addition to those previously mentioned, several other 

14/C12

Other supporting evidence for the above conclusions regarding the initial 

ratio can be found in the work of Munnich and Vogei^

Olson and Orr\
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and it was postulated

that the carban dioxide would be enriched in C It is unlikely a, however,also.

that this observed effect will be large in most cases. Of course, where it is

eliminated because an initial C ratio can be measured directly.

In conclusion, therefore, it may be hypothesised that whereas uncertainties 

in the initial concentration of carbon-14 in surface waters do exist, it is unlikely 

that errors exceeding 2000 years will be introduced if the indicated initial

averages are employed in age calculations. Moreover, it appears, that under

more favorable conditions, where other evidence is available, this uncertainty 

can be reduced to perhaps 400 years and probably less when the source water

can be measured directly.

12 Ratio During The Movement of Ground WaterProcesses Influencing The C

During the passage of ground water through an aquifer there is the possi

bility that exchange reactions may occur between dissolved bicarbonate in the

The latter, of course.water and carbonate minerals in the surrounding rocks.

contain no carbon-14 because of their antiquity and hence, a determination of 

the carbon-14 concentration in the water after exchange will yield an older

Fortunately during the exchange process changes in theapparent age.

as can be seen in Figure 1.

in surface water indicate that the major source of the dissolved bicarbonate is

17

|

tation occurring in bottom mud is isotopic ally enriched in C
14

It has been pointed out by these authors that carbon dioxide produced by fermen- 

13

14/C

possible to sample the source of ground water most of these uncertainties are 

14/C1Z

ratio also take place because of the differences which exist between the
13 12C /C ratio in the carbonate rocks and the dissolved bicarbonate in the water.

Experimental observations of the ratios 
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rocks (see Figure 1).

limestone rocks there is a progressive enrichment in the C ratio in the

dissolved carbonate.

to calculate the corresponding change which will occur in the C ratio

In certain hard water areas

which have been investigated by these authors it appears that there has been

little subsequent exchange between the water and the limestone rocks following

The

C ratios in the ground water samples fall within the range shown in

Figure 1 and this would be expected purely from the original solution with little

exchange occurring at a later date.

In thermal areas there is another possible alteration which can occur in

the ground water which will serve to change the ratio in the sample.

ature effects can result in erroneous' ages being calculated from the C

analyses. For example, carbcn dioxide of a given carbon-14 concentration

may be lost at one stage during the waters underground movement and subse*-

quently it may be replaced bv carbon dioxide of a different carbon-14 concen

tration. Only the replacement of one source of carbon dioxide by another will

Since there are no sources

of modern carbon dioxide underground a carbon-14 estimation on a sample of

ground water from a thermal area will yield only a maximum age. This age is

18

soil carbon dioxide derived from the decay of vegetative matter.

ratio in this carbon dioxide is approximately 2. 5% lower than that in limestone

The possibility of separation of the carbon dioxide from the water due to tempcr- 

14/c12

in the water and, therefore, the expected effect on the apparent age of the water 

(see work of Brinkmann, Munnich and Vogel^).

/C12

the initial solution of limestone material according to equation (1). 
13/c12

Hence during the exchange reaction between water and 

,3/c12

result in an erroneous age; the actual loss or gain of carbon dioxide by the 

water having no effect on a measured C^/C^2 ratio.

The C13

For a given amount of change in this ratio it is possible

14/C12
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obtained by assuming that any difference between the carbon-14 concentration in

the sample and the concentration in a modern'sample is a result of radioactive

If, as is possible, this difference could have resulted in part fromdecay only.

the inclusion of arbor-1 4 free "carbon dioxide, the minimum age of the water

could actually be zero years in spite of the apparent age of the contained carbonate.

of "earbon-14 free”

carbon dioxide being present in the sample.

As an indication of whether there has been much separation of carbon

dioxide and water within a given ground water sample the carbon dioxide concen-

moles H2O,

mum range of carbon dioxidemoles H2O. This probably represents the ma

concentrations to be expected in ground water samples.

waters.

to a study of thermal waters In "New Tealand.

of alteration of the ground water may be gleaned from C studies in a

One fact is certain however, in this

Butratios in ground water will invariably represent maximum ages.C

average rate of movement of ground water is required and the source is known.

20

Precipitation, for example, 

.6

Intermediate ages can obviously arise from different fractions

contains the least amount of carbon dioxide, approximately 0.3 moles CO^/IO 

while a highly organic soil may contain up to 100 moles co2/io6

An average ">f about

IO moles COj/IO6 moles H2O has been presented by Goldschmidt for surface

work, and that is that the radiocarbon ages determined from measurement of 

14/C12

Further information on the extent 

13/c12

manner similar to that previously outlined.

The above type of investigation has been applied by **ergusson and Knos^

tration (in moles CO^/moles may be compared with what is expected from

observations of this cone *ntration in surface waters.

even maximum ages can prove valuable in certain cases; for example, if the
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APPLICATION OF RADIOCARBON TO RECHARGE PROBLEMS

In locations where water of great age is being recharged by water from

It is clear

in thr resultant mixture would enable a

Furthermore, these

or between recharge water and several underground aquifers in a given location.

12AMD C RATTOS TN A'ATFR SAMPLES

Collection of Sample

Where simple ground water is being pumped the method involves the acidification

of a known volume of waler (usually about 2XTO liters) and collection of the released

carbon dioxide tn basic solution.

satisfactory for this purpose.

21

The method of collection of the sample depends upon the field conditions.

ratios in the ground water samples as outlined in thia and the previous paragraph 

it should be possible to determine directions of flow between two water bodies

ensure removal of all traces of carbonate which may have formed during contact 

of the hydroxide solution with the atmosphere.

I4/Cmeasurement of c13

calculation to be made of the contribution from each source.

may shed light on the expected lifetime of a particular aquifer as well 

as demonstrating which recharge areas are proving most effective. In addition, 

from considerations of the carbon dioxide rone ent rations, and C*VCl2and C1 */C 1 2 

concentrations in both the ’’old” water and the recent water are 

known then the measurements of C34

/C12

recent precipitation it would obviously Lx useful to ascertain the efficiency of 

the recharge operations. Here again can prove its usefulness, 

thit if the C14

Ba (OH l^ and KOH solutions have proved

Air ftee of CO2 is drawn through the water after 

it has been acidified and is then passed through at least two hydroxide bubblers. 

The hydroxide solations should, of course, be carefully purified before use to

If BaCOH)^ solution is employed
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of the carbonate with acid.

of the above procedure are introduced.

being sampled, attached to the bore discharge tube a copper tube which was then

Carbonled through cooling water and into a cyclone water-steam separator.

solution which was later acidified by

HCi in the usual manner

12and C Ratios

In all the processes outlined above care should be exercised to ensure

measurements and to

Only an outline of theratios.pertaining to

C

The ratio of

The error assignedpeak heights of molecular weights 45 and 44 is determined.

Severalto these analyses is usually about one part per thousand or less.

standards have been used in the past for the calibration of the instrument and

these include N. B. S. Reference Sample Number 20 (Solcnhofen limestone) and

MostNumber 21 (spectroscopic graphite) and the Chicago-belemnite standard.

laboratories refer their results to the PDB-Chicago standard.

22

The reader is referred to 
12

/C

12

When samples are being collected from thermal areas some modifications

Fergusson and Knox9, when bores were

1recovery of the CC>2 to eliminate the possibility of isotopic fractionation. 

A few milliliters of CO^ suffice for the C’^ZC*^ ratio determination but much 

,4/C

dioxide was absorbed by purified Ba (OH),4

14/c

assay.
13/C

12/C

a precipitate of BaCO} is formed during the absorption process whereas when 

KOH is used no precipitate forms. The CO^ absorbed is reevolved by treatment 

methods will be presented in this section. 
12^12

Measure aent of C* 1

larger volumes are necessary for the C 

several excellent articles by Craig1® describing C 

many publications1 1 pertaining to the C **/C **

ratios are measured on CO2 which is introduced into a double - 

collector mass spectrometer similar to Consolidated Model Z1-CJ1.
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analyse* are usually determined at the present time

reagent* such a* chromic acid, potassium permanganate, silver nitrate solution.

The major radiochemical impurity i* radon, which is removed by citheretc.

N.B.S. oxalic acid is nowgas.

previously employed tree ring* of known *g«. The counter* must he heavily

activity to he

The total coat of all thia specialised equipment is highmeasured accurately.

and is generally in the tens of thousand* of dollar*.

determination*

These service*estimations.

SUMMARY AND CONCLUSIONS

to ground

water problem* is presented. A review of the potential application* is given and

it appear* that the moot fruitful area* for the us* of natural radiocarbon are:

1. straightforward estimation of age of ground water.

2.

3. to the investigation of recharge efficiency

23

on purified COj.

Impurities are removed by vacuum distillation and by various liquid and solid

a controlled distillation technique or by absorption of the COj on CaO followed by 

the pumping off of th* residual radon gas. The radioactivity is determined in moat

individual sample*. however, are approximately S5O for C 

ld,cl2

C»4

Coat* of the analyses of 

13/c12

laboratories by proportional counting of the CO, 

available aa an accepted standard in this work although many investigator*

shielded by mercury, steel etc. and an anticoincidence circuit is always Included 

in the system to minimise the background and permit the C14

An outline of the technique* involved in the application* ofC^

investigation of processes occurring underground which affect the true 
age and composition of the water, and

the application of C * 4
and mixing.

and in the region of Si SO » SZOO for the C 

are available within the United State* and abroad.
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The use of this isotope Has not been exploited very widely up to the present 

time, perhaps because of the costa involved in the analysis and the intricacies 

of the equipment which is necessary. It is anticipated, however, that its appli> 

cations will grow in the future as mor* knowledge is gained of th* basic processes 

involved in the movement of ground water.
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INTRODUCTION

Soil moisture is of importance not only in hydrology, where it form* the

link between surface and subsurface water, but also in agriculture, construction.

physical characteristics of the soil.

The study of soil moisture is hindered by the complexity of the relation

ships which must be analyzed mathematically to obtain an understanding of the

physical force* at work, by the difficulty and expense of measuring accurately

and precisely the moisture content of soil* in the natural environment, and by

the failure of standard method* of measurement to distinguish between units of

moisture.

Radionuclear techniques have already proved to be of value in the measure-

ment of the moisture content of soils. If radioactive nuclides can be used to trace

quantitatively the movement of soil moisture, several area* of uncertainty which

Tracersnow exist in hydrologic theory may be clarified much more readily.

would give a new and, in many ways, a superior approach to the determination of

approach which coulddirection and velocity of movement of soil moisture; an

Sucheven distinguish the differential movement of several unit* of soil moisture.

information could aid greatly in investigations of soil moisture drainage in water

logged agricultural lands, in measurement? of evapotranspiration, in the routing

of precipitation, in the measurement of moisture movement in permanently

froaen ground and in investigations of moisture movement in soil* subjected to

stress.

