
TECHNICAL REPORTS SERIES No. 23

Isotope Techniques

for Hydrology

V w  INTERNATIONAL ATOMIC ENERGY AGENCY, VIENNA, 1964 \

551. 49 
161
.2





ISOTOPE TECHNIQUES 
FOR HYDROLOGY



The following States are Members o f  the International Atom ic Energy A gency:

AFGHANISTAN
ALBANIA
ALGERIA
ARGENTINA
AUSTRALIA
AUSTRIA
BELGIUM
BOLIVIA
BRAZIL
BULGARIA
BURMA
BYELORUSSIAN SOVIET SOCIALIST REPUBLIC
CAMBODIA
CANADA
CEYLON
CHILE
CHINA
COLOMBIA^
CONGO (LEOPOLDVILLE)
CUBA
CZECHOSLOVAK SOCIALIST REPUBLIC 
DENMARK
DOMINICAN REPUBLIC
ECUADOR
EL SALVADOR
ETHIOPIA
FINLAND
FRANCE
FEDERAL REPUBLIC OF GERMANY
GABON
GHANA
GREECE
GUATEMALA
HAITI
H(3LY SEE
HONDURAS
HUNGARY
ICELAND
INDIA
INDONESIA
IRAN
IRAQ
ISRAEL

IVORY COAST 
JAPAN
REPUBLIC OF KOREA
LEBANON
LIBERIA
LIBYA
LUXEMBOURG
MALI
MEXICO
MONACO
MOROCCO
NETHERLANDS
NEW ZEALAND
NICARAGUA
NORWAY
PAKISTAN
PARAGUAY
PERU
PHILIPPINES
POLAND
PORTUGAL
ROMANIA
SAUDI ARABIA
SENEGAL
SOUTH AFRICA
SPAIN
SUDAN
SWEDEN
SWITZERLAND
SYRIA
THAILAND
TUNISIA
TURKEY
UKRAINIAN SOVIET SOCIALIST REPUBLIC 
UNION OF SOVIET SOCIALIST REPUBLICS 
UNITED ARAB REPUBLIC 
UNITED KINGDOM OF GREAT BRITAIN 

AND NORTHERN IRELAND 
UNITED STATES OF AMERICA 
URUGUAY 
VENEZUELA 
VIET-NAM 
YUGOSLAVIA

ITALY
,The A gency’ s Statute was approved on 23 October 1956 by the Conference on the Statute o f  the 

IAEA held  at United Nations Headquarters, New York; it entered into force on 29 July 1957. The 
Headquarters o f  the Agency are situated in Vienna. Its principal ob jective  is "to  accelerate and enlarge 
the contribution o f  a tom ic energy to p ea ce , health and prosperity throughout the world” -

©  I A E A , 1 9 6 4

Permission to reproduce or translate the information contained in this publication m ay be obtained 
by writing to the International A tom ic Energy A gency, K&mtnei‘ Ring 11, Vienna I, Austria.

Printed by the IAEA in Austria 
February 1964



TECHNICAL REPORTS SERIES No. 23

ISOTOPE TECHNIQUES FOR HYDROLOGY

REPORT OF THE PANEL ON 
USE OF ISOTOPES IN HYDROLOGY 

HELD IN VIENNA 
1 7 -21  DECEMBER 1962

INTERNATIONAL-ATOMIC ENERGY AGENCY 
VIENNA, 1964



ISOTOPE TECHNIQUES FOR HYDROLOGY, 
IAEA, VIENNA, 1963 

S TI/D O C /10/23



FOREWORD

In many1 areas of the world water is and has been a scarce commodity. 
The need fo r  water w ill in crease  because o f population in crease , higher 
living standards, increasing industrialization and intensified agriculture. 
Great efforts, therefore have to be made to develop available water resources. 
This has been realized by the United Nations and its specialized agencies. 
In the past, about 25% of the United Nations Special Fund assistance has been 
earm arked fo r  pro jects  concerned wholly o r  partly with water resou rces  
development. At present, a program m e fo r  the United Nations Water 
R esources Development Decade, envisaging a substantial increase in this 
activity, is  being worked out. The United Nations Educational, Scientific 
and Cultural Organization (UNESCO) is  launching a long-term  international 
program m e in scientific hydrology, aiming at intensified and co-ordinated 
research  and training to meet future requirements of adequate background 
knowledge and qualified personnel.

With these considerations iri mind, the International A tom ic Energy 
Agency convened a panel on isotope applications in hydrology from  17 to 
21 December 1962 in Vienna. The panel considered that isotope techniques 
could be applied to hydrological problem s in the early stages of water r e 
sources development, where they provide information m ore rapidly than do 
conventional methods. At m ore advanced stages o f development, isotope 
techniques can complement conventional geochem ical and geophysical tech
niques and assist in the m ore complete assessment of the parameters which 
enter into water budget considerations.

Following this panel, more detailed discussions of some of the techniques 
mentioned by the panel w ere presented at an IAEA sym posium  in Tokyo,
5 - 9  March 1963, and'are published in Radioisotopes in H ydrology. P ro 
ceedings of the Symposium on the Application of Radioisotopes in Hydrology, 
International Atomic Energy Agency, Vienna, 1963.
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INTRODUCTION

In surface hydrology isotope techniques are nearing the stage when they 
can.be used on a routine basis by hydrologists. In ground-water-hydrology, 
however,- work done in the-past has been predominantly of a more experimen
tal nature.. Forprom otion of a wider application of more advanced techniques 
in ground-water hydrology, practical guides describing the techniques and 
their applicability and limitations need to:be prepared. As the application 
of such techniques .also requires some elementary knowledge of nuclear pro
cesses, training of hydrologists is required to fam iliarize them with equip-

• ment and handling procedures. ,
Some of the techniques available at present allow only ranges of certain 

hydrologic param eters to be obtained. .The com bination of severa l such 
techniques with different ranges makes it possible in some cases to narrow 
the final range of the parameter studied. An intercom parison between iso 
tope techniques and conventional methods could be carried  out in areas 
where long-term records exist and, consequently; the hydrologic parameters 
are,known. .Such intercom parison will aid in the evaluation of the applica
bility of .isoto.pe techniques.

. The first Panel on isotope applications in hydrology was held in Vienna
6-9 November 1961, and the technical aspects of the discussions were sum
marized in a comprehensive report published in the Agency's Technical Re
ports Series in 1962 [1]. The d iscu ssion  at that tim e was d irected  m ore 
towards actual techniques although applications were also discussed. Some 
of the techniques were inadequately covered, because the participants of the 
panel were not familiar with-all details.

During the present Panel m ore emphasis was placed on applications. 
However,, some time was also devoted to the discussion of techniques which 
were not fully covered during the first Panel, especially the ground-water 
dating techniques. Consequently, the earlier sections of the present report 
summarize the discussion on this subject.

As to applications, a great deal of experience has been gathered in the 
application of various techniques in the field of ground-water research. 
Some new methods, developed-in-the meantime, deserve attention because 
of their apparent potentialities and are discussed-in the section dealing with 
tracing of ground water.

In surface-water hydrology some systematic exploratory work has been 
carried out recently-for evaulation of (available, techniqu.es,- with .particular 
reference to flow -rate  m easurem ents in stream s and in closed  conduits. 
These-discussions are also, sum m arized in.the present report,'

GROUND-WATER DATING. TECHNIQUES 
« t •
General statement

Dating.of ground water is a technique which can give information on re 
charge rates o f ground-water bodies which-is o f prim ary interest for- the 
proper development of ground-water resou rces . The Panel reconfirm ed the
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opinion of the earlier Panel that tritium dating is a useful tool. The Panel 
considered first those dating techniques which were not fully'discussed during 
the Panel in 1961. Ground-water dating with carbon-14, although promising, 
"seems to need5further exploratory work. As carbon-14 in the ground water 
^'may-exchange with limestone carbon which has no carbon-14, this can affect 
the ‘concentration-of carbon-14 in the w ater.' Hence it was considered to be 
‘important -’that' investigations' on the degree of such exchange should be 
'ca rried  out in the field to a ssess  the applicability o f carbon -14  dating.

! ' -The' Panel was' inform ed that the cosm ic-ray -prod u ced  radioisotopes
silicon-32and sodium-22 might have potentialities for dating of groundwater, 
provided that no exchange'takes place with silicon and'sodium in the ground. 
Silicon-32, which has a half-life of about 500 yr, would, in this case, cover 
an important age range of ground waters between that of tritium and that of 
carbon-14, but it has to be tested in the-field. M ore work on the natural 
radioactivity from-the uranium and thorium series would also be needed for 
establishment ofth'e feasibility of their applications for ground-water dating.

