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FOREWORD

Artificial radioactive tracers have been used for more than 50 years
for hydrological purposes. Many hydrological problems have been identified
which require the use of these kinds of tracers. However a stagnant
situation has been reached in the development of these applications and no,
or very little, progress has been observed during the last 10 or 15 years.
The following reasons can be mentioned as mainly responsible for this
situation:

1) The same technical limitations of all tracer techniques for
hydrological purposes.

2) The restrictions made in some countries on the use of radioactive
material in environmental sciences derived from safety
considerations.

3) The lack, in many cases, of appropriate communication between the
working groups dealing with these nuclear techniques (very
frequently local nuclear organizations) and the organizations,
institutes or companies responsible for the hydrological studies.

4) Progress achieved in the use of other alternative tracers for
hydrological purposes, especially, dye fluorescent tracers.

Under these circumstances, the IAEA considered it necessary to convene
an Advisory Group Meeting with the following objectives:

1) To define the role of artificial radioactive tracers for water
tracing in comparison with other non-radioactive tracers.

2) To evaluate the real needs of artificial radioactive tracers in
hydrology.

3) To identify the fields for which artificial radioactive tracers are
useful as well as those in which they can be substituted by other
tracers.



4) To discuss the strategy to be adopted to overcome the difficulties
derived from the restrictions on the use of radioactive tracers in
hydrology.

The meeting was held at IAEA Headquarters from 19 to 22 March 1990 and
was attended by 30 participants (12 invited participants and 18 observers)
from 15 Member States. The conclusions and recommendations are shown in
the last pages of this document.

A questionnaire on the subject of the meeting prepared by the
scientific secretary was distributed to the participants and discussed in
several sessions reserved for this purpose. The conclusions are also shown
in this document.

EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency have
mounted and paginated the original manuscripts as submitted by the authors and given some
attention to the presentation.

The views expressed in the papers, the statements made and the general style adopted are the
responsibility of the named authors. The views do not necessarily reflect those of the governments
of the Member States or organizations under whose auspices the manuscripts were produced.

The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of their
authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.
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APPLICATION OF ARTIFICIAL TRACER
IN POLLUTION STUDIES

O.S. TAZIOLI
University of Ancona,
Ancona

P. TACCONI
University of Perugia,
Perugia

Italy

Abstract

The paper describes three case studies where artificial tracer
techniques were used for the investigation of groundwater pollution. In
the region of Emilia near the town Modena, experiments for the localization
of leakage from rivers and channels as well as for the evaluation of
aquifer parameters were carried out using different kinds of tracers and
stable isotopes. In the region of Tuscany, the experiments were carried
out in two sanitary landfills in order to obtain information on the
groundwater dynamics and to identify groundwater pollution. Single-well
techniques and pumping tests using artificial tracers were performed.

1. INTRODUCTION
The use of artificial tracers is useful in all cases where leakage from rivers or

channels must be evaluated, as in the presence of low water depth or irregular
stream beds sections, and in all studies dealing with groundwater circulation.

Fluorescent tracers have a routine use in France at the Section d'Application des
Traceurs, CENG of Grenoble since several years for the measurement of flow rate in
rivers and they have also found to be in large use in many european countries for
groundwater tracing.

Nuclear tracers undoubtedly have a better behaviour in underground
environment than dyes or coloured tracers but their use is limited to few specialized
Centers due to security problems and the restrictive rules which regulate the use of
radioactive materials.

It is mainly for this reason that many people decide to use chemical or
fluorescent tracers even in the presence of a bad behaviour in the natural
env i ronment .

It must be pointed out that tracer technique is complementary to other classic
hydrological techniques, and it is however useful even in the cases in which it gives
only an idea of groundwater dynamics.



Direct measurements of groundwater circulation are difficult to be carried out
and only rarely the results are representative of the whole underground
environment, because the hydrologist is obliged to extrapolate the experimental data
to more or less extended areas.

The paper deals with three examples of application of tracer techniques in
studies on groundwater pollution carried out by measurements on surface and
groundwater environments in Emilia region, near the town of Modena and in
Toscana region, near the town of Florence.

In the first case, many experiments on rivers and channels were addressed to
the localization of leakage of surface water towards groundwater and other
experiments were carried out for evaluating the aquifer parameters. In the second
case, in Tuscany, the experiments were carried out in two sanitary landfills for the
evaluation of groundwater dynamics and of a suspected groundwater pollution.

2. MODENA AREA
The aim of the studies carried out in the Modena area was to determine leakage

from rivers and channels and aquifer parameters.
Experiments on leakage were made during two years on the river Secchia and on

four channels in the area between the towns Modena and Sassuolo (Fig. 1), in order
to localize the leakage zones and to evaluate the amount of polluted water going
towards the underground environment.

Measurements of groundwater and aquifer parameters were carried out near
the town S. Cesario sul Panaro in an area where a pumping station for water
supply was planned (Fig. 2).

The area belongs to the upper plain of Modena (Italy) near the Apennines chain.
It is constituted of two alluvial fans of Panaro and Secchia rivers, which are
tributaries of Po river (Fig. 2). It is formed by a gravel layer whose thickness
increases northwards, till a distance of about 10-15 km from the apical part. Then the
gravel layer is divided into several levels separated by lenses of impervious material.
On the front of the alluvial fans the thickness is about 200 m (Pellegrini, Zavatti,
1986).

In the upper part of the fans the gravel outcrops almost everywhere, while
northwards a layer of silty clay covers the permeable sediments with increasing
thickness. In this zone the aquifer is confined (Fig. 3).

Leakage from the Secchia and Panaro rivers towards the aquifer takes place in
the upper part of the plain. In this area most industrial and agricultural activities are
located.



Fig. l - Location of upper alluvial plain of the city of Modena.

Fig. 2 - Location of the alluvial fans of Secchia (A) and Panaro (B) rivers (after
Pcllegnni and Zavatti, 1980).
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Fig. 3 - Cross-Section SSW-NNE of Panaro river alluvial fan. I. Silt, clay and sand; 2.
Sandy and silty gravel and sand (a); 3. Substratum of the aquifer: clayey and silty
transiton and marine faciès formations (Pliocene-Pleistocene); 4. Effective
infiltration; 5. Unconfined aquifer; 6. Medium alluvial fan; 7. Confined aquifer, front
of the alluvial fan; 8. Alluvial plain (after Pellegrini et al., 1976).

Fig. 4 - Location of the controlled tracts of Secchia river and Fossa di Spezzano.
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Fig. 5 - Examples of measurement flow rate in the Secchia river and in the Fossa di
Spezzano.

Environmental isotope data reveal that the recharge of deeper aquifer levels is
due mainly to the runoff from the Apennines (8^0 = - 1 1 - « - -10%o) while the recharge

of upper levels comes partly from local precipitations and partly from the Apennines

runoff (618O = - 9-*- -8%o).
Tritium data indicate a good renewal of groundwater in the upper levels, directly

connected with the rivers and longer times of residence in the deepest aquifer levels
/10, 13A

2.1. Leakage from river and channels
The method is based on the measurement of flow rate made on several stream

sections by the use of an artificial tracer.
For this study it was necessary to use two or three tracers simultaneously due to

the fact that the channels were always highly polluted and the rhodamine 'did nothave

11



good behaviour. So for quantitative evaluations of flow-rate, NaCl was utilized and
measured in situ with portable conductivity meters, due to the small values of the

flow-rates (20 -*• 1800 1 s'1).
At river Secchia it was possible to gauge with rhodamine because of low levels of

pollution. The discharges varied from 6 to 25 m-* s'1.
Where the stream sections allowed measurement with current-meter, it was

possible to compare the two methods.
The experiments were carried out with successive tracer injections, starting

from the lower part of the stream, and each injection was controlled by one or two
measuring sections.

The measurements were made by utilizing both methods of instantaneous and
continuous injections at constant rate, depending on streams discharges, under the
indications of Guizerix and Florkowski, 1985.

The results obtained at river Secchia between the town Sassuolo and 8 km
downstream, allow to evaluate an increasing discharge in the first 6.5 km and then a
leakage for greater distances (Fig. 6).

Along the river "Fossa di Spezzano", which was controlled for a length of about 6
km, it was possible to localize a tract of about 3 km in which the leakage is about 40%
of the initial discharge (Fig. 7). Downstream the channel displays an increase in
discharge. The investigation of other three channels in the same area revealed
no leakage due to the influence of the river Secchia.

SPEZZANO CHANNEL

Fig. 6 - Variation of discharge along the Fossa di Spezzano. Down river profile and
location of measuring stream sections. Aq = % of the initial stream discharge Q0.

12
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Fig. 7 - Variation of discharge along the river Secchia near the town of Sassuolo.
Down, river profile and location of measuring sections. Aq = % of initial discharge Q0.

Generally the amount of increasing or decreasing discharge is a function of
initial discharge Q0, and the concentration of pollutant decreases with increasing

discharge and viceversa.
Considering the pollution problem which involve the Fossa di Spezzano, where

the amount of leakage may exceed 150 l s"1 for a length of 35 km of stream bed, it is
possible to suppose that very large quantities of pollutants may be carried daily
towards the underground environment.

In fact, concentrations between 3 and 80 mg I"1 of a given pollutant, may
determine an amount of injection towards the aquifer, from 40 to 1000 kg per day.

2.2. Experimental site of Cesario
The study was carried out in the area of "S. Cesario sul Panaro" at the alluvial

fan of Panaro river, where the aquifer has here a thickness of about 150 m and
contains fresh water of good quality /I, 8, 9/.

Hydrogeological investigations on large scale have given data on groundwater
circulation, on its origin and residence time. The application of tracer techniques has
given the values of the main hydrogeological parameters necessary for a correct use
of groundwater resources. Moreover the hydrological parameters obtained with
tracer techniques allow the determination of the protection area around the
pumping station.

The experiments were carried out in four boreholes penetrating the aquifer
from 40 to 140 m (Fig. 9). An observation well was drilled till the depth of 270 m
(Fig. 10).

13



The hydrogeological conditions show a phreatic aquifer in the first 60 m and
confined layers for deeper levels.

Twelve tracer experiments were made by measuring the transit time between
three piezometers and a pumping borehole (Fig. 11). Measurements with point
dilution method were made in each piezometer.

The experiments were made under different rates of pumping between 30 1 • s" *
and 130 Is" 1 of discharge, with drawdowns between 1 and 8 meters. The used method
is the well known multi-well method used by many people since more than 20 years
/3, 4, 5, 6, 12, 15A

The results show a good relation between the pumping discharge Q, and the
effective velocity, Ve, for Q > 50 1-s"1 (Fig. 15), while the relation between water
discharge, Q, and filtration velocity, Vf, displays a dispersion of values.

y^^üs .̂
' /' 'CTT-Dfl. tr-TTJ

SAN CESARIO p.
PANARO //

' ' 'W'

\ » 1.1 Vas-J.-----V i• e r \ \ \ \

Fig 8 - Location of the experiment site of S. Cesano sul Panaro.
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The values of aquifer permeability obtained by pumping tests and by tracer
technique differ (Table 1). The reason for this difference is probably due to the fact
that permeability obtained with tracer technique is the horizontal aquifer
permeability and that obtained with pumping tests is mainly a vertical permeability.

If we consider the permeability coefficient obtained from filtration velocity, Vf,
and hydraulic gradient, i, under perturbated conditions, utilizing Darcy's expression,
Vf = Ki, it is possible to calculate Vf and Ve under natural conditions. In fact by
utilizing the same values of K and the hydraulic gradient, relative to natural
conditions, we have:

Mean filtration velocity
of phreatic and confined
a q u i f e r

Mean effective velocity
of phreatic aquifer

Mean effective velocity
of confined aquifer

Vf = 0.023 m/à

Ve = 0.38 m/à

Ve = 4.6 •*- 11.5 m/à

These results allow to determine the distance to which observation wells have to
be located for controlling the arrival of pollutants to the pumping station.

80-

120-

Fig. 9 - Schematic hydrogeological section of the area.
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Fig. 11 - Location of the boreholes of the experimental site.
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Fig. 12 - Example of measurement of filtration velocity, Vf, by the point di lut ion
method in the borehole P3.
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Fig. 13 - Example of measurement of effective velocity, Ve, between P3 and PP.
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Table 1 - Hydrological parameters obtained with the multiwell tracer technique and
pumping tests, whose dicharge rates, Q, vary from 30 to 125 1 s'1.

Permeabi l i ty

Transmiss iv i ty

Dynamic Porosity

Mean filtration velocity

Mean effective velocity

Tracer techniques

Pumping tests

Tracer techniques

Pumping tests

Phreatic Aquifer

Mixed condition of
phreatic and confined
a q u i f e r

K = °-7 ' 10"4TR m

= 2.6 - IQ'4 m s'1

TT = 0.9 • ID'2 m2 s"1

= 3.2 - IQ'2 m2

nd = 0.06

nd = 0.002 -!- 0.005

Vf = 0.12 - 1 m d'1

Ve = 55 + 376 m d'1

3. HYDROGEOLOGICAL INVESTIGATION FOR SANITARY LANDFILLS IN
TUSCANY

The investigated zones are two, one is located ah the Apennines chain and the
other, 30 km south of Florence.

3.1. Area of Chiesino di Cupo
In this case, the aim of the study was to evaluate the possible hydrological

connections between a foreseen sanitary landfill and the surronding area (Fig. 16).
The zone is located at the Apennines chain at 500 m of altitude at the top of the

Torrente Carlone basin. It is made of hills whose morphology varies from place to
place. It is gently in the presence of shales and hard in the presence of limestones
and the area is mainly non cultivated and is used principally for grazing.

Three small streams crossing the area, are tributarys of river Sieve and Torrent
Mar ina .

Geologically, the area is made of marly limestone interbedded with layers of
shales (Figs. 17 and 18). The limestones, are characterized by the presence of
fractures cemented by calcite and are intensively tectonized.

20



The dip of strata in the area of the sanitary landfill is towards west.
A preliminary study was carried out with isotopic and chemical investigations

and several measurements of discharge on runoff and springs (Fig. 19).
The results show an irregular distribution of aquifer layers of low permeability

which feed small springs, characterized by a high variation on temperature and
discharge. Groundwater, which has a bicarbonate faciès, takes its origin from local
ra infa l l .

For the localization of linear springs along the small torrents crossing the area,
several experiments with tracer techniques were carried out during the period of
May-June 1989 (Fig. 19).

The method used is based on an instantaneous tracer injection and on its
recording in 2 or 3 stream sections downstream the injection point.

S\ '^-\ f^&3&£%i i t-Vi-i ---•:; ' r~v^~J-

Fig. 16 - Location of the area of the foreseen sanitary landfill of Chiesino di Cupo
and of the stream tracts controlled by tracer techniques.
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o

Fig. 17 - Geological map of the foreseen sanitary landfill of Chiesino di Cupo. 1.
Shales "Indifferenziato"; 2. Marly limestone "Alberese-Cretaceous"; 3. Al luvia l
deposits; 4. Faults; 5. Borehole for multiwell tests.
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Due to the small discharges characterizing the streams, ammonium chloride and
sodium chloride were used as tracers, measured in situ by a conductivity meter

For the evaluation of aquifer parameters, six boreholes were drilled in the site of
the sanitary landfill for measurements under natural conditions of filtration velocity
Vf, effective velocity Ve, and dynamic porosity nd (Fig. 20).

For the point dilution method in a single borehole, a concentration of 200 ppm of
ammonium chloride was used and for the muitiwell technique, under natural
conditions, rhodamine WT.

Figs. 21, 22 and 23 show examples of measurement of filtration velocity and
effective velocity.

The same boreholes used for tracer techniques were subjected to pumping tests
in order to determine aquifer permeability. The results obtained with tracer
techniques fully agree with those obtained by classical methods (Table 2).

SSW NNE

250 500 m

Fig. 18 - Geological Section of the site. AL: marly limestone "Alberese"; a: alluvial
deposits; SL: sanitary landfill.

23



Fig. 19 - Location of the stream tracts controlled with artificial tracers. 1: stream
sampling points; 2: discharge; 3: spring; 4: borehole.
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Fig. 20 - Schematic section of the experimental site.
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Fig. 21 - Evolution of conductivity as a function of time for measuring filtration
velocity in a single borehole.
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Fig. 22 - Evolution of the integral of conductivity as a function of time.

TRANSIT TIME BETWEEN
P5 AND P6 DISTANCE 10 m

Fig. 23 - Example of measurement of effective velocity between the boreholes P5 and
P6.
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Fig. 24 - Location of the sampling points controlled during 6 months.

Table 2 - Mean filtration and effective velocity, rock dynamic porosity and
permeability, obtained by single well and multiwell techniques and by pumping tests.

Mean filtration
velocity

Mean effective
veloci ty

Dynamic porosity

Permeabi l i ty

Vf = 0.004 m d'1

Ve = 0.24 m d'1

nd = 0.016

K = 1.4 • lO'6 m s'1
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The tracer evolution was controlled in springs and streams of the area during a
period of about 6 months till a distance of 3 km from the injection (Fig. 24).

3.2. Area of San Martino a Maiano
The aim of the study was to verify possible leakage from a sanitary landfill and

groundwate r .
For this study several boreholes were drilled around the area for verifying the

lithological and stratigraphie behaviour of the underground environment and for
chemical and isotopic groundwater investigation (Fig. 24).

The site of the sanitary landfill which is active since 10 years, is a small
catchment made by blue clay of Pliocene age (Fig. 25). The clay contains crystals of
gypsum and beds of sand, whose thickness is between a few centimeters to 4 meters
(Fig. 26).

l̂ JJ f̂erM <-"/

. - / ,- .-r.^^CU

-*<-'2V ' ' . • - . - ; . \ v . £J'?.^~--••'-*'-'ii«p^^z>r-., •.

Fig. 25 - Location of the area of S. Martino a Maiano (Firenze) and of the boreholes
controlled by chemical and isotope investigation. 1: sampled boreholes; 2: Deep
borehole equipped with 5 cells.
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Fig. 26 - The catchment area of the Sanitary landfill of S. Martino a Maiano.
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S. MARTINO A M A I A N O

SANITARY LANDFILL
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Fig. 27 - Geological Section of the Sanitary landfill.

Some sandy layers contain organic matter and concentrations of NH3 varying

from a few ppm to 25 ppm. Eluvial and alluvial deposits cover the valleys of the small
streams crossing the area. These sediments are made of sand and silt with clay lenses.

From the hydrogeological point of view the rock permeability is low either for
sandy layers or for the clay. The alluvia! deposits have a higher permeability.

The values of rock permeability evaluated by field tests are around 10~6 •*• 10"^ cm
s'1 for clay and 10'̂  cm s'1 for the sandy layers and alluvial deposits.

The sandy layers contain confined groundwater that, in some places, is artesian.
The alluvial deposits contain phreatic groundwater whose watertable is near the field
s u r f a c e .

The chemistry of groundwater shows a sodium chloride faciès with high
concentrations of sulfates (Table 3). The dissolved solid content is around 2-3 g 1~*.

Three field sampling campaigns of groundwater were carried out during 1989 at
boreholes and the leakage coming from the landfill. Isotopic analysis were made

of 818O, 62H and3H, 634S and 518O of dissolved SO4", 815N of dissolved NH3 and 813C

of dissolved HCO3-, CO3" and CO2- The results are listed in Table 5.

The results obtained from the analyses of 8 I 8O and 82H show a meteoric origin of
groundwater coming from local rainfall. The tritium activities registered, indicate
long times of residence for the confined aquifer and a rapid renewal for phreatic
aquifer of alluvial deposits (Table 4). The leakage displays high activities of tritium
(Fig. 26).
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Fig. 28 - Evolution of 634S and 5180 of dissolved sulfates.

The analyses of 834S, 81 80 of dissolved 804", show different origins of

environmental 804" and that of leakage (Table 5 and Fig. 26).

The results obtained bring to exclude a pollution of the underground
environment from the sanitary landfill, because of the absence of tritium in the
confined aquifer.
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Table 3 - Chemistry of groundwater and of leakate coming from the landfill sanitary.

CONDUCT. Ca++

fis cm"1 mg/1

IN 4650 102
S4 3120 62.0
514 3690 290
517 4685 41
518 4710 50
519 5228 47
520 3920 234
S21 3932 243
523 3990 51
524 3482 153
IV 3290 216
2V 4220 195
LEAKAGE so.ooo 143

Mg+ + Na+

mg/1 mg/1

127 816
18 407
350 214
65 866
59 936
49 971

344 314
367 276
146 687
153
291 478
274 214
71

Table 4 - Environmental tritium activities registered
1989.