27
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road building and other fields of enterprise which depend upon the chemical or
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THE IMPORTANCE OF SOIL MOISTURE

Soil moisture is the water which is contained within the unsaturated soil

above the water table. Within this "zone of aeration" some soil pores are always

Infilled with water but other larger pores normally contain air or water vapor.

Thecontrast to this zone, soil below the water table is s turated with water.

Virtually all water that moves from the atmosphere toground water aquifers.

In general, water moves from the oceansand temporarily become soil moisture.

to the atmosphere, then to the land surface as precipitation, then to streams,

either directly by runoff or indirectly through the ground, and then back to the

During its residence on or below the land surface, water will frequentlyoceans.

Thus some of thecome in contact with or pass through the zone of aeration.

water from a rainfall that is incident upon the land surface will run directly off

the land surface to the streams and some will be detained in surface depressions

and will evaporate, but a sizable fraction of the water will infiltrate the soil and

The percentage of the rainfall which will follow each ofbecome soil moisture.

the

The distribution of the rainfall among these differentand a host of other factors.

soil moisture can itself follow any of several paths.

All or part of it may remainlate to the water table and become ground water.

28

growth, and the bearing strength of the soil.

The portion of the rainfall that infiltrates the land surface and becomes 

All or part of it may perco-

these paths depends upon the infiltration capacity of the soil-air interface, 

moisture content of the soil, the transmission and storage properties of the soil

zone of aeration is the hydrologic link between the land suface and the underlying

the ground water aquifers, or in the reverse direction, must traverse thia zone

paths helps to determine the flood peaks and low-water flows of streams, soil 

erosion, ground-water recharge, the • vailablility of soil moisture for plant
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in soil-moisture storage for varying periods of time or may re-enter the atmos

phere by being raised to the land surface where it can evaporate or by being

raised to the root z.one where it can be lost by transpiration through plants. The

distribution of this water depends upon a complex of factors, but it profoundly

affects the hydrology and human activities of any area.

Soil moisture is of fundamental importance to human welfare for man lives

on the soil and uses it for his most important activities, such as growing his

food, carrying his traffic, supporting his engineering works and disposing of his

All of these activities are greatly influenced by the moisture contentwastes.

of the zone of aeration.

The control of the moisture content of agricultural lands is usually of

Crop yields depend upon the moisture content of the soilgreat importance.

There is, for each crop, soil andprobably as much as upon any other factor.

When theclimate, a soil moisture content at which crop yields are a maximum.

moisture content falls below this value, it is necessary to irrigate or crop yields

When the moisture content exceeds this value for considerablewill decline.

periods of time, it may be necessary to resort to land drainage.

The bearing strength of the soil determines both the stability of foundations

of '■ngineering structures and the trafficability of roads, air fields and other

Soil moistureterrai.' of importance to both civilian and military applications.

profoundly affects the bearing strength, settlement, consolidation and freezing

Furthermore, because moisture content varies with location, soil type.of soils.

vegetation, climate, time and other factors, the bearing strength of soils will

vary from place to place and will vary with time at any one place.

29
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Many modern waste-disposal techniques take advantage of the filtration

Either sewage or industrial wastes may beand detention properties of the soil.

disposed of, under certain conditions, by allowing them to filter through soil

For example, cannery waste water is sometimes spread in forests andbeds.

allowed to percolate through the sone of aeration to the water table. The bio

chemical filtration of the soil can reduce very effectively the biochemical oxygen

the rates of infiltration and subsurfaxe move-demand of the effluent.

nient of such wastes are largely dependent upon the moisture properties of the

sediments upon which they are spread.

These are but some of the ways in which soil moisture affects human

It can be appreciated that a great variety of man’s activities and workswelfare.

are vitally dependent upon the moisture content of the soil for their success.

THE STATUS OF SOIL MOISTURE TECHNOLOGYI

Despite the great importance of soil moisture and despite the advances

made in soil technology during recent years, our knowledge of the occurrence.

inadequate for many purposes.movement and control of soil moisture is still

Hydrologic relationships in the sone of aeration are quite complex for. in unsaturated

soil, water can occur and move as a liquid, as vapor, and in adsorbed films and

While it is not expedient to

discuss here the many complexities and problems in the field of soil moisture,

it should be emphasised that many of these exist to a large extent because it is

difficult to measure both rapidly and accurately the moisture content of a soil

and because it is impossible to distinguish, with standard measurements,

moisture units which have had different sources or paths of movement.

30

However.

can transfer from one of these phases to another.
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THE MEASUREMENT OF MOISTURE CONTENT BT NUCLEAR TECHNIQUES

The most significant application of radionuclear techniques in soil moisture 

science has been the development of gauges which utilise neutron scattering to

measure the moisture content of soils. The chief advantage of such gauges lies

in the speed with which measurements may be made, both in the field and in the

laboratory. In addition, the neutron source and detector in this type of gauge

may be made interchangable with a gamma source and detector so that soil

density may be measured along with the moisture content. These instruments

of soil moisture and density at a large number of sites.

The standard method for determination of soil moisture content involves

the collection of samples which are then weighed, dried and reweighed. This

method allows accurate measurements but it requires disruption of the site

which is sampled. Thus it is not possible to use exactly the same site for all

measurements when a series are required over an interval of time. Moreover.

in this method of measurement both the sampling and the analytical steps can be

rather time consuming. An alternative method utilises sorption blocks which

11

The evolution of tracing 

techniques for soil moisture would permit even more rapid advance.

A number of papers have been written expounding theoretical analyses of 

moisaire movement in various situations, and several experimental studies have 

provided the laboratory and field data needed for such analyses. The develop

ment. recently, of moisture-density meters which permit rapid determination 

°f both dry and moist densities of soils without disturbing the soil gives promise 

of speeding the improvement of soil moisture theory.

can be most valuable when used in a program which requires many measurements
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are placed in contact with the soil and are allowed to come to moisture equilibrum

with it. They are then removed and their change in weight is used to estimate the

moisture content.

measurements by means of the -lectrical conductivity of the soil . Once these

units have been installed they permit continuous recording of moisture content.

few sites over a long period of time. is a device which is

useful in the same sort c* measurement program. The tensiometer consists of

a porous cup which is buried in the soil and which is connected, by a tube filled

Evaporation from the cupwith water, to a column of mercury in a manometer.

causes a tension to be conveyed through the water-filled tube to the manometer.

At equilibrium the manometer displacement is a measure of The tension exerted

on the water in the cup by the attraction for water of the soil which surrounds

Both the electrical conductivity apparatus and the tensiometer havethe cup.

proven their worth in programs which require continuous readings of moisture

content at a few sites over a long period of time. "Unfortun ttely, both have lag

times which may be long compared with the rate at which changes are occurring

in the soil moisture situation and both require semi-pe r mane nt installation so

Bees use samples

peed not be taken and processed only a few minutes are required for each

The counting rate obtained during a measurement is translatedmeasurement.

to moisture coatent of the soil by means of a calibration curve.

Two types of probe have been developed for use with the moisture meter.

One type, a

32

that many instruments are required for each experiment.

The neutron-sc attering meter4 is portable so that a single instrument

Instruments have been developed which permit moisture
.................................................— - -- -1

’’depth” probe is useful for determining the variation in moisture

They have proven useful in studies which require measurements to be made at a
— . . 2.3The tensiometer

may be used to perform all measurements during a program.



Isotopes. Inc.

content with depth below the surface. It is cylindrical in shape and may be

inserted into the soil through an access tube or lowered into a well pipe. The

probe, is useful for surveying the variation from place

to place in the moisture content of surface layers of soil. It in rectangular in

cross section and may be placed against any flat soil surface to make a measure -

Either type of probe will contain a source of fast neutrons and a detectormcnt.

The emitted neutrons have

The detector for thermal neutronsenergies ranging downward from 13 MEV.

The neutrons are thermalized by collisionmay be a boron trifluoride counter.

In ordinary soils thewith light elements in the soil surrounding the probe.

only abundant light element is hydrogen and all but a small percentage of this is

The higher the moisture content of the soil the greaterpresent in the soil water.

will be the number of neutrons which are the r mail zed before they escape the

the greater the number which will be

This technique might fail, of course.deflected into the detector and counted.

in a soil which contained very high concentrations of organic matter or of

Generallyhydrated minerals, for in these there would be additional hydrogen.

the data could be adjusted to correct for such soil compositions.

The pulses from the neutron counter are fed to a scaler which records

Soil density probes are available which may be used with the samethe count.

These contain a gamma source and. shielded from it. a gamma counter.scaler.

The shielding prevents the triggering of the counter by rays coming directly

rays reflected by the atoms of soil around the probefrom the source. However.

Since the number of atoms in the soilmay strike the detector and be registered.

is roughly proportional to its density the counting rate of the gamma probe is 

a measure of the soil density.

33
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|

vicinity of the probe and. therefore,

second type, a "surface”

for slow neutrons. The source may be a radium-beryllium mixture which emits 

neutrons produced in the reaction Be^ (oc. n)C1^.
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measurement and result in disturbance cf the soil. Thus where rapid survey

measurements are required the neutron moisture meter is the most efficient 

tool available.

ha* its limitations.

P22 Surface Density Probe. The total cost of these three units was $4,380 in

I960.

In the corn cultivation experiment 48 plot* were subjected to various

equipment.

radiation measurement* and were analyzed for moisture content and bulk density

in .'tree-inch increment* down to a depth of 15 inches. The data from the core

sample* were used to judge the accuracy and precision of the radiation measure-

The standard deviation* for the radiation method were only slightlyments.

larger than those for the gravimetric method. The calibration curves for

converting counting rate into moisture content or into density, which were supplied

with the radiation instrument, were found to be somewhat in error. The curve

34

The radiation equipment consisted of a Nuclear*

Chicago model Z800 Scaler, a model P21 Surface Moisture Probe and a model

amount* of compaction prior to planting and then, after harvest, density and 

moisture measurement* were made at three sites in each plot using the radiation 

Core samples were taken from half the plot* at the site* of the 

thus a single set of measurement* which require* only a few minutes, 

yield* data on both the wet and dry density of the soil. Conductivity apparatus 

and tensiometers do not yield equivalent information and, although gravimetric 

*1*1* rminations of soil samples do, they require a longer and more laborious

In addition to its advantages, however, the neutron moisture meter also 

Some of these are pointed out in a paper by Phillips et al^ 

who used both the gravimetric method and the neutron scattering meter to study 

soil moisture and density in an experiment on the effect of soil compaction on 

the yield of corn and soybean*.
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measurements was 0. 05 g/cc too low for the soil under study. Data for the 0 to

6 inch depth in the cores were used to adjust the density curve, since gamma

penetrating beyond 6 inches into the soil would not be counted, but the data for

the 0 to 9 inch depth were used to adjust the moisture curve, because of the

larger effective range of the neutron detector. Actually, for many experiments,

including this one, it would not be necessary to have an absolute calibration of

the instrument. Where the information sought involves only the change in moisture

content between a number of sites, as in this experiment, only relative values

Because of the good precision of the radiation measurements in theare needed.

first experiment, Phillips et al eliminated core sampling from the second, soy

bean. experiment. The standard deviations of the individual plots in this experi

ment were slightly larger than those in the first experiment. Fortunately, the

moisture content and density of this soil were fairly uniform between the surface

Had they been variable the precision of the radiation meas -and 9 inches depth.