Sam pling'procedures for  ground-water dating were discussed in con
nection with the'results of natural-tritium 'inve’stigations done in the past. 
In shallow ground-water bodies, stratification of water has been found, mak
ing interpretation of isotope data com plex; on the other hand; such com 
plexity may enhance the potentialities" of interpretation. In deeper aquifers 
such stratification is  difficult to study. ‘Geological and clim atological evi
dence can often give good indications o f stratification to be expected with 
respect to tritium . '•■■ ■

The accuracy of tritium  for  recent dating and estim ation of ground
water storage is limited by the uncertainty-in the input figures 'of atm os
pheric tritium from  factors like surface run-off, fractionation and evapo- 
transpiration. However, 'in the early stages of ground-wa'ter development, 
especially for rapid assessment, a'low accuracy is acceptable. Once such 
a ground-water reservo ir  :is partly explored,'• long-term  observations will 
make it p oss ib le 'to  increase 'the accuracy o f estim ated ‘param eters.

{ I
Tritium  dating o f ground water' ‘

- '.I ‘

Later in this report’ som e-possible ways of interpreting tritium data on 
borehole samples a re 'd escr ib ed .' However, fo r  the sake of com pleteness, 
other possibilities which were briefly discussed by the Panel should also be 
mentioned. Apart 'from  Jthis; one of the working' papers contained very 
interesting' suggestions' ‘whicli'are also reviewed here.

' Unless orie has lbng-te’rrri records of tritium concentrations in aquifers 
and the necessary chronological information about the input- of tritium, the 
interpretation of data has to be based on some kind of model of the ground
water system s. There are several models which can be considered.

(a) A model in which mixing does’ not o’c c u r is  the-simplest c'ase. The 
assumption of non-mixing can be verified either experimentally by the study 
of the dispersion of a tracer in the aquifer or by indications -from the actual 
distribution of natural tritium in a ground-water body. One may consider 
this m odel as a confined aquifer with w ell’ defined recharge a rea s . If the 
tritium concentration decreases in a regular manner downgradient;' such 
an assumption can be justified, and #the "interpretation of- the’ data is then
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straightforward, the decrease of concentration from  the source area being 
interpreted simply in terms of age. One has to be somewhat cautious while 
making such an interpretation, especially when tracer experiments indicate 
a fair degree of mixing. Even a regular decrease of tritium downgradient 
does not preclude a certain amount of mixing. If some mixing does occur, 
the conversion of tritium concentration to age is not strictly correct and will 
introduce a"'systematic error.

(b) In the case of the well mixed model, although 'flow patterns would be 
very complex, the interpretation of data is very sim ple'as the ground-water 
body’ is  treated as a w ell mixed rese rv o ir . Tritium is added at a steady 
rate and also leaves the reservo ir  '(at som e run-off point) at a steady rate 
which is low er than the input rate. The difference is accounted for by the 
decay of tritium in the reservo ir . The relation between the concentration 
of tritium in the incom ing water and that in the reserv o ir  to the turnover 
rate of water in the reservoir ’ is given in the earlier report [1], In that re 
port, Table II shows the difference in turnover'tim e o r  average age of the 
water arrived at by the use of a non-mixing model and a well mixed model. 
It is  obvious that the choice of the! m'odel is  extrem ely important fo r  the 
proper interpretation of data. (ThereJis a printing error"in the penultimate 
formula on page 17 in the earlier repbrt [1], where V /R  should be equal to 
T rather than to R .)

The applicability of this model can be judged from  the tritium data. If - 
they show no systematic variation, then this model can probably be applied; 
but if  there are systematic variations in the tritium concentration, a m ore 
appropriate model should be chosen. * ‘

(c) The case of a partly mixing m odel which is being applied to some 
aquifers in Israel is of interest. In this case ttie mixing characteristics of 
the aquifer are investigated experimentally and are expressed as a hydro- 
dynamic dispersion coefficient which has' the dimension of length and could 
be called "mixing length". This parameter is then applied, to' the input 
tritium from  its point of entry, and from  the observed tritium concentration 
downgradient the time of travel from the input point to any point'in'the aqui
fer can be estimated.

In addition to this discussion, the report of the 1961 panel [1] covers 
p ossib ilities 'for tritium dating of ground water. ‘

Carbon-14 dating of ground water

Carbon-14 dating of ground water is'based' on the carbon-14' content of 
dissolved bicarbonate, which derives from  the d issolved CO2 in p recip i
tation, part of which constitutes ground-water'recharge, or from  the decay 
of organic matter in the soil. In the earlier report the problem s connected 
with C 14 dating of ground water are outlined:'' There are two uncertainties 
which enter the" interpretations. - F irst, a certsiin’fraction of carbon, pos
sibly up to 50%, occurring as bicarbonate in ground water is derived from  
lim estone which is  generally old enough to be free of C14. Data available 
on recent ground —water measurements-indicate that as much as 85% of'the 
carbon could be recent, but the figures vary in the range 80-90%. This, 
therefore, introduces an uncertainty in'the. dating of ground water by the_ use 
of C 14. In a ground-water body, exchange between the'bicarbonate in s o t
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lution and carbonate in limestone minerals tends further to dilute the recent 
carbon; 'thus increasing the apparent age-. It might not be possible to assess 
the degree of this-exchange by the study of the stable isotope .ratio of C13 to 
C12, as the C13 may be in equilibrium with the exposed areas of carbonate 
m inerals in the ground.

As there are no good reasons for disbelieving that exchange of carbon 
between the ground water and the carbonate m inerals in the ground takes 
place, it must be investigated experimentally. 'This can be done by tracing 
of ground water in the aquifer over short distances with tritium and C 14 as 
tracers simultaneously. If both tracers travel at the same average speed, 
no exchange o f carbon takes place, but if  the C14 travels slow er than the 
tritium does, exchange does take place. From the relative speeds of travel 
o f the tracers the influence of exchange on the apparent /C1,4 age can be 
computed.

Carbon-14 in a ground-water system  has thousands of years in.which 
to exchange, whereas the relatively rapid decay of tritium rem oves it from  
the system  in a few decades. An exceedingly .slow exchange rate of the 
carbon-14 over the millenia of its life might be quite significant; an equal, 
o r  even greater, exchange rate for tritium would be relatively insignificant. 
Unless the exchange reactions are quite rapid and pronounced, these con
siderations ra ise  difficult questions regarding the suggested experim ent 
design and selection of suitable terrain. .. One such experiment will establish 
exchange relationships only for the portion ot the aquifer in which the test 
is  m ade.' Hence a series  of tests would have to be made in system s r e 
presenting a range of conditions. Differences in b.oth water and rock chem
istry must be investigated.

Carbon-14 age determinations’ uncorrected for exchange,, carried  out 
recently on ground water in the Libyan desert, indicate an age of about 
25 000.yr. Simultaneous deuterium determinations show a< depletion of the 
deuterium, which can be interpreted to mean that the water is old enough to 
have entered the aquifer during-a .pluvial clim atic stage.

In Germany also C 14 age of ground water at depths of 700 ,m has been 
estimated to be about 10 000 yr . This water is also found to be depleted in 
deuterium. There are, however,, other possible interpretations; and until 
data on precipitation from  various places in the area become available, not 
much can be inferred. No estimates of possible exchange of carbon between 
the ground water and the environmental rocks have been made.

Carbon-14 dating of ground water has been planned for  a deep aquifer 
in the United States,- where, ample, information exists on the aquifer. Accord
ing to the plans, the change in C14 -content in ground water with distance from 
the recharge area will be investigated. -.

The useful age-range,-of; C14 dating, will.depend-’omthe degree of exchange 
o f carbon between the liquid and the solid phases/.-If the exchange is-zero, 
the useful range is determined only-by the half-life  of. C14 (about‘5700 yr); 
but if exchange takes place; a correction  factor which will reduce, the range 
must ,be applied. In .-all probability, however, the lower limit of the C14 age- 
range is  not exp.ected to be lessl.than-about 500 -yr. -This may even b^ an 
optimistically low figure when all of the complicating factors are considered.

. In Germany, a comparison of C14 contents in well water during 1956 and 
in 1962 indicates that, lup-to the present time, there .is no detectable intrusion
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of bomb-produced C14 in ground water. This can be interpreted' in two ways. 
The soil, from  which the recent carbon in ground water is  derived, has a 
considerable-store of carbon which would take about 1000 yr to equilibrate 
with the atmospheric C 14.* It is also possible^ although not confirm ed,'that 
the ground water receives recent carbon mainly from the deeper parts of the 
soil, where'the organic matter is  o f considerable age. In this case, in
creases in the atmospheric C14 would have but little effect on the C 14 content 
o f ground water. ■ Finally, if appreciable exchange of C*4 between the liquid 
and the solid phases of the ground-water region takes place, this would 
dampen the effect of an atmospheric r ise . In some arid zones with little or 
no organic soil>horizon developed these considerations should be negligible.

It is recommended that the exchange of carbon between the liquid and 
solid  phases in ground water be studied by tracing experim ents in which 
tritium in tritiated water and C 14 as bicarbonate are used simultaneously. 
With thorough planning and prelim inary calculation, such tests should 
determine how important this exchange is for  ground-water dating by C14 
determ inations.