N BOREHOLE DEPTH
(m)

1 IN m 65 46-72
2 IN m 95
3 17
4 18 20-28
5 19
6 23 72-78
7 24
8 IV 5-28
9 2V 5-30

10 4 10
11 4 25
12 14 9-17
13 20 10
14 21 25

15 LEAKAGE

DATE

08.08.89
08.08.89
08.08.89
08.08.89
08.08.89
08.08.89
08.08.89
08.08.89
08.08.89
08.08.89

08.08.89

08.08.89

K+ NC03~ Cl~
mg/1 mg/1 mg/1

45 976 651
34 691 283
6.0 873 177
32 1019
33 385 869
30 1150
19 634 240
18 662 284
31 636 626

648
20 1005 379
73 535 226

5625

in groundwater in Agoust and

3H TU±1 DATE

1.7 04.11.89
1.9 04.11.89
0.1 04.11.89
0.4 03.11.89
0.6 04.11.89
0.6 03.11.89
0.6 03.11.89
8.7 04.11.89
0.5 04.11.89
0.7 04.11.89

04.11.89
17.2 04.11.89

03.11.89
03.11.89

980 03.11.89

SO4 —
mg/1

849
553
1099
596
537
580
1317
1680
421
840
1159
910
106

November

3 H T0±l

1.7

0.8

1.0

9.1
1.2
0.7
0.5
12.6
0.7
0.3
1000
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Table 5 - Values of 815N, 534S, 6180 of dissolved NH3 and S04~.

BOREHOLE

IN

S4

S14

S18

S19

S20

S21

S23

524

S1V

S2V

Elution
from clay

LEAKAGE

ALTITUDE
(m)

163.632

79.378

77.979

70.892

72 .243

79.549

79.410

77.00

77 .00

76.166

74.656

——

——

DEPTH

(m)

100

26

27

33

30

15

30

100

30

28

30

——

— -

( N H 3 )

+ 1.88I + 13.17)

+ 8 .46

+10.46( + 6.39)

+ 6.69{+16.13)

+ 6.13

(+13.37)

+ 5.09( + 7.06)

+ 6.60

+11.32

+26 .27 ( + 9.41)

+ 8 .76 ( + 13.19)

S34s%o
BaSO4

-13.9<-10.9)

-15.9

-18.0

-10.9

- 8.0

(-17.8)

-11.8

-11.3

-21.3

-24 .2(+9 .5)

+ 5 .7 (+8 .0 )

8180%o S04~
BaSO^ n>g/l

+0.8(-0.2) 849

+7.7 1184

1099

+7.1 537

488

( + 0.8) 1317

+7.5 421

+11.4 1329

1262

(-1.6)

(+27.0) 80

NH3

mg/1

23

15

2.3-2.4

15-24

IB

6.6

12-18

9

13

5000
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TRITIUM IN RIVER FLOW-RATE GAUGING -
THEORY AND EXPERIENCE

T. FLORKOWSKI
University of Mining and Metallurgy,
Cracow, Poland

Abstract

Ar t i f ic i al tr it ium is used for -f low-rate gauging of
large arid turbulent r 3 ver % where* conventional methods can
not. be used und t. he-mi cal tracers arc- not -feasible,
as shown by comparison of various i racer s for large f low- -
r ate «i. Pub] ished so far repor t <=> on applications of t r i t ium
for i J (.HAI qauqinq is r ev i ewed« Several practical p fob Terns
in planning -AIid execut ion of measur ement are discussed«
These Problems o r e s the estimation of mi,'i rig length,
beg i nui nq „ duration and -frequency of sampling,, accu racy of
gauging,, Mvlhodology of measurement of tr i t ium samples and
preccai t i ui ic. l o a- /o ld contamination during ex per 3 ment are
a 1 SO d 1 '•-<:. U S<: fr Cl .

J , J n IT oui ic t i un

The uso of tracers -for measurement's of river discharge
is a we l l est ab l j she'd 1 ethnique« The application of
r -3d i oa<:t i vnj t racers for f l o w gauging was, in fact , oru.1 of
the &s>r l ies t app] i rat inn of rad i 01 sot op<?s as tracersï in
the f ie ld«
For sma I I rivers the chifiruc^i t racers are broadly in

use« Rad ioac t ive i r ac e-r s are also usEjd and are superior
<=»! I 01*1.1 ng for me isur ernonts direct in 11 it; field. "I heir
appl i ça t i on J * s , howover ,, l imi ted due to str i jnci rules in
= owe count r IF. a cone tor n i n g radj olog i cal hazard.

For 1 cir qe river'; f<iay above ':/Ut"^ in^/s) the necessary
amoLint of- trat, t-r <r adi o<_ic ti ve or non radioactive) is h3 çih
and c o s t l y * Addi t ional obstacle can be the serjuus
r ad joJog i ca l hazard dur ing transportation and jn ject ion
cjt- high radioact iv i ty« In large? rivers,, espocioily during
high f lood periods the discharge measurement by
c unvon Lional technique is pract ical ly impsossible^ and the1

only chance tor cal ibrat ion of rat ing curves -for high
f l ows is -the application of tritium t r a c e r » Tritium
cannot be meas-ured direct ly jn the f j e - l d but requires the1

laboratory equipped with the liquid scintillation
counter. Precautions to prevent contamination of samples
are also necessary« Table I summer ires the measurements
done w i t h a r t i f i c ia l tritium tracer in various r ivers»

The tracer technique seems to be simple, however,
several aspects bring s t i I I some difficulties in
pract ica l use,, To mention the most importants estimation
of mixing distance which is the function of the f low-rate
and turbulence, est imation of f low-rate measurement
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cicruracy tiht.-n no complete minnq was observed, planning
of samplinq procedure, amount of tracer -far « ing le
i n i'-'ct i on et <_ „

The l i terature at the subject is i'it.h and experience
collected clur i nq many year*-" of use of t r a c é e s fnr rave r
f low-rate gauging allow fnr formulation of several useful
rules,. The» use of radioact ive tracers in river - { low
gauging wn'-s revj ewed by Dincer [53 and Guirerix and
F1 or tows ! i il 6 J .

"f iable I, UiH,e of t r i t ium for r i ver f l o w gauging

Hiver Flow ra te Activi ty Year F;e f
m~V«5 used (Ci )

Tana
<!• enya)
Rivers ut
Zi mbabwe.
Rufi u
( Tanz an i a )

1- el am
<. Sr j Lan i & )

100 - 550 8 - 40
70 - 500 3 - 24

85O - 2oOO 7 - 1 2
80 3

1968

1971/72

1982
1984

Lit 1

l"2J

C31

143

2« Compel' i soi i of tracers

In or der bo compare
needed for measurement
c ssu me the i n s t an t an eons

the amount ot varinuir» hr^rers
of a given f low-rate, let u^

i n 3 ec 11 on met horl. Tl ien ;

o = r
where 0 x% the f l o w - r a t e Uns /o)

A 3 s l he amount of t racer
c* is t ht- (iienri tr a(_f=r concentrat ion at the samplimi

p o 3 111 in 111 e 11" a c c- r pul s e
T is the dura t ion of tracer put <ie <'-.-)

For est imat ion of tracer amount tor a qi ven f low r ate
it i <=> aiasumed , that s

- good f î i J - t i n q of tracer occurs
- I he mean tracer concentration in the puJ <=e IB 30 time1.-,

hjqher Mian the de tec t ion l imit for this? tracer,.

Table t l l \ ̂ ^ "3 t racers, both chemical and radioactive,
and their de t ect i on l i m i t * f ab le ] J I shows the amount of
tracer necessary for gauging a given f l o w rate«

It i <= obvious Ihat for higher f l o w rates B t r i t i um
trat er is the be?1,t practical! option. The radiological
hazard connec i-ed wi t h transportat ion and handling of
t r i t i u m a c t i v i t i e s in order of tens curies does not mal-e
a serious problem.

For small r ivers gauging in remote areas the isotope
generators such as l J ""Sri/l l~!mln and <St(36e/<t>a6a could be

considered» The parent isotope has su f f i c ien t l y lonq

36



fabln . IJ „ Detec t ion 1 urn l - f o r van oui:; tracers

Tracer Ttx=»

IMaLl
Phodann ne -1*11"
" """Br „»o h
1151 J 8 d
~'eCo 71 d
&':'Co 5. i y

-*ASc 84 d
1 ' °'"Aq 255 d
Tritium 12.4

Form

Sal t

NI-UBr
1- J

Co (CM) <i,
! CD 'CM; A

ScEDTA
Ag f CN) •*

y H-aO

Uetec ti on
1 1 mit

l-g/1 DI- Ci/'l
5* 1 (_)--<=»
1 * 5 0 - *"

7. 5*-J O™1 l
8.0*JO"-1 x
5*1 O"1 1
3*1') - *• *•

3*LO-J l

2*1 O-11
6*10" *• 1

Sampl e
voJ u me

20 ml
10 ml

Immers.
Immers.
Immers.

Immers.
Immer s.
10 ml

f Immer s » means immersion of the counter directly in
river.>

l J ] „ Compar i son of t racers- -for r i v e r { I ow gauq inq .

fr a L er

NaC l
RhocLWÏ
1 -3 t J

WÄJ.JP
"/eCo
**3c
1 1 Omßg

T r 3 i ium

Av. Cont.»
1 q / m"* - --

5 ^ 1 LÏ - "**
I K- j 0 - »

OftlO"'7
7 „5*1 0--"'

5* lO™"-"
3* lU"''
2* 10""-"
6. 1*1 V '

Amount

JOO m"'- /s

90 1- q
1.8 Ig
144 mCi
i '5 mCi
90 mCi
54 mC i
36 mCi

115 mCi

of tracer

500 «F,

750 \ q
15 1 g

1.2 Cj
1. 1 Ci

ü. 75 Ci
0.45 Ci
0« 3 Ci
0.96 üj

for qiven

's 1000

4500
90

7« 2
6.7
4.5
2. 7
1.8
5.8

f ] ow-rate

m* /s

iq
1- g
Ci
Ci
Ci
Ci
Ci
Ci

h r f l f 1 i f Q ^ 1 1 5 d -lys and 27b days, r e s p e c t i v e l y ) for one
s<3t.*£-on qaugmq c -ampa tqn and the daughte r isotope ( 1 « <S6 1»
a r id t>B mm. , r^cpe'- Li vet y> ha<.> a h a l t l i f e proper -I or one
q a i i g i n n . Tli'~- qr j rpm^ r a d i a t i o n f r o m dsunhtor isotope«» J <--•,
ea ia i l / mc"-i^iu' :ib] •? w i t l i s>ci nt i l l aL t on counter immersed
rjj r eût J y 3 n the r 3 vet- „

Mi ,' l '?f

The discharge measurement by dilution of tracer is, in
principle,, v a l i d when the uomple-le mixing of tracer
C ' C f* l ' V ""V n

The p r o b l e m of m i x i n g i n r i ve r s i <b d e e p l y discussed by
F is rher e t „ a l . L 73 and HoMcy et a] ,. C 8 3 „

Al I houqh some conven t i ona j f o r m u l a e , such a<s> g i v e n by
IV'-"'riy and Johnson T V 1 ] , Glovor T i o l i or Yots-ol-ur a and Cobb
C ] 1 J can of for an adequate a p p r o x i m a t i o n of m i x i n g
l e n g t i » , however , t hey r e q u i r e d e t a i l e d i n f o r m a t i o n o n t h e
hydrau l te ont! guom«1! r ica I p rope r t i e s o^ the 4 1 ow, wh ich
are in pr act J re? not readi I / def i rial; I fc.
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The rout j n« application of tracers for di schar qe
measur ements i-equire a simple and quid method for
estimation of mixing length» Basinq on exper iment 3 l data
one can -f i n d the» -foJ losing cone.] u<- i on«,s
1« For mountajn, turbuJent streams the1 good

appro;-1 mat L on 3 s
L = 25 w

where w is the wi th o-t the streamr This approximation
appears to be true for either center or side injection.
The side in ject ions do not appear tu increase the» mixing
length r 123.

2. For channels and slow streams the ratio of loriqituclal
to transverse dispersion coefficient';. is about ^ and tine
ratio of of Jongitudai tu ver L in ai coeff icients is about
4 H33«The £ide in)ect ion increases the mix ing length by
faxt t or o-f about 3,

Pisch(?r f 13J has us"d the - fo rmu la which yields much
to larqe mi;; ing lengths s

L - 100 w^/d

where d js depth of the r iver,

Z* Ward II14"J analysed the question of mi;;inq basing on
theoretical and p rac t i ca l approaches» One can der ive the
pract ica l formula from his cone L union's i

L ~ 7 w^/d

IL can be noted thai Ward's mining length IIE 14
times shorter than that of Fisher»

4,, The Hu] J formula l" L53 is simple and usefuJ for first
est j mat i on of mi >• i ng l ength s

Formula js valid f or c o-n t er injection, for si La
3 n lection the mixing ]<?nqth increases hy factor of 4„
This formula, in general, underestimates the mixing

length but is a qood practical f i rst approximation»
In obtain ing the formula Hull has assumed that

transverse and 1 on 131 tudal dispersion coe f f i c i en ts are
equal, the width to depth r a t i o 1% 10 and the stream
velocity beinq

These assumptions are not always true. In river Ruf 131
(Tanzania) the relation found from records on current
meter gauging is»

v = 0 , 0226 D3 ' *• • T
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Whun no a^'-vump t i on concerning the i^KJth to depth ratio
;= made, one» obtcuns,s

Vw'd
5. if po<vs.i L ! e, i n j e c t i o n s h o u J U be mado in the c en L er

ö l the f l e w Mint c i J w a y E the center o f - the f l o w 35- the
= ame ,-"!<"- L i n e 1 con t or of the r i v e r ) .. Mur row, deep reach of
the- r L vor J':- d bel ter choice 1 hart a w i d e , sha l low one»

6. Somt.'t L fïio<-- dt L e m p l i >:> mack' to m a l e m u l t i p l e i n j e c t i o n
( ~ i mu] "l aneou'-: I / in %<.-:• •>/ t1 r ol p o i n t s ai:roi»s the r i v e r ) . Such
ut j ' - 'C i " i i ut '.UT. r Ot><= e< thé i ï u ; ' i n q l e n q l h , , however the
m j i v c t i o n procedui ' e i « di H i c u l t '-i;= the e» inounL of t r a c e r
i i . i t » ' . ( " i l in t"-\c h p en n L <: hou l'l h'' p r op or ! tona l ta the
{ J uu.

-1, E î - x m p l i n u d ui- ut i o n , t r a t r - . r a r r i v a l t i mt- and Frequenr. v
of «-c - inp] j 11 n

L m p C ' r t a n l f c i c t o r f o r '^uciuva« f u ] r i v e r f l c j i - j q a n g i r i q i s
tl ' ic- r i ' - i t i t e^l ) i ï i < _ ' t 11 «n o { t r u« er arc i > / a l t i sne and dm1 a^ i fin
öl l racf - r I R I ! r '?»

L- per i c i K t » {rc ' in rivr-i ' qaiiq i nq W3 th fcr i L i um tracer sho^t.»
t r u ' l l h e > r ci l 10 of p n j < = e dur ü t j on tu 1-,-acc-r a r r ival 1 i nie-
n o - e r fxcc 'U'd ' - 3 , u „ ihi'.. r j t l j . i i i jocre-i ' ies w M ' h i n c r e a s i n g
d i -.t^nre ü'?tne(in the i n j e c t i o n m id ( -ôinpl j nu p o i n t and
<.,r t- ' i ii 'H, to i l o ( n.ju >'=• i " i t 11 UK rt-a- um f l o w r a L ( . » f a b l e IV
iJ l n 1 : I t «il.pi-: t l i e ' - e !-ac I < : , ohsor \'F'd in r.fvt-rr a l r i v e r q a u q i n q ,

T a b J e ]V , ,T race r ori"] val and puls -e dur ai ion

F o \ e r ! J c»w rate? A v , , v e J D u r a t i o n Dur « / A r r . R e t „
m" 5 / < = , m/s min

[4]

L J J

T 33

C 2 1

1 e l a n 3
<S\-i La ni s
T a n a
U en ya )

Pu-fj 11
( fan»: dm a)

Ri vers 3 n
Z i mbabwes
In va gun

Mazoe
U mm at i
Um f t t l i

/o
)

1 06
,27"0
550
8 'if >

1025
20OO

Ü7
72

J4.'
126
2 3O
4VO
5Jo

O„ 7

2» 1
J „ 4
**• u "^

1 .9
J „9
;b „ 6

1. J
J „0
3 . 2
3 „ 3
I „ 6
3 , 3
1.4

20t'

-T. ™-(

50
4 U
90

I/O
J 00

1 »

1 . S-
2.4-
l "i _

J .
l„
'"i

1.
2 n

2 n

-";

3

1»
1.

o

2 « 7

2„6
/-, -v

5
•1
2

2
t»

9
0
0
1
6
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For practical estimal ion of t racer a r r i va l t ime one1 can
use well v i s ib le - f loats Ihr own to the- rj -'er at the
injection point e » q „ 10 minutes before tracer i meet ion.
When they are spotted ait the sampling pen nt , the sarnplinq
procedure should st^rt and continue for duration three
times longer than the arrivai time.
Siunpljnq frequency should be chosen in the way that at

least 10 to 15 samples are col lected during t hi? passage
of the tracer pulse»

The tails of the tune-concentration curve-s are
exponential. This al lows the extrapolation of the
concentration values beyond the peal if for some reason
sampling has been cut short H I ] »

5. Accuracy of f l ow rate measurement

The conventional methods of river discharge
measurements based on velocity - ar C-M cal cul ati on af ter -
veloci ty measurements with current meters can be
accurate, however j n p rac t i ce the accuracy of rating
curves is seldom better than 15 "/»„ and sometimes as 1uw
as 50 X, especially when extrapolation JS made for higher
f low rates. Fig,l shows such example in the cane of river-
Tana in I'en y a 1113 and F j g . 2 in river Ruf 3 ;i in Tanzania.
As seen in both figures the possible extrapolation o-f the
ra t i ng curves beyond the measuring points leads to large
er r ors»

25

W
Ed

Cd
3E

H
U
M
Cd

Cd
O

O

20

15

10

MAX. ESTIMATED GAUGE HEIGHT (1961) DISCHARGE 4 OOO M /S

MAX. RECORDED GAUGE HEIGHT (1967) 24.0 M ———————————

POSSIBLE EXTRAPOLATION,

TRITIUM
GAUGING

GAUGE HEIGHT 16.5 M
DISCHARGE 553 M3/S

. y
APPROX. 101 OF MEAN FLOW
IS ABOVE THIS DISCHARGE
ABOVE THIS DISCHARGE

„CURREJTT METER GAUGING
CONSIDERED ACCURRATE

CURRENT METER GAUGING
'POSSIBLE BUT INACCURRATE"

CURRENT METER GAUGING_
"ALMOST IMPOSSIBLE

1000

DISCHARGE M3 PER SECOND

2000

Fig. 1. Rating curve of Tana River at Grand Falls (Kenia);
period 1948-1968.
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Gauging points (mean values)

sm leee isee 20» zsae 38% asee
DISCHARGE ( m / s )

Fig. 2. Rating curve of Rufiji River (Tanzania).

Radaoa< l i ve tracer«, used in small streams qive hiqh
ace u r ac y 163 „

When good m i ï ï i n g is achieved at the sarnpiinq po inL the
a c c u r a c y of meai&urement x s la mi ted only io the accuracy
01 injected activity and accuracy of measurements of

Us»aJly the absolute ac t i v i t y of the used tracer
necessary to be I itown as the small amount of
a r t j v s l - y is diluted and measured together w i t h

Tht? resulting accuracy can be as ha gh as 1-2

i s n o t
initial
s^tnpl es»
per cent

In the case when t tie sampling station is si tuated to
of the tracerc J o s e to the in ject a un point and the mixing

is not complete, the mean values of tracer integral f r o m
two opposite sampling pointa ( r ight and le f t ban I-s of the?
r iver) should be tal en for calculation. As shown by
experiments II41 uuch approach can decrease the
measurement error by factor of two to three»
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i-arnp J es >. o l J e c t e d
!• i nü of liquid

however, a modern
and a nod e f f i c i ency

6„ Mea^ur 6>rnei it D F t r J t 3 um samples

For a »sa/ of t r i t i um conient in
during d ischarge mea->ur ement any
'H>c j nt i ] i at i an counter can bo us-ecl,,
count or w i t h automat ic samp IP changer
j 5 pr(?f or obi e.