The effective range of the neutronurenents would have been adversely affected.

scattering instrument is inversely proportional to the moisture content of the soil

and the effective range of the gamma instrument is inversely proportional to the

As long as moisture content and density are uniform throughdensity of the soil.

the soil the gradual change in effective range may be compensated for in calibrating

independent variable.

density or moisture content should be negligible.

probes but similar data may be obtained

probes which are designed for use with lined bore holes or

Once the access tube is in place no further disturbance of theaccess tubes.

35

the instrument, but when they are not uniform the effective range becomes an 

In general, however, errors due to variations in soil

using the "depth'*

Phillips et al used "surface**

for the density measurements was 0. 1 0 g/cc too high and that for the moisture
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soil is necessary and it will reach a state of moisture equillibrium with surrounding

soil layc rs. Measurements may then be made by inserting the neutron probe into

Of course, it is necessary to cal-thc tube and taking readings at selected depths.

ibrate the probe using the type of tubing from which the access tube waa made if

But again, if only the relative changes which occurabsolute values are needed.

with time are needed an absolute calibration is not required. In this case, 'however.

it would not be possible to compare soil contents measured in one well with those

measured in another well unless they were lined with identical casings.

probe” of the neutron moisture meter in studies of soil moisture. They report

data obtained by repeated measurements at two sites over the course of a year.

measurement to the next permitted calculation of the vertical flow of water through

the soil in response to gravity and to evapotranspiration. Measurements were made

Reproducibility of the shape of the vertical distributionto depths of almost ZD feet.

curve and of the calculated moisture contents attested to the reliability of the method

of measurement.

Suggestions for improvement of these instruments might include the adjustment

of source strengths so that neutron-scattering and gamma-scattering probe* had

The moisture probe supplied by one manufac -equivalent ranges in typical soils.

turer lias an effective range of 5 to 15 inch radius, depending on moisture content.

while the companion density probe ha* an effective range of J to 8 inch radius.

It is also important that these instrument* remaindepending on soil density.

In the studies discussed above suchstable during a aerie* of measurements.

Random fluctuations in the efficiencystability was obtained by the investigators.

equipped with standsrttowhich would serve to reveal any such random fljactuations.

of the detector during the course of an experimental program could destroy the 

validity of all result*. The instrument* used in the studies described above were 

The study of translocation of moisture with time in unsaturated soil profiles, 

which was carried out by Nixon and Lawle»»\ illustrate* the value of the "depth

using a single access tube at each site. Comparison of moisture profiles from one
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As was demonstrated by these studies, a well designed soil moisture meter can

prove to be a very valuable asset to the soil scientist.

RADIOACTIVE TRACERS FOR SOIL MOISTURE

The Potential Usefulness of Radionuclear Tracers

There are several ways in which radioactive nuclides might be utilised as

The use of radionuclides totracers to yield information about soli moisture.

determine the direction and velocity of soil moisture movement would be similar

There are some subin t lany ways to their use in tracing ground water flow.

stantial differences between the behavior of water in a saturated and in an unsat

urated medium. howc>-«;.', -and data derived from experimentation with the former

environment are of only limited value when applied to the latter.

might expect mnxe difficulty in obtaining quantitative tracing of water by most radio

nuclides in an environment in which the water transfers freely between the liquid

One advantage does exist in tracing soil moisture, however.and the vapor phases.

because water moves into a relatively dry soil preceded by a wetting front or sharp

If radionuclides could be used to indicate thedifferential of moisture content.

first appearance of the wetting front, they might be useful for the solution of several

practical problems, including the determination of the time when irrigation water

reaches the bottom of the root sone and irrigation should be discontinued.

A knowledge of this characteristic is necessary for computing moisturewater.

Unfortunately, tedious laboratory experiments are requiredmovement in any soil.

Methods are being developed for the rapid determin -today to measure diffusivity.

ation of this parameter, bat they require rapid measurement of soil moisture

Perhaps such measurements can be madecontent or soil moisture movement.

through the use of radioisotopes.
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In general, one

One of the most important moisture characteristics of a soil is its soil moisture 

diffusivity, which is an indication of the ability of a soil to store and transmit
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If . tdioactive nuclide* could be used to label selectively specific unit* of

• oil moisture it would be possible to determine quantitatively the relative move

ment of these unit*. Accordins to theory, when water is added at the soil-air

interface to a body of soil which already contains some water, a portion of the

new water will remain in the upper soil layer* and will cause downward displace

ment of some of the original soil water, but other portions of the new water will

bypass the original water and percolate to lower soil layers. Available theoretical

techniques and methods of measuring soil water permit the determination of overall

movements of soil moisture, but they cannot be used to distinguish one unit of

moisture from another. Therefore, it has not been possible to determine the

relative amounts of new water that either displace or bypass original water under

Indeed, it has not been possible even to prove thatgiven hydrologic conditions.

Yet. a proper understanding of this behavior, which mightsuch behavior occurs.

be obtainable through the use of radiotracers, would increase scientific under

standing of soil moisture occurrence and movement, ground water recharge, the

redistribution of chemical elements in the soil and the uptake at moisture and

chemical elements by plants.

The increased tritium concentrations in natural waters which have resulted

from nuclear bomb tests might permit tracing of annual increments of moisture

which were added to the soil in some areas of the arid West during the years 1954-

1959. Where the water table has been at great depths it might be possible to

detect a peak in tritium concentrations in soil moisture profiles which would be

The vertical distribution of this bomb tritium shouldattributable to these tests.

depend upon the movement of recent moisture increments relative to those which

In most valleys in Arizona and New Mexicohad preceded them into the soil.

which are filled with alluvium, for example, the water table is so deep that many
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years must be required for water to drain down to it from the surface. Water

number of years depending on several factors, including the. length of core taken).

Data on the actual rainfall and mean tritium content of rain during the years in

question should permit the interpretation of the distribution of tritium in terms

of rates of water drainage through the soil.

no infil

tration of irrigation water

process of water movement.

Water is stored in soils by several different mechanisms. For example,

different units of soil moisture might be retained by capillary forces, osmotic

forces or adsorptive forces. Each of these mechanisms has a different retentive-

ness for water. By saturating soils with selectively tagged increments of water

and studying the subsequent drainage of these increments, much could be learned

of the storage and release of moisture by soils.

In many studies of soil moisture, it is found that the moisture content of

soil in a test plot decreases with time. Part of this decrease is due to the down

ward drainage of moisture and part is due to the uptake and subsequent evapo

transpiration of moisture by vegetation. However, the relative amounts of these

are usually not known. If the tracing methods discussed above permitted the 

measurement of the amount of this moisture that drains downward, the remaining

losses, after the drainage is subtracted, would be by evapotranspiration. Under

the proper conditions tracers could even be used to estimate evapotranspiration 

Even a knowledge of the availability of soil moisture foruse by vegetation.

39

Of course, the hydrologic situation 

at the sampling sites would have to be studied carefully to ensure that

samples taken from cores in such regions should display an equilibrium distri

bution of water from the precipitation of the last few score years (the exact

directly, and a knowledge of this would be of very great value in studies of water

or other disruptive factor had altered the normal
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evapotranspiration and the actual water uptake by plant roots is still shrouded

in mystery and in If radioisotopes would permit the

tracing of soil water into roots, it would also be possible to determine what 

proportions of the moisture that they use for growth and evapotranspiration 

1'lte drainage of water-logged agricultural lands is an allied subject that

Many reports have

been published in which are discussed the design and perfomance of drains that

It is

dewatered and because of the short flow paths to relatively closely spaced drains.

might also be of value in following moisture movement from 

the water table to plant roots in areas in which subirrigation is employed.

Intiltrometcrs are devices commonly used to measure the infiltration 

hydrologically isolated from the surrounding ground

which have been driven into the ground. In such tests the depth of percolation.

the lateral spreading and other such features would be of great interest, but tney 

cannot be determined by available methods because the infiltrated water cannot

be distinguish _d from the water originally in the ground. If the water used in the

infiltrometer could be tagged with an isotope, the final distribution of the infil

trated water could be determined.

ns after it falls upon the land surface. Some of it can trickle through theP

percolate through the top soil layers to the nearest stream and some may remain
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have converted millions of acres of waste land to useful agricultural land.

likely that radioisotopic tracers could be used more easily here than in standard 

Tracing techniques

ground water studies because of the near-surface nature of the sediments being 

a haze of controversy.

or on soil within cylinders

involves both ground water and soil moisture techniques.

capacities of soils by sprinkling water either on plots of ground that have been

As has been mentioned above, rainfall can follow several hydrologic

litter overlying the soil until it enters the nearest stream channel, some may 

the differ -nt plants remove from each depth in the root zone.
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in the soil temporarily, until it is removed by evapotranspiration or by percolation

I£ a rainfall were tagged with a radioactive nuclidedownward to the water table.

The information to be gained from such experimentsdifferent hydrologic paths.

could be of great value in the analysis of the hydrology of many types of watersheds.

Large areas of the earth are underlain by permanently frozen ground. or

Because the engineering properties of these frozen soils are"permafrost.

radicallv different from those of the soils that are normally used to support engi

neering structures, they are still poorly understood and are the subject of intense

Radioisotopic tracers could facilitate the study of moisture movement tostudy.

ice wedges, moisture movement in frost heaving, the movement of water in the

active layer of such soils during winter freezing, and many similar phenomena.

Moisture movement in soils subjected to stresses is of fundamental

prime consideration in soil mechanics.

According to classical consolidation theory, the consolidation of a soil under the

For all but thefoundation occurs largely by the expulsion of water.

It is con-undcr foundations becomes extremely complicated mathematically.

ceivable that the use of radioisotopes might provide data which would permit the

solution of such problems in laboratory models of complicated foundations.

The solution of many traffic ability problems is contingent upon a knowledge

Thisof moisture movement in soils under the impact of vehicle tires or tracks.

However, the use of radioisotopes might permit experi-techniques are used.

mental determinations of moisture movement in soils under impact.
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simplest geometric shapes, the analysis of moisture movement and consolidation

weight of a

as it reached the ground, it should be po sible to route the water through the

importance in engineering works and is a 

problem is extremely complicated if standard hydraulic and soil mechanics
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In conclusion it must be pointed out that soil moisture moves in response

to potential gradients as does all water and that virtually all soil moisture theory.

ground water theory and hydraulic theory is developed in terms of these force*.