Besides making laboratory experiments, one should also use C14 in par
allel, with other tracers in the field and- check whether.it fits in the general 
pattern. A carbon-14 study.of a case in which a soft-w ater aquifer m eets 
a hard-water aquifer is particularly recommended. In this case, there is 
likely to be a maximum exchange; it is a seemingly unique case for the study 
of. exchange phenomena and the effect of, these phenomena on grpund-water 
age determinations. - . '

• * * ' • • 1

Silicon-32 dating of ground water

Silicon-32 is a cosm ic-ray-produced radioisotope and is introduced into 
the ground water in a manner analogous'to that for tritium. The wash-out 
mechanism of this isotope is, however, somewhat sim pler than in the case 
of tritium because of-the absence1 o f the com plexity introduced by r e -  
evaporation.' ■ The half-life  of Si32 is  about 500 yr, which fact' perm its the 
dating of ground waters in the range 50 to 2000 yr old. However, the appli
cation of this isotope for dating purposes would only be possible if little or 
no exchange' takes place between the dissolved silicon in precipitation and the 
silicate minerals encountered by the water in its passage through the ground.

To date, ’ silicon-32 has been studied in precipitation and in marine en
vironments and'sediments. The'observed concentrations are in agreement 
with the’calculated average global production! rate of 5000 atoms/cm2 and the 
accepted models of removal, of activities' from-'-the atmosphere and time scales 
involved'in theiiairge--^cale'water circulation in the oceans. - Though silicon-32 
exists at very dilute* concentrations in nature, its measurement- presents no 
problem because'of silicon 's abundance -in .the "ear-th's'crust and in the oceans. 
Silicon-32 decays by'negative beta em ission to phosphorus-32, .which has a 
short half-life of 14 d. It'is  therefore'possible to milk phosphorus-32 from 
large1 quantities of silicon provided one waits for periods of one or two months 
between milkings for the P32 to build up. -The measurement of P32 activity 
is  usually made-by sm all'beta-counters'having a1 background of the order of 
only a few counts per hour. ‘
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. The, ayerage level of Si32 activity in precipitation is such that 1 t of water 
w ill yielcl about 10 disintegrations/h, which corresponds to a net activity 
of .about 2 counts/h with the usual chemical and counting efficiencies in such 
work. . A few; tons of ground water is  therefore adequate for such studies, 
la  some' cases,, this would be a severe handicap, but the method should also 
find many, practical applications where adequate sample quantities can be 
obtai ned. . . .  ,
. .Studies of silicon-32 for hydrologic applications are in progress in

India.
•i . -  '  >

, .  The usefulness of cosm ic-ray-produced silicon-32 for hydrological pur
poses has to be assessed, preferably by com parison of the occurrence and 
relative movement of tritium and silicon -32 in ground water.

> •. . ■ • e 
* ”*• f* »"* f * ♦Dating of ground water from ratios of the members of the natural radioactive 

series' in the ground

- The possibility  of utilizing m em bers o f the uranium, thorium and 
actinium series  in the ground for  ground-water dating is referred to in the 
earlier report. Very little useful inform ation exists, either on the actual 
distribution of the various m em bers in ground water or  on the weathering 
conditions of- the various products and the adsorption of the elements con
cerned by so il m aterial. .

' It has been found recently that uranium-238 and uranium-234 in relative
ly recent ground water are generally not in radioactive equilibrium, uranium-234 
being in excess of the amount expected. The suggested explanation for this 
is  that, during the transform ation of uranium-238 through thorium-234 and 
protactinium -234 to uranium -234, disruption o f the crysta l lattice takes 
place where uranium-238 is  built in, favouring the rate of release of 
uranium-234. As the latter has a half-life of 2-5 X 105 yr , it could perhaps 
be use.d to date old water m asses in which radioactive equilibrium would be 
reached, provided they stay in the water for  a sufficiently long tim e. Ex
perimental data obtained so far show that the ratio of the two uranium iso 
topes in the sea is close to that of equilibrium, i .e .  unity, whereas in water 
m asses in the Bonneville Basin, in the United States, significant deviations 
have been observed. If this is true,, m ore comprehensive data on the origi
nal ratios would be useful. Ages of up to a million years could be determined 
in this way.

There are other unexplored possibilities, such as the relative concen
tration of various thorium and radium isotopes in the aquifers. In this case, 
also, one would need information on the original' ratios and also on the degree 
of adsorption to be able to compute the proper age of the water. For a 
survey of various possiblities, the decay schem es for the three series are 
shown.in F ig. 1. The heavy lines and the filled c irc le s  show the decay 
schem e and products of the uranium series ; the dotted lines and squares, 
for the actinium series; and the dash-lines and open circles, for the thorium 
series . The transformations to lighter elements are always accompanied 
by alpha-particle emission; those from lower to higher atomic number (from 
left to right), by beta-particle emission. Branching, i .e .  decay through both 
processes, occurs frequently in the low-atomic-number region. In the same 
diagram the logarithm for the half-life of each element (expressed in years)
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F lg .l

Decay schemes o f  the natural radioactive series 
'  Figures are logjo o f  h a lf-life  in years.

>  > ------------------ •  ''Uranium series

■ ------ :---------- ■ -------------------■  Actinium series

O------  ---------O .....................O Thorium series

•

is  also entered in the same order as the elements occur. To be of use for 
hydrological purposes, the h alf-lives should be of the ord er of years or 
greater (such ones are indicated by positive figures). Further, for the same 
element the shorter halfrlife will in practice determine the change in ratio 
between two isotopes which could take place as a result of aging of water. 
From  this point of view, the thorium isotopes seem  rather prom ising 
although it should be borne in mind that the adsorption of thorium is  very 
strong, which im m obilizes it to a large extent. Thorium-232 (half-life
1 .39  X 1010 yr , a ~  4 .0  MeV) and thorium -230 (h a lf-life  8 X 104 yr , a ~  
4 .6  MeV), which com e from  different series, seem rather promising unless 
adsorption is too strong. Both are alpha-emitters, but the first would slow
ly build up beta radiation by way of Ra228 . Judging from  the decay scheme, 
interference can be expected from  thorium-228 (half-life 1. 91 yr, a ~ 5 .4 MeV), 
which would have about the same activity as thorium-232 does. The alpha 
energies are different for these three isotopes. Thorium from  the actinium 
series would not interfere, as it is a beta emitter, decaying to a long-lived 
isotope.

Of the other, elements, radium seems most promising, at least for short 
turnover'periods o f ground water. Radium-238 (h a lf-life  6 .7  y r , fi~ max 
~0.04 MeV) is a beta-emitter but would be accompanied by radium-224 (half-
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life  4. 6 d, a ~ 5 .7  MeV); the latter, having a shorter half-life , w ill decay 
much faster. Radium-226 (half-life 1620 yr, a ~ 4. 8 MeV) would probably 
dominate the activity in the long run. Again, one must know the degree of 
adsorption ( i .e .  the faction adsorbed) to be able to compute the age o f the 
ground water.

Finally, the uranium isotopes, U238 (half-life ~4. 5 X 109 yr, o~ 4 .2  MeV) 
and U234 (half-life ~ 2 .5  105 yr, o ~ 4 .8  MeV) could be used as discussed
earlier, provided the initial ratios as well as the degree of adsorption are 
known.

The effect of adsorption would be to low er the computed age. If the 
fraction in solution is q and the apparent age (computed from  the ratios) is 

I t, then the true age is qt. r .
One can, of course, pick out members of the same series, for example, 

uranium-234 and thorium-230; but then one must know the ratio of the re 
spective rate of weathering as w ell as the degree o f adsorption fo r  each 
o f them .

Some radioisotopes from  the natural radioactive series may be useful 
for dating ground water. However, systematic work on these radioisotopes 
should be undertaken on ground-water samples to determine in what, concen- 
trations they o ccu r . The m ost prom ising ones appear to be the uranium, 
thorium and radium isotopes.

Problem s related to ground-water dating

Once suitable isotopes for  dating purposes, have been chosen and the 
results can be readily translated into age, som e questions still have to be 
resolved for each study area. These include decision on areal distribution 
of samples required to assure representative'coverage'- how should samples 
be obtained? -  how frequently should sam ples be taken? -  what has to be 
known about the rate of input in the case of airborne radioisotopes? -  and 
how does the isotope become distributed once it is in the aquifer’  The sub
ject of ground-water dating is  thus rather wide and touches upon a number 
of related problems, such as the size, shape and characteristics of aquifers, 
the size of recharge areas in relation to aquifer size, flow o f  water to bore
holes, variations in atmospheric concentration (when one is using airborne 
radioisotopes), variation in evapotranspiration rates, water movement in the 
so ils  before  the zone o f saturation is  reached,sam pling frequencies and 
duration, geochem ical factors etc. These problem s -will.be d iscussed  in 
turn.