Samples ran be counted w i thou t previous d i s t i l l-d ton
but the suspf-nded sédiments must se t t le before-» pi ppet ti n g
Weiler f r o m Lhe hott Lis. Ruady to use sei n 1 3 i L a t i on
cod tai ls äs fri'stagc.--! or F' jcu-fluor (Pac! ar d [ n t „ > are
app] ied„ After m i ' ing the cue! t ai l W3 t!"i water samples
t-hnuld he a l l o w e d for decay of phosphorescence ex c i t ed
dur 3 ng p r opar at 1 1 TI by I iqh t»

I he.1 q etu-ret l p rac l ic '? t *» to measure at first several
samp Lea • e. eu oviyr y - f i f t h ) 1 rom u-cif.h sampling paint 3 n
ordt?r to loc _*J j.;:*= the tracer pul«s<=« Later aLi aampJes
cohering She t r e u e r pulc%e are ac c ur a t eJ y riic;<3S<ur ed . The
niean concen t ra t i on 01 trar.fr during thc> t racer pac>saqe 10
Hc-i] c ul ai oci a'=> the mfes-in c oncrcTi Lrat a on of trj l- iuni in all
sampleu in the pu ls - r» . Bumelnnes also the- tho composite
sample (.an be.1 prepcir rjd hy nu,; ing c.-qu<-i] ciinoun t •=> of water
from alt Ihn <5amp i t?<» in the puLso. The composite sample
incj, :->uronienH- pi- ov3 d'-'S^ a crasse h DC: I KO th the csl ciü stcct
mc-<n com. (?nt r <.< t ion . As u bac! qr ound sample: the river
wst i? r <".o1 Lee led be-fore the t race r inject 3 on 3 s used.
Measurement of -amples - f rom one- r iver q TUCJ i ng can he
c oinpl et 6>d in ucvercil dsy%»

1 he e f f s c j c - n c y of mciclern liquid s c i n t i l l a t i o n counter1*
f-d as a riumber of " i „ L l „ per cpm (counts per minijte)
betwoen 4o and 80. Bacfgrour ic l value* < for pj ji-tit
is be-twc-en 1"' and 6 c f im. If the niJinmurn detects on

dfa-f tried as lu t imes standard rioviation of
raunt r ctte the r e'= u.1 1 3 ncj f i gu re for t tie

1 i m j t is si i own in Table V -for three various

e"pr rea
ranyo<_->

isl imit
bar! gr ound
detect ] on
counters»

As seen f r o m the table essential is a cou n t or i/u t h low
haci gr ouncl and high e f f i c i e n c y ( l o w T U / c p m ) » Ihe counter

be opt i m* I i ,:od for + r j t i u m counting hv proper
window and ii.eun»sélection i.if

7 F'r <-n\ of r r .n I ami na 1 1 on

A.-„ cnen t i onc-MJ e<3rlier the j mpoi l-mt prur eqiu s i L e for
successful d iächarue dieasur fcine-nt V J i t h t r t + i u r n is to avoid
Ihn r ontami nat j on in every <= taqe of er per i mun t »

Table V» De tec t i on l imit for t r i t ium assay

unter

A
B
C

Bl- gr»
cpm

2.0
4 . O
5,0

EH ,,f ig,,
TU /cpm

40
60
SO

El- gr . st „ dt!v„
for 60 0 min
coun LJ ng
'.) „ 05
0 . 00
0. 1

De t .. l i mi
! „ U „

20

80

L

42



i une e {•<-.«:, shown that a ser ious tritium con t ami na* i on
niuy happen ilurinq por t i on ing D-f hi nit A'. L i v e t r i t ia led
watc» '» It i;> 1 lier <:-f or e ad^'i nab i t- ho provide the tr i 11 at e»d
viuter for i u )< a ' : t-i on in seated glas<= amp oui'". HJ. til proper
ac 11 vj t J es,, f it iec !• J on 3 <:> made- h / c r u<~hi ng 1 he ampouJ e
i*»i Lh c» «simple1 >1 f - -1 c. o „

Fho pai I i ucj in =i I ' >r i A I of ampoules w i th tr i L i s t e d water
del i N. £.>)- 10 d by l hcj i.animeru a ̂  l -f j r m is, hi qh] y L ont «s na n ci t ed
«ind ühou l d be i rtime'l t at (?1 y dj spoisHid and nol transported
with other yquj pm^nt en q » ^arnp] ] ng bol t i es. One t] äug in q
camp-t im n in riv^r B'n-f i j i in T(3nzania nat> ] ost due.1 to
rorit ann n^t t on n-f many s-.iinpl^ng bottlos t r anapjor ted an otip
box i<>ntli apxl l ' ï 'd pacl^ i ng muter ial „

Dur ir ig l f i ti um inucisur emertt'ö J n 1 l~us I aboratary
n'jrni-rU pr er at ' l K in1" should be under t al en.

Rodi u L on j c <->} I.J.-J f G. t y r.ori%3

fr 11 M im hplomjs to t hie qroup o-f r^^dioj sotopt-s wih the
L \' <\d i n| u!) i L. a ! hazard» l he annua l L i mi L o< in Irai ö

' A L 1 ) is J*J0 1 0 Bq ot t r i L i = i Leü water -for occupat iona l
per s on ri o 3 <-.<nd , c on^e^tient l y 10 limes lower for member M
populat ion H l w 3 . H fol luw«b that t-cii:h member o-f
pupuJ ati un c^n dr i nl da i J y 3 ] i t é r a i • »-f w^t er wit l i two
nul I i uns o-f T „ U „ FI IMS i l lustrates that there -3rs no
pr ac._M r a ] pr obi edit w i t li thie^ UHC of t r i t i u m <-nr a traeor
f r u m the j i ' j int o-f v i r^ o-f raü i o l ( jqi ca J s a f o t y „ fhe

• one entrât ion o-f l r i t in m Jn l he r j ^er at the f i rs t
^.aiuplini; point it> always se-veral orders of rnai-jn
lower than 1 he pc?r mi « ÎKJ b] o level for d r j n i i n q w a t e r .
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APPRAISAL OF THE 85Kr AND PROPANE
METHODS TO DETERMINE REAERATION RATE
COEFFICIENTS IN LARGE RIVERS

J.S.F. ROLDÄO
Universidade Federal do Rio de Janeiro,
Rio de Janeiro, Brazil

Abstract

85A brief review of the radioactive Kr and the inert
gas propane methods, the most commonly gaseous tracers used
to measure "in situ" the reaeration-rate coefficient (KaJ is
presented. An improved apparatus for injecting the 5Kr,
tritiated water and fluorescent dye tracer "cocktail" is
proposed. The possibilities of applying these methods in
large rivers are discussed.

1. - INTRODUCTION

Dissolved oxygen is an important measure of the
water quality of surface waters and reaeration is one of the
main sources of dissolved oxygen.

Reaeration is the physical adsorption mechanism of
the oxygen from the atmosphere to water body, and the
reaeration-rate coefficient (Ka) is the coefficient that
synthesizes the rate of this transference.

The important role of Kz when mathematical water
quality models are being used to predict the dissolved
oxygen concentration in rivers has been stated by St. John
et al. [20].

Reaeration-rate coefficient can be estimated by
several theoretical and empirical equations [15] or measured
"in situ" by experimental methods. In general,the
empirically based equations were developed from data
collected from small rivers experiments with flow rates
ranging from 0,5 m3/s to 20 m3/s [7, 13, 15, 16, 28, 29],

The three primary methods to determine K2 "in
situ" are oxygen balance, disturbed equilibrium and tracer
gases. The limitations of these methods have been discussed
by Holley and Yotsukura [9].

In the last few years gas methods have been widely
used to measure Ka directly, in small and middle sized
rivers as far as the use of oxygen balance and the
disturbed equilibrium techniques became less important.
The radioactive 85Kr gas technique introduced by Tsivoglou
[21, 22, 23, 24] has been succesfully utilized in other
countries [16, 25] and it is still considered to be, in

35principle, the most precise technique. Although the Kr
method had been accepted by the U.S. Environmental
Protection Agency its use has decreased in U.S.A. due to
possible negative public sensitivity and rigid radiological
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protection requeriments. As a result of the efforts
undertaken by the U.S. Geological Survey, Rathbun and Grant
[14] have introduced the so-called "Modified Tracer
Technique" in which the radioactive gas Kr has been
replaced by an inert gas (usually propane). Later, stable
isotope krypton [10], methyl chloride [26], and
dichloridifluoromethane (Freon-12) [5] have been proposed
as alternative inert tracers.

2. Mathematical Background

2.1. Krypton Method

The two concepts which are the basis for the
experimental determination of the reaeration-rate
coefficient (Kz) with the help of a gaseous radiotracer
(85Kr) and a reference tracer ( H) , are mathematically
expressed by the following two equations :

KKr At In

where,

c
K r

C
H

Cr 1K r

C
H

d

u

(1)

K = desorption-rate coefficient of 85Kr
(basis e)

At = transit time of the flow (or tracer)
between sampling stations

Kr
= ratio of the concentration of
QC oKr and H at the sampling
station

= indicate downstream and upstream

and
KKr

K2
= 0.83 ± 0.04 (2)
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According to equation (1) the desorption - rate
coefficient of a moving cloud of Kr instantaneously
released in a river is computed by a formula based on a
first-order reaction kinetics in which a correction taking
the dispersion into account, has been introduced. This
correction is based on the assumption that the dispersion
characteristics of the noble gas are the same as the
conservative tracer (or reference tracer) H which is
simultaneously injected.

Equation (2), experimentally obtained by Tsivoglou
and O'Connell [21], enables the transfer of the obtained
results in the case of krypton to that of oxygen (Ka) . This
ratio can be considered constant for a temperature range
from 10 °C to 30 °C and is also unaffected by turbulence or
surface pollutants.

A third additional equation commonly used to
correct the temperature effect and to refer the results to a
standard temperature (in general 20 °C) is :

K2 (20 °C)= K2 (T). e (2° ~ T) (3)

where,
K2 (20 °C) = reaeration - rate coefficient at 20 °C
K2 (T) = the same at temperature T, [°C]
T = actual temperature, [°C]
e = correction factor = 1.0241 [°C -1]

2.2 - Propane Method

Due to the low solubility of hydrocarbon gases in
water, the injection of propane cannot be instantaneous as
the 5Kr one. Generally, the injection of propane is
performed during one or more hours by bubbling the gas
through the water column. For the propane method Eqs. (1)
and (3) are also valid and applied. Depending on the
duration of the injection and the distance downstream of
measuring sites, the observed passage curves can have either
a gaussian shape or reach a "plateau".

Like in the radioactive technique, the inert
tracer gases are assumed to be lost to the atmosphere only.
The ratio between the desorption-rate of propane and Ka,
experimentally determined by Rathbun [11] at 20 °C , 25 °C
and 30 °C and different mixing conditions, similar to Eq.
(2) is :

= n 72K2 °-72 (4)
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where,

K = desorption-rate of propane

Most studies carried out in U.S.A. [1, 6, 7]
have used Rhodamine WT to substitute tritiated water as
reference tracer for propane. Some experiments have been
made in the Federal Republic of Germany [3, 8] to use
Sulforhodamine G (acid red 50 - color index 45220) to
replace 3H in studies involving 85Kr.

ocSince Kr and propane are the most commonly used
gaseous tracers to simulate the oxygen transfer process, in
the following section the possibilities and difficulties of
extending their application to large rivers (discharge
> 200 m/s) will be commented.

3. - TRACER INJECTION

3.1 - Krypton Method

In earlier field studies the injections of 85Kr
were easily done by using small water-soluble capsules
containing powdered kryptonate. In this form the 85Kr gas
was attached to a hydroquinone that could readily be
dissolved in water releasing the krypton gas [22].

At present the radioactive material suppliers
offer Kr in gaseous form only, either in glass
ampoule (activity < 2 Ci) or in stainless steel
cylinders (activity > 2 Ci) . Due to this fact new injectors
have been proposed in order to dissolve the content of the85Kr ampoule in big glass bottles in which tritiated water
and a fluorescent dye tracer are also diluted in degasified
water [8, 16, 25].

An improved injecting apparatus designed to
perform the injection of the "tracer cocktail" in the
necessary amounts for large rivers studies is shown in
Fig. 1. This apparatus can be operated from any existing
bridge or elevation above the water surface with the help of
thin ropes and a small hand air-pump. The ropes are used to
keep the aluminium container above the water surface and to
open the stop-cocks. A positive pressure introduced by the
hand pump in the upper plastic tube creates a siphon
which performs the injection of the tracer cocktail at any
desirable depth.

Steel cylinders are an economic option for the
purchase and store 85Kr in countries where this tracer is
not readily available. However they have the disadvantage of
requiring a special vacuum line to fill the glass ampoule
with a fraction of the total activity, what increases the
handling and also the radiological protection problems.
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PREPARATION STEPS.

A- g l u e the
a m p o u l e ( 1 )
of the m e t a l

85
K r glass

a t the end
r o d ( 2 ) .

B- p l a c e the magnetic
s t i r r e r ( 3 ) I n s i d e t h e
a l u m i n i u m c o n t a i n e r .

C- f i l l - u p the c o n t a i n e r (4 )
w i t h pre - d i l u t e d dye
t r a c e r + t r i t i a t e d water
+ d e g a s l f l e d w a t e r .

D - c l o s e b o t h s t o p - c o c k s ( 5 )
a n d f i x t i g h t l y t h e t o p
c o v e r ( 6 ) .

E- c r a s h the g l a s s ampoule
( 1 ) a g a i n s t t h e b o ttom b y
p u s h i n g t h e m e t a l r o d ( 2 )
d o w n w a r d s .

85
F- d i s s o l v e the Kr bubble

b y s t i r r i n g t h e "tracer
c o c k t a i l " w i t h t h e
m a g n e t i c s t i r r e r ( 3 ) .

G- u s e the g l a s s w i n d o w (7)
to c h e c k t he e x 1 s tance of

85
K r a n d a i r b u b b l e .

H- s c r e w on the u p p e r screw-
n u t ( 8 ) t o p r e s s t h e
r u b b e r s t o p p e r .

Fig. 85,1. Injecting apparatus for "Kr,
tritiated water and
fluoresecent dye tracer.

3.2 - Propane Method

The efficiency of propane absorption by bubbling
through porous diffusers is rather low (less than 20 %).
This fact is not relevant when carrying out experiments in
small rivers since the gas, commercially available in large
cylinders, is inexpensive [9, 14]. Further detailed
information on propane injecting devices are shown by
Kilpatrick et al. [12].
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Typical problems occuring during propane injection
are the difficulty of keeping a constant injection rate and
the freezing of the gas cylinder when high injection rates
of propane are necessary. In large rivers studies the
latter problem can be indeed a practical limitation.

4. - SAMPLING DEVICE

4.1 - Krypton Method

Sampling devices must avoid gas bubbling during
the filling up of small glass bottles (50 to 500 ml) that in
general are used to take water samples during the passage of
the tracer(s) clouds at measuring sites. A simple device
such as the one shown by Günthert et al. [8] or more
elaborated ones like those suggested by Ursin et al. [25]
are sufficient to prevent local losses during sampling.
Thin aluminium foil must be placed between the glass bottle
and the plastic lid to avoid gas loss by diffusion.

4.2 - Propane Method

Sampling devices for propane do not widely differ
from those recommended for Kr and the addition of
chemicals is often used to prevent any microbiological
decomposition during long storage.

5. - MEASURING TECHNIQUES

5.1- Krypton Method

Both radioactive tracers ( Kr and H) can be
simultaneously measured by liquid scintillation technique,
as suggested by Cohen and Setser [4]. Glass counting vials
are prepared with 10 ml of river water samples and filled
up completely with a liquid scintillator suitable for
aqueous samples like INSTAGEL (brand name from PACKARD
INSTRUMENTS). As only a small portion of the total sampled
volume is used, the overall counting efficiency is rather
poor. In fact, this is one of the most important limitations
which makes the extrapolation of the 8 Kr technique to large
rivers difficult.

ocExtraction of dissolved Kr from larger water
samples (i.e. 1000 ml) following a procedure similar to the
one adopted by Salvamoser [18] could lead to a solution to
overcome this serious limitation. This problem was in some
respect faced by Günthert et al. [8] during two field
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3experiment at the Lech Channel (discharge around 100 m/s)
and later by Behrens [3] at the Main River (discharge
around 70 m /s) .

Fluorescent dye detections are done in the field
with the help of a portable fluorometer (i.e. TURNER model
10) with a proper filter combination.

The results reachead by Günthert et al.[81 at the
Schleissheimer Channel (discharge around 0,7 m/s) have
suggested that Sulforhodamine G could be used as a
conservative tracer in small river experiments and thus
replace tritiated water as reference tracer. When this
situation occurs an efficient and more accurate method for
the measurement of dye concentration as the Synchronous
Scanning Method introduced by Behrens [2] would be
recommended. That the substitution of tritiated water by a
dye tracer could also be extended to field experiments
carried out in large and polluted rivers has not been proved
yet.

5.2. - Propane Method

The analyses of the dissolved propane in river
water samples are made by gas chromatography technique. The
original analytical procedure and the required apparatus for
stripping and measuring propane are shown by Shultz et al.
[19] . Recently, the analytical procedure has been
simplified through the introduction of the "head-space"
technique (Holley, personal communication). The total time
of each analysis has been strongly reduced by keeping the
same minumum detected concentration (around 1 mg/m ).
However at this range of low concentrations some problems
concerning to reproductibility and linearity may occur.

6. - KRYPTON AND PROPANE METHODS APPLIED TO LARGE RIVERS

In order to discuss some problems which arise when
the Kr and propane techniques are extrapolated to large
rivers, the case of the Paraiba do Sul River will be
analysed .

Although none of the several predictive equations
presented in literature [7, 15] have been derived for high
flow rates, they are the only possibility to evaluate K2 for
large rivers.

Next figure ilustrates how the ~Kz predicted values
by some of these equations can flutuate. The selected
predictive equations have the general form :

K (20 °C) = a Ua h"b (5)
b
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where
K2 (20 C) = reaeration-rate coefficient,

at (20 °C) (base e) , [d"1]
U = mean flow velocity, [m/s]
h = mean depth, [m]
a, a, b = fitting coefficients

Five predictive equations, coefficients of
which are shown in Tab. 1, were applied to estimate K2 using
the results reached at the Paraiba do Sul River [17] where
tracer experiments were carried out to measure transport
and longitudinal dispersion characteristics for discharges
ranging from 205 to 658 m/s.

Table 1. Coefficients of the predictive equations (5) used
in Fig .2

Equat i ons '
aut h o r s

L A N G B E I N A N D D A R U M

O W E N S , E D W A R D S A N D
G I BBS

0 ' C O N N O R AND
D O B B I N S

C H U R C H I L L , E L M O R E
A N D B U C K I N G H A M

a

5.14

6.98

3.73

5.01

a

1

0.73

0.5

0.969

b

1.33

1.75

1.5

1.673

In addition the Tackston-Krenkel equation (6) has
also been plotted.

K2 (20 °C) =24.9 (1 + F0'5) U* h"1'0 (6)

where,
F = Froud number
U = shear velocity [m/s]

It can be easily observed that Ka values vary
very much depending on the equation selected. It is worth
pointing out that some existing predictive equations cited
in the literature [11, 20], tend to increase the Ka for
higher flow rates. This shows how difficult the Ka
evaluation for engineering purposes and water quality models
which are often very sensitive to this parameter is.

52



7. - ESTIMATION OF THE TRACERS AMOUNTS

The following set of data was used to estimate the
amount of tracers to be injected :

Q
U
D

K2

CP

= discharge = 305 m/s
= mean velocity = 0.8 m/s
= longitudinal dispersion
coefficient = 30 m /s

= distance from injection site to
the upstream measuring site = 9.800m

= the same, for the downstream
measuring site = 39.600 m

= 0.51 d"1
85= peak concentration of Kr at

the downstream measuring site = 150 kBq/m
It is important to point out that the criterion of

choosing such low value of Cp is rather strict, because by
using the above mentioned liquid scintillation counting
procedure (see 5.2) this value leads to a low counting rate
close to the background one. The adopted K2 value was
obtained from Fig. 2, using Owens7 equation. The other
parameters selected were previously measured "in situ" with
fluorescent dye tracers.