Thus the distribution of forces in hydraulic system* is fundamental in predicting

water movement and radioisotopes may be utilized only in a supporting role.

Nevertheless, indications are that this supporting role will be one of great

importance, especially because of the unique opportunity offered by radioisotope

application to distinguish individual unit* of moisture and to determine their

Since no other available technique can be used for thisseparate movements.

purpose, it is likely that this aspect of radioisotope use alone will greatly increase

our knowledge of the behavior of soil moisture and is well worthy of intensive

investigation

Before radionuclides may be used as tracers for soil moisture, it i*

important to determine the extent to which the behavior of the specific nuclides

truly approximates that of water in the environment of unsaturated soil. It has

been demonstrated in tracing experiments with subsurface waters that many

nuclides, because of ion-exchange and adsorption effects, behave in a far from

ideal manner when the water they arc tracing is in close contact with mineral

Such fission products as strontium-90 and cesium-137 have beens urfaces.

shown to be rapidly removed from reactor waste effluents by passage through

, Sb

but others indicating that there will be severe limitations on such use. Thus

far only tritium has received general acceptance as a faithful tracer for water
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soil.

Co60

Various results have been obtained with iodine-131, EDT A complexes of 

etc. , some suggesting that these are potentially useful as tracers.

The Basic Problems in Tracing Soil Moisture
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Even those nuclide* which follow water well »n saturated aquifers maymovement.

fail in unsaturated formations where transfer may occur through the vapor as well

a* the liquid phase.

conditions to demonstrate their tracing behavior and to delineate tl.e range in soil

composition, water composition and flow rate within which they may be used.

In planning a soil moisture tracing experiment one must consider not only

the tendency of tracer to be lost by ion-exchange or adsorption, but also the

dilution of the tracer which will occur by it* dispersion longitudinally, in the

direction of flow, and laterally, transverse to the direction of flow. Although

this effect has been studied both theoretically and experimentally, the results

have generally been applicable only to saturated media. Dispersion will be pro

duced by hydraulic factors, such a* nonuniform movement of individual units of

the tagged water, by diffusion of tracer into adjacent unit*, and by interaction of

the tracer with grain surface* and with surface film* of water. These factors.

which will result in a net slowing of the movement of tracer relative to the move

ment of water; will probably be more pronounced in an unsaturated medium. If

measurements of soil moisture movement which have been made by means of a

tracer are to be interpreted intelligently, it is necessary that additional theoret-

itcal and experimental studies be made. These must predict the longitudinal and

lateral dispersion which will result when specific tracers are passed through a

variety of soil* at various flow rate*. The experimental studies of dispersion

should include determination* of the time of first appearance of the tracer, the 

sharpness of its concentration peak, the percent recovery and similar phenomena.

Experiment* will have to be designed carefully to yield information on lateral 

spreading.

43

I

It is quite desirable that the behavior of a number of promising 

radionudear tracer* be tested experimentally under both laboratory and field
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TW potential usefulness of radioisotopes ior distinguishing between

different units of wrier contained within a soil will be limited by exchange of

If this exchange is slow compared to the length oftracer between such units.

time of contact of such units daring an experiment, differential tracing should be

feasible It will be necessary to demonstrate this feasibility by carefully con

trolled experiments, however, before this technique can be of general use.

Variations in exchange rates must be expected depending upon the mineral com

position. permeability, porosity and water content of the soil as well as upon the

chemical behavior of the tracer nuclide.

For many applications it v'ill be desirable, and perhaps necessary, to

measure tracer concentrations ir situ without disturbing the soil by sampling.

Thia will be more difficult in fie'jd applications than in laboratory experiments.

but in either circumstance both tracer and detector will have to be chosen care

fully to permit the greatest possible precision in locating the positions of tracer

Detailed calibration experiments will be required, ofmaxima and minima.

course, to allow the analysis of counting data from a radioactive fcourc e distrlb-

Procedures will be simpler whereuted non-uniformly through a solid medium.

samples may be taken and analysed. There will also be fewer restrictions on

which nuclides may be used. For example, tritium, which should be the most 

reliable tracer for soil moisture, could be used if laboratory analysis of samples 

were possible.

Suggested Research Program

It is suggested that a program be undertaken to determine the behavior

of certain potential radioactive tracers in the soil moisture environment and to 

atory conditions.
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evaluate the possible methods of measuring these tracer* under field and labor -

The aim of this research should be the development of
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techniques whereby the nature and rates of soil moisture movement may be estab

lished quantitatively through the use of tracers which will indicate the movement 

of a moisture unit relative to the soil which contains it and relative to other 

moisture units.

In the selection of the tracers which are to be studied, due consideration

and cobalt-60 (EDTA complex), which have shown some promise as tracers for

However, the short half liveswater in saturated aquifers, should be considered.

The mainof some of tnese nuclides would doubtless limit their usefulness.

criteria should be suitable modes, rates and energies of radioactive decay of the 

nuclides to make their use in laboratory or field experiments feasible and the 

existence of chemical forms in which the nuclides will resist adsorption by soil

Thus there should probably be no attempt to use positively charged ions grains.

of the tracer elements since such ions exhibit maximum adsorption rates in most

In this regard tritium is doubtless the most promising nuclide since the soils.

chemical behavior of tritiated water should quite closely approximate that of •

Tritium should also be useful for tracing the movement of soil normal water.

moisture in the vapor phase, while the usefulness of almost all other radionuclides 

In order to ensure that sufficient information will be available to permit 

Each tracer might be tested initially in a stream ofusing unsaturated media.

45

would be confined to experiments with the Liquid phase.

should be given to the results obtained by other research programs which have 

Such nuclides as tritium, iodine-131involved the tracing of subsurface waters.

bromine-82, sodium-24. sulfur-35, ruthenium-106, antimony-124 (EDTA complex)

the most intelligent inte rpretation of the experimental results. each tracer should 

be tested first in a simple environment and then in progressively more complex 

environments. Experiments using saturated media could precede experiments
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This would permit the determination of the correspondencc•lowly moving water.

between the movement of the tracer and the movement of the water in a situation

The longitudinal and lateralin which only diffusion would be an important factor.

dispersion of the tracer could be measured and its time of first appearance down

stream. the sharpness of its concentration peak, and similar tracer character-

The tracer solution might then be passed throughLalies could be determined.

columns which were packed with various materials and saturated with water to

provide information on the physical and chemical interaction between solution and

The first matrix to be used could consist of polyethylene or some similarmatrix.

material which might be expected to undergo minimal chemical reaction with the

Any changes observed in the dispersion, sharpness of peak. etc. of thetracer.

tracer should then be attributable primarily to physical effects The tracer could

then be passed through columns packed with soils of various ion-exchange capa-

The first soils used should be fairly pure sands in which adsorptionbilities.

phenomena should not be overly important. Other soils with higher contents of

clay, organic material and other reactive consitituents could then be used.

l>iffercncea in tracer behavior from one type of matrix to another should then be

attributable to the composition and physical nature of the soil. These variations

in tracer behavior would permit the evaluation of the conditions under which each

tracer should be useful in tracing flow through saturated soils and would limit the

tracers to be tested in unsaturated soils.

Virtually the same series of experiments should be repeated using unsat

urated media; first polyethylene or a similar material, then pure silica sand.

then loams and other soils of varying contents of clay minerals, organic material.

A different experimental setup would be required for these tests in order toetc.

induce flow at desired rates and moisture contents. The soil moisture source
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might be a body ot free water separated from the soil column by a porous

porcelain membrane and the sink might be a similar membrane to which a

The flow net and flow velocities of such systems could beauction is applied.

worked oat by hydrodynamics.

Experiments in which two or more units of moisture in saturated soils

and in unsaturated soils were tagged differently could then be carried out. A

very dry soil could be given an increment of labeled water and mixed to provide

uniform distribution of the water through the soil. Presumably thia increment

would be held tightly in the smallest pores, or close to the soil surfaces and

would not be free for rapid migration under normal moisture conditions.

differently tagged water could then be passed through the soil in either a satu>

Presumably thia water would be held more looselyrated or unsaturated state.

The extent of mixing betweenand would pass through the system more easily.

the units as well as the extent of displacement of the first by the second could

be evaluated.

Measurements of the tracer* should be made using the simplest possible

techniques and equipment and the entire operation should be planned and contin

ually modified with a view to its eventual use in field experiments.
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INTRODUCTION

Neutron activation analysis has proven to be a very useful technique for

the measurement of low concentrations of a number of elements in many different

Because of thia, it has often been suggested that neutron activationmatrices. .

could be employed to advantage in the detection of non-radioactive nuclides used

to trace water in natural or artificial environments. Such non-radioactive tracers

are needed in situations where radioactive nuclides could be of value but where,

due to potential health hazards, they may not be used.

It is suggested that a program of laboratory and field experimentation be

undertaken to determine which stable nuclides or elements, and what chemical

forms of these elements, could be used most profitably as tracer* for water in

various possible applications. As part of this program the details of techniques

which may be used to concentrate, activate, and measure the tracer should be

delineated. Data should be obtained on the limits of accuracy and precision

which may be achieved and on the cost* which are to be expected using this

technique and using standard tracing techniques under the same conditions.

Laboratory tests should be supplemented by a few simple field teats to provide

reliable data on which estimates of costs and performance may be based.

STATEMENT OF THE PROBLEM

There is a need for a method of tracing water which will give the precision

and accuracy obtainable through the use of radioactive nuclides as tracers, but

which will not create potential health hazard* such a* those resulting from the

introduction of radionuclides into water supplies. It is true, of course, that
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in terms of the resultant hydraulic forces. Standard methods of measurement

do not give information on the detailed movement of individual units of water.

however, but only on the average movement of the whole body. It is frequently

quite enlightening to have information

individual units and this is most readily obtained by tracing. Under certain

conditions, tracing may also be used to determine the gross rates and directions 

of water movement.

Radioactive nuclides have received increasing use as tracers for they may 

reliable data than suchbe detected at very low concentrations and provide more

In spite of the wide r.inge of’’standard tracers as salt or fluorescein dyes.

potential applications which exists for radioactive tracers and in spite of the

The public reaction in this country to the use of radio-into water supplies.

There is often a real.activity has generally been one of fear and mistrust.

though often exaggerated, basis for such fear, of course, since any increase in

the radioactivity of the environment may be related statistically to a resultant

increase in genetic, and in some cases somatic, damage to the human population.