The isotope distribution in an aquifer depends on several factors, such 
as recharge area. Variation' o f horizontal movement of water in different 
strata, possible vertica l mbvement caused by head difference between 
strata, and the m ixing-characteristics inside the aquifer. For the stratifi
cation of isotopes added’ via precipitation, the ratio of the recharge area to 
the area covered by the aquifer i s ‘m ost important. In case of water-table 
aquifers, under humid conditions, ■ the 'recharge takes-place over the whole 
area o f the aquifer. Because the water originating near the water divide 
spends a much longer time irnthe ground than-does water originating close 
to the ru n -off channel; a strong stratification  w ill result if  a radioactive 
tracer is  added by precipitation, as is ’ th e 'ca se  with natural or  bom b-
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produced tritium. Tritium investigations on such an aquifer in New Jersey 
were made by the United States Geological Survey [3], confirming the strati
fication. Consequently, if a borehole is sunk through an aquifer and a sample 
is withdrawn, it may represent a mixture of different ages.

Under arid and sem i-arid conditions evapotranspiration over plain areaB 
would be very high, so that ground-water recharge would probably take place 
only at the higher elevations or  from  mountain ru n -off into the talus fo r 
mations which are likely to be connected with ground-water bodies. In this 
case, the stratification of a tra cer  added by precipitation would probably 
be less pronounced, and water from  a borehole consequently may be m ore 
homogeneous with respect to isotope distribution. It would thus appear that 
clim ate and topography may have a pronounced effect on the stratification 
of, fo r  instance, tritium in a w ater-table aquifer.

Confined aquifers, which may have very lim ited recharge areas, can 
for the same reason be expected to show very little stratification unless there 
are large inhomogeneities in the water-bearing strata. Some tritium data 
from  such an inhomogeneous reservo ir in the Snake R iver Plain in eastern 
Idaho, indicating random distribution of tritium, were mentioned. In this 
case, there is a multiple aquifer system with the permeable water-bearing 
zones occurring between basaltic lava flows which are apparently very in
homogeneous horizontally, so that some kind of large-scale mixing seems to 
take place in the aquifers. No investigations exist on the vertical stratification 
of tritium in aquifers occurring in large alluvial intermountain valleys.

It is recognized that boreholes frequently disturb the flow pattern of the 
aquifer environment through vertical transport of water in the borehole, es
pecially when a borehole connects two aquifers separated by im perm eable 
strata. However, under operation for  som e tim e, the ground-water flow 
system may approach equilibrium, but it will not be the same as that before 
the boreholes were sunk. When detailed geologic, hydrologic and geochemi
cal inform ation are available for  an aquifer but further refinem ent o f r e 
charge areas and flow pattern is desired, analysis of tritium distribution in 
the system can be used for  the investigation of these characteristics of the 
associated ground-water reservoir, provided investigations are carried out 
over a number of years and the input tritium concentration is known. If the 
C14 method is used, with proper correction for exchange, the turnover time 
of the water in the ground-water body associated with a borehole and perhaps 
also the reservoir volume could be estimated. Under these circumstances 
one need not w orry about the specific flow pattern to the well as long as it 
can be regarded as being in equilibrium or quasi-equilibrium . Instead of 
investigating samples from  single boreholes, one could make up composite 
samples from  all the wells, each well contributing in proportion to the rate 
at which water is recharged. These com posite samples could then be r e 
garded as samples from an imaginary river draining the catchment, and the 
characteristics of the ground water would thus be arrived at in the same way 
as for a river-catchment area.

As a corolla ry  to the above, one may ask: how long w ill it take after 
development of an area by w ell-drilling to reach a new equilibrium  in the 
flow pattern of the aquifer? This cr ic ia l question can best be investigated 
on the basis of m odels.
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•It is; of course, possible to sample water from different strata in bore
holes, but to carry out such sampling on wells where pumps are in use may 
not be practical.. To use separate observation wells for the same purpose 
would be costly unless the aquifer is shallow. It is, therefore, likely that 
in many areas where development of ground water has already taken place, 
one'm ust use sam ples of pumped water in order to follow  the changes of, 
fo r  instance, tritium  over a number o f yea rs . In the development stage 
m ore refined sampling can be done, for instance,' for assessing age distri
bution in aquifers. '

•It is pointed out that for optimization of the use of bomb-tritium for hy
drological purposes, information on pre-bom b levels' is  needed. =As no 
sam ples were collected  in many areas, it is  p ractica lly  im possib le to 
retrieve much of this data. However, as there exist a few p laces where 
sampling of precipitation for  tritium determinations took p la ce 'ea r lier , it 
seems possible to extrapolate for other places-back to 1954. With the present 
global network, in operation for the survey of tritium in precipitation, such 
extrapolations would not present difficulties although 'the precision cannot 'be 
directly verified.

It is  suggested that; at least in arid regions, the rate at which tritium 
is added to the ground water cannot at present be- estimated with an accuracy 
better than about 20%. This is  so for various reasons, partly because the 
tritium concentration .varies .with season and partly because the recharge 
of ground water in arid regions takes place mainly during a few storms 
with heavy precipitation and uncontrolled surface run-off; smaller rain
falls contribute relatively little. In addition, the fractionation involved 
in evapotranspiration p rocesses  affects residual tritium concentrations in 
ground water which passes on into the aquifer beyond the influence of climate 
and vegetation. In humid areas the recharge can perhaps be better assessed. 
Even then there is’ som e uncertainty, because the evapotranspiratio'n rate 
from  soils varies strongly with season. However, the effect of the seasonal 
variation in evapotranspiration is probably partly upset by the presence of 
soil'water, which may or may not mix thoroughly with the infiltrating water. 
This should lead to a smoothing' o f any seasonal variations in the tritium  
concentration of precipitation and, at the same time, would partly offset the 
effect of evapotranspiration. The smoothing effect would be greatest where 
the soil-m oisture reservoir of water is large' compared with the yearly in
filtration'into the soil; this is  most likely, in sem i-arid  regions.

In the process of evapotranspiration from  soils, tritium does not seem 
to undergo serious fractionation^ The extent o f such fractionation has not 
been studied in detail; and although these effects may be' insignificant com 
pared with other uncertainties involved in the estimation of the rates at 
which tritium  enters ground-w ater re se rv o irs , m ore sp ec ific  evaluation 
should ‘be made.

In view o f the smoothing of the fluctuation's in the. concentration of 
tritium in precipitation which apparently can take place in the’ vadose zone, 
yearly sampling might.be sufficient for  investigations of secular variations 
in the ground-water tritium. -If more frequent sampling is done/ it is- always 
possible to com bine the sam ples fo r  suitable p eriods. Assum ing no r e 
sumption of nuclear-w eapons-tests, the bom b-fallout tritium peaks will 
gradually diminish; and as equilibrium  is  approached, the n ecessity  fo r
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collecting,frequent samples w ill a lso becom e less critica l for reliable hy
drological interpretations. . .

As to the duration of sampling where secular variations are studied for 
the purpose of computation of. ground-water characteristics, it depends on 
the m odel of. the ground water to be used in the computations. With som e 
m odels, one y e a r 's  sampling is  required. In the extrem e case,w here no 
model assumption is made, the available information increases'the reliabili
ty of interpretations with every year of investigation. •

Aquifers near the coast appear to have low er tritium  content than do 
those inside the continent, but as yet evidence, is s ca rce .

Experiments to check the decrease of tritium  downgradient from  the 
recharge area showed sporadic results, in one area, and irrigation also 
seem ed to have som e effect on tritium  concentrations in ground water.

Variations in the concentrations of oxygen isotopes in ground water in 
the sem i-arid  zones o f Italy have been observed within a relatively 'short 
period of about six months-.' These observations indicate that there is no 
significant smoothing of therecharge by the soil moisture as envisaged earlier.

Stratification o f tracers  added by precipitation can be expected, es-r 
pecially in water-table aquifers in humid' reg ion s. The extent of layering 
of tritium in confined aquifers should be investigated. Model experiments 
would give inform ation on what the sam ples represent when drawn from  
boreholes. • -

.-The "possibility of correlating tritium .data in precipitation from different 
regions should be investigated with a view to the use of such correlations 
for  estimation of pre-bom b tritium concentrations in precipitation.

-There are many unresolved questions regarding ground-water recharge 
rates, which depend on clim ate, season; .geography, geochem istry, topo
graphy and vegetation o f different lands. ■ Until m ore is known regarding 
these influences, considerable caution should be used in the interpretation 
of'ground-water age from  use of tritium concentration data.

The 'concentration of tritium in precipitation and river waters should be 
followed so that hydrologists in their • future -work -have the necessary b a s ic  
inform ation to apply to ground-water dating -and other studies of ground
water movem ent.

SHORT-TERM GROUND-WATER TRACING .

Techniques,involving stable isotopes and activation analysis

’ Stable isotopes can be used in two ways for studying hydrological
problem s: . . • .. , . . ............