The passage curves shown in Fig. 3 were simulated
by the well-known Taylor's analytical solution ( H) to
which a first-order decay term was added (85Kr).

The estimated amount of both radioactive tracers
in this case would be aproximately 250 GBq (6,8 Ci) .

1•a

i. 10 -
1.00 -
0.90 -
0.80 -
0.70 -
0.60 -
0.50 -
0.40 -
0.30 -
o.ao

150.0 225.0 300.0 375.0 450.0 525.0

_________DISCHARGE fmVs)
600.0 675.0

LEGEND CHURCHILL xOCONNOR TOKENS D THACKSTON O LANGBEIN

Fig 2. Variation of predicted Rz for different discharges
at the Paraiba do Sul River.
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e 400.0 -

300.0 -
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Fig. 3 - Simulated passage curves for 3H and 85Kr at two

measuring sites at the Paraiba do Sul River.

For the same dilution the necessary amount of
dye would be 0.8 Kg considering a peak concentration at the
downstream section equal to 0.5 mg/1, can easily be
determined by spectrofluorometry [2]. The instantaneous
injection of these tracer amounts can be performed using an
apparatus like the one shown in Fixj. (1) .

The ratios between Kr peak concentration and3H peak concentration simulated for both measuring sites
were plotted in Fig. (4) , following the traditional
interpretation procedure [27]. Confidence intervals of 10%,
what seems to be reasonable for such low precision of
counting rates were atributed to the calculated ratios.

Additional simulation has shown that it would be
necessary to inject the total mass of 105 Kg of propane for
3 hours to reach 1 mg/m3 as peak cocentration at the
downstream measuring site.
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8. - DISCUSSION

From the results shown in Fig. (2) it can be
concluded that predictive equations do not provide an
accurate method of calculating Ka for large rivers. Even a
small set of predictive equations based on the same
theoretical model lead to not sufficiently close results.

The simulation of the amounts of tracers needed to
perform Ka measurement in large rivers using the 8 Kr method
has shown that high activities can be necessary. This is
mainly a result of the high dilution caused by the high
flow rates and the fact that the distance between the
measuring sites should be sufficiently large to make the
determination of Ka more accurate (ratios of Eq. (1) or
slope in Fig. (4)). On the other hand the accuracy of Ka
determination is also dependent on the counting rate
statistics of 3H and 8 Kr. The possibility of improving the
statistics by increasing the injected activity, is not often
possible due to radiological protection problems and to the
high cost associated.

The best choice would be to increase the measuring
efficiency by extracting and concentrating 5Kr from the
river water samples.

For the same hydraulic conditions, 135 Kg propane
would be enough to measure Ka. If higher discharges or large
distances are involved, the total weight can lead to
difficulties of handling, despite the low cost of propane
gas. Besides, longer travel-times can increase the
possibilities of biological degradation of propane with bad
consequences to the accuracy of Ka determination.

9. - CONCLUSIONS AND RECOMMENDATIONS

Due mainly both to the high dilution and the low
reaeration ability of large rivers, the use of gas tracer
methods always involve large amounts of radioactive (85Kr)
or inert gas tracer (propane).

Both techniques have limitations; the high minimum
detectable concentration of 85Kr by scintillation counting
being the weakest point of the 85Kr method, and the
eventual susceptibility of propane to biodégradation and the
limited reproductibility when measuring low concentrations
(around 1 mg/1) being the weakest points of the propane
method. Efforts should be made in order to overcome the
pointed out limitation for 85Kr method by improving the
method introduced by Salvamoser [18].

Since the 85Kr method can be used for large
rivers, it may still be held as a realiable reference tracer
for Ka determination.
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TRACER TECHNIQUES FOR THE STUDY
OF THE UNSATURATED ZONE

O.S. VARTANYAN
All-Union Research Institute for Hydrogeology

and Engineering Geology,
Moscow, Union of Soviet Socialist Republics

Abstract

The use of different kinds of artificial tracers for the investigation
of groundwater infiltration is discussed. The limitations of artificial
radioactive tracers derived from safety considerations are stressed. However,
the use of artificial tritium for studies on water migration in the
unsaturated zone is recommended. A technique based on the direct sampling of
soil water is described. Soil moisture is absorbed on dehydrated blue vitriol
or silica gel located at different depths in order to obtain vertical profiles
of the tracer distribution.

A technique for water infiltration measurement based on the use of boron
compounds as tracer is also described. The boron is detected by means of a
neutron-neutron logging probe.

Finally, the migration of important radionuclides in the unsaturated
zone is considered.

Tracer techniques are today at a new qualitative stage of their
development. This is attributed to the advances achieved in physics and
chemistry, which allow the use of ever new indicators and more improved
methods and technical means to trace them, as well as the increasing number of
scientific problems to be solved and increasing requirements for information,
accuracy and reliability of the results. It should be noted that, as a rule,
tracer techniques are used in combination with various hydrogeological
methods. As experience shows, tracer techniques are recommended only in cases
when: (a) traditional methods are not effective in solving a problem; and (b)
they provide higher accuracy and objectiveness of results, and reduce work and
time consumption.
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The principle of the techniques is that a certain amount of an indicator
is introduced into the system to be studied under a given spatial and temporal
regime, and then its migration is followed using appropriate technical means.
The obtained distribution of the indicator characterizes properties and
parameters of the system or process.

The main hydrogeological problems which can be solved by means of tracer
techniques are as follows:

- Determination of water related physical properties of soils and
migration parameters of components of pore solutions;

- Estimation of hydrodynamic characteristics of surface- and
groundwater flows;

Establishment of hydraulic interconnections between aquifers, as
well as between surface- and groundwater.

For these purposes, environmental and artificial isotopes, fluorescent
and dye-substances, electrolytes, noble gases, fréons, organic materials,
compounds of heavy metals, bacteria and heat energy are used as indicators.
Especially important among those listed above, are radioactive tracers. They
allow a high measurement sensitivity which enables them to be applied in very
small amounts and/or to be diluted to a factor of 10 -10 . Other
advantages include that they offer the possibility of performing remote and
non-destructive observations and the carrying out of investigations in extreme
environments, e.g. with high turbidity, chemical aggression, high
mineralization and high temperature. The effectiveness of tracer techniques
used in hydrogeology has been proved by numerous case studies reported in the
literature.

However, the use of radioactive tracers is becoming more and more
limited due to ecological restrictions, because any isotope experiment is
connected with a risk of radioactive pollution of the system under
investigation and with a radiation hazard for both working personnel and
people living in the area.

In this context, radioactive tracer studies are carried out in the USSR
under a number of domestic standards and regulations, as well as the IAEA's
recommendations. These regulatory documents require the use of techniques and
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technologies which cause no radioactive pollution exceeding permissible
concentration (except in the case of short-living isotopes which do not remain
in the system long enough to be incorporated in the human organism). Due to
these safety limitations, the use of artificial radioactive tracers under some
conditions (e.g. in sites where water is being used for human consumption) is
practically prohibited. A great difficulty results from the fact that the
necessary activity of a radionuclide to be used for a planned research and
therefore the risk of radioactive pollution cannot be calculated easily in
advance, because the information which is necessary for this calculation can
be obtained only from the results of the planned experiment. Thus,
radionuclides should be used only in cases where other tracers are unable to
solve a required problem. According to our experience, satisfactory results
are obtained in most cases using fluorescent tracers.

Especially interesting is the study of the mechanism and characteristics
of mass-transfer in the unsaturated zone in order to solve some scientific and
applied problems, such as:

(1) Development of a theory for the definition of the chemical and
isotopic composition of groundwater;

(2) Improvement of methods and techniques for the protection of
groundwater and the environment as a whole against pollution;

(3) Substantiation of projects on underground disposal of industrial
and radioactive wastes;

(4) Substantiation of rational schemes for irrigation and drainage, etc.

Tracer techniques are included in investigations of the unsaturated zone
to: (a) determine real velocities of moisture migration and hydraulic
conductivity of rocks; (b) estimate infiltration recharge of groundwater; and
(c) study migration parameters of mineralization components of pore solutions,
including pollutants.

The tracer technique for determining the real infiltration velocity
involves the injection of a tracer in the pore solution and periodical
observation of its transport. The velocity is calculated from the tracer
displacement observed in definite time intervals. The injection technology
should cause minimum disturbance in the physicochemical properties of the
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rocks and in the natural conditions of infiltration. This is achieved, to a
greater or lesser extent, by using a special injector designed in the form of
a syringe or by introducing the tracer inside bore-holes of small diameters.
After injection, pinholes or boreholes are plugged up. In some cases, the
experiment is carried out by pouring, at a given depth, a small amount of
tracer solution at the bottom of special borings. The amount of injected
solution must be kept as small as possible in order to avoid disturbances of
natural moisture distribution in the rocks. Once the tracer is introduced,
the boring is again filled with soil material compacting layer by layer until
all the extracted material has been placed. Such a procedure enables the
study of dispersion processes from an original thin layer and a rather
unambiguous interpretation of experimental results.

The method to control the migration of the tracer depends on its type
and properties. The most appropriate tracer is tritium. It is incorporated
in the water molecule and, therefore, from a hydrogeological point of view, no
restrictions exist in its utilization. Moreover, tritium is one of the least
toxic radionuclides and allows high dilutions due to the high sensitivity of
the measuring technique. The activity of tritium to be injected is determined

7 8by the requirements on radiation safety and usually amounts to 10 -10
Bq.

The distribution of tritium is controlled by collecting samples in
definite time intervals until the depth corresponding to the maximum
penetration of the tracer. These may be samples of soil or samples of
soil-air. The main advantage of the first method is the high specific
activity, of the samples. But their composition is disturbed. The second
method was first, used by K. Munich using a special device which sucked air and
vapor of moisture from the study layer. The main disadvantage of this method
is that the samples are collected from an indefinite amount of soil.

A more advanced technique was developed in VSENGIGEO. It includes the
use of a special device for sampling vapor of moisture which consists of
demountable sections (as moisture absorbers), separated from each other by
elastic packers. At the study area, an observation borehole is installed,
which is fitted with a bored casing in even and close contact with the soil.
The inner diameter of the borehole matches with that of the sampler and
packers. Before placing the probe in the borehole, its demountable sections
are filled with an absorbent (e.g. dehydrated blue vitriol or silica gel).
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Packers are placed between the sections, which divide the total length of the
borehole into isolated parts. This allows the taking of samples only from the
soil which is adjacent to each section. The exposure time of the sampler
usually lasts 1-3 days. The amount of absorbent, the number of collecting
sections and their size are determined by the required precision of the
experiment as well as by the necessity to minimize disturbances in the
infiltration flow under investigation. After exposure, the sampler is removed
from the borehole and the absorbent is taken out from the sections for
laboratory analysis. Tritium concentration is obtained by using a liquid
scintillation spectrometer after extraction of the water from the samples by
vacuum distillation. The present technique allows different variants for the
injection of the tracer. It is relatively simple, not time consuming and
basically reproducible.

It should be noted that in some cases it is possible to determine real
infiltration velocities using natural (thermonuclear) tritium. For this
purpose, layer by layer core-sampling is performed with subsequent extraction
of moisture and measurement of tritium content. As for electrolytic
enrichment, about 100 ml of water and a sample of approximately 1 kg is
necessary.

As mentioned, tritium enables direct determination of real infiltration
velocities under natural conditions. The downward migration of the maximum
concentration (or the average value) in function of time gives the average
infiltration velocity, and the width of the distribution curve gives the
coefficient of hydrodynamic dispersion. Asymmetry and other specific features
of the tritium distributions in depth allow the estimation of how infiltration
is affected by such factors as accelerated migration through open magistral
pores under percolation conditions or its delay in "deadlock" pores,
pressing-out of pore moisture and so on. Since tritium is incorporated in the
water molecule, it properly traces water movement and the tritium profiles
reflect the influence of all parameters, i.e. pore structure and lithology of
the study area, groundwater table, ratio between vertical and horizontal
components of infiltration, climatic conditions, etc. Therefore, long term
observations of tritium migration allow the data to be ascertained regularly.

The obtained infiltration rates also allow the determination of the
vertical permeability of the rocks in the unsaturated zone (coefficient of
hydraulic conductivity) if additional information on the total water content
is available. When the unsaturated zone has a multi-layer structure, the
permeability can be determined for each layer.

65



For the determination of the hydraulic conductivity in the unsaturated
zone, the combination of tracer techniques with traditional methods based on
water injection in dug holes or cavities is interesting. Such an approach
enables the detailed study of separate stages of the filtration process from
the beginning of moistening to steady seepage. Tracer techniques are used
here to measure velocities of vertical flow and total infiltrating water
amount. A tracer is introduced into the inner cylinder of the filtration
apparatus, and its movement is then controlled by regular logging of a well
drilled in the centre of the infiltration flow. In the case of using a gamma
emitting radionuclide as tracer, gamma-logging is carried out using a
collimated detector in order to improve the resolution of the vertical
concentration profile. However, due to safety regulations for experiments
using open radionuclides, it is reasonable to use non-radioactive tracers and,
in particular, elements with high cross-section for the absorption of thermal
neutrons. The procedure for such investigations was developed in VSEGINGEO.
It implies the use of boron compounds (i.e. borax and boric acid) as
indicators. Laboratory studies of absorption of these compounds in sand and
clay have shown that they possess rather high mobility. Tracer migration is
observed in wells using neutron-neutron logging. Due to the sensitivity of
the neutron-neutron method, the above mentioned method can only be used in
infiltration studies of rocks which have an effective porosity higher than 20%.
It should be noted that neutron-neutron logging is used in infiltration tests
to control water dynamics and, at the same time, to evaluate the vertical
component of the infiltration flow during water injection. The comparison
between flow-rate values, obtained from tracer injection and from neutron
moisture meter enables the estimation of the horizontal permeability of the
rock.

The total recharge of groundwater is determined from the data of real
infiltration velocities and the moisture amount which moves downward with this
velocity. It is also important to take into account velocity changes outside
the layer derived from the seasonal fluctuations of the moisture content of
rocks, i.e. in the so-called zone of equilibrium moisture-content. For this
reason, in the case of tritium experiments, this tracer should be injected at
an appropriate depth and, as experience shows, even at different depths of the
unsaturated zone in order to obtain reliable results, particularly if this
zone has a stratified structure.
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A satisfactory evaluation of the recharge is usually achieved using
average values of the infiltration velocity and of the volumetric moisture
during the observation period. However, in cases of relatively complex
tritium distributions, e.g. the occurrence of several peaks, including those
above the level of the tracer injection (asymmetry of peaks), the evaluation
can become a more serious problem. In order to find an appropriate solution,
information is needed on the moisture content which participates in the
tritium motion. In order to obtain such information, additional and rather
complex investigations are often necessary. It is also necessary to make a
more detailed study of tracer migration in function of time as well as of the
specific moisture regime in the unsaturated zone.

Nevertheless, the tritium technique is an important and sometimes unique
tool for obtaining reliable information on moisture transfer in the
unsaturated zone, particularly when studying low-permeable inhomogeneous
sediments.

Migration studies of mineral components in pore solutions by means of
tracer methods are carried out both under field and laboratory conditions. A
large amount of experimental data on radionuclide distributions in various
natural environments has been accumulated during the last years and basic
regularities in migration have been defined. In particular, it has been shown
that in many cases, the quantitative description of the motion of radio-
nuclides in natural media, which occurs simultaneously by several migration
mechanisms, can be presented in the form of diffusion processes. On this
basis, various models of radionuclide movement in rocks, which are of prime
importance for prediction purposes were developed.

One of the major problems now existing is to study the regional features
of technogenic radionuclide migration and to make a regional assessment of
their impact on groundwater quality in areas where atomic power plants are
located. This is connected with the need to take efficient measures for water
resources protection.

The procedure for field radiotracer studies on nuclide migration in the
unsaturated zone basically does not differ from the above-mentioned technique
using tritium as an indicator. The characteristics of each concrete
experiment are determined by the nuclear and physical properties of the
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radionuclides to be used as tracers and mainly by the type and energy of the
emitted radiation and half-life. Depending on these characteristics,
different techniques exist to register spatial and temporal tracer
distribution in a particular study. For example, the distribution of a
gamma-ray emitter can be obtained: (1) by radioactivity profile measurements
along a well drilled in the centre of the site where the tracer was injected;
and (2) by sampling and later carrying out laboratory analysis of soil
samples. The advantage of the first method is its simplicity but, on the
other hand, it provides low vertical resolution. The second method allows
more accurate spatial tracer distributions but is relatively laborious.

Radioactive tracers have been applied to study migration of moisture and
"technogenic" radionuclides in the unsaturated zone of the Chernobyl atomic
power plant after the known accident of 1986. It has been established that
the regional radioactive pollution caused by the above accident includes
mainly caesium-137, caesium-134, strontium-90, cerium-144, ruthenium-106 and
plutonium-239. This kind of pollution is characterized by the different
nuclide composition in different sites of the polluted area. For example, in
many cases a higher concentration of caesium-137 is observed, while in others
strontium-90 is predominant. Higher regional radioactivity in areas where
nuclear power plants are functioning under stationary regimes is usually
derived from short-living radionuclides, the decay of which produces
radionuclides with longer half-lives as is the case of caesium. Field
investigations which are being performed by VSEGINGEO and other organizations
in the area of the Chernobyl nuclear power plant and other nuclear
installations, include simultaneous observation of the migration of
"technogenic" (now affecting only the upper most layer) and artificial
radionuclides injected at given depths in the unsaturated zone. Such an
approach provides data in a much shorter time and allows the prediction of
possible pollution of groundwater.

Laboratory studies of migrating components of pore solutions are
intended mainly to determine sorption parameters, molecular and induced
diffusion, depending on a number of factors, such as water content, chemical
composition of liquid and solid phases, pore structure, temperature, etc.
Considerable progress in such studies has been achieved as a result of the use
of radioactive tracer techniques. By now, various methodological procedures
have been developed and successfully used for these purposes, which are
described in special publications. The main advantages of radioactive tracers
for such studies are:
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(1) Measurements can be carried out with high precision by means of
surface recording equipment, without taking samples and without
disturbing the process under investigation;

(2) Several migrating components can be controlled simultaneously;

(3) Experiments can be performed in media with different aggregate
states, consistencies, transparencies and structures;

(4) Efficient and flexible control of the experimental process;

(5) Accuracy of measurements appropriate for scientific and practical
purposes.

In the opinion of the author, future progress in using radioactive
tracers to study the unsaturated zone will depend mainly on solving such
problems as:

Determination of an optimal ratio between in situ and laboratory
studies. Lately, in situ experiments have been conducted only for
the purpose of obtaining reference information necessary for the
verification and relevant correction of the data obtained in
laboratory and/or by other (non-radioactive) methods;

- Improvement of technology for water tracing using radionuclides and
searching for new radioactive tracers which allow reduction of
amounts needed;

- Improvement of algorithms for interpreting radioactive tracer
results and initially for estimating recharge;

- Preparation of special methodological documents on organization and
safety of radioactive tracer studies.
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DETECTION OF LEAKS FROM
RESERVOIRS AND LAKES

A. PLATA BEDMAR
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Abstract

The most important techniques used for the investigation
of leakage at reservoirs and lakes are described and a critical review
of their possibilities is made. The paper describes both non-tracer
and tracer techniques. Within the first techniques, the following are
considered: water balance of reservoir, relationship between water
level at the reservoir and amount of leakage, water injection tests at
boreholes and piezometric studies.

The possibilities offered by natural tracers are
analysed, including chemical composition and temperature of water as
well as stable isotopes (D, ̂ 0 and 13c) and tritium.

The use of artificial tracers (chemical and radioactive)
for flow tests in boreholes, measurement of infiltration and
localization of preferential infiltration zones at the bottom of the
reservoir, as well as for interconnection experiments between reservoir
or boreholes and the emerging water, is analysed.

Some case studies are presented.

1. IHTRODUCTION

Detection of leaks from reservoirs and lakes is a typical
application of artificial and natural tracers. It can even be asserted
that, in most cases, a complete investigation cannot be accomplished
without using tracers. But, on the other hand, it must also be pointed
out that the combined use of non-tracer techniques is almost always
absolutely necessary.