If reasonable precautions are taken, as they almost always are, the potential

hazard from the use of radioisotopes is negligible compared to other hazards

However, the unreasoning fear ofwhich are accepted willingly by the public.

the unknown remains and it is often difficult to obtain permission to use radio

isotopes as tracers even in situations where no other tracing method appears
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significant advances which have been made in demonstrating the feasibility of

their use, there remains a serious drawback stemming from the potential health

problems in hydraulics and hydrology. Hydrologic theory is based on the response 

of fluid to differences in applied potentials and data generally must be interpreted

on the nature and rate of movement of

even an ideal tracer, if one existed, could not by itself permit the solution of all 

hazard which can result from the indiscriminate introduction of radioactivity
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It is desirable, therefore, that a technique be developed which canpractical.

give advantages similar to those derived from the use of radioisotopes but which

will be free of the accompanying hazards. A technique winch has been suggested

involves the use of low concentrations of certain elements which may be detected

with good precision through the use of neutron activation analysis.

The analysis of materials by means of neutron activation is based upon the

bility of many nuclides to undergo neutron-induced reactions to produce radio

active heavier isotopes of the same elements. Samples of the material to be

analyzed are subjected to neutron bombardment within a nuclear reactor.

sufficient time is allowed for the concentration of the activation product to

approach the maximum obtainable and then the sample is removed from the

The smaller the neutron cross section of the target nuclide and thereactor.

longer the half life of the activation product, the longer will be the optimum

v c'mba rdment time. Generally the activated sample will contain radioactive

nuclides produced by neutron reactions with several major and minor constitu

ents of the samples in addition to the target nuclide. Depending upon the types

of radiation crr.itted by these various radionuclides and upon their half lives it

may be possible to allow the radioactive contaminants to decay to low levels

of activity before measuring the activation product of the target nuclide or it may

be possible to measure the target nuclide in the presence of the contaminants,

Otherwise, the element to be analyzed willperhap- by gamma spectrometry.

have to be separated from the contaminants and purified by radiochemical

techniques before it is measured. From a knowledge of the neutron cross section

of the target nuclide, the total neutron flux to which it was subject and the number

of atoms of activation product produced, it is possible to calculate the number of
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(i-e

where N

which will be present in the sample at the completion of exposure of N atoms

, to a neutron flux F for a time

, as little as 10cm

grams of many elements may be detected.

Neutron activation analysis has proven to be a sensitive and versatile

method for the analysis of a number of elements in many matrices. It is not

surprising that this technique has received increasing use in recent years and

some below one part per billion, with good precision and accuracy. The sensi

tivity obtainable with radioactive tracers would be approached without the actual

introduction of radioactivity into the water supplies.

limitations on this technique. For many applications the selection of possible

tracers will be quite limited, and in virtually all situations the sensitivity attain

able will be less than that possible with radioactive tracers. Nevertheless

would involve the injection of a tracer into the stream of water being studied and

the collection of samples for analysis from The stream of
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there are so many potential uses for this technique that its feasibility should be 

thoroughly explored.

that it has frequently been suggested as an alternative approach to water tracing.

With the proper techniques stable tracers could be detected in low concentrations.

atoms of target nuclide and, therefore, its concentration, in the original sample 

by means of the equation:

1

N* =

a point downstream.

The experimental procedure in the use of thia proposed tracing technique

O< course, there are

-At)

of target nuclide, with neutron cross section <T 

t

*■
is the number of atoms of activation product, with decay constant X

F cr N
X

. Some elements may be measured in concentrations as low as a part per 

billion for, with a neutron flux of 10^ cm"^ sec “ 1, as little as 10"'^ to 10’"
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rivers and lakes, or through porous media, such as the soil and substrcams.

surface aquifers. A single pulse or a series of pulses of tracer could be injected 

or, if it were preferred, a continous stream of tracer could be introduced to

give an equilibrium concentration of tracer in the water body. Of course, the

to be solved.

Unfortunately, no neutron-generating instruments are now available which

be low.

Economic considerations will be important

they can receive. The induced activities will be analyzed and the concentrations

of tracer in the original samples will be calculated. These data will permit

computation of the flow rates of the water.

If the neutron flux used to irradiate the samples is not 

known accurately, as is quite likely, it will be desirable to irradiate and analyze 

standards along with each batch of samples.

There are several factors which must be considered in the selection of 

tracer element, including the concentration of elements naturally present in the
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water, dept-nding upon the particular application, might be flowing through pipes 

or other artificial conduits, through natural or artificial channels, including 

would permit the activation analysis of the tracer in situ; instead samples will 

have to be collected and then analyzed in the laboratory.

The samples will then be irradiated, probably 

by insertion into a nuclear reactor.

The volume of sample 

needed for an analysis will often be large since the concentration of tracer will

When the sample volume is large the tracer will probably have to be 

separated from the water by evaporation of the water or possibly by precipitation 

of solids before the irradiation.

If necessary, the irradiated samples 

could be subjected to radiochemical separations to permit more precise meas-

method of injection chosen would depend upon the particular problem which was 

in determining how many samples can be measured and how long an irradiation

urement of activities.
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water, the neutron cross sections of the tracer nuclide*, the half Live* and the

types of radiation from the induced activities, and the anticipated chemical

behavior of the tracers tn the water environment. The neutron crosa section of

a tracer must be Large enough to permit the production of high activities within

irradiation time* of reasonable length. The lower the available flux and the

shorter the permissible irradiation time, the larger the cross section must be.

Other factors also influence the setting of the lowest acceptable cross section

If there is no contamination of the sample by element* such a* sodium and sixe.

calcium, which yield radioactive nuclides when subjected to neutron irradiation.

and the only activity to be expected is that produced from the tracer, even nuclides

which have small neutron cross section* may be useful. Although only small

quantities of activity would be derived from them, in the absence of radioactive

contamination they would be measurable. Similarly, if the type and energy of the

radiation from the activation product allow it to be detected easily even in the

centrations even though it has a small neutron cross section.

The half life of the activation product must be long enough to permit removal

of the sample from the reactor, radiochemical separation of the activation product

from the contaminants (when this step is required), and measurement of the

With the proper combination of tracer and detector it would not beactivity.

If radiochemical and radionecessary to perform radiochemical separations.

metric facilities at the reactor site could be used, it might be possible to measure

activities which have half live* of a few minute*. Otherwise, it would probably

be impractical to measure nuclides which have half live* shorter than an hour or

On the other hand, for aSo

given number of atom* of activation product formed, the specific activity decreases
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presence of radioactive contaminant*.

or, in the worst case, shorter than several hours.

the tracer may be measurable in low con-
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a* the half life of the activation product increase*. Thu* nuclide* which have

very long half live* (several year* to several hundred years) may give activities

too low to be detected. If the experiment were to warrant It, such long-lived

could be measured by low-level technique*. The only nuclide* which would be

generally useful, however, would be those giving activities with half live* within

the range from a few minute* to a few year*.

The type of decay undergone by the activation product and the energy of the

radiation it emit* would determine the ease of measurement of the tracer and

the type of counting equipment which would be needed. These factor* would

• trongly influence the decision a* to whether or not it would be necessary to

separate the tracer from radioactive contaminant* before carrying out the me**-

Gamma emitter* could best be measured using a gamma spectrometer.urement*.

especially if gamma radiation was also produced by contaminants. Correction of

counting rate* for contribution* by contaminant* can be performed most easily.

known. Tula information will be obtained by the analyst* of blank*. A simple

total gamma measurement of activated samples could be used only if it were 

definitely established that no contaminants were present in the samples or if they

had all been separated quantitatively before counting. When either a simple total

gamma or total beta count is used to measure the activated tracer, the radio 

chemical purity of the activity could be established by determination of half life 

of decay or by absorber measurements.

It is obvious that the chemical and physical properties of the tracer must 

be such as to produce a close correspondence between the behavior of the tracer

In some environments.and that of the water in the environment under study.
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of course, when the relative concentrations of contaminant* in the samples are

nuclide* could be srparated and purified radioc hemic ally and the activities
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It has become evident that

There appear to

The

water.

not present In the water in detectable amounts.

tration of the tracer nuclide above its normal concentration. Thia increase will

have to be much greater than any that could result from normal fluctuations in

the concentration of the element.

The lower the normal concentration

of the selected nuclide between samples with tracer and those without tracer

tion. For example: one milligram

5 7

will have to be large, certainly in excess of 20 percent and preferably several 

hundred percent, to insure the significance of observed variations in concentra-

Before the experiment could begin these normal 

fluctuations would have to be determined.

In other environments such as 

those encountered in the study of subsurface water or in the study of a silt

laden stream, this may be quite difficult to achieve.

many elements, especially when present as cations, are readily adsorbed by 

solid surfaces or incorporated Into minerals by ion-exchange.

he at least two points of view on how this problem should be circum vented.

first calls for the use of an enriched isotope of an element already present in the

It is assumed that an equilibrium already exists between the solution

such as within a smooth-walled pipe or open channel, this may not be difficult 

to achieve in an experiment of short duration.

and the solid with respect to that element and that thia will mitigate the loss of 

the tracer from solution. The second call* for the use of an element which is

of the tracer element th* greater will be the percent error in its measurement 

and the greater will be the increase which will have to result from the presence 

of tracer If it is to be detected. In any event th* difference ih the concentration

There is an advantage in the use of an isotope of an element already present 

in the water, but there are also rather formidable disadvantages. The presence 

of tracer in a sample will have to result in a significant increase in the concen-

However. enriched isotope* ar* expensive.
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In • field tracing program a few grama of enriched nuclide poured into

* stream or well would rapidly become diluted to the point where they would

produce negligibly small changee in nuclide concentrations and yet they would

have coat thousands of dollars, if indeed such quantities were obtainable. Thus

this procedure appears to be economically unfeasible.

On the other hand, if an clement which is not present in the water in detec

table quantities is to be used as a tracer it is possible to use inexpensive technical

grade chemical reagents. Of course, for some elements, such as gold, hafnium.

scandium, iridium or ruthenium, even technical grade reagent would be prohib

itively expensive for a field tracing experiment. Other elements. such as cobalt.

antimony and cerium, are fairly inexpensive. however, and could be used in large

The difficulty with the use of such elements is the unpredictability ofquantities.

demonstrate that, in a least one chemical form, it will resist adsorption, ion

exchange, and precipitation in the test environment. This can be shown only

through careful experimentation.

T<ow needed is the demonstration that it is feasible to use one or more of

the elements which are subject to analysis in low concentrations by neutron

activation as a tracer for water. The behavior of these elements in the pertinent

environments must be tested and analytical procedures must be worked out.

When this has been accomplished a significant new tool will have been made

available to the hydrologist.
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«es

their behavior when dissolved in water which is in contact with mineral grains.