(1) If one uses a quantity of inactive tracer, much in excess of that con
tributed by leaching processes of thesoil and the rock e t c . ,-, sampling; 
and detection can be done(by standard chem ical procedures.in  a s -  

■ sociation  with spectrographic, • flu orom etric o r  • co lorim etric- 
techniques. .•

' s (2) If one uses sm aller quantities of suitable inactive tracers , in te x - 
cess  of their natural,abundance, the sampling and detection can be 
done by activation analysis
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Apparent advantages and limitations in the use of stable isotope tracing
are:

(1) There is no health hazard involved to the users of water.
(2) There is no half-life limitation in their use, in contrast to the use 

of active tracers. On the other hand, short-term experiments should 
preferably be done with short-lived  radioisotopes so that one can 
repeat the experiment, if  necessary. With stable isotopes this is 
not possible because of the difficulty of knowing when the tracer has 
been flushed from  the system.

(3) L arge-sca le  experiments could possibly be carried out without 
excessive  tracer  cost, if  one can judiciously keep the number o f 
samples low, for the purpose of activation analysis. A project with 
a large number of samples may be prohibitive in view of the rela 
tively high cost of neutron activation.

(4) Activation analysis offers a larger choice of tracers which could be 
o f advantage j especially in surface water and water-quality studies.

. It should be realized that tracing techniques involving activation analysis 
may be used with advantage (over the radioactive tracer) under certain c ir 
cum stances, and, therefore, relative sensitivity and cost should be con
sidered in terms of the particular project. Calibration of isotope techniques 
should be made in ground-water areas where the properties of aquifers are 
well known.

The Panel recommended that multiple tracing, whenever possible, should 
be seriously considered.

Several examples of recent applications were given, indicating the 
usefulness of isotope tracer techniques for such studies for various purposes 
ranging from  assessment of tidal influences on quality of underground fresh
water pools near the coast to studies of horizontal and-longitudinal mixing in 
ground-water bodies into which wastes are being disposed. Interesting tech
niques utilizing different tracers  w ere described  fo r  the m easurement of 
ground-w ater flow -rates and direction  of flow  in single boreholes o r  ob
servation w ells. The Panel felt that these techniques might prove to have 
a great applicability in ground-water hydrology and that their development 
fo r  use on a routine basis should be encouraged by calibration in areas in 
which param eters have been determined by different approaches. Cases 
were also described in which tracing water between two boreholes made it 
possible to estimate the effective porosity -  and thus the s tora ge-o f aquifers. 
The Panel considered that the earlier recommendation on screening tests for 
gamma-emitter tracers for ground-water studies should be re-einphasized. 
Some successful investigations were reported with metal com plexes having 
intermediate half-lives, which had been used with tritium as a standard. The 
Panel further considered that activation analyses of tracers would be useful, 
especially for double labelling and where health hazards limit the quantity of 
radioactive tracer used.

A number of field investigations have been made in Sweden to evaluate 
the m erits of tracers, in particular chromium-51 -EDTA, in different soils, 
e .g . glaciofluvial sand and gravel, till and karstic limestone. The results 
from  these investigations show that the C r51-EDTA complex is transported 
as rapidly as the tritiated water added as a reference tracer, even at low 
concentrations of the com plex. It has been demonstrated that the com plex
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can be safely used at concentrations down to at least 10 parts per 109 in 
these so ils .

Laboratory tests in columns- for evaluation of the chromium complex in 
quartz mixed with various clay minerals are in progress.

In France it is proposed to conduct adsorption measurements with dif
ferent radioactive tracers, e .g . B r 82, I131 and some other gamma emitters 

' along with stable tracers, e .g . rhodamine-B, tineopole and methylene blue. 
In all these studies tritium is to be used as a reference tracer.

In the last Panel, the use of cobalt-60 (half-life 5. 3 yr) was criticized 
fo r  som e applications because o f its relatively  long h a lf-life . However, 
another isotope of cobalt, .Co58 (half-life 72 d) is now readily available, and 
for small amounts the cost is not prohibitive. In view of its reasonable 
half-life, its use is proposed in the form  of cobalti-cyanide.

The following interesting techniques were also cited:
(1) F or studying water flooding in oil fields, laboratory tests have been 

conducted with a metal column where o il is  replaced by water under'high 
pressures. Measurement of the X -ray  intensity, produced by bremsstrahlung 
resulting from  Pri*'!, is taken to be a measure of the relative concentration 
of water and oil in the column. (2) For studying dispersion angles through 
aquifers with simple and heterogeneous formations, the following laboratory 
experiment is used: A tank about l m X 3 m X l m  deep is filled with sand or 
other heterogeneous material to a depth of about 0. 3 m or 0. 75 m. A number 
of copper screens are stuck in the sand, extending out of it to about the 
middle of the tank. The tracer I131 is then introduced at a point-source at 
the upgradient end of the tank.. The dispersion angle is measured by scanning 
of the copper screens, where the I131 is adsorbed. (3) A very sim ilar tech
nique is described for the determination of the direction and the rate of flow 
in shallow aquifers, without resorting to borehole studies. In a shallow 
aquifer, copper rods are driven into the saturated zone. Radioactive tracers, 
e .g . iodine-131 or bromine-82; are injected at a point on the upgradient side 
o f the area having the copper rods. The copper rods sorb  the tracer. A 
scanning of the rods yields some of the desired inform ation.

The calibration of isotope techniques may in som e cases imply testing 
of certain tracers against a standard tracer like tritium. This seems to be 
generally recognized, and- the procedure in the field is then tracing by double 
or multiple labelling. In this way the Cr-EDTA complex was tested recently.

Calibration of isotope techniques may also im ply testing of such 
techniques in systems which are well explored by conventional means. For 
example, it is-conceivable to test various isotope techniques in the ground
water body from  which conventional data have been collected over a number 
of years. Unfortunately, it does not seem that such systematic experimental 
work has been carried out so far.

FIELD EXPERIMENTS

Mixing of sea and fresh water resulting from  tidal effects in an underground 
pool

The case described concerned an underground pool of water in a lim e
stone region near the sea. The pool was considered to be a possible fresh 
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water source but was obviously connected with the sea. During high tide,* 
sea water penetrated into the pool. In a study of the water turnover in the 
pool. I131 was dispersed in the pool, and the change in concentration with 
time was measured. It appeared from'the measurements that the tidal inflow 
of sea water during-a tidal half-cycle amounted to about 830 m3 . However, 
it also appeared that the pool was of the order of 4400 m3. The fresh-water 
throughflow was computed to be 26 m 3/h . The pool'Was kept well stirred 
during the experiment.

The estimates are entirely based on the observed decrease of concen
tration of the tra cer . Thus, from  the initial slope which was exponential 
the tidal throughput was computed. After that, the decrease in concentration 
was not exponential until som e tim e later. This interval represented the 
tim e it took to m ix the tracer  into the second pool. From  the tim e when 
concentration again starts falling exponentially the total dilution and thus the 
volume of both the pools can be assessed . The exponential decrease from  
there onwards results from  tidal throughput and fresh-water.addition. As 
the tidal throughput already has been estimated, the addition could be 
computed.

A check on the computations could have been made by following the 
variation of chloride with time. Some other information, e .g . -the time lag 
in the night variations of the first pool compared with the tidal height and the 
amplitude of height variations of the first pool compared with the tidal range, 
were not utilized. -

Ground-water investigations in the Snake River Plain, southeastern Idaho ,

The aquifer is made up of permeable zones between basalt flows. These 
zpnes seem  to be extrem ely inhomogeneous but very  perm eable. Experi
ments involve tracing of waste water containing tritium  released in one 
borehole and following it in downgradient ,test wells. Quite a noticeable 
spread and deviations from  the general direction.of flow of the groundwater 
were observed. Local variations in the piezom etric surface do not lead to 

<■ the same interpretation of flow direction as that reached by observation of 
the spread of tritium in the aquifer. In this experiment a ll but the m ajor 
w ater-bearing strata were sealed off.

This type of aquifer is probably not representative of aquifers in general; 
hence no general conclusions can be drawn as to the behaviour of confined 
aquifers in m ore homogeneous-granular m aterial. However, -they are not 
unusual in certain areas o f the world.

Investigations of underground connection in New .Mexico

This study concerned a sm all reservoir , Lake McMillan on the Pecos 
R iver. The underlying rock is limestone which seem s to be partly karsti- 
fied. Three and a half miles downstream from the lake large springs occur, 
and they are possibly fed from  the lake. E arlier investigations with fluo
rescein  were inconclusive. In the present investigation tritiated water was 
used and added to the lake at a time when the level was high. Tritiated water 
(180 c) was mixed by means of a specially constructed katamoran cruising 
around the lake in a system atic manner. Unfortunately, som e unexpected
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discharge'was made from  the reservoir into the river shortly after the ad
dition of tritium, with the result that som e of the tracer was lost. Later, 
however, small concentrations of .tritium-were detected in the large springs. 
The investigations are as yet incomplete.

Another purpose-of the experiment was to assess the amount of ground 
water stored in the lim estone by the study o f the transit time and dilution 
o f tritium  between the lake and the springs. Analysis o f the data on this 
study is  still in p rogress .