A general prescription or procedure for leakage
investigation does not exist. The most appropriate techniques have to
be chosen for each particular case according to its characteristics.
Most frequently, in the case of a reservoir, the leakage is located at
the geological formations surrounding the dam. Only very seldom does
the leakage affect the dam body.
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Very frequently, the leakage is linked to problems of
great economical importance. Specially when dealing with earth-filled
dams, the leakage may represent a serious threat to dam stability. In
other cases, the problem is derived from loss of water itself. Cases
are known of reservoirs which have been abandoned due to the high
leakage rate.

The investigation of leakage from reservoirs and lakes
usually requires the exhaustive determination of pattern and hydraulic
parameters of the groundwater flow in small areas and for this purpose
direct methods, such as water tracing, have to be used. Conventional
hydrological methods, such as piezometric, geophysical and water
injection methods (Lefranc, Lungeon, and Gil-Gavard tests) are
frequently not sufficient. Many repair works based on results obtained
exclusively through these methods are known to have failed.

The present report contains a short description of the
most important techniques used for leak detection, including tracer and
non-tracer techniques. The author has intended to describe the
possibilities offered by the different techniques in a pragmatic manner.

2. GENERALITIES ON THE TECHNIQUES

It is quite obvious that the geological and
hydrogeological reconnaissance of the zone affected by the leakage is
always the starting point for this kind of study. A certain level of
information is usually available from the feasibility or pre-project
studies carried out before dam construction. But complementary
information on the specific area is frequently needed after the leakage
problem arises and boreholes have to be drilled for this purpose. The
boreholes should be constructed in such a way that the accomplishing of
the tracer techniques described below is possible.

The different techniques used for leak detection can be
grouped for their study as follows:

1) Non-tracer techniques, such as:
a) Water balance of the reservoir.
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b) Relationship between water level at reservoir and
leakage rate.

c) Water injection tests in boreholes.
d) Geophysical methods.
e) Piezometric studies.
f) Vertical flow measurement in boreholes using

current-meters.

2) Natural tracers of water: chemical composition,
temperature, stable isotopes and tritium.

3) Flow tests in boreholes for the identification of
permeable strata or horizons (*).

4) Methods based on flow measurement at the reservoir for
the identification of areas with preferential
infiltration as well as for the measurement of the
infiltration rate.

5) Interconnection experiments using artificial tracers
injected into the reservoir or into boreholes.

3. NON-TRACER TECHNIQUES

3.1. Water balance of reservoir
Theoretically, the total amount of leakage can be obtained

from the water balance of the reservoir:

Y Q. - I Q - Leakage = A .u input u output volume

However, in practice, only in very favourable cases can this
balance be calculated because the leakage is usually very low in
comparison with the values of Q, ._ and Q and these twoinput output
parameters cannot be obtained with enough precision. In principle,
this balance is only interesting when the water infiltrating at the
reservoir does not emerge quantitatively at identified springs.

In some cases, tracer dilution tests at hollows or bores dug near the banks of the
reservoir can also provide useful information on the local infiltration of water.
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3.2. Relationship between water level at reservoir and leakage
The measurement of the fluctuation of the leakage as a

function of the water level at reservoir is most interesting and
usually requires long-term observation of both parameters: water level
and flow-rate of the emerging water. When several springs are present,
the separated measurement of all of them is preferred.

The technique provides useful information on the elevation
at which the infiltration in the reservoir takes place. Two examples
are shown in Fig. 1. The first one corresponds to a study carried out
by the author at lake Laja in Chile (*)[!]. The dotted line
corresponds to the water losses after deduction of the contribution
estimated for the intermediate basin, i.e. the amount of water coming
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Figure 1. Variation of the total leakage in function of the water level
for the lake Laja (A) and reservoir Sabaneta (B).

Lake Laja is located in Chile about 450 km south of Santiago at the Cordillera los
Andes (about 1330 m.a.s.l.). The lake was formed by successive eruptions of the
volcanos Laja and Antuco which caused the darning of the river Laja. The last
eruption of the volcano Antuco took place in the middle of the last century and
produced an increase of the water level at the lake of about 30 metres. The water
volume stored at the lake is higher than 5 x 10 9 m3. This water is used
for power production and is turbined with a water-fall of about 520 metres. The
leakage of the lake ranges between 20 and 45 m3/s and represents an important
loss of energy. The water emerges at several points located about 4 km
downstream. The study carried out has shown that most of the leakage is related to
the last eruption. A preferential pathway of water has been detected at the zone
of the ancient riverbed which seems to be responsible for more than 70% of the
water losses.
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from local precipitation occurring in the area between the lake and the
springs. The intercept of the straight line for zero flow-rate
corresponds to an elevation of 1293 m.a.s.l. This is in good agreement
with the results obtained using other techniques which will be shown
later. Obviously, the slope of the line depends on the average
permeability of the formation involved in the leakage as well as on the
permeability distribution of the different layers or horizons affected
by the groundwater flow when the water level at the lake changes.

The second example (Fig. IB) corresponds to the reservoir
Sabaneta in Dominican Republic (*)[2], The line accounting for the
relationship '^etwe-ui water level at reservoir and total flow-rate of

the emerging water shows a sudden change of slope when the water level

reaches the elevation 640 m, which indicates that a new filtration
pathway comes to work at that point. This elevation corresponds to a
terrace where a spillway is located. The water infiltrates through the

contact of the concrete with the terrain.

In the same way, diagrams showing the parallel variation
with time of the water level at reservoir and flow-rate of the emerging
water (Fig. 2A) give qualitative information on the volume of water
stored in the rock formation between reservoir and spring (time
response, which is determined by the relation V/Q, V = stored volume
Q = flow-rate of the spring). With high values of the time response,
the spring flow-rate, for the same water level at reservoir, is lower
when the level is increasing than in the opposite situation. It is a
result of the delay in the transmission of the "water wave" from the
reservoir to the spring (Fig. 2B). Obviously, this delay is related to
the real transit time of the water and to the transmissibility of the

* The reservoir Sabaneta is located about 30 km from San Juan de la Maguana
(Dominican Republic). The reservoir has a capacity of about 68 x 10s m3

and is used both for power production and irrigation purposes. Several years after
dam construction, significant leaks (between 100 and 200 l/s) appeared at the base
of a concrete tunnel used as bottom spi l lway. The water emerged through the tunnel
structure which did not hold up the pressure due to the bad quality of the
concrete. A natural spring existed at the same place before dam construction and
the water probably swept the cement away. This spring was apparently fed by the
river and the present leakage is most probably taking place through the same
pathway. The accomplished study has shown that the groundwater f low feeding the
fi l trations does not affect the body of the dam and therefore little risk exists
for the same. The area of the reservoir where the emerging water is infi ltrating
could be determined by means of tracer tests.
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involved formation. In fact, the time response represents a minimum
value of the transit time of water between reservoir and spring.
Transit times several times higher than the "water wave" transmission
time are posible depending on the characteristics of the formation and
on the length of the water pathway.

Figure 2. Types of correlations between water level
(h) , discharge of emerging water (Q) and time (t) .

An example corresponding to the reservoir Maguaca of Dominican

Republic (*)[3] is shown in Fig. 3. The variation with time of the

water level at the reservoir is compared with the same at different
boreholes which were drilled for the investigation. When the water
level at reservoir reached an elevation of about 50 m, the slope of the
straight lines giving the time responses for the boreholes decreased
drastically and, at the same time, the main spring dried up. It was

confirmed through other tracer tests that most of the water was
infiltrating at this elevation and the approximate infiltration zone
could be identified.

The reservoir Maguaca is located in the northwestern zone of Dominican Republic.
The storage capacity is 4.8 x 106 m3 and it was intended to be used for
agricultural purposes. An earth-f i l led dam of 23 m height and 200 m length was
constructed in 1978, but due to the leakage problem the reservoir has remainded out
of service. An investigation has been carried out in order to try resuming the
work. The right abutment of the dam is formed by a marls, limestone and clay
formation which underwent sliding in the past. The leakage is taking place through
the sliding contact. The investigation allowed the identification of the permeable
horizons responsible for the leakage as well as the approximate localization of the
infiltration area at the reservoir.
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Figure 3. Variation with time of the water level at reservoir Maguaca
(Dominican Republic) and at different boreholes drilled for the study.

3.3. Tests based on water injection in boreholes
Water injection tests are very common for permeability

determination during the drilling of boreholes. Different techniques
have been developed and they are known as Lungeon, Lefranc, Gil-Gavard,
etc. tests. The description and theory of these techniques can be
found elsewhere [4] . The investigation of leakage from reservoirs is
very frequently based on these techniques together with geological
reconnaissance and piezometric information. In the opinion of the
author, this procedure is insufficient and may lead to resounding
failures as has often been the case. Water injection methods give
information on the local permeability of the rock formation but not
directly on the groundwater flow coming from the reservoir. Very
often, permeable horizons are not well connected with the reservoir and
the water admission is related to the local porosity and not to the
overall permeability. This is especially frequent in the case of
consolidated rocks.

Usually, for these methods, water is injected during a short
period of time (no more than a few hours) and the volume of the
injected water is negligible in comparison with the storage capacity of
the formation. More interesting information can be obtained through
long-term water injection, for example, during 2 or 3 days. If no
connection exists with the reservoir and the water admission is derived
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only from the local porosity, the flow-rate admitted by the borehole
decreases with time. On the other hand, if the groundwater flow of the
formations crossed by the borehole is related to the existing springs,
the discharge of these springs can experience a detectable increase
after a certain time from the beginning of the water injection.

This previous method was used successfully by the author for
the investigation carried out at the reservoir Chacuey, Dominican
Republic (*)[?]. Water was injected during 24 hours in a borehole
where, previously, an important flow had been detected by means of
tracer techniques. The flow-rate admitted by the borehole was
maintained during the whole period or even increased and the flow-rates
emerging at the nearest springs showed important increases after some
hours from the beginning of the water injection. This experiment
repeated in other boreholes did not show any influence at the springs.
In other cases water pumped from the reservoir was injected in the
borehole. The conductivity of this water was much lower than the one
previously existing in the borehole. Once the water injection was
stopped, conductivity profiles (and water level) were periodically
measured in order to investigate the reestablishment of the initial
conditions, i.e. the conductivity profile existing before the injection
of the water. These results are shown in Fig. 4. The profile for very
long time (infinite) corresponds to the initial conditions. This
result showed that the permeable layer responsible for the leakage was
located between 10 and 13 metres depth which corresponds to a gravel
stratum of alluvial origin. The same conclusion was obtained by means
of tracer flow tests performed at boreholes.

The reservoir Chacuey is located in the northwestern zone of Dominican Republic,
about 6 km from Las Matas de Santa Cruz. Its storage capacity is about 4 x 106
m^ and it was intended for agricultural purposes. The earth-filled dam of
about 24 m height and 160 m length was finished in 1978, but the reservoir has
since then been kept to a low water level due to the leakage problem. An
investigation has been carrided out in order to try resuming the work. Seepage is
mainly taking place through a thin sandy layer located below the dam foundation as
detected by tracer techniques. A precise localization of the permeable layer
responsible for the under-seepage was poss'^ip Th» w=>ter emerging at the foot of
the dam may represent a serious risk for its stability. The study has shown that
the repair work is feasible both from the technical and economical points of
views. A impermeable wall would have to be constructed in order to stop the water
infiltration. It can be done in open-air conditions after digging the permeable
layer.
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Figure 4. Water injection test at borehole B4 of Chacuey
dam: restoration of the initial conductivity profile after
finishing the injection of low conductivity water.

Furthermore, it has to be mentioned that the use of
artificial tracer during water injection tests may give complementary
information on the vertical distribution of the permeable strata.
Point injections can be made for the determination of the fraction of
the injected flow-rate which infiltrates through different strata.
This can be done using common salt as a tracer and a conductivity meter
as detector. Similar information can also be obtained using an
appropriate current-meter provided with a propeller.

3.4. Piezometric information
Water level measurement at boreholes always gives valuable

information on the local groundwater flow and the hydraulic connection
with the reservoir of the different strata or horizons tapped by the
borehole. Typically, when one of these strata contains high permeable
material and is hydraulically connected with the reservoir, the water
level at the borehole is only a little lower than the water level at
the reservoir, unless the borehole is located very near to a spring.
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Contrarily, boreholes crossing only impervious material usually show
much lower water levels. This was the case at reservoir Chacuey (Fig.
5). The line shows the water level along the dam axis where the
boreholes were drilled. The highest levels correspond to the highest
groundwater velocity.
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Figure 5. Water table along the dam axis at reservoir Chacuey
(Dominican Republic).

Very important is the measurement of the water level during
the drilling of the borehole in order to detect variations of this
level as a function of the borehole depth. A rise in water level is
frequently observed when the borehole taps permeable material which is
connected with the reservoir and a vertical ascending flow is created.
This was the case in most of the boreholes drilled at the reservoir
Sabaneta [2]. Water level rises up to 10 metres were measured when the
boreholes reached the deep permeable horizon responsible for the
seepage. The opposite situation can be also found, i.e. water level
dropping and vertical descending flow, when an upper permeable layer
has a higher hydraulic head than a lower one.

4. HATORAL TRACERS

4.1. Hydrochemistry
4.1.1. Springs

Chemical composition of the water always gives valuable
information on the origin of the emerging water and on the groundwater
flow. Analyses of water samples should be carried out at an early
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stage of the study in order to obtain preliminary information which may
help in the orientation of future activities. Most frequently, the
reservoir water has a low salt content and it changes along its pathway
through the rocks. This change is usually much higher when the leakage
takes place through granular media than in the case of consolidated
rocks. For example, a conductivity increase from 180 to 460 uS/cm
was observed at Maguaca reservoir for a distance of about 250 m, while
in the case of lake Laja, no significant change was observed in a
pathway of about 4 km in volcanic rocks.

In some cases, simple conductivity measurements are
sufficient. However, complete chemical analyses of some water samples
are recommended, especially, if different types of rocks are
involved. Even trace or minor components can give valuable
information. When several or many springs are present, the
conductivity (or chemical composition) of the water provides
qualitative information on the relative transit times of the water
from the reservoir to the emerging point. Usually, higher
conductivities correspond to higher transit times. This was the case
at the reservoir Chacuey where 16 springs were present. Their
conductivities ranged from 462 uS/cm to 3180 uS/cm for a
conductivity of 280 uS/cm at reservoir. But, in these cases, it was
necessary to ensure that the emerging water was all coming from the
reservoir because the change of conductivity can also be a result of
the mixing of reservoir water with groundwater coming from local

18precipitation. The tritium and stable isotopes (D and 0) content
of the water can help in this identification as it will be shown below.

The last situation was observed in lake Laja [1] , where
water is emerging through more than 50 springs. Many of these
springs, representing about 40% of the total emerging flow-rate, had a
conductivity very close to the one existing in the lake (~42
uS/cm). But in other springs the conductivity reached values up to
338 uS/cm due to the mixing with groundwater coming from
precipitation at the intermediate basin between the lake and the
springs. The conductivity of this groundwater was 445 uS/cm as
measured at several springs where no mixing with the reservoir water
was taking place. Therefore, the groundwater contribution to the
leakage could be calculated for each individual spring and for the
total leakage using the simple equation for two-component mixing:
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where, f = fraction of groundwater present in the sample.
K = conductivity of the groundwater (445 uS/cra).
1C = conductivity of the lake water (42 uS/cm).
K = conductivity of the emerging water.
O

A total contribution of about 3 m /s was obtained which
represents between 6.5% and 12% of the total existing leakage.

In the case of the reservoir Sabaneta [2], water was
emerging at 6 springs distributed along the spillway tunnel. The
conductivity of all these springs was almost the same and about twice
as high as the water from the reservoir, which indicates that a unique
pathway of the leakage exists.

4.1.2. Boreholes
Boreholes are drilled to intercept the groundwater

flowing from the reservoir to the springs. These boreholes should be
equipped with bored plastic or iron screens in order to investigate the
groundwater flow of the total thickness of the saturated geological
formation. However, for specific studies, it may be interesting to
isolate some strata.

Obviously, when the borehole intercepts the groundwater
flow coming from the reservoir in the direction of the spring, an
intermediate value of the conductivity will be observed supposing this
parameter changes along the pathway. If this is the case, the vertical
profile of the conductivity at the borehole gives information on the
localization of the permeable strata of horizons. But one has to be
very careful of the possible existence or vertical flow inside the
borehole. A long stretch of water column with the same conductivity
suggests the previous situation. Artificial tracer tests will then be
necessary to detect the vertical flow, as indicated below.

A conductivity value at the borehole higher than the
conductivity at the spring indicates, in most cases, that the
borehole has not tapped the permeable formation responsible for the
leakage, but one has to take into account the possibility that this
borehole water can undertake mixing with other lower conductivity water
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before emerging. Contrarily, a deep stretch of the water column with
lower conductivity than the upper zone of this column, usually accounts
for flow of low conductivity water coming from the reservoir.
Otherwise the water column would not be stable due to the density
effect. However, to evaluate the stability of the water column, the
temperature profile also has to be taken into account; density
differences due to conductivity may be compensated by the temperature
effect.

Three examples of conductivity and temperature profiles
obtained from boreholes of the reservoir Maguaca are shown in Fig. 6.
In the first one, the low conductivity stretch located between 17 m and
21 m depth is associated to horizontal flow of water coming from the
reservoir. Impervious materials exist between 14 m and 17 m. In the
second case, horizontal flow exists between 10 m and 13 m. Contrarily,
the constant values of conductivity and temperature at stretch 11-18 in
in to the third example are a result of a vertical descending flow.
Obviously, the combination of conductivity and temperature profiles
with tracer flow tests gives the best information.
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Figure 6. Examples of temperature and conductivity profiles at boreholes
of the reservoir Maguaca (Dominican Republic).
T = temperature, C = conductivity

Complete chemical analyses of water samples taken from
boreholes are also recommended in order to identify different origins
or pathways of waters showing different conductivities.
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4.2. Temperature as a tracer
Water temperature is one of the best tracers for leak

investigations at reservoirs and lakes. Most frequently, these water
bodies present transient thermal stratification, not only in areas with
temperate and cold climates, but even in inner or high zones of
tropical areas. Thermal stratification is frequently presented in
diagrams like the one shown in Fig. 7 corresponding to the lake Laja.
This diagram shows that in this lake, the temperature below 50 m depth
permanently remains between 5°C and 6°C, while in the upper layer an
important rise of temperature takes place during the summer time.
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Figure 7. Annual evolution of temperature at lake Laja.

The correlation between the water temperature at
reservoirs, springs and boreholes gives, in many cases, previous
information on the depth at which the infiltration at reservoirs takes
place. Temperature measurements should be initiated at an early stage
of the investigation because the gained results may serve for the
definition of other future activities. For a complete study, a long
record of temperature data (for example, 1 year) is necessary.

When the transit time of the water "between reservoir and
borehole or spring is of the order of some days, the temperature of
water does not change significantly along its pathway, except in cases
of mixing with water of other origin and temperature. Due to the low
value of the thermal conductivity of dry soil (of the order of 5 x
-3 -1 -1 -110 cal. cm s °C ), the loss or gain of temperature of the
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water during its pathway is, most frequently, of the order of
hundredths or tenths parts of 1°C, while the variations at reservoir,
boreholes and springs are of the order of several degrees centigrades.
In other words, the amount of calorific energy transported by the water
is usually much higher than the losses.

On the other hand, the average temperature of water at
the upper layer of the reservoir experiments, in most of the cases,
seasonal changes along each one-year period, which can approximately be
described as a sinusoidal thermal wave. If the transit time of the
water is short, this thermal wave is transmitted to the borehole or
spring water with a certain smoothing, which is derived both from the
mixing in the "aquifer" of water with different age (temperature) and
from the heat exchange with the rock. The smoothing derived from
mixing processes can be evaluated using the same equations which are
used for conservative tracers in the case of sinusoidal input function
[8] . The calculation of the smoothing derived from heat exchange of
the rock is more difficult because the basic parameters needed for this
calculation can only be estimated. However, this smoothing effect is
not negligible because the specific heat of the rock is of the order of
0.2 cal.g" °C~ (1 cal.g" °C~ for water) and the rock mass in
contact with the water is usually much higher than the water mass.
Therefore, the rock acts as a heat storage giving or taking heat
according to the temperature difference between rock and water. But,
if the net loss or gain of heat is negligible, as will mostly be the
case, the average temperature for the whole annual cycle should be
conserved at reservoir and spring.