Before any one of them may be used with confidence it will be necessary to

of 80. 5 percent enriched chlorine-57 costs $1.30, one milligram of 81. 1 percent 

enriched iron-54 coats $2. 50, one milligram of 95.9 percent enriched magnes - 

1 urn-26 costa $2.60, and one milligram of 44.6 percent enriched sulfur-34 costa 

$22. 50.
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SCTXJrJHTD RESEARCH PROGRAM

It is suggested that an experimental program be undertaken to determine

the conditions under which the use of activation analysis to measure stable

element tracers is technically and financially practical. Analytical procedures

should be developed with which neutron activation may be used most profitably

to detect low concentrations of several tracer elements (probably including

cobalt ano antimony) in samples of natural waters. Tests should then be made

to determine the stability of selected compounds of these elements in water

solution in various natural and artificial environments. Laboratory experiments

should be performed where possible but some simple field tests would be required

to obtain data which would be truly representative. All tests should be run on

the smallest practical scale to conserve time and materials.

A survey of the chemical literature, reported in Appendix E. was under*

taken as part of the work under Contract AT(30-1)2477 to determine which

chemical forms of potential stable tracers appear to be the most promising.

Elements suggested as possible tracers in the first quarterly progress report
I

for thia contract included antimony, cerium, cobalt, mercury and such rare

earths as neodymium and samarium. All of these have large cross sections

for neutron capture and, upon irradiation, yield activation products with half

lives longer than a day. There have been reports of promising behavior on the

part of cobalt-EDTA by Halevy and associates in Israel and on the part of anti-

mony-EDTA by Watkins and associates in the United States Pureau of Mines,

which make these elements of prime interest. Dilute solut on* of the potential

tracers should be prepared and various methods of cone Attation, neutron

irradiation, anc radiochemical analysis should be tried to determine the sensi

tivity of measurement of the tracers under these conditons. The analyses

I 59



might inrludr tampJct of tracer nuclides in river water, well waler, and other

waters which would provide a natural constituents, such as sodium.

calcium and iron, which can pr luce radioactive contamination of an irradiated

sample.

The results of these tests would indicate the relative usefulness of these

tracers in experiments carried out in open water bodies and in experiments of

short duration carried out in pipes and conduits. Additional data would be needed.

however, to evaluate their usefulness in experiments in which the tracer is in

intimate contact with mineral grains or other materials capable of removing it

from solution by adsorption, ion-exchange, or other reactions. Laboratory tests

could be made in which dilute solutions of the tracers were mixed with sediments

which contain constituents such as clay minerals and organic matter which are

capable of adsorbing the tracers or of otherwise promoting their loss from the

solution. The results of these tests could be interpreted in terms of adsorption.

ion exchange, precipitation, etc. Additional laboratory testa should then be run

in which some of the tracers which gave the greatest success in the first type of

test were passed through columns of soil and the percent recovery, dispersion.

peak height and peak shape of the tracer in the effluent were determined. In the

preliminary laboratory tests radioactive isotopes of the tracer elements might

be used to spike the tracer in order to reduce the number of sample activations

required.

A few field tests should be run to corroborate the laboratory experiments.

Tracers could be added to a small stream and samples taken a few thousand

feet downstream. Tracers could be injected in wells near a stream and samples

taken from other wells located between the points of injection and the stream and

from the stream itself. These samples should be analyzed using neutron

60
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activation to determine the be iavior of the tracer. Preliminary experiments in 

which radioisotopes were usee might preceed the experiments with stable nuclides.

Where possible, both in laboratory and in field experiments, other types 

of tracers should be used along with the stable elements. Thus salt, fluorescein 

aj'd related dyes, and radioactive nuclides, including tritium and radioactive 

isotopes of the stable element tracers, might be tested under the same conditions 

as the stable tracers to provide a basis for the comparison of sensitivity, accuracy, 

precision and cost.
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INTRODUCTION

tracing.

DEFINITIONS AND CLASSIFICATION

The word chelate is derived from the Greek "chela which means to claw.

In chemistry, chelation is defined as the formation of a complex when an

or sulfur

This combination results in the

Under ideal

This

organic solvents and Insoluble in water.

63

Complexing can lead to the formation of charged and uncharged species. 

Such chelating agents as acetylacetone, cupferron, di t hi rone and 8-quinolinol 

form uncharged, essentially covalent, compounds which are readily soluble in

Chelating agents such as bipyridine, 

o-phenanthroline and ethylenediamine tetracetic acid form charged chelates

In general, the chelating agent supplies the donor atom and the 

metallic ion is the element to be chelated.

alteration or suppresion of a property or reaction of the metal ion.

conditions, the removal of the metallic ion ina chelated substance cannot be

The intent of this work is to investigate and evaluate certain types of 

metallic chelates as to their possible application in the large field of water 

The basis for the widespread use of chelating agents is their ability 

to form coluble chelates of metals under conditions which would ordinarily cause 

the metals to precipitate, be adsorbed, exchanged or to undergo other undersirable 

chemical reactions.

effected by a process of precipitation, solvent extraction or ion exchange, 

chemical property of a chelate can very well be adapted to many operations 

where separation and concentration of a metal are desired.

unshared pair of electrons on a donor atom such as oxygen, nitrogen, 

is shared with an acceptor atom usually of the metallic species such as calcium, 

iron or copper.
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which are insoluble in organic solvents and readily soluble in water. A third

class of chelates. ’mown as inner or r.on-ionic complexes, are also uncharged

ind generally volatile, insoluble in water, and soluble in non - hydroxylic solvents

such as chloroform, carbon tetrachloride and benzene.

Complexes can also be classified, depending on the nature of their

coordinating bond, as unidentate or simple, polydentate, and polyacid. They

pairs of electrons from n individual donor groups. This is shown by the com-

•4- 4NH3 Cu (NHj)4

n combines with no more than n/Z molecules of a species having at least two

donor atoms per molecule; this combination leads to the formation of five-and-

2
Co

r ■ thyiene diamine retroocecic ocid

, is surrounded by other oxyanions such as molybdate.

The oxygen type bonding forms an "open" structure capable of accom

modating numerous water or other solvent molecules.

Embarking un a study of chelates and chelation chemistry could amount 

Practically all metals are known to undergo chelation or complexing to a certain

64

(CH2COOH)2 
(CHg COOHJj

MoO6.

-------CH?

six-membered rings as in calcium ethylenediamine tetracetic a. 'd.p OOC-CMj-Ch^— ch2-ch.

[■I
l2 - coo

CH? - N

CHj N

are unitientate when the metal ion, having a coordination number n, accepts n

H?C----- N

o c — cf 'o —c o
calcium ethylene diamine tetroocetic acid

to an extensive analysis that would be beyond the scope of this appendix.

Finally, polyacid complexes are those in which a central complex ion such 

as phosphate, PO4*^

plexing of the copper ion and ammonia: Cu

Complexes are polydentate when the metal atom of coordination number 
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Some limitations must then be set to reduce the scope of this discussiondegree.

Finally, a brief evaluation of

of certain metallic chelates to the problem of water tracing.

t

THEORY OF CHELATION

When aThe whole theory of chelation is based on stability constants.

chelating agent and a metallic ion are combined to form a chelated molecule.

Consider the following example:

MYMYxx YM (1)K

metal ionMwhe re:

Y chelating agent 
/

number of mole«.ules of the chelating agent x

MYx = chelated compound 

equilibrium constantK

activities

related

This chemical equilibrium and its deter

constants that can be used to evaluate the chelating abilities of metals and

chelating agents.

6 5

to a few principles, generalisations and examples.

water soluble chelates based on their stability will attempt to justify the application

quantities introduced into the medium, then only a single measurement, 

to the concentration of one of the substances involved, is needed to determine

the equilibrium and to calculate K.

mination thus constitute a mathematical approach to the calculation of stability

an equilibrium is achieved.

[J =

The above equation shows that if the formula of the chelate is known and 

if the total amount of metal ion and chelating agent can be calculated from the
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Thc.e

method* are based on the theory that in any acid-base reaction the tendency of 

the equilibrium to shift to either side will depend on the hydrogen ion concen-

Likewise. the formation of a chelate is directly affected by the hydrogent ration.

The work of Bjer rum in this field has produced extensive data thatbases.

have been used to establish an order of stability for a number of metallic chelates.

The data from theseand displacement reactions .

The ion exchange methodmethod* are also considered accurate and reliable.

ha* been particularly successful in the measurements of stability constants for

water soluble chelates where only traces of free metal ion can exist in equilib

rium with the chelating agent.

Having defined stability constants and mentioned some of the method* used

to determine them, it is now necessary to analyse the effects of suostituent

.groups in the chelating structure, of different cations, and of the nature of the

All three of these factor* will influence stability constant* and theirmedium.

balance make* chelation a useful analytical technique in applied chemistry.

The Structure of the Chelating Agent

The chemistry of a chelated compound is determined, to a large extent.

by the structure of the chelr.ting agent. Th* structure, in turn, determines the

size of the ring, the number of rings, and eteric and resonance effects. Other

considerations within the structure are the substitution on the donor group and

it* resistance to changes in hydrogen ion concentration.

66

The moat widely accepted methods of obtaining K value* are the measure
ment* of hydrogen ion concentration* via titration and potentiometry^.

Other method* used to determine stability constant* and order of stability 

are ion exchange4, solubility'** t * -**—’------------- *---------“------

ion concentration of the solution since all chelating agents are also acids or 
3
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In examining the structure of a chelated system, it is found that chelation 

of the metallic ion almost never occurs by the formation of three-membe red 

rings, rarely by the formation of four-membered rings, quite frequently by the 

formation of five-and six-membered rings, and again rarely by the formation 

of seven-or more-membered rings.

The degree of stability is further enhanced by the number of

This effect is best illustrated by the work

on sine and calcium chelates of amine compounds which is

briefly condensed in Table 1.

Of these types of ring formations, th*, five-and-six-membered rings are 
7 

the most stable .

ring* within the chelated molecule. 
8 of Schwarxenbach
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Table Is

Chelating Agent

Ammonium Non. 9.5

Diethylene triamine NH(CH2CH2NH2l2 2 9.0

Zh Ethylene diamine NHjCHjCHjNHj 2 it. i

Zn” T riethylene tetramine NH(CH2CH2NH2)j 14.61

NHICHjCOO'ljAmino diacetic acid 11. 5

CiCH2COO“)2 5 16.6

Ca" NH|CH2COO*)2Amino diacetic acid 7.54

Ca*’

5 10.6

60

Ethylene diamine tetra 
acetic acid

Ethylene diamlrt tetra 
acetic acid

Metallic 
ion

Zn**

Zn**

Zn**

Number Stability 
of Rings Constant 

____________tel*)

ZINC AND CKLCIUM CHELATES8

Zn**

N<CH2COO'I2

n<ch2coo->1
‘enpj
C(CH2COO’>2

NHj
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The

Closely connected with resonance possibilities within the structure is the

chemical bonds within the resultant chelate.

If the steric hindrance

An important feature Ln chelate chemistry is the effect of substitution of

various groups in the chelating agent. The variations of stability constants as

metals listed Ln the table, though no* their absolute values, remains the same 

regardless of the chelating agent.