Experim ental work on the determ ination o f ground-w ater velocity  and 
direction  of flow from  single boreholes

. Some very important and interesting work on this subject has been done 
recently in Austria, France and Germany. The techniques .for determination 
of ground-water velocity and direction of flow differ and are, therefore, d is
cussed separately. The tracers used for these studies were tritium, rh o- 
damine-B, brom ine-82, phosphorus-32 and iodine-131.

In a borehole, '.water is replaced constantly if  horizontal movement of 
water takes place. Thus, if a tracer is  added to the water in the borehole, 
it will become diluted with time, provided that it is kept mixed' in the' bore
hole. The pattern of dilution along the borehole w ill d iffer, depending on 
horizontal velocities and on vertica l movements of water in the borehole. 
If it is assumed that vertical movements do not take place and the tracer is 
kept well mixed horizontally, the concentration of the tracer will decrease 
exponentially with time; and from  the rate of decrease of concentration the 
rate at which ground water passes horizontally through the borehole can be 
computed. » ‘ ' .

' Normally, several complications arise in the attempt to measure veloci
ties through boreh oles. V ertica l current can ca rry  the tra ce r  from  one 
depth to -another and hence ruin possibilities for the measurement of hori
zontal velocity. Unless the absence of vertical currents is established, there 
is  n o ’way of deciding .whether the disappearance of a tracer from  one level 
results from  horizontal flow through the borehole or from vertical flow along 
it. In uniform media.one should not expect vertical currents, and then the 
dilution must result from  horizontal flow . F rom  available experience it 
seems to be the rare case in which no vertical movement takes place. Thus, 
for  this method to be successfu l, som e packer is  probably mandatory to 
eliminate vertica l movement.

Another.difficulty is that of proper mixing. In a borehole, natural mix
ing is normally to o ’slow-unless the horizontal ground-water flow is extreme
ly small. As a radioactive tracer is normally-assessed by a probe‘which is 
lowered into the borehole, - m ovem ents o f this probe w ill cause a certain  
disturbance, but it is questionable whether the disturbance is uniform 
enough (in time) to cause effective mixing, which is  the prerequisite for an 
exponential decrease o f concentration.. Data presented a lso  indicated 
deviations from  the expected exponential d ecrease .. As long as proper mix
ing is not maintained, it seem s futile to interpret such deviations in terms 
o f characteristics of the aquifers. The amount of tracer  which must be 
'mixed-with the water in the borehole is  another question. Experiences in
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this field are quite different, and therefore further systematic research is 
needed to facilitate proper evaluation.

Experiments have been made in which a certain section o f a borehole 
was isolated from  the rest and examined with a tracer. In this case, also, 
it seem s likely that som e provision  for  m ixing should be made. Thus, a 
proper technique applicable to various conditions should provide both for  
sealing off a certain section of a borehole and for maintaining proper mixing 
inside this section. The necessity for  making such complicated set-ups is 
to be tested, but this is generally considered to be important.

Some differences of opinion also exist with regard to the interpretation 
of ground-water velocities. Theoretically, streamlines in a ground-water 
body converge towards a borehole in such a way that the current of ground 
water passing through the borehole occupies a width up to twice that of the 
borehole diameter. This is essentially dependent on the course of ground
water streamlines in and around the borehole. The opinions on the accuracy 
obtainable from  these calculations are not in full accord. The uncertainties 
may introduce errors of about a factor of two.

Other com plications can also arise in practice . Normally a "screen " 
is put into the borehole to prevent its caving in, especially in unconsolidated 
form ations. A prerequisite for  a proper estimation of horizontal velocity 
is  that the w ell screen  does not o ffer  greater resistance than the aquifer 
m aterial to the flow of ground water. In other words, the perm eability of 
the screen should be equal to or slightly greater than the permeability of the 
aquifer. Sometimes the screen  or casing does not entirely fill the borehole, 
the diam eter being le ss  than that o f the borehole; and the annular space 
between the strainer and the borehole wall is then filled with coarse granular 
m aterial, generally with a perm eability somewhat greater than that of the 
aquifer. Such conditions com plicate experimental work, because vertical 
motions can still occur outside the screen  in the "gravel-pack" although the 
inside is sealed. Even if vertical motion of water outside the screen  does 
not take place, such conditions will influence the streamline pattern of flow, 
because the water passing through the borehole section  occupies twice as 
great a width some distance from  the borehole. In addition, only a fraction 
of the water passing through the borehole section passes through the section 
of the screen  with the tracer. There are thus a number of minor com pli
cations which, however, can be overcom e if details of the well construction 
are known.

The vertical streams, disturbing the measurement of horizontal ground
water motion, may be important in ground-water-flow analysis. Measure
ment o f these vertica l flow s is  made by addition o f tra cer  solution at a 
sp ec ific  depth in the borehole and counting o f the upw ard- o r  downward- 
moving tracer cloud with the aid of several counters fixed at different depths 
in the hole. The impulse sum of the passing tracer cloud and the velocity 
o f the vertica l movement can give useful inform ation about flow  rate and 
help define zones of water inflow and outflow.

Much work has already been done on the design of equipment to be 
lowered into boreholes which have provision  for  sealing off a section, in
jecting the tracer and measuring the activity in the water. With slight modi
fications, these methods can be applied in many different cases. It is, of
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course, necessary to ensure that only the tracer inside the well section is 
detected.

It may be recognized that knowledge of ground-water velocity is of value 
even with about 50% accuracy, especially in relation to problems of ground
water recharge and of hydraulic structures (e .g . tightness of dams and 
grout).

A technique was described for the determination of the direction of flow 
in single boreholes by injection of a tracer which is sorbed by the aquifer 
m aterial.' Maximum sorption is  likely to take p lace on the downgradient 
wall of the borehole . With a collim ated probe the activity in various 
directions can be measured. The angular distribution of activity then gives 
information about the direction of flow. Probes have been constructed which 
allow this to be done in a certain section of the borehole.

The application of these techniques to ground-water studies around the 
N eusiedler See in Austria was described . This lake has no visib le outlet 
and only a m inor inlet. From  the investigations it was evident that ground 
water is  entering the lake from  the d irection  o f the Danube river, a con
siderable distance from  the lake. The investigations will make it possible 
to estimate the total ground-water contribution to the lake. 'A  check on the 
la rg e -sca le  movement o f ground water w ill finally be made by the use of 
tritium .

Measurements of velocities of ground water are of importance for the 
investigation of the properties of aquifers, especially their recharge rates. 
Determination of the direction of flow is also of interest in many cases. The 
techniques recently developed fo r  ve locity  m easurem ents are extrem ely 
prom ising, but the equipment to be used in the borehole should include 
devices for mixing the water in the borehole under investigation. Further 
development and improvement of methods is  needed.

The equipment for  the determination of the d irection  of flow is fa irly  
well developed. Various tracers can be used for this kind of work, and labo
ratory tests should be helpful for finding the best tracer.

Determination of the thickness of an aquifer by multiple-well tracing

An interesting application of tracers for-ground-water studies in which 
two boreholes are required was described . A known amount of tracer  is  
mixed into the water of one well, and then water is drawn, at a constant rate, 
from  the second well located a few hundred m eters distant. The concen
tration of the tra cer  in the water being pumped is determ ined at suitable 
intervals so that a concentration-tim e curve can be constructed. Provided 
that the rate of flow o f ground water can be neglected in com parison  with 
the rate o f flow  induced by pumping, the arriva l tim e of the tra cer  and a 
know ledge'of the pumping rate make it possib le  to com pute the depth o f 
water in the aquifer or, if the porosity is known, what the thickness of the 
aquifer is . If there is  anisotropic flow, one may obtain multiple peaks in 
the curve.

Such experiments were reported from  Israel in Dolomite-type aquifers 
with karstic properties, with cobalti-cyanide as a tra ce r .‘ With a two-well 
method in an aquifer of ~106 m-thickness, the estimated porosity was 0.03 
and the recovery of the cobalti-cyanide tracer was ~80%. The loss of-~20%
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of the 'tracer is  explained as resulting from  hydrodynamic and chrom ato
graphic dispersions rather than from  adsorption.

In another field experiment in Israel, 105 ft3 Qf water-was uniform ly 
tagged with cobalti-cyanide and injected in a large body o f ground water. 
The shapes of the tim e-concentration curves (arrival time and shape of the 
pulse) from  different wells at varying distances from  the point of injection 
w ere studied for  determination of the mixing p rocesses . i

It is intended to repeat the experiment by a continuous injection of water, 
only a sm all fraction of which is tagged. It is hoped that in this way m ore 
inform ation may be obtained with a sm aller amount of tra cer and that, if 
necessary, the experiment can be repeated after a short while.

Sim ilar experim ents in France w ere brie fly  mentioned; in this case 
B r82 was used as a tracer, together with experiments with fluoroscein  and 
rhodam ine-B  as tracers  fo r  the study o f porosity  and speed o f water 
m ovem ent.