The previous situation was very well shown in the case of
the lake Laja investigation (Fig. 8). The temperature of water at the
upper layer showed a, more or less, sinusoidal variation along the year
with an average value of 8.79°C for the layer above the elevation 1295
which is responsible for most of the leakage. The average temperature
at "Ojos de Agua", which is not affected by mixing processes, was very
similar (8.31°G) but the thermal wave is strongly smoothed and delayed
due to the above-mentioned effects. The water emerging at spring
"Indice 2" is a mixture of lake water and water coming from the
intermediate basin with constant temperature, as shown by the
conductivity measurements (Section 4.2.1.). For this reason, the
thermal wave is smoothed in a higher grade and the annual average
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Figure 8. Annual variation of temperature at the lake
Laja (Chile) and two representative springs.
T = average annual temperature.
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temperature is lower. One has to take into account that water
temperature at the lake below 50 m depth (elevation ~1290) is
permanenty below 6°C. The conclusion was that most of the leakage is
coming from this upper layer. This was confirmed by other results:
infiltration measurements at the lake and interconnection experiments.

A second case study where temperature was the key tracer
is the reservoir Colbun [9] (*). Most of the water coming from the
reservoir and emerging at relief wells located downstream the dam

The reservoir Colbün is located at the river Maule, about 260 km south of Santiago
(Chile). It has a storage capacity of 1.5 x 109 m3 and is used both for
power generation and irrigation purposes. An earthfilled auxiliary dam of 29 high
and 2600 m length had to be constructed at an alluval valley in order to form the
reservoir. Important under-seepage takes place through permeable strata below the
dam, which amounts to about 15 m3/s for maximum water level at reservoir. A
draining system has been constructed downstream of the dam in order to evacuate
this water, which consists of more than 120 relief wel ls and about 10 kilometres of
channels and pipelines. The investigation carried out has shown that the emerging
water is infiltrating mainly at the previous riverbed of a small river (river
Teatinos) tributary of the river Maule. The water f low of this small river swept
away the impervious blanket at the bottom of the valley and brought into the open
an underlying pervious stratum of clean sand and gravel. Before the construction
of the dams, the groundwater of a part of the alluvial valley was discharging at
this zone. The leakage circulates now through the same pattway but in the opposite
direction. The groundwater of the alluvial valley not related to the reservoir has
been found to discharge also through the relief wel ls and can be very easily
identified on the basic of it different temperature and isotopic composition. This
groundwater creates in the relief wells where it discharges vertical descending
f lows instead of the usual vertical ascending f lows produced by the groundwater
coming from the reservoir.
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showed temperatures between 10 °C and 11.5°C. Such low temperatures
were found in the reservoir only at the zone of the bottom
corresponding to the previous bed of the river Teatinos (Fig. 9). Points
with higher elevations also showed high temperatures up to 18°C.
Therefore, it was concluded that most of the emerging water was coming
from the zone corresponding to the riverbed as it was confirmed by a
tracer experiment which will be described later.

Figure 9. Isotherm distribution at the bottom of reservoir
Colbun (Chile) during the time of the study.

A third example is the reservoir Sabaneta. Vertical
temperature profiles measured at the reservoir at different times
showed the existence of thermal stratification in spite of being a
tropical area (Fig. 10). From these temperature profiles and the
temperature of the water at the springs, it was proved that the
emerging water could only come from infiltration at an elevation below
606 m. This infiltration zone is shown in Fig. 11. An interconnection
experiment using 500 mCi of I as a tracer gave a negative result.
The tracer was injected about 200 metres upstream the dam. Therefore,
the zone of possible infiltration was reduced to the most upstream
area. Two uranine injections made at this zone, respectively, by A.
TORRES and P. RAMSPACHER [10] gave positive results. The tracer
arrived in the springs in 2 or 3 days after the injection. The
infiltration area coincides with the outcrop of caotic limestone at the
bottom of the reservoir. Once more the temperature was the key tracer.
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Figure 11. Zone of infiltration at the reservoir Sabaneta obtained
from temperature data.
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4.3. ENVIRONMENTAL ISOTOPES
4.3.1. Stables isotopes

The stable isotope composition of the water in some cases
provides information which cannot be obtained by other methods.
Frequently, the water stored at the reservoir comes from high lands and
has an isotopic composition which is very different to the one

18corresponding to local precipitation (S-values of D and 0 more
negatives). If this happens, one has the possibility of distinguishing
the reservoir water from local groundwater and calculating on the
contribution of both components when mixing takes place.

This was the case of the reservoir Colbtin. The water of
this reservoir comes from high elevations at the Cordillera Los Andes.
In fact the river Maule has its source at the lake Invernada which is
located at 2500 m elevation. An average value of SD of about -95%
was obtained for the reservoir. Only small variations were observed
during a circa 1 year period of measurements. Contrarily, the
groundwater of the long valley existing downstream the Colorado dam
showed an average value of SD = -71.1 /oo. Both types of water are
mixed in the subsoil before emerging, and the mixing proportions could
be evaluated, well by well, on the basis of its SD value using Eq.l.
Values ranging from 587 to 949 1/s were obtained for the total
contribution of the local groundwater to the emerging flow-rate. A
good correlation of SD-values with temperature was obtained (Fig.
12), because water coming from the reservoir had a temperature around
11°C while for the local groundwater the temperature was about 16°C.
Similar values of the local groundwater contribution were obtained from
temperature values of emerging waters.

A second process which is very frequently responsible for
important differences in isotopic composition of the water from the
reservoir or lake with respect to local groundwater is evaporation.
When this takes place in sufficient grade, the water of the lake
becomes enriched in stable isotopes (S-values more positive) and the

18points at the SD-S 0 diagram are under the local meteoric line
[11]. This effect is more important in lakes of low turnover time than
in reservoirs with rapid water renewal. For example, the lake of
Managua (Nicaragua) showed an isotopic composition of SD = +6.2°/oo
and 60= +1.43°/oo, while the isotopic composition of local
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Figure 12. Correlation between deuterium concentration
and temperature at relief wells of the dam El Colorado
(reservoir Colbun, Chile).

groundwater was approximately SD = -48.6°/oo and 80=
-7.33 /oo. These large differences allowed the study of the eventual
lake water intrusion at zones where intensive pumping for water supply
was taking place and the piezometric level was below the level of the
water at the lake [2] . The importance of the study was derived from
the high pollution level of the Managua lake. The results obtained
were negative. No measurable water intrusion was detected in the
aquifer in spite of the pumping wells being located at very short
distances from the lake (between 50 m and 2000 m). Similar studies
have been carried out in other areas [13, 14].

It is obvious that very important information on the
eventual replacing of local groundwater by reservoir water can be
obtained on the basis of the stable isotope composition if sufficient
differences in the 6-values exist. Therefore, it is recommended that
this study be carried out routinely during a certain period of time
after the first filling of a new reservoir. For example, in the above-
mentioned case of the reservoir Colbûn, an important spring of about

3l m /s appeared in the alluvial valley at a distance of several
kilometres from the dam due to insufficient efficiency of the draining
system. The initial 6D of this spring was -92 /oo which
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corresponds to 87.5% of reservoir water and only 12.5% of local
18groundwater. The deuterium (and 0) content is, in this case, an

ideal tool for the evaluation of the groundwater flow along the
alluvial valley created by the leakage coming from the reservoir.
Similar information can be obtained in other dams constructed on
alluvial material. Even in cases where no emerging water is visible, a
groundwater flow through confined permeable layers may be present.

4.3.2. Tritium
Natural tritium of water can provide similar information

to that described in previous Sections for stable isotopes. In some
cases, the difference in stable isotopic composition of the reservoir
water and groundwater is very low and cannot be used as a natural
tracer. In these cases, natural tritium could possibly be used, if
measurable differences exist. This situation was found at the
reservoir Contreras (Spain) where about 70 TU in reservoir and 10 TU in
local groundwater (karstic system) were measured [15] . Shortly after
the first filling of reservoir, the groundwater table downstream the
dam increases rapidly and many wells started emerging water. The
tritium content provided information on the arrival of the reservoir
water to different wells.

In a similar way, natural tritium was used to identify
emerging water coming from the reservoir and springs not related to the
reservoir at the zone of the Canelles dam (Spain) [16] . Several
springs which existed before dam construction showed a tritium content
of 12.5 TU, while the springs derived from the leakage had 1230 TU
(year 1964). Obviously, the first springs were not fed by the
reservoir.

A. ANDREU et al. [17] have used natural tritium for the
investigation of an eventual interconnection between the reservoir Las
Lajas (Mexico) and the aquifers located in the zone which is used for
irrigation. A negative result (no connection) was obtained.

4.3.3. Carbon-13
In some cases, when emerging waters with different

13bicarbonate (or carbonate) content are present, the & C-values can
provide valuable information about the process responsible for these
differences, such as: mixing of waters of different origin,
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dissolution of soil carbonate, dissolution of magmatic gases in
volcanic areas, etc. Usually, the information is obtained from the

13comparison of the 6 G-values of water samples with different
carbon content.

An example is shown in Ref. [l] concerning the
investigation carried out at the lake Laja. Most of the springs
located at a specific area had water with a bicarbonate content which
was much higher than the one corresponding to the main spring coming
directly from the reservoir. Due to the characteristics of the rocks
involved (recent volcanic material), a very low carbonate content
could be expected and, therefore, dissolution could be discarded as
responsible for the increase of carbon content. Alternative processes
were dissolution of magmatic gases (a parallel sulphate increase was
observed) and mixing with water coming from the intermediate basin. In

13the first case, an important shift of the 6 C-values towards more
positive values could be expected. But the results showed no

13significant change in the B C-values for water with different
carbon content. Values of S G ranging between -10.73 /oo and
-12.71 /oo were obtained. It was concluded that mixing processes
were responsible for the increase of carbon content and that the
existing carbon was mainly of biogenic origin.

5. FLOW-TEST IN BOREHOLES

5.1. Generalities
In the majority of cases, seepage investigations at

reservoirs and lakes require the drilling of new boreholes in order to
recognize the geological formations responsible for it and to determine
hydraulic parameters of the groundwater flow. Tracer tests executed at
these boreholes are probably the best tool in this regard. A precise
picture of the water flows existing inside the borehole are obtained
and when these tests are repeated in many boreholes, the overall
pattern of the groundwater flow at the zone involved in the seepage
problem can be derived.

Obviously, the drilled boreholes can and should be used
for other tests, such as measurement of temperature and conductivity
profiles, sampling for chemical and isotope analyses, methods based on
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water injection, geophysical logging (for example, gamma natural
logging), interconnection experiments with springs, etc. The
combination of different techniques will provide the best information.

The final goal of these studies may be the determination
of the possibility of constructing a grout curtain or other type of
impermeable barrier in order to stop or to reduce the subsurface flow
or, in other cases, the assessment of the risks derived from the local
groundwater flow for the dam or for the involved geological
formations. The localization of preferencial pathways of the
groundwater is usually a pursued objective.

Flow tests can be carried out in almost all of the
eventually existing boreholes or wells. However, information of some
constructive charateristics are needed, especially, position and type
of filters, gravel pack, casing, etc. If new boreholes have to be
drilled, an appropriate inner diameter after casing for the flow tests
is 3 or 4 inches. The casing can be plastic or iron tube bored with
holes or slots covering between 3% and 10% of the total surface. The
use of gravel pack may be necessary in the case of granular media. No
casing may be needed when dealing with consolidated rock. As mentioned
before (Section 3.4.), the record of piezometric level fluctuations
during the drilling is very important.

5.2. Types of tests
5.2.1. Generalities

Boreholes drilled for leakage investigation present, very
frequently, vertical flows due to the fact that the hydraulic pressure
of the reservoir water acts preferentially over determined strata or
permeable horizons. When the borehole taps two or more permeable
strata or horizons, which are separated by impermeable materials,
almost always, a vertical flow is created inside the borehole as a
result of differences in the local hydraulic head. The measurement of
this vertical flow gives information on the localization of these
permeable strata or horizons. Typically, vertical descending flows are
found in boreholes located near the reservoir (recharge zone), while
vertical ascending flows are more frequent at zones close-, to the
springs (discharge zone). But opposite cases can also be found.
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Pure horizontal flows are found when the borehole taps
only one permeable stratum or horizon. It must be pointed out that the
exact measurement of this horizontal flow is usually not necessary.
Semiquatitative or even relative values are mostly sufficient. Very
precise groundwater flow determinations can be carried out through
interconnection experiments, as will be shown later.

The tests which are recommeded for the measurement of
flows inside wells or boreholes are described below. The importance of
repeating these tests for different water levels at the reservoir must
be emphasized. Drastic changes of the flow patterns as well as of
temperature and conductivity profiles may occur when the water level at
reservoir varies. The investigation of these changes gives
complementary information on the hydraulic connection of the various
permeable strata or horizons with the reservoir.

5.2.2. Labelling of the total water column
This simple test provides a general picture of the flows

existing in the borehole [18, 19]. The tracer is injected throughout
the length of the column of water in the way shown in Fig. 13. A
plastic tube inserted as far as the bottom of the borehole is filled
with a volume of tracer solution equal to its internal capacity
measured from the level of the water table. When the tube is withdrawn
at a constant velocity, the column of water is marked in a vertically
homogeneous way. After this, successive concentration profiles are
obtained in order to determine the losses of tracer in function of time.

Common salt as a tracer and a conductivity-meter as
detector can be used for this technique. A saturated salt solution is
then injected. A plastic tube of great internal diameter (2 or 3 cm)
may be necessary if the inner diameter of the borehole is also great
(for example 20 cm or greater). However, the use of this tracer may
present difficulties in the following cases:

1) When the tracer concentration decreases at a specific
stretch as a result of the groundwater flow, the tracer
of the overlying water column descends to this stretch by
density effect. This process may render difficult the
interpretation of the results.
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Figure 13. Scheme of the method for the labelling of
the whole water column of a borehole.

2) The method cannot be used properly when water with high
conductivity is present in the borehole, especially, if
the conductivity along the water column is not
homogeneous.

These difficulties can be overcome if a radioactive
tracer is used because. In this case, very low mass concentrations are
created and no density effects take place. Scintillation or
Geiger-Mueller detectors are used for the measurement of tracer
profiles. The sensibility for the first detector is several hundreds
higher and, therefore, allows the performance of the tests using much
lower amounts of tracer. In the opinion of the author, iodine-131 is
the most appropriate tracer. Bromine-82 and technetium-99m have also
been used. For boreholes with an inner diameter of 4 inches, an
activity of about 20 uCi per metre of water column is needed if a
G.M. probe is used. This activity is reduced to about 1 uCi/ra if a
scintillation detector is used.

This technique provides information on the flow existing
at the boreholes. Figure 14 shows three different typical situations.
If only horizontal flow exists at the stretch h.. to h (Fig. 14A),

-L £j
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the tracer concentration decreases with time in a homogeneous way at
the stretch and the Darcian velocity V of the groundwater flow can
be estimated from this decrease using the following equation [18]:

T R A C E R C O N C E N T R A T I O N
_S> °

amrr-••M
w

IHLTT—̂•
a!

Figure 14. Typical concentration profiles obtained with the
method of the labelling of the whole water column. The figures
1, 2, 3, etc. indicate successive profiles. In the case A,
horizontal flow exists at stretch h, to h_. In cases B and C,
vertical flow is present.

1.81 • d (2)
a • t1/10

where d = diameter of the borehole.
a = correction coefficient accounting for the

hydrodynamic distorsion of the borehole.
= time needed for the tracer concentration to be

reduced to 10% of an initial value.
1 .

When vertical flow exists in the stretch h1 to h ,
-L £*

the tracer is swept away progressively in the direction of the flow,
such as shown in Fig. 14B for descending flow and in Fig. 14C for
ascending flow. In cases of vertical flow, its measurement is better
done using point injections of tracer as indicated below.

5.2.3. Measurement of vertical flow
Vertical flow inside boreholes is measured by means of

point injections of tracer. The tracer cloud is transported by the
existing flow and detected at different positions (depths). The
following techniques can be used:
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1) In cases of low velocities, for example, lower than 1
m/min, a point injection can be made at a depth close to
the one at which the vertical flow is initiated. The
injection system is then withdrawn from the borehole and
vertical profiles of concentration are periodically
measured in order to determine the migration of the
tracer cloud in function of time. The measurement is
continued until the tracer escapes from the borehole
through the permeable horizon located at the end of the
stretch affected by the vertical flow.

Common salt can be used as a tracer for this
measurement. Again the density effect may represent a
negative factor for the interpretation of the results,
but, in the opinion of the author, it is not very
important because exact quantitative values are not
needed.

2) For higher flow velocities, the techniques sketched in
Fig. 15 can be used. In the first case (Fig. ISA), two
detectors are placed at known fixed positions. The
tracer cloud moves through these detectors and peaks are
detected from which the velocity is calculated. The
measurement is made at different depths in order to
obtain the variation of the flow velocity with this
parameter. Common salt can be used as a tracer and
conductivity-meters as detectors.

On the other hand, the techniques shown in Fig. 15B and
C, require the use of a radioactive tracer. A single
detector is used. The tracer is injected through a
plastic tube by gravity or by using a small electrical
pump. When the tracer inside the tube passes near the
detector, a peak is observed. A second peak is obtained
when the tracer reaches*the detector position as a result
of the vertical flow existing in the borehole. From the
distance between the end of the plastic tube (injection
point) and the detector and the time elapsed between the
two peaks, the flow velocity is calculated. The error
due to the transit time of the tracer along the previous
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Figure 15. Illustration of methods for the measurement
of vertical flows in boreholes.

distance can be negleted or corrected. The tests is
repeated at different depths in order to obtain the
profile of the flow velocity.
However, vertical flows can also be measured using NaCl
as a tracer and a single conductivity-meter as detector.
Point injections can be commanded from the surface, for
example, by using a simple electro-magentic valve located
at the end of the injection tube.

3) For flow velocities higher than about 1.5 cm/s, the use
of commercial current-meters is possible and advisable.
The point character of the measurements made with these
devices, allows the obtaining of profiles of the flow
velocity with higher resolution than in the case of the
tracer tests.

An example of a profile of vertical flow velocity is
shown in Fig. 16, which corresponds to the investigation carried out at
the Colbûn reservoir [9] . The water enters in the borehole through a
permeable layer located below 44 metres depth and leaves the borehole
through a second permeable layer located between 24 m and 34 m depth.
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Figure 16. Variation with depth of the velocity (flow-rate) of
the vertical flow inside the borehole 116 (reservoir Colbun, Chile).
Measurements made by using 13*1 as a tracer.

Between these two layers, impermeable materials exist (no change of
flow velocity). In this case, the fact that only the upper part of the
deep permeable layer is affected by the vertical flow is very
important. In the lowest part of this layer only horizontal flow
existed: the tracer disappeared almost instantaneously but did not
reach the detector located above the injection point. This result was
interpreted as a failure of the draining system. Most of the water
related to this horizontal flow escapes from the draining area and runs
downwards along the alluvial valley. This water is responsible for the
spring which cropped up with time about 5 km downstream from the dam.
Obviously, this information can only be obtained by using tracers. The
profile given by the current-meter would have been interpreted as the
existence of impervious material at this depth.

5.2.4. Point dilution method
The point dilution method [20-22] also offers interesting

possibilities for the obtaining of permeability profiles of the rock
formation. As is well known, the tracer is injected, in this case, in
a water volume inside the borehole which is delimited by two packers in
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order to avoid vertical transport of the tracer (Fig. 17). The
detector is located in the centre of this volume and gives the
instantaneous tracer concentration. From the tracer dilution process,
the Darcian velocity is obtained using an equation similar to Eq. (2).

TUBE FOR
PRESSURIZED AIR

PACKER .——

BY PASS-

UEIGHT

TRACES INJECTOR

OETECTOK CABLE

DETECTOR
(C.M. OR SCINTILLATION)

- SCREEN

STIRRER

Figure 17. Illustration of the

point dilution method.

The packers eliminate or reduce drastically the influence
of the vertical flow which, eventually, can be present. Therefore, the
tracer dilution accounts for the permeability of the rock formation at
the stretch between the two packers. Through the repetition of the
test at different depths, a velocity profile is obtained which can be
very useful for the study.

In the opinion of the author, the use of radioactive
tracers is not absolutely necessary for this technique. Common salt as
a tracer and a conductivity-meter as a detector can be used to produce
a simple and cheap device for this purpose. This statement is based,
mainly, on the two following reasons:

1) In these kinds of studies, very high hydraulic gradients
at the saturated formation are usually present, which
also produce groundwater flow with very high velocities.
Therefore, the influence of osmotic effects at the
measurement is negligible.