69

These geometrical configurations 

are the subject of study Ln the realm of stereochemistry.

necessity for the coordinating atoms of the donating molecule to group themselves 

around th. central metal atom so that there are little or no strains exerted on the

resonance possibilities are pre* ented or reduced, thus weakening the stability 

of the chelate.

It was earlier stated that during chelation, the linkage between chelating 

agent and metallic ion la a coordinate bond. Thia sharing of electrons occurs 

around an orbit of configuration: however, it is possible that there are more 

orbits available for bond formation than there are electrons to fill them.

a result of substitution or replacement of constituents groups can be seen in 
9

Table 2 . The amine carboxylic acids in thia table have been arranged according

to their stability constants of chelate formation. Aside from a few scattered

discrepancies, the data Indicate that the <*d«r of the stability constants of the 

or strain is such aa to force the chelate molecule to achieve a planar structure 

when the nature of the metal atom la normally tetrahedral or vice versa, the 

existence of several electronic configurations results in a number of resonance 

forms which when extended throughout the entire structure can produce great 

stability of the chelated substance.
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Table 2:

Name and Formula CoCa PbNi Zn

CHjCOOH
18.610.6 18.3 8. 7 18.0 16. 314. 014.4

'2'
i6.9 14. 516. 3 13.215. 5

1O

7/12 6.02

11.8 10. 47.4 11. 312.76.4 8. 9 5.4

11.6 9.85. 0 5.3 11. 1

7. 75. 1 3.9
------- ch2cooh

1-amlnc benaalc di acetic acid

f

hooc ch2ch2 ch2cooh

N CH,CH,N 
/ * 

hooc ch2ch' ch2cooh
E, D, diacetic di propionic acid

CHZCOOH 
E. D. T. A.

N(CH2COOH>2
CH2CH2COOH
Amino diacatic

COOH
______/ .CHjCOOH

hooc ck^

mono propionic acid

HOOC CH2

EFFECT OF STRUCTURE ON STABILITY OF CHELATE (from Smith 9)

NfCH2COOH>} 
Amino triacetic acid

ch2ch2

Stability Constanta 
------------------------------------------
Fe Mg Mn

N(CH2COOH)2

<7«2>3
N(CH2COOH)2
Trtmethylene diamine tetra acetic acid
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Table 2: (continued)

Name and Formula Ca Cu Fe Mn Ni Pb Zn

4.8 6.811.9 5.63.5 9. 5 9. 5 8. 5

4.6 2.7

3. 8 6.711.1 5.63.4 8.7 8. 0 7. 7

15.4 6. 2 1.8 4.7 9.7 7. 8

3.4 10. 5 3.610. 3 8. 3 7. 0 •

H N 3.7 10. 5 6. 23.4 7. 4

1.4 8.2 4. 3 6. 23.4 3.4 5. 5 5. 5

f

^(CH2COOH>2
GH2CHOH

Hydroxy ethyl amino diacetic acid

Stability Cowitantg
(tog K) 

Mg

CHjCOOH 
Glycine propionic acid

h2n ch2cooh

Glycine

N (CHjGHjCOOHJz

N(CH2CH2COOH)2
E. D. tetra propionic acid

H N (CH2COOH) 
Amino diacetic acid 

ch2ch2cooh

____ SO3H
/ \ ^ch2cooh

/ ^ch2cooh
Aniline diacetic 2~«ulphonic acid

CHjNlCHzCOOH^
Methyl amino diacetic acid
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(continued)Table 2

Name and Formula CuCa Fe Ni Pb Zn—

6. 29.4 5. 0 I

ch2cooh

N 8. 1 6. 44. 3 3. 11. 1 5. 4

ch2cooh

- N 1. 5 1.4rv

——

HOOC N 1.3 1.3

6. 61. 5 2. 0 1.6’.. 2 3. 5 3. 5 3.2

j

HOOC

(CH2CHOH)2
Di hydroxyethyl glycine

ch2cooh
3-amino benzoic diacetic acid

H N (CH2CH2COOH)2 
Amino di propionic acid

CH2COOH

ch2cooh
4-amino benzoic diacetic acid

<_2—N (ch2cooh>2
Aniline diacetic acid

Stability Constants' 
iLog K) 

Mg x Mn
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Further observation of Table 2 reveal* that the partial replacement of

acetic group* by propionic groups does not seem to impair stability to a great

extent since ethylene diamine diacetic dit ropionic acid comes after ethylene

diamine tetraacetic acid and amine diacetic monopropronic acid come* after

Also, complete replacement of acetic acid groups byamino triac etic acid.

propionic acid groups results in a decrease in chelate stability as evidenced by

the drop in stability constant in going from ethylene diamine tetracetic acid to

ethylene diamine diacetic dipropionic acid to ethylene diamine tetrapropionic acid.

If one of theAn excellent study of substitution is the case of glycine.

hydrogen atoms is replaced by another acetic ncid group, forming amino diacetic

acid, the chelate becomes more stable. If the remaining hydrogen atom is

replaced by a methyl group, forming methylamino diacetic acid, the chelate

assumes added stability. If three acetic acid groups surround the nitrogen atom.

forming amino triacetic acid, the chelate is even more stable. On the other hand.

substitution of the two hydrogen atoms in glycine by another acetic acid group and

a benzoic or a benzene group result* in a drop of stability a* exhibited by the

chelates of 4-.’.mino benzoic diacetic acid and aniline diacetic acid.

The Nature of the Metal Ion

As a result of extensive studies it ha* become possible to correlate chelate

Some of these will be discussedstability with various properties of the metal ion*.

here but, as has been previously emphaxied, die to the unlimited possibilities of

chelate formation, this discussion cannot include them all but will be restricted

to generalprinciples and to the citing of significant examples.

Most of the metallic elements undergo the formation of complexe* and

chelates.

Rare earth metals

73

The strongest tei.dency to combine with electron donors such as nitrogen, 
1 0 oxygen and sulfur is exhibited by the transition metals
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Chemical similarity of the elements is generally most pronounced among 

those within vertical columns in the Peri, lie Table with the exception of the rare

trend.

the position of the elements in the Periodic Table have been successful to a

Within groups such as (Be. Mg. Ca, Sr, Ba, Ra)and subgroupscertain extent.

Mellor and

Maley pointed out that the stability contants of divalent metals seemed to decrease

stability: Their g* eralixation

that the weakly basic Pd and Cu formed the strongest chelates and the strongly 

basic Mg formed the weakest chelate further suggests that helation depends on

Those metals which form thethe ability of the metal to form covalent bonds.

strongest covalent bonds form the most stable chelates.

Furthermore, within the series Cu >711 >Cs >Fe > Mn. all divalent stoma 

the stability increases in a regular manner with some property related to the

Even though variations do appear within groups and within certain atomic number.

chelate structures, mostly attributed to steric effects, broadly speaking the 

strength of chelation for the above series, increases left to right or trom strongly

The same effect of basicitybasic to weakly basic elements in the Periodic Table.

The above concepts are further supported by the effects of valence, ionic

Generally speaking, stabilitypotentials, and ionic radius of the metallic ion.

74

in which horizontal similarity seems to be the *
to correlate stability constants of the metallic chelates with 

with increasing basicity of the metal, as exemplified by the following order of 

Pd >Cu> Ni > Pb > Co > Zn > Cd > Fe > Mn >MgH 

is exhibited by four members of the alkali metals in the following order; 

Ca > Mg > Sr > Ba1 4.

such as (Ni, Pd, Pt) there seems to be some order of stability constants for all 

metallic chelates regardless of the nature of the chelating agent

earths and metals of group VIII, 
12 Attempts

likewise are known to form very stable compounds^'
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The Nature of the Medium and other Effec s

In addition to the variations in stability introduced by the nature of the che -

lating agent and of the metallic ion, others are attributable to the nature of the

medium, which is the third major area ot concern. The equilibrium of chelation

can be seriously affected by the presence of other types of reaction such as precip -

it at ion and cation exchange. For instance, the chelate formation of iron ethyle-

However, ifnediamine tetraacetic acid occurs under acid and neutral conditions -

the pH of the solution is raised past the point of neutrality, the chelate formation

of 10

.\n index which indicates whether chelates will

persist when chelation is in equilibrium with another reaction may be calculated

by multiplying the stability constant ot the chelate by the inverse of the cor res -

In the case of precipitation.ponding equilibrium constant for the other reaction

the inverse of the formation constant is actually the value o£ the solubility product.

If this calculated index is more than unity, the chelating agent will prevail and the

If. on the other hand, it is less than unity, precipitationmetal will be chelated

will take place in preference to chelation.

In the same way as the ferric hydroxide precipitation prevails over the iron

EDTA chelate at a pH greater than 7. there are other reactions that will give

precipitates too insoluble to be kept from forming by any chelating agent. Another

These, unlike some hydro -

In both cases, two

75

class of very insoluble precipitates are the sulfides 

odides. will interfere with chelation even in acid solutions

increases with increasing valency 

ionisation potentials 11

gives way to the precipitation of ferric hydroxide, for ferric hydroxide has a 
18 -3b

solubility product ' 

1 tetrocctic acid

1 \ with the addition of the first and second

17anc with a decreasing ionic radius

and the stability c instant of iron ethylenediamine

is only lO^e*
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that will prevail is that which lead* to the lowest residual concentration of the 

ionic form.

When a competition exists between two cation*. Mt and m. for * single

chelating agent with which both metals form one to one chelates, the following

equilibrium exists:

MM

Mwhere: 1st cation*

2nd cationm

MY 1st chelate

mY 2nd chelate8

Kand *

IT it is assumed that M and m are in equal molar concentrations and if enough 

chelating agent is added to be exactly equivalent ts either of the metals, or equiva-

then a simple calculation suffices to

For example, what are the condition* nete*sarydetermine the stability constants.

to chelate 99% of M?

lxMYLet: s

Correspondingly*

•»9xlx andmY s

where: x

Therefor *• *

104kmK

difference between -he stability constants (log K) of M and n .Thus. the

in orr*er that 99% of M should remain chelated, is approximately 4.

7b

MY 
m Y

Fm rn

H 

concentration of each metal

(99x)(99x)
(lx? (lx)

or more reactions compete for the uncoordinated metal ions and the reaction 

K M 
R m

99x and £ M j

lent to half of the total metal concentration

■f rn * m Y
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Tltcae two example* point out the unknown quantities to which experimental

work with chelated substances is subject and over which control ia often difficult

if not impossible to obtain.

DISCUSSION AND RECOMMENDATIONS

A number of attempts have been made to use chelation to stabilise in

This techniquesolution radioisotopes whicu were to be used to trace water.

might also be used to ensure the solubility of stable elements used as water

tracers and detected by neutron activation.

water soluble.

to remain as suc h without being affec ted by cation exchange or precipitation.