Because of the geom etry involved in this kind, of experiment, the peak 
which arrives at the sampling well will have a very drawn-out tail even in 
an isotrop ic medium. One obtains better shape of the peak by plotting the 
concentrations as a function of the square root of time, as this is proportional 
to the distance travelled by the water. Actually, the relation is given by

R = ( F /jtD)^ (t)2,

where R is the distance travelled, F is the pumping rate and D is the \ 
saturated thickness of the aquifer. If t is  the time taken for the .peak con
centration to arrive from  the instant of injection, and if it is known, D can 
be computed.

It was pointed out that the shape of the concentration plotted against time 
curve could give information on the variation of horizontal permeability along 
the vertical direction or on the pore-size distribution.

If the tracer is sorbed reversib ly by the ground m aterial, the time of 
arrival will be correspondingly delayed. If it is irreversibly sorbed, only a 
fraction of the tracer will be recovered.

When the normal flow -rate of ground water is appreciable, errors will 
be introduced, the size and magnitude of which will depend on the position of 
the two wells used in relation to the direction of flow. In general, there will 
be a region outside of which a tracer from  a well will not reach the sampling 
w ell. If the horizontal rate of flow  varies with depth, the position o f the 
labelling well may be such that only a certain fraction of the tracer reaches 
the sampling well. There are thus a number of possible complications; but, 
on the other hand, this technique can be used for the study of these complications.

If the labelled well does not penetrate the whole aquifer, the results ob
tained have to be interpreted with the assumption that the aquifer is isotropic 
with respect to permeability. If this is not true, errors  will be introduced 
in the computed saturated thickness.

Some variations of the m ultiwell-tracing technique are also described. 
Large water masses can be uniformly labelled, which ensures an easier 
interpretation of results. In this case, water and the tracer are added con
tinuously to the labelling well, which will provide a steady concentration in 
the sampling w ell. Still better is to add the tracer at regular intervals to
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the labelling well. These pulses will, o f course, be distorted but will form 
a regular succession of peaks in the sampling well. Thus, many variations 
of the technique can be used, depending on the nature of the aquifer and the 
problem  under investigation.

The technique seem s to be useful in’ many cases where information on 
the saturated thickness and homogeneity of an aquifer is required. Recent 
variations in the technique have been developed for specific purposes. The 
usefulness of these should be investigated in m ore detail.

Reservoir leakage

Though not a good tracer for water, the EDTA complex of iridium may 
be added to the reservo ir  as a tracer. When the com plex becom es sorbed 
on the reservo ir  sediments, the bottom of the reservo ir  is  scanned with a 
detector. Theoretically the sorbed complex will be most dense in the areas 
of leakage. Minor leakage may be difficult 'to detect in this way. In a labo
ratory test it is observed that there is a decrease of 2 -  3% in the concen
tration of iridium complex when it is passed through 2 cm of packed column. 
It is pointed out that sediments in a lake or  reservo ir  usually are not' uni
form . Shallower parts along shores are often of coarse material because of 
wave action, whereas deeper portions in general are covered  by silt and 
clay deposits. As these w ill.sorb  tracers  differently, it is  possible that 
seepage through coarse  m aterial is  hard to detect unless a tracer is used 
which is sorbed very strongly on solid m aterial.

It is, however, suggested that a search  be made fo r  a better tracer, 
e .g . Cr, Co, Mn or Ru complexes of EDTA. The use of suspended material, 
e .g . carbonblack or plastics tagged with radon, is also proposed for avoid
ance of difficulties arising from  sorption and porosity. '■

In the study o f seepage o f dams in France and M orocco, salt together 
with resistivity measurements were found useful and economical. Rhodamine-B 
Br&2 and I131 are also used as tracers at present.

SOME SPECIFIC GROUND-WATER PROBLEMSI , , . .

The projects discussed below are ones in which the Agency's advice has 
been sought for the application of isotope techniques. Application of dating, 
tracing and stable isotope studies was found to be commendable, as work so 
far performed has shown that valuable information can be obtained to supple
ment conventional studies. " Because of the complexity of the problem s in
volved and the necessity for use in every project of a number of disciplines, 
such as geology, quantitative hydrology, geochem istry, geophysics and 
nuclear science, pro jects  of such nature should be dealt with by teams in 
which these disciplines are represented.

The Greek problem

In G reece it is  observed that water enters a few sinkholes, and the 
problem  was to ascertain  where it goes. With a view to solving this
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problem, the IAEA injected 1000 c of tritiated.water into the sinkholes and 
sampled various • springs likely  to be connected with the sinkholes-.

Another injection with 400 c  of tritiated water was made -the following 
year. Details of this study are presented in the Proceedings of the Tokyo 
Symposium [2],

Yugoslav-Italian project

Here 200 c of tritiated water was injected near Trieste, and a number 
of springs were sampled over a long period of time. Some discussion of this 
project is presented in the Tokyo Symposium Proceedings [2].

Mt. Kilimanjaro

A ground-water tracing experiment is. planned on the southeastern flank 
o f Mt. K ilim anjaro between Lake Chala and N joro Kubwa sprin gs . ' This 
study is intended as an aid to hydrologic investigations regarding irrigation 
development near Taveta along the Lumi River between Lake Chala and Lake 
Jipe on the Tanganyikan border.

Desert hydrology

A hypothetical problem on desert‘hydrology was considered by the Panel. 
It is as follows: . . .

There is a sm all isolated ground-water reserv o ir  of potable water in 
an alluvial desert valley recharged by passing floods once or twice a year. 
Subsurface outflow is very restricted. How nearly can present natural triti
um measurements in the reservoir help in answering the following questions:

(a) What is the average age of water in the reservoir’
(b) .What is  the average annual rechargel.and the amount o f water one 

can utilize?
(c) W ill the influx o f bom b-tritium  o ffse t 'a ll m easurem ents?
The Panel argued that natural tritium  m easurem ents could be useful 

only if the tritium concentrations do not fluctuate widely from storm to storm 
on account of the bomb-produced tritium. 'It was stated that during the years 
1960-1961 the measured tritium concentrations in different .storms' lay within 
a factor of 2. If that is so from , year to year, the Panel concluded, we can 
get som e idea about the possible lim its of the age and the extent of storage 
from  the natural tritium m easurem ents. It was stated that such m easure- 
ments on precipitation in the surrounding regions might a lso  be useful.,

SURFACE-W ATER APPLICATION
%

Considerable work on the use of isotop ic tracers  for  r iv er  discharge 
measurements has been done recently, and the techniques are tested to such 
an extent that they can be used on a wider scale. For this purpose the Panel 
considered the dilution-of-pulse technique to be most promising for streams 
and rivers, provided-the tracer used is not sorbed by the environment and 
perm its easy handling. F o r  studies o f flow  rates in c losed  conduits the



pulse-velocity  technique seem s to be the sim plest and can be used in con
junction with dilution for  absolute m easurem ent. There is , in general, a 
wide variety  of ch oice  of tra cers  fo r  use in su rface -w ater hydrology.

F low -rate  m easurem ents with isotope techniques

Isotope dilution techniques have been and are being used for the deter
mination of flow -rates in stream s, rivers and closed conduits. Discussion 
of closed conduits is included at this point, because the techniques are simi
lar to the open-stream techniques.

The following experimental information was presented:
(a) In an electric generator system where cooling water flows at a rate 

of 454 m 3/m in  over a distance of'485 m through 3 -m  diam eter concrete 
pipes, the flow-rate estimated by current meters was found to agree to with
in 1. 5% with that determined by the use of the dilution technique with Na24 
as tracer. Use is also made of the pulse-velocity timing method, which is 

.very simple.and can be calibrated for repetitive measurements with the di
lution technique.

(b) It is  suggested that for  flow studies of less  than 50 m 3/s  through 
pipes, conduits o r  stream s radioactive tracers may not be necessary. In 
such cases the "Bichrom ate Method" has. been successfu lly used in France 
with an accuracy, of within between 2 -  7%. The required concentration of 
bichromate is  1 k g /m 3s . F or flow -rates larger than 50 m 3/s  radioactive 
tracers  (e .g . B r82) are preferable, .as the weight of bichrom ate becom es 
excessive. The bichrom ate method cannot readily be applied to muddy or 
dirty water system s.- However, it is suggested that oxidation of the sample 
before bichromate estimation might be helpful in such cases. Usually, volu
m etric methods are used for the determination of bichromate. The bi
chromate method of flow measurement is employed in F ranee for calibration 
of Lindigraph stations.

(c) Some laboratory experim ents on flow -ra tes  through pipes of 5 -, 
10- and 30 .5 -cm  diam eter with gold-198 were also mentioned. A constant 
head for the injection of the tracer is used for discharges of 45,.3, 32.5 and 
14. 2 m3/s ;  the flow -rates are found to agree within 1%. In stream turbu
lence studies at Oak Ridge, unexplained losses of gold-198 (which is used as 
a tracer) w ere observed . This may resu lt from  the presen ce  o f organic 
m atter, which readily  absorbs tra cer  quantities o f gold.