2) No accurate velocity determination is needed
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5.3. Case Studies
Usually, flow tests in boreholes provide information on

the local groundwater flow. This information is very useful for the
interpretaion of other results. The drilling of boreholes is usually
done with the aim of intercepting the groundwater flow responsible for
the leakage. Flow tests are absolutely necessary for a precise and
sure identification of this flow and should be carried out immediately
after finishing the drilling, because the results gained with a single
borehole may give a better orientation for the continuation of the
drilling programme.

When a sufficient number of boreholes are available, the
flow tests performed at all of them usually give a valuable picture of
the general pattern of the subsurface flow. This was, for example, the
case of the study carried out at Sabaneta dam. Seven boreholes were
drilled for investigation purposes. All of them showed the same flow
pattern: vertical ascending flow, with the water inlet located at a
deep permeable layer of karstified materials and the outlet distributed
in three different semi-permeable strata (Fig. 18). The drilling of
the boreholes B8 and B9 was stopped when their depth was approximately
65 m and flow tests were performed. Only very low flow velocities were
found in these conditions. But when the borehole B8 tapped the deep
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Figure 18. Identification of permeable strata by means of flow—tests at
boreholes carried out at Sabaneta's reservoir (Dominican Republic).
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permeable stratum, which was located at about 92 m depth, the water
level at the borehole rose by about 10 metres and a vertical ascending
flow of very high velocity was originated inside the borehole.
Borehole B9 showed similar behaviour.

The results made clear that the deep permeable stratum is
responsible for the transport of the water from the reservoir to the
springs. The upper semi-permeable strata do not play an important role
in the leakage. At a distance of about 200 m downstream the dam, the
calcareous materials showed an almost vertical dip with some clay
layers acting as a hydraulic barrier for water. Therefore, a high
hydraulic head exists at the zone and the water has found for emerging
the weakest existing point, which is the base of the spillway tunnel
(see foot note of Section 3.1.).

The second example corresponds to the dam El Colorado at
the reservoir Colbün. During a certain period of time, the water level
at the reservoir was very low and, as a result, a complete profile of
relief wells of the draining system stopped emerging water. Flow tests
were performed in all these wells taking advantage of this
circumstance. Most of the wells showed vertical ascending flow,
sometimes very rapid as, for example, the case presented in Fig. 16. A
few wells showed vertical descending flow (wells marked with "D").
This was produced by groundwater coming from local precipitation
occurring in the neighbouring hills. The water table of this
groundwater was higher than the water level at reservoir and,
therefore, vertical descending flow was created inside the well.
Before dam construction, this groundwater discharged at the present
bottom of the reservoirs mainly along the bed of the river Teatinos,
but now it has to find a new pathway due to the hydraulic barrier
created by the reservoir and by the groundwater flow circulating in the
opposite direction.

In all cases, a deep permeable layer was identified as
responsible for the vertical flow (Fig. 19), which most probably is the
same outcropping at the bed of river Teatinos (see foot note at Section
4.2.). Overlying this permeable layer are low permeability materials
(feldspathic silt). The upper permeable layer responsible for the
outlet of the water inside the wells corresponds to sandy materials
which were deposited on the natural terrain in order to increase the
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Figure 19. Identification of the permeable stratum responsible for most of the
leakage at the reservoir Colbun (Chile) by means of flow-tests in boreholes.

weight and, therefore, to avoid the lifting and sweeping away of the
soil material as a result of the hydrostatic pressure. The deep
permeable layer coincides, more or less, with a stratum of clean sand
which was identified through seven boreholes constructed for
reconnaissance purposes. The depth of this stratum is marked in
Fig. 19 as point lines. The flow-tests allowed a more precise
identification of this permeable layer (dotted zone). The central zone
of this permeable layer with higher thickness coincides with the zone
where the highest water amount is emerging and where the first water
eruption was observed during the first filling of the reservoir.

In the six wells marked with "M", the vertical flow was
also measured using a current-meter. No significant differences were
observed with respect to the measurements carried out using a

131radioactive tracer ( I).

6. WATER BODY EXPERIMENTS

6.1. Generalities
Several techniques have been used or suggested for the

localization of infiltration zones at the bottom of lakes or
reservoirs. Most of these techniques are based on the use of
artificial radioactive tracers. However, only in a few cases have
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positive results been obtained. The task involves serious difficulties
because of the point character of the tests and the large extension of
the zone which usually has to be explored. For better planning of
these experiments, previous information on the possible permeable areas
is necessary, which can be obtained from the geology. In the same way,
a previous study based on the temperature of the water can provide
information on the infiltration zone (see Section 4.2.). Large
extensions of the bottom of the reservoir can be excluded for this
investigation on the basis of temperature data.

In the following Sections, the most relevant techniques
for the localization of infiltration zones are briefly described.

6.2. Radioactive cloud migration
The principle of the method is illustrated in Fig. 20.

82 198Several curies of a gamma emitter (for example, Br, Au or
131I) are injected at a point of the reservoir near to the bottom.
Afterwards, the migration of the radioactive cloud is followed by means
of submerged scintillation detectors suspended from boats. When the
cloud reaches the infiltration zone, it intercepts the bottom of the
lake and the tracer disappears after a certain period of time [23-25] .

• TRACER INJECTION TRACER MEASUREMENT

DETECT!»

RADIOACTIVE CLOUD
INFILTRATION ZOBE

Figure 20. Illustration of the method for the localization of
infiltration areas at the bottom of reservoirs by the migration
of the radioactive tracer cloud.
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The technique seems to be very simple but, in practice,
it involves serious difficulties, due to the following reasons:

1) Natural flows of the reservoir, produced mainly by the
wind, are very frequently dominant with respect to the
flow derived from the water infiltration. Only in cases
of very high infiltration rate and tracer injection near
to the infiltration zone, may one have the opposite
situation.

2) The tracking of the radioactive clould is not easy and
often requires the use of several measuring teams and an
appropriate boat positioning technique.

3) As is well known, in the case of stratified lakes,
vertical diffusion coefficients are very low in
comparison with horizontal diffusion (or dispersion)
coefficients. Therefore, water in the lake moves
preferentially in horizontal planes and bottom
infiltration areas are also fed, almost exclusively with
bottom water. For example, during the investigation
carried out at the reservoir Contreras [15], 1 curie of
46Sc-EDTA was injected at a depth of about 10 metres
above the bottom in order to localize infiltration areas
through the migration of the radioactive cloud. One day
after the injection, the tracer was spread over a

5 2horizontal layer of more than 2 x 10 m surface.
The thickness of the labelled layer measured at different
points, was lower than 1 metre. The tracer was never
detected at the spring which was located at the foot of
the dam. The temperature profile was responsible for
this behaviour. Stratification in lakes and reservoir is
very common.

For these reasons, the method is recommended only when high
infiltration rates are expected and the area of possible infiltration
is relatively small. This was the case of the reservoir Colbun.
Through the temperature study, the area of possible infiltration was
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practically reduced to the bed of the river Teatinos (see Fig. 9). In
order to investigate this area, the injection of 3 Ci of I was
carried out at the point indicated in Fig. 21. During the next hours,
the tracer cloud migrated in an easterly direction and stopped
travelling when it reached the dotted zone where most of the tracer
infiltrated. Five days later the I began to emerge through the
relief wells which were located at a distance ranging between
1200 m and 1800 m. The infiltration zone was, more or less, the same
where the lowest temperatures were found at the bottom of the
reservoir. A hollow of the terrain of several metres depth was
detected in this zone which, most probably, was produced by sinking of
the terrain as a result of the water infiltration. As has been
mentioned above, prior to construction of the dam, groundwater coming
from the alluvial valley was discharging in this zone. A permanent
small lake existed in this zone and a permanent flow of the river
Teatinos was observed even during the dry season when no precipitation
takes place over long periods of time in the region.

Figure 21. Migration of the I cloud at the bottom of the
reservoir Coibun (Chile). Tracer distribution after 3_days
from the injection. The figures represent t«Ci/m3 of

6.3. Tracer adsorption method
This method is illustrated in Fig. 22. A radioactive

tracer is injected, as in the previous case, near to the bottom and the
seepage currents are also used to carry the tracer to the seepage
area. The tracer is chosen so that it will be fixed in the seepage
area by adsorption on the bottom materials. Different kinds of tracers
have been suggested for this technique, such as:
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i) Gold-198 in a colloidal form or as chloro-auric acid
solution. This is the most commonly used tracer [17].

ii) Indium-113m in the form of InCl as it is obtained from
a 113Sm/113mI generator [27].

1QR "iQiii) Thin sediments labelled with Au, Fe, etc. [26,
29].

iv) Ion-exchange resins labelled with I.
131v) Bitumen emulsions labelled with [25, 28].

In the case of a free migration tracer, i.e., tracer
dissolved in water with no significant change in density, the same
difficulties as mentioned in the previous Section concerning the
interference of natural currents have to be taken into account.
However, gold-198 in the form of cloro-auric acid has been used
successfully by B. ANDREU et al. at the reservoir Las Lajas (Mexico).
64 tracer injections were carried out at different points and 19 areas
with preferential infiltration were localized.

TRACER MEASlTRflffiHT
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INFILTRATI« ZOKE ABSOMED TBACEK

Figure 22. Illustration of the method for the localization of
infiltration areas at the bottom of reservoirs based on the
fixation of a radioactive tracer.

The same tracer has been used by A. OWCZARCZYK and S.
SPILOWSKI at a large reservoir in Preczyce (Poland) [27]. The tracer
was injected, in this case, at about 1 meter depth along a line. The
injector illustrated in Fig. 23A was used. Afterwards, the activity
was recorded with the measuring device shown in Fig. 23B and peaks of
concentration were detected at the points with preferential
infiltration. Both tracer injector and measuring device were dragged
along the bottom of the lake. This procedure is not feasible in most
cases due to the many obstacles usually existing at the bottom of these
water bodies.
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J. F. EASEY and G. L. HANNA used gold-198 successfully
for the localization of zones with preferential infiltration at the
reservoir Pedu (Malaysia) [29]. Two zones were detected and the
results were presented in the form of isoactivity contour lines.

TRACER INJECTION SYSTEM
1. TRACER CONTAINER
2. PREASSURIZED AIR CYLINDER
3. FLOW-RATE ADJUSTER
4. HACHETIC VALVE

A ___ ____ _________. .

MEASURING SYSTEM

1. SCINTILLATION DETECTORS

Figure 23. Illustration of the method proposed by A. OWCZARCZYIK and
S. SZPILOWSKI [27] for the localization of infiltration areas at the
bottom of lakes.

When labelled sediment, ion-exchange resins or bitumen
are used, the density of the tracing material is somewhat higher than
the density of the water and shows a trend to be deposited at the
bottom of the water body. The effect of the seepage current on the
deposition of this material is therefore questionable. In fact, very
little documentation exists on the use of these tracing methods. J.
MAKOWSKI has used sediment labelled with gold-198 at the reservoir
Pszeczica (USSR) [26].

In some cases, saline solutions can also be used for the
investigation of infiltration at bottom depression. Due to its higher
density, the solution is deposited at the depresion and the dilution of
the tracer is measured by means of a conductivity-meter. But in many
cases, the infiltration does not take place through bottom depressions.
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6.4. Direct measurement of the infiltration rate
Some techniques have been used or suggested for the

direct measurement of the point infiltration rate at bottom of the
lakes. One of these techniques, proposed by A ZUBER [30], is
illustrated in Fig. 24. A metallic cloche is deposited on the bottom

CLOCHE

DETECTOH

MEASUBIMC TUBE

TUCKS INJECTOR

Figure 24. Illustration of the method suggested by A.ZUBER [30]
for the measurement of the infiltration rate at the bottom of
lakes and reservoirs.

of the lake. The total amount of infiltration on the surface covered
by this cloche poduces a flow at the measuring tube which is determined
by a tracer method based on the transit time of a pulse of tracer from
the injection point to the detector. No practical application of this
technique has been reported. In principle, the technique could be
interesting in cases of dispersed infiltration when the bottom
characteristics allow an appropriate positioning of the cloche.
However, the use of a radioactive tracer does not seem to be absolutely
necessary for this application, because the velocity of the flow can be
measured by other methods, for example, using NaCl as a tracer and a
conductivity-meter as detector. J. EASEY and L. HANNA have used at
Pedu dam the system illustrated in Fig. 25 which is based on the same
principle. The flow derived from the infiltration is measured at the
surface using a conventional flowmeter.

In the case of the investigation carried out at lake Laja
[1], the author has used the technique illustrated in Fig. 26. A
cylindrical container with round stainless steel ends is deposited at
the bottom of the reservoir. The container has a volume of about
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F- Floaf

Figure 25. Device used by J. EASEY [29] for the measurement of
infiltration rates at the bottom of reservoirs.

ELECTROMAGNETIC VALVE

PLASTIC TUBE

— x=r,: INJECTOR (4)

DETECTOR
CEIGER-MUELLER

HOLES OF 4 n 0

Figure 26. Device used by the author for the
localization of areas of preferential infiltration
at the lake Laja (Chile).
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38 litres and is bored at about 10% of its total surface. A
Geiger-Mueller detector is located at the centre. Several litres of
131I solution containing about 20 uCi of total activity are
injected from the surface through a plastic injection tube. An
electromagnetic valve controls the beginning and the end of the tracer
injection. Afterwards, the tracer concentration is recorded in
function of time. The slope of the dilution curve depends on the flow
velocity crossing the measuring cell. The system can be calibrated in
order to obtain semi-quantitative values of the velocity. However,
relative values of this slope are sufficient for the localization of
areas of preferential infiltration. Fig. 27 shows the results obtained
at lake Laja, where three areas of preferential infiltration were
detected. About 400 point measurements were performed at the natural
dam formed by the lava. This technique is only appropriate when high
infiltration rates are expected as in the case of lake Laja (leakage3about 30 m /s). The geometry of the measuring cell was defined
considering the irregularities of the bottom which is covered by blocks
of lava of different sizes. Obviously, the method cannot distinguish

• VF = 7 to 10
(JJJJVF = 0 to 4

Figure 27. Distribution of the infiltration rate at the natural dam of lake
Laja (relative values). VF = velocity factor, which is proportional to the
slope of the dilution curve.

between flow velocities due to natural causes and ones derived from
seepage. But in the present case, the bottom irregularities helped to
reduce the natural flow because the measuring cell is usually deposited
at the deepest depressions. However, even the measurements carried out
at the flat zone of the bottom upstream from the natural dam (about 100
m depth) showed very low slopes of the dilution curves in comparison
with the ones obtained at the zones of preferential infiltration.
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7. IHTERCOHHECTION EXPERIMENTS

7.1. Generalities
Obviously, interconnection experiments are very important

for leak investigations in order to determine the characteristics of
the groundwater flow and to validate other results. In these
experiments, artificial tracers are injected in specific points and
detected at the emerging water.

The planning of an interconnection experiment usually
requires a certain level of information on the stated problem and for
this reason such experiments are frequently carried out at a final
stage of the investigation. Some important questions arise when
planning interconnection experiments, such as:

i) Type of tracer to be used,
ii) Amount of tracer to be injected,
iii) Injection site and injection point.
iv) Programme of sampling of the emerging water: frequency of

sampling, points for sampling, duration of sampling,
especially when the tracer cannot be measured "in situ",
etc.

The answer to all these questions is not always easy and
very frequently the success of the experiment depends on the final
decision. Obviously, the scope of this paper does not allow us to go
too deeply into all these aspects. Only general indications will be
given, which will be illustrated by case studies.

7.2. Type of tracer
Usually, interconnection experiments require the

labelling of large amounts of water and only tracers which can be
measured at very low concentrations are appropriate. On the other
hand, the behaviour of the tracer when travelling through the rock
formation may be a decisive factor. In principle, two different
situations can be distinguished in this respect: granular and
consolidated media. Other factors to be taken into account are the
distance between the injection and measuring points and the expected
transit time. A first estimation of the transit time can be made on
the basis of the total flow-rate of the emerging water and the volume
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of the saturated rock formation between the two points. A further
factor to be considered is the eventual need of obtaining quantitative
data concerning travel time and tracer recovery.

In the opinion of the author, the following tracers
represent the best options available at present for interconnection
experiments [31]:

1) Fluorescent tracers (uranine. rhodamine. etc.).
These tracers are more appropriate for consolidated rocks
but can also be used for short distances in granular
media (several hundreds of metres). Insufficient
information exists with regard to their behaviour in
different conditions and therefore the possibility of
getting good quantitative data is questionable.
Quantitative recovery of these tracers has not been
observed by the author. The possibility offered by these
tracers of being fixed on active charcoal, which allows
the detection of very low concentrations [32], is very
interesting.

2) Bromine-82 and iodine-131
These radioactive tracers have shown a good behaviour in
most cases and can be used for experiments where the
transit time is appropriate to their half-lives. In the

131case of I, the author routinely uses a measuring
technique based on the co-precipitation of this
radionuclide in the form of Agi. About 250 mg of
inactive ion I and excess of ion Ag is added to a
water sample of about 10 litres. The precipitate is
decanted, filtered and centrifugea (about 90% of the
precipitate is recovered). The test tube containing the
precipitate is measured using a well-type Nal (Tl)
scintillation detector connected to a single-channel
analyser with the window adjusted for the 362 KeV

131gamma-ray peak of the I. Concentrations as low as 3
-3 3x 10 uCi/m can be measured with this method.
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3) Tritium in the form of tritiated water
This tracer is the only choice in cases where
quantitative data are needed, high water volume is
involved and along transit time of water exists. Using
direct measurement, concentrations as low as 50 TU (0,16

3uCi/m ) can be measured. With electrolytic
enrichment, a sensibility of about ten times higher is
obtained. An example will be shown later. Its long
half-life is a negative factor because long-term
contamination can be created. Therefore, its use should
be restricted to cases where the other tracers fail and a
reasonable turnover time of water can be warranted. In
case of doubt, the performance of a previous experiment
using a flouorescent tracer is recommended.

4) Elements detected by neutron activation analyses
The use of Br, I, In in the form of EDTA complex, etc. as
tracers have been suggested, but very little use of this
technique has been made. NH.Br was used succesfully in
a Mexican reservoir. The tracer was detected several
months after the injection at the emerging water. The
technique might be interesting for obtaining of
preliminary information in cases where nothing is known
about the leakage process.

5) Lycopodium spores
This tracer can be interesting for obtaining qualitative
information in the case of consolidated rocks.

The amount of tracer to be injected can only be estimated
by approximative calculations taking into account basic hydraulic
parameters, such as flow-rate of the leakage, volume and porosity of
the saturated formation between the injection point and the measuring
station, expected dispersivity, etc. Obviously, the sensibility of the
measuring system has to be known. Typically, several kilograms of
fluorescent tracers and several curies of radioactive tracers are
injected. In the case of tritium, between 5 Ci and 100 Ci are
typically injected.
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7.3. Injection site and point
7.3.1. Generalities

Selection of the appropriate injection point is not
always an easy task. Depending on the information pursued, the tracer
can be injected into the lake (or reservoir) or in a borehole. Very
frequently, the exact point of tracer release has strong influence on
the course of the experiment and, for this reason, the selection of
this point has to be based on previous local flow tests.

7.3.2. Injection in the lake
Obviously, when the tracer injection is performed in the

lake, the zones of preferential infiltration are selected. For a
better identification of these zones, the techniques described at
Sections 4.2. and 6 are recommended. However, even if these zones have
been clearly identified, one has to take into account the possible
influence of the natural currents existing in the lake derived, for
example, from the wind effect or from incoming water flows. This
effect can explain the results obtained in an interconnection
experiment carried out by the author at the lake Laja using tritium as
a tracer. Four curies of this radionuclide were injected at each of
the points 1 to 5 of Fig. 27. Only 12 curies were recovered at the
springs which probably corresponds to the injections made at points 3,
4 and 5. The average transit time was about 25 days. The tritium
injected at points 1 and 2 was probably swept away by natural
currents. The injections were made at about 5 metres above the
bottom. In a second experiment, 20 Ci of tritium were injected at
point 6. In this case, the injection was made in a point of the
surface of the lake where seepage flow could directly be observed. The
results are shown in Fig. 28. The recovery of the tritium was
quantitative.

Thermal stratification of the reservoir can also be
responsible for many failures in this kind of experiment. The tracer
injected above a zone of preferential infiltration can migrate
horizontally instead of undergoing infiltration.