Radionuclides obviously must also have the requisites of a suitable tracer, such

type and energy of radiation, cost, and availability.as adequate half life

The metallic chelates of aminocar boxy lie acids represent some of the

most stable water soluble chelates.

common divalent cations have been summarised in Table 3 It should be noted

that the stability constants for various metals with EDTA are listed in third place

general, will form more stable chelates. Both of these acids, however, are at

present quite costly and are not readily available.
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A primary requisite is. of course, that the metallic chelate should be 

Moreover, it should have a very high stability constant in order

indicating that there are two other chelating agents • namely 1 * Z diamino 

cyclohexane tetraacetic acid and diethylene triamine pentaacetic acid • that, in

Their stability constants for a number of 

20

■s
on

—

til—
w

wi
»

♦
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Table 3 STABILITY CONSTANTS (LOG K) OF COMPLEXES WITH AMINO CARBOXYLIC ACIDS

1 CdMg

24. SO19.68 21.3018.67 19. 2317.6316.78 18. 9210.32 12. 507.99

28.821.319.018. 0i 18. 115.58.6 11.5 10. 09. 5

18.56 21.8018.8016.26 16. 46 18.316. 31 16. 1314. 3313. 588. 69 10. 57 13. 57.76 8.63

21.717. 7 14.216. 0 17. 3.16.214. 3 14.414. 515. 110.48. 88. 1 10.7
x

23.317. 8 12.917.815.313.213.2 14.99.810. 18.38.2 9.3

16. 1 IB. 411.4 15. 212.914.413.815.2 12.96.0 9. 15.35. 14.7

23.85.211.08.4 8. 5

17.017.413.014. 511.6 14.410.78. 0

L__ Jt 1 JI 1J JJL1 _JI L _ 1 »

Diethylene tri
amine pentaacetic 
acid

1-2 propylene 
diamine tetra 
acetic acid

Hydroxyethyl ethy 
lene diamine tri- 
acetic acid

1 -2 diamino 
c yc lohexane 
tetraacetic acid

Diamino triethyl 
diether tetracetic 
acid

Ethylene diamine 
tetraacetic acid 

(EDTA)

1-3 diamino 2- 
propanol tetra 
acetic acid

i

' Diamino diethyl 
ether tetraacetic 
acid

air* Pb*‘*Sn* **Mc MR*.4 Ni*4Zi?* Ho**Cu°Sr** F<* *
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Table 3: (continued)

Pb * *Zn ♦ ♦AlFe * * Co* *Mn * ♦Sn ♦ ♦Ca * *Sr ♦♦Bat<

10. 813. 412.67. I6. 05.24, 2

11. 89. 5>. 0 10.410.68. 97. 46.45. 45. 06. 4

5. 37. 07. 03.63. 41.7

9. 57. 18. 58. 36. 85.64. 83. 53. 83. 4

1 -3 propylene 
diamine tetra
acetic acid

Amino triacetic 
acid

Amino diacetic 
acid

Hy d r oxye thyl 
amino diacetic 
ac id

» < Cd

- 
;■
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^*
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w
w

w

&
X

Z
H

O
'

U
1

O
'

o

N

1

79

»
<

h

a 0 ♦ £

w
ytRM

t .W 
rir"T~y

 -



Isotopes. Inc.

the amount of data on their stability constants is not nearly

as extensive as that which exists for EDTA. Nevertheless, the data presented in

Table 3 suggest the possibility of having available two other chelating agents.

besides KUTA, that could prove superior to it. Ethylenediamine tetraacetic acid

must still be considered one of the most versatile chelating agents. Its low cost.

high iter solubility and the high stability constants of its chelates, have drawn

the ttention of many researchers .

The data in Table 3 pertaining to the stability constants for 1 Z diamino

in order to make a further evaluation of the chelates

of these two acids.

three sections. Section I contains the most stable chelates, V

, and Section III contains the

through Ba

It was pointed out above that when two metals which are both capable of

reacting with a particular chelating agent are both present in a solution the chelate

were added to a solution containing V

EDTA would form at the expense of the latter. From the calcula.tion given

above it can be seen that while the metallic chelate at the top of each section in

Table 4 would be largely destroyed only by those metals with higher stability 

own

s ection. EDTA is to be introduced in a medium

where only metallic ions from sections II and III are present, the chelate will 

remain intact. .
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will be distributed between them in a proportion dependent upon their stability

Thus if Cr^^ — ■ —— — — j ___ : ■v'*'3

constants it would, nevertheless, be affected by the metals below’ it in its 

Theoretically speaking then, if V*3

cyclohexane tetraacetic acid and ethylenediamine tetraacetic acid have been 
21 supplemented in Table 4

Section II contains chelates of Ga*^ through La*^ 

least stable chelates, Fe"*’' ------

EDTA, some

For purposes of discussion Table 4 has been divided into 

through Hg*"

constants.

Cr*3
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Table 4 METALLIC CHELATES SI ABILITY CONSTANTS (U>G K)

Metal Ion

V 25. 9
♦ 3

25. 1

24. 95

24. 0

Z3. 1

24. 30 21.8

II. 22. 91 20. 27

21.51 20. 00

21.12 19. 82

2 1.30 1 8. 8

1 8. 5

20. 68 18. 98

18. 56

19. 68 18. 3
♦ 3

19. 1 5 18. 0

18. 77 17. 2

1 9. 23 16. 46

1 8. 92 16. 31

18. 67 16. 26

17.63 16. 13

16.76 16. 05
*3 16. 26 I 5. 40

81

Ethylenediamine
retraacetic acid

1-2 Diamino dohexane 
Tetracetic Acid

I

Cd*2

Co*2

Zn*2

r-y 3 Oa

Ce*3

Al*3

.. .♦ 2 Ni

 ♦ 3E r

♦ 2 Pb

C' ♦ 3Ga

Cu* 2

In* 3

Hg*3

Pd* 2

Yb*3

*3Cr
o ♦ 3 be
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Table 4 (continued J

Metal Ion

IU. 14. 33

16. 78 13. 58

12 50 10. 57

10. 32 8.69
2

8. 63

7. 99 7. 76
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Ethy lenediamine 
T etraacetic acid

1-2 Diamino v lohexane 
Tetracettc Acid

Ba*2

 ♦ 2Ca
.. ♦ 2 Mg

Sr *

Mn* 2

„ *2 r e
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In . and Sc chelate* of 1 - Z diamino cyclohexane tetra.icrtic acid

will also assume a higher level of stability than their corresponding EDTA

Consequently, their application should result in better tracercompounds.

and Cr

It must be

EDTA has a higher stability constant than tn'

(log K Another interesting result from these experiment* is the

According to Table 4.

forms a more stable chelate than , thus this result is an inconsistency.

EDTA (log K

Perhaps, during

was oxidised to Co

EDTA.

in view of the very high oxidizing potential required to convert Co

A second explanation may be

EDTA. If neither of these processes could have

taken place to account for Heemstra'a result*, some other explanation must be 

found to explain the anomaly.
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for the +3 oxidation state of Co is very unstable.

was oxidized to thus decreasing it*

However, this would seem unlikely

— *^ to Co*\

This reversal in order of stability could oe explained by the occurrence of an

EDTA, it can be expected from the data in Section* Il <ind III that the V' 

♦3 r— 3 , C-—.<3

EVTVK (log K =

» 24.95).

have showrv, in a laboratory test <*f six EDTA chelate*, 

gave* th*.- most promising result*, even surpassing In* 3 

assumed, then, that Sb

oxidation - reduction reaction in the medium through wltich the chelates were passed. 

For example, if Fe* 3 EDTA (log K * 25. 1) is reduced to Fe*2

constant, and placing it ahead of Cr+3

performance than has been obtained through the use of such EDTA chelates as 
■*3 3 *

In ----- • 

Although most of the stability constant* in Section I are shown only for 

♦ 3 ♦ 3. Fe

2!
Heemstra. et al

that Sb* 3

appaient superiority shown by Co-EDTA over Cr-EDTA.

Cr*3

14. 33) the stability of the iron complex is substantially reduced.
4» ? .A 1|

these experiments, Co was oxidized to Co . thus giving it a higher stability

found in the possibility that Cr*3 

stability to below that of Co*2

r*3 EDTA
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Unfortunately, some of the chelated substance* listed in Table 4 would not

For instance

EDTA and. possibly. I - 2 dUn ;no cyclohexane tetraacetic acid, which

show the highest stability constants, are unsuitable as tracers using either a 

r.idio.Ktivr isotope or simply using vanadium a* a tracer for subsequent neutron

.Motivation analyses. There is no radioactive vanadium isotope that has * suitable 

h..lf life .ind is commercially available and the neutron activation method is not

which would be formed. EDTA has the second highest

stability constant. Suitable radioisotopes of iron are available for use in tracer* 

and neutron activation of a stable tracer of iron might be feasible in some water*.

It must be remembered, of c<x rse. that even a chelated tracer would be subject

to dilution after addition to a eater body. Tracer atom* would also undergo some

exchange with other atoms of the same element present naturally in the water.

thus reducing the effectiveness of the chelate. However, the larger the stability

constant the smaller the effect which other reactions will be able to have upon

the tracer.

EDTA.

Both have already been tried out in experiment* with radioactive tracers with

It can be implied from the data of Heemstra et al

that breaks the chelated molecule. has proven quite satisfactory thus

Justifying it* high rating.

EDTA will prove to be a very valuable chelate in

would be formed and subsequently could be analysed radioc hemic ally.
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EDTA and Cr 3

Applicable because of the short half life of vanadium-52. the only activation product 

On the other hand. Fs* 3

constitute suitable tracers. in spite of their high stability constants.

V*3 PUi'A nd. ooasiblv. V*3

The next two chelated substances in Table 4 are In4 3

EDTA. in spite of it* high stability, erodergoes some kind of a reaction 

. ♦> In

water tracing. If applied in a non radioactive form and subjected to neutron 
46 activation. Sc

It is possible that Sc **3

varying degree* of success, 

that Cr *3
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ZO. OO - areuseful tracer*.

However, they. Sc

attain added importance bec ause they can either be used in their radioactive 

form or c an be easily activated due to their high neutron cross sections.

There is no doubt that chelation can provide a good deal of help in the 

solution of many problems caused by cation exchange or other adverse chemical

These problemsreactions that are commonly encountered during water training.

are encountered whether a radionuclear tracer or neutron activation of a stable 

tracer is used.

Again it must be emphasised that the data in Table 4 represent the bebt 

chelated tracers sre to be used.

■*

*
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available basis on which laboratory and field experiments can be planned if
11 •

Finally, the rare-eartn L'DTA chelates constitute a group ot potentially

Their stability constants - La* J 15. 4G »o L.u* 

4 » >3 ♦ *
quite high, comparable with those of Hg . Sk and Cr 4
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