(d) M easurem ents o f flow -ra tes  with radioactive tra cers  have been 
made in Sweden. F or closed conduits the pulse-velocity  technique is used 
while measurements on open channels are made with the dilution techniques. 
It is not unusual that the measurements deviate from  installed flow -m eter 
observations m ore than would be expected from  the precision  in the radio
active measurement. The continuous-injection technique has been used for 
all dilution measurements and may be preferable to pulse injection as it does 
not involve the measurement of the long-ta il portion of the activity curve. 
Experience is limited to flow -rates up to 5 m3 /  s. which are measured with 
a p recision  of within 2 -  3%. F or  closed  conduits it is  .usually possible to 
reach a higher precis ion  with the pu lse-velocity  technique.

(e) The dilution method with tracers  has been com pared with current 
m eters in England. It is being accepted now for  general use in hydraulic
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acceptance tests. In Germany also the pulse-velocity  and dilution methods 
have been compared with current-m eter measurements. Measurements in 
rivers up to flow rates of 25 m 3 /s  show that the accuracy of the tracer 
methods is comparable with the accuracy of even the most accurate current- 
m eter measurements. The greatest advantage of the tracer methods, how
ever, is  in their applicability to stream s o f irregu lar cro s s -s e c t io n  and 
highly turbulent stream s. In these cases, current-m eter measurements are 
often worthless or impossible to obtain.

It has been found that the steady-state dilution-tracer technique is the 
m ost accurate method available for  flow measurements in closed conduits. 
It is, however, somewhat laborious, but if it is used together with the pulse- 
velocity  technique, it allows a computation of the effective cro ss -se ct io n  
area of a conduit. Once this is  known, the pulse-velocity technique is  very 
convenient to apply.

The following experimental information on stream -discharge measure
ments was presented:

(a) T racer m easurem ents have been made in severa l stream s near 
Munich, Germany. In these tests both ve locity  and d ischarge have been 
determined. In addition, intermediate increases and decreases of flow were 
obtained. As examples, iodine-131 was used for velocity measurements in 
a 58-km reach of a river having a discharge of 43 m 3/s .  The tracer cloud 
passed the end of the measured distance in 390 min and was detected in 
samples o f 5 leach  with which a detection sensitivity of 0. 6 X109cpm /#icper ml 
was obtained. For determination of discharge in a channel of 20 m3/s  with a

'statistical error of 1%, 3 me of bromine-82 should be used if the detection is 
made by scintillation counters hanging directly in the stream. This should 
yield a detection sensitivity of 6. 6X109 cpm /pc per ml. If the detection is made 
with the aid of a through-flow container in a diversion off of the main stream, 
the detection sensitivity drops to 3. 5 X 109 cpm//uc per m l, and the amount of 
tra cer  required may be as much as 12 m e.

(b) In M orocco the injection of natural salt water from  a spring into a 
river was taken advantage of by the use of resistivity measurements for dis
charge estimations.

(c) An interesting device for  the determination o f the mean direction 
of flow in surface waters was described. In brief, it consists of a magnetic 
needle which rotates with the direction of flow. One pole of this needle 
carries promethium-147 and can move above a circu lar photographic film . 
The intensity of blackening of the film  indicates the mean direction of flow 
over long intervals o f tim e.

This device will be used for the determination of the mean direction of 
currents in the Mediterranean for the purpose of laying a pipe-line between 
Algeria and Spain.

The most convenient technique for  stream -flow  measurements seem s 
to be the dilution-of-pulse technique with continuous sampling over the time 
the pulse passes. Counting directly in the water is less satisfactory, because 
it may be difficult to find a place where the probe can be placed properly. 
Another advantage of continuous sampling is that field equipment for counting 
is not needed, as the counting can be done in the laboratory with better con
trols than are generally available in the field. Further development of the 
technique can be made with the purpose of reduction of the counting tim es,
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for instance, by making a com posite sample of all samples which carry the 
activity. The important thing, however, is the securing of the tail o f the 
tracer, which som etim es may be rather drawn out.

Lake hydrology

To make diffusion studies in a lake, the tracer (Na22 or Na24, as NaCl) 
is 'in jected  by the puncturing of a thin rubber balloon containing the tracer 
solution. The balloon is gently im m ersed  under w ater. F or  making the 
tracer solution, water from  the same lake is used to keep the density of the 
tracer solution the same as that of the lake water. In this way the tracer 
injection is achieved without disturbance o f the flow.

Around the point of injection there is an array of gam m a-ray detectors 
at distances of 1 to 1 .5  m . The tra cer  is  scanned with the help o f these 
detectors fo r  diffusion studies.

S table-isotope techniques

The Panel considered studies o f stable-isotope ratios, deuterium / 
hydrogen and oxygen-18/oxygen-l 6 to be most useful for the assessm ent of 
the origin  of water with respect to altitude, as d ifferences in altitude of a 
few hundred m eters seem  to cause significant d ifferences in these ratios. 
As to the use of such ratios fo r  the assessm ent of evaporation from  lakes, 
available data are extrem ely prom ising, provided data on both ratios are 
utilized. However, data on the isotope ratios in atmospheric water vapour 
over lakes are needed to yield higher accuracies and increased confidence. 
There are a lso many other potential applications with regard to origin  of 

' water which are not yet fully explored.
Applications of the stable isotope oxygen-18 and deuterium to problems 

o f mixing and evaporation in water reserv o irs  w ere d iscussed . With the 
existing accuracy of measurement, it is possible to detect 1-2% evaporation 
with a 10-m l sample o f  water. The vapour pressu res of H2O 16 and H2O18 
are different by 1% and are temperature-dependent, being higher-at a lower 
tem perature. If one knows -the equilibrium  values o f oxygen-18 and deu
terium in the feeding stream and the reservoir, then from the material 
balance conditions one can determ ine the degree o f evaporation from  the 
re se rv o ir .

If the reserv o ir  is fed by rain water, one need not w orry about other 
m inor sources o f inflow for calculation of evaporation. Difficulties, however, 
arise  when the reserv o ir  is  not w ell mixed, as the evaporation then takes 
place from  the upper layer only, and, therefore, the equilibrium is established 
at an increased concentration of the heavier isotope. Further, if the evap
oration is diffusion-controlled, somewhere near the surface the fraction
ation is a little higher in the case of oxygen-18 and remains about the same 
fo r  deuterium . In view o f the above, one would expect different isotop ic 
concentrations (of oxygen-18 and deuterium) in different geographical regions 
and at different altitudes. M easurem ents on the concentrations of these 
isotopes, at different points along a river in Israel indicated that even during 
the course o f flow  through r iv ers  appreciable evaporation takes place to
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cause fractionation. This is an important factor which one should consider 
when dealing with ground-water problem s.

The evaporation from  lakes and origin  o f water in lake system s has 
been studied with the stable isotopes of hydrogen and oxygen. The data are 
som etim es difficult to interpret, because fractionation during evaporation 
from  the lake surface is not readily computed. Studies of both deuterium/ 
hydrogen and oxygen-18 /oxygen-16 in water seem  to be useful, provided 
m ore fundamental work is done for  understanding o f the relations between 
them. The main problem seems to be whether or not evaporation takes place 
at near equilibrium. If it does, the fractionation can be computed. If it is 
a non-equilibrium process, the kinetic effects have to be taken into account. 
This w ill make interpretations m ore d ifficu lt. Further detailed investi
gations are needed. The stable isotope ratios are convenient as labels fo r  
different water m asses in a drainage system  with various tributaries and 
can allow computation of the contribution of underground water to.stream s 
and v ice  versa .

HEALTH AND SAFETY GUIDES IN ISOTOPE WORK

The Panel considered that the present International C om m ission  on 
R adiological Protection values, which are used as standards for  exposure 
for  large populations and which are based on long-term  exposure, are too 
restrictive for  short-term  experim ents. Special attention should be given 
to working out short-tim e exposure lim its, possibly based on body burden.

CONCLUSIONS

In the body of the Panel's report specific  conclusions and recom m en
dations are presented in the context of each subject. The general consensus 
of the Panel is as follows: by the study of this report, the 1961 Panel report 
[1], the Proceedings of the March 1963 Tokyo Symposium [2] and other re 
ports of research and technological advances, isotope-technique applications 
to hydrologic problems have provided some useful- avenues for understanding 
the nature of the hydrologic cycle  and in the solution of specific engineering 
problem s. Some techniques are developed thoroughly enough for fairly rou
tine application as tools fo r  use in the solution of practical problem s, but 
further research and development is needed on other concepts to determine 
whether or  not they can be beneficially applied to either research  or engi
neering problem s. A concerted effort is required on the part of both hy
drologists and isotope specialists working as teams to assure that proper syn
thesis of scientific advances in the respective fields and translation of these 
advances into practical technology is achieved.
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