In order to reduce the relative influence of the natural
currents, the injection can be made at a point very near to the bottom
where the influence of the seepage current can be predominant. But
even in this case, if the infiltration rate is not homogeneous, the
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Figure 28. Breakthrough curves obtained at three different
points after injection of 20 Ci of tritium at the lake Laja
(Chile, 1989).

tracer which undergoes infiltration at a specific point can be
transported through the rock formation with an initial velocity
different to the average value and can emerge at the springs in a time
too short or too long in comparison with the average transit time. In
other words, the initial conditions may have a strong influence on the
transport process and it should be taken into account for the
interpretation of the results.

In other cases, when the water is emerging very close to
the dam, the execution of an interconnection experiment by injecting
the tracer just upstream of the dam in order to identify under-seepage
which, could eventually, represent a risk for the dam can be
interesting. Experiments like this have been carried out by the author
on two different occasions. The first one was in the reservoir Tominé
(Colombia) in 1974. 500 mCi of bromine-82 were injected some tens of
metres upstream of the dam. About 45 minutes after injection,
measurements at the resevoir were initiated with the aim of following
the migration of the radioactive cloud. No radioactive material was
found in the reservoir but 1 hour later the tracer began emerging at a
relief well located downstream.
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The second experiment was carried out at the reservoir
131Sabaneta [2] . 500 mCi of I were injected at the four points

indicated in Fig. 11. No tracer was detected at the springs during the
next 10 days. The outlet of the reservoir was closed during two days
and the Agi precipitation technique described at Section 7.2. was used
for the measurement of the tracer. On the other hand, two injections
of uranine performed at the points indicated in the same figure gave
positive results. The tracer arrived in the springs about 2 days after
the injection. One of these injections was carried out by P.
RAMSPACHER [10]. Caotic limestone strata are outcropping in this zone
of the reservoir.

An interesting injection technique for under-seepage
studies has been used successfully by J. GUIZERIX et al. [23]. The
technique is illustrated in Fig. 29. The tracer is injected inside
permeable boreholes drilled at the bottom of the reservoir in order to
avoid the effect of natural currents. Preliminary tracer tests should
be also performed in these cases in order to identify the existence of
any flow inside the borehole, for example, by injecting a NaCl solution
of high concentration.

Figure 29. Tracer injection method used by J. GUIZERIX
et al. [25] for the investigation of dam under—seepage.

When dealing with small well mixed reservoirs,
interconnection experiments can be carried out by labelling the whole
water body. This technique has been used by W. DROST and F. MOSER and
is illustrated in Fig. 30. Mixing difficulties may arise if thermal
stratification exists.
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7.3.3. Injection in boreholes
Before performing tracer injection in a borehole for an

interconnection experiment, tracer flow-tests as described at Section 5
should be carried out. In other words, precise information on the

PERISTALTIC PUMP

TRACER SOLUTION

WIDTH OF INJECTION
L = 5 « INJECTOR

Figure 30. Injection device used by J. MOLINARI [33]
for the labelling of the whole volume of reservoir
water.

flows existing in the borehole is absolutely necessary. Otherwise, a
high risk of experiment failure exists. Obviously, the tracer should
be injected only in boreholes where an important natural flow exists.
In cases of low flow velocity, a great amount of water should be
injected after the tracer in order to facilitate its outlet from the
borehole.

Special care should be taken when vertical flow exists in
the borehole because this flow could carry the tracer into a permeable
layer which is not responsible for the leakage (no connection with the
reservoir or with the springs) or which is not the most interesting
layer in terms of water transmission. The tracer injected in these
conditions may become, more or less trapped in this layer and give a
negative result. The vertical flow is usually only a consequence of
the borehole itself which is connecting permeable layers with different
hydraulic heads. The layer at which the vertical flow is initiated,
usually has a better hydraulic connection with the lake but the tracer
is transported inside the borehole to the other layer.
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The previous situation was observed during an experiment
131carried out for the lake Laja investigation [1]. Two curies of I

were injected in a borehole located at a distance of about 700 metres
from the lake where a vertical descending flow of very high velocity
had been detected. The injection was made at a point very close to the
water table in order to give the tracer the opportunity of being
distributed among all the existing permeable horizons. The result was
the breakthrough curve shown in Fig. 31. A small fraction of the
tracer reached the main spring in about 1 day. Other peaks were
detected later but the most important fraction of tracer arrived after
15 days. This last transit time is in good agreement with the results
obtained using artificial tritium (Fig. 28). The conclusion of these
and other experiments was that a preferential pathway of the
groundwater flow between the lake and the spring exists. The first
peak was produced by a small fraction of tracer which travelled through
this preferencial flow. The rest of the tracer was transported with
lower velocity through other deep permeable horizons, which are of
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Figure 31. Breakthrough curve at different points of the I
(2 Ci) injected at the borehole PI located near the natural da
of the lake Laja (Chile).
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secondary importance for the leakage. The preferential flow is created
by the infiltration which takes place in the black zone close to points
1 and 2 of Fig. 27.

In a general way, it can be stated that the
interpretation of results from interconnection experiments executed in
boreholes is especially difficult in the case of consolidated rocks. A
borehole can be located at a few metres from the zone affected by the
main flow and give breakthrough curves with large delay and dispersion
depending on the connection between the borehole and the main flow.
The initial conditions after the injection play an important role.

7.3.4. Interpretation of results
For a detailed final interpretation of the results

obtained from interconnection experiments, the hydrogeological
characteristics as well as other complementary results (for example,
chemical and isotopic data) have to be taken into account. However,
some general indications can be given.

When a positive result is obtained, i.e. when the
injected tracer is detected at the outlet of the groundwater system,
only this fact is a useful information. On the other hand, a negative
result may raise doubts, because apart from the lack of interconnection,
some other circumstances can be responsible for the non-detection of
the tracer, for example, excessively long transit time of water or too
high dilution of the tracer.

In cases of positive experiments, the record of complete
breakthrough curves of the tracer is most interesting in order to
obtain more complete information. When many springs are present, the
breakthrough curves for these can be different due to the existence of
different pathways of the groundwater flow or to the mixing of water
with different origins. Therefore, the measurement of individual
breakthrough curves is recommended, at least, for the most
representative springs. The chemical and/or isotopic composition can
help in the identification of different types of water. For example,
in the case shown in Fig. 28, the lower tritium concentration found at
point Indice 2 is explained by mixing of the water coming from the lake
with water from the intermediate basin.
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Breakthrough curves showing different peaks usually
indicate different pathways of the groundwater flow. But, the
diversion of the flow in different branches can only be a result of
the local flow pattern around the injection point. This was the case
shown in Fig. 31. The I injected in the borehole was diverted
into different branches all of them leading into the main flow. Once a
fraction of tracer is incorporated in the main flow it reaches the
outlet in a short time. This interpretation was obtained by comparing
the results of different interconnection experiments with tracer
injection made at different points (10 experiments were performed in
the case of the lake Laja).

Complete breakthrough curves provide quantitative values
of the transit time of water, fraction of recovered tracer at each
outlet and, in the case of good mixing of a conservative tracer,
flow-rate of the total groundwater flow coming from the lake. The
transit time is given by the average residence time t of the tracer
in the groundwater system and can be calculated by the equation:

t f c dt
r /0 C dt

Where C = tracer concentration
t = o corresponds to the time of the tracer injection.

Usually, the curve concentration versus time is
measured. From the data of this curve, the curve concentration x time
versus time can be plotted. The quotient of the area of this last
curve and the area of the first one gives t .

On the other hand, the fraction of tracer recovered or
emerged at each spring can be obtained by the equation:

Ffc = Q Jo C dt

or Ft = J* Q • C dt (5)

Where Q = flow-rate of the spring, which can be taken
away from the integral if it has a constant
value.
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In an inverse way, if a quantitative recovery of the
tracer as well as a good mixing with the whole grotmdwater flow coming
from the lake is assumed, the discharge of this flow (flow-rate) can be
calculated by means of the following equation:

Q = _J!——— (6)r c dtJo

Where M = mass or activity of the injected tracer.

The last calculation is interesting when the spring
represents only a fraction of the total flow-rate and this cannot be
measured by other means. This was the case of the investigation
carried out by the author in 1964-1965 at the reservoir of Canelles
(Spain) [16] . Most of the leakage was emerging at the bottom of a
second reservoir existing downstream and could not be measured. Only
some springs were visible with a total flow-rate of about 250 1/s.

8?Fifteeen interconnection experiments were carried out using Br as a
tracer (between 1 and 5 curies for each experiment). The tracer was
injected at 6 different boreholes. Positive results were obtained in
four of them. Through the integration of the breakthrough curves a3flow-rate of about 4.5 m/s was deduced for the total leakage which
was in good agreement with the water balance at the lake. This leakage
was present with a water level at reservoir of only about one third of
the maximum level. The interconnection experiments provided very
useful information which helped in stopping the leakage. This was
successfully done some years later and at present only some tens of
litres per second of leakage exists for the maximum water level.

Coming back to the example shown in Fig. 28, the
flow-rate calculated with the breakthrough curve measured at Abanico3was 26.5 m/s which was the same value given by the power plant.(*)
It means that the injected tritium was recovered quantitatively. On
the other hand, the flow-rate obtained at Ojos de Agua was only 21.8
3 3m /s. The difference of 4.7 m /s is explained, at least in part,

by the contribution of the intermediate basin which does not affect3this spring. Using chemical data, a value of 3 m /s was obtained for
this contribution (Section 4.1.1.).

This station was Located at the inlet of the hydroelectric power plant Abanico,
which uses, as main water flow, the leakage coming from the lake Laja.
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8. STUDIES PRIOR TO DAM CONSTRUCTION

Using the techniques previously described, detailed
information on the localization of the leakage and of the groundwater
flow derived from it, is most frequently obtained. But the benefit of
this information is very often limited: in many cases, no solution to
the problem is feasible due to technical or financial reasons.
Therefore, a thorough study of the dam site prior to dam construction
is strongly recommended. In fact, this study is usually carried out,
but not always with enough detail. The following nuclear and tracer
techniques can make important contributions to this study:

1. Environmental isotopes can provide very valuable
information on the origin of the local groundwater and
its relationship with the river. Very often the stable
isotope composition of the water transported by the river
is different to the one corresponding to local
precipitation and the previous task can easily be
achieved. The tritium content of the groundwater can
give information on the age of the water. Modern water
detected by tritium and river origin detected by stable
isotopes can represent a bad perspective for the dam.
The chemical composition of the water can also help for
this purpose.

2. Flow tests at boreholes using the techniques
described in Section 5 will give information on the local
groundwater flow and allow the identification of
permeable horizons which eventually have to undergo an
impermeabilization process. Especially interesting are
these flow tests in the case of an alluvial valley.
Vertical profiles of permeability are obtained which can
be of decisive importance for the assessment of the dam
site and for the definition of the most appropriate dam
characteristic cross-section. An interesting case study
is shown in Figure 32 which corresponds to a valley
fluvioglacial located near lake San Marcos at the foot of
the volcano Cayambe (Ecuador) [33]. The construction of
a dam at this site was planned in order to increase the
storage capacity of the lake. Flow tests carried out by
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labelling the whole water column of several boreholes
with I showed that the upper- layer of the
sedimentary material was permeable and the uppest
impervious layer was located at about 30 metres depth.
The project was abandoned on the basis of these and other
results.

PSM-6

10

~ 20
X
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TRACER CONCENTRATION (CPS)
2OO «X> 600 800 REMARKS

0.8 ca/d
IMPERMEABLE

v = 2.9 cm/à
IMPERMEABLE

v = 0.8
IMPERMEABLE

Figure 32. Permeability profile measured at the borehole PSM-6
(lake San Marcos, Ecuador) by using the method of complete
labelling of the water column.

3. In the case of the unsaturated zone, permeability
tests based on water injection are carried out below the
elevation corresponding to the maximum water level of the
future reservoir. Artificial tracers injected during
these tests can help to give a more precise
identification of permeable horizons. Common salt can be
used for this purpose. On the other hand, natural gamma
logs are also interesting in this case, especially, for
the determination of the clay content of geological
formations.

4. Water infiltration along the course of the river can
be determined by discharge measurement at different
stations. Artificial tracers can be used for this
purpose. However, only in favourable conditions will
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the technique be reliable because the infiltration rate
is usually very low in comparison with the river
flow-rate and it has to be determined by the difference
between two values of this parameter.

9. CONCLUSIONS

Artificial and natural tracers are important tools for
the investigation of leakage from lakes and reservoirs. On the other
hand this investigation is absolutely necessary before undertaking any
repair work. Many failures of repair works executed without
appropriate prior investigation are known. Furthermore, investigation
costs are usually negligible in comparison with repair works.

The investigation of leakage from lakes and reservoirs
requires the combined use of different techniques. Geological and
hydrogeological reconnaissance is always the starting point, but the
techniques to be used should be selected according to the
characteristics of each particular problem.

Some non-tracer techniques can provide very useful
information, for example, water balance, response of leakage to level
variation, tests based on water injection and piezometric information.

The use of natural tracers at an early stage is strongly
recommended. Chemical composition of water can give information on the
connection of the sampling point with the reservoir . In some cases,
relative values of the transit time can be obtained. Stable isotopes
may allow the identification of water coming from the reservoir and
from local precipitaion. When thermal stratification exists in the
lake, the temperature of water can inform us about the zones of the
lake at which the emerging water is infiltrating.

Fluorescent, chemical (saline) and radioactive tracers
can provide information on the pattern of the groundwater flow
responsible for the leakage. Radioactive tracers find their most
important applications in the following studies:
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1. Flow-tests performed inside boreholes. Activities of
between 100 ]iGi and several millicttries per borehole
are needed. I, "TC and Br are the best
tracers for this application.

2. Localization of infiltration areas at the bottom of the
lake
131,

198lake by migration of the radioactive cloud. Au and
I are used. Activities of up to 5 curies are needed.

3. Localization of infiltration areas by means of special

devices deposited at the bottom of the lake (point
131 99m„measurements). I and ^c are the most

appropriate radionuclides. A maximum of some tens of
microcuries are needed at for each test.

4) Interconnection experiments between lakes or boreholes
131 82and springs. I, Br and tritium are the most

commonly used radionuclides. Very often, tritium is the

only choice, especially, when quantitative information is

needed, when long travel time is expected, when high

dilution (high flow-rate and/or dispersivity) takes place
or when other tracers fail due to fixation adsorption at

the rocks. Activities of several curies are used in the
82 131cases of Br and I, and up to 100 curies in the

case of tritium.
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USE OF ARTIFICIAL TRACERS FOR THE
DETERMINATION OF AQUIFER PARAMETERS

R. MARGRITA, B. GAILLARD
Centre d'études nucléaires,
Grenoble, France

Abstract

The following tracer methods for the determination of aquifer
parameters are described:

- Single-well method under natural flow conditions including the
point dilution methods with two-packer probe, the method based on
the pumping of water from the well through an external measuring
cell and the method based on the labelling of the whole water
column.

- Use of point injections for the measurement of vertical flows
inside wells.

- Multi-well technique under natural flow conditions.
- Multi-well technique with pumping.

The information given by these techniques and the most appropriate
tracers are described.

1. CLASSIFICATION OF METHODS AND MEASURED PARAMETERS

Artificial Tracers are very often used to determine the aquifers parameters. This paper
describes three methods based on artificial tracers to obtain these parameters :

Method 1 : single-well method in natural flow conditions
Method 2 : multi-well method in natural flow conditions
Method 3 : multi-well method in pumping conditions

The different parameters obtained by these methods can be summarized as follows :

. Method 1 :
. Darcy velocity V
. Profile of Darcy velocity
. Vertical velocity
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Method 2 :
. Natural flow velocity u
. Cinematic porosity V/u
. Longitudinal dispersion coefficient DL

. Transversal dispersion coefficient DT

. Flow direction

Method 3 :
. Longitudinal dispersivity Q :

DL
«L = TT

. Cinematic porosity

2. SINGLE-WELL METHOD IN NATURAL FLOW CONDITIONS

2.1. Darcy velocity measurement
This method called also single-well dilution technique is very well-known.
A tracer pulse is injected into the borehole and the variation of tracer concentration
with time, caused by natural flow is monitored. The Darcy flow-velocity V is
calculed from this tracer concentration signal.
This general principle can be applied in different conditions and several variants can
be proposed :
. variant A : local measurement between two packers,
. variant B : measurement on the total height of the piezometer or between packers,
. variant C : method based on logging in the piezometer.

VARIANT A :
The local measurement of the Darcy velocity (called also filtration velocity) is
realised with a special device [Ref. l].
The different parts of this devise (fig. 1) are :
. Two rubber packers (distance 50 cm or 1 meter) for delimiting the volume of the
measurement chamber.
. A tank of tracer with injector.
. A mechanical system with motor for homogenisation of the tracer.
. A i-detector with wire and recorder.

With this device, the measurement is local (between the two packers) and by
measurements at different levels in the piezometer, the profile of filtration velocity
can be obtained.
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Fig, l : Device for determination of filtration velocity.

Radioactive tracers : Tc 199 m delivered by Mo 99 generator - Br 82 - Iodine 131 -
are used for these measurements.

VARIANT B :
The figure 2 shows an another possibility for the determination of the filtration
velocity.
The device, in this case, is very simple and cheap and is composed of :
- A pump for homogenisation of the tracer,
- An equipment for the tracer measurement.

If the top level of the aquifer is less than 8 meters below the soil, a surface-pump is
used (figure 2). The tracer concentration is measured continously or by taking
samples on the pipe of the pump. The used tracers are radioactive (Tc 99 m - Br
82 - I 131) or dye tracers (Rhodamine WT). The measurement of filtration velocity
can be done on the total height of the piezometer or between two packers as in
variant A.

If the top-level of the aquifer is deep (more than 8 meters) an immerged pump is
required in place of the surface-pump.

- Determination of filtration velocity.
In both cases (variant A and B), after a mixing-time, the tracer-concentration
versus time is givere by the formulée :

C(t) = Co exp (-£)
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Figure 2 : Assembly for determination of filtration velocity.

with :

T =
Volume of measurement

aquifer flow-rate

. In variant A : the volume of measurement is the water volume between the two
packers.
. In variant B : the volume of water in the pipes can be add to this volume.
. The aquifer flox-rate Q is :

Q = Vf2*.R.H.£

Vf : filtration velocity mVmVsec (parameter to be determined)
R : radius of the piezometer
H : height of the measurement chamber
e : factor depending on the structure of the piezometer.
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The figure 3 gives the value of the <• factor versus the ratio perforated area/total
area of the piezometer in three cases :
. piezometer without annulus of gravels,
. piezometer surrounded by an annulus of gravels (D = 1,5 d),
. piezometer surrounded by an annulus of gravels (D = 2d)

'- ---^>~^~

Air» crépint«
Aire total«

Fig. 3 . Variation of e with the ratio perforated area/total area of the piezometer

- Quality of the piezometer
To obtain good results the piezometer must be realised
. Without absorbing substance used as lubrifiant (such as bentonite) to avoid
fixation of tracers.
. Without important flow of water to avoid cavities in the soil.
The recommanded method in alluvium soil is "ODEX method".
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. Step 1 : implantation of a metallic tube (200 mm) in the soil by percussion. At the
bottom of the tube is a rotating system to facilate the penetration of the tube.

. Step 2 : the soil inside this metallic tube is removed by air-lift.

. Step 3 : implantation of a plastic tube (4» = 125 mm) inside this metallic tube.
"Crépine Boode" is the trade-mark of this plastic tube with slotes.
Slotes » 50 arround the tube.
Lenght of a solte : = 5 cm
Width of a solte : » 0,05 cm

. Step 4 : the annulus between the two tubes is filled up with calibrated gravels (3 -
7 mm).

. Step 5 : the metallic tube is removed.

VARIANT C :
This method (logging method) is applied for measuring low horizontal filtration rates
in deep borehole (1000 - 2000 meters) [Réf. 2].

A radioactive tracer (I 131 for example) is injected into the borehole and
explorations with a 7-detector are carried out at time t , tj .... t .

The figure 4 shows the results of these explorations and the method makes use of
the variation in time in the tracer.

n( t )

Fig. 4 : Explorations into the borehole.
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The activity A(t) into the borehole at time t is given by the formulée :

A(t) = K f2 [n(t ,h) - b ( h ) ] dh
Hi

with :
n(t,h) : signal of the detector at level h and time t,
b(h) : background at level h,
K : calibration factor.

The activity A(t) is related to the initial activity AQ by :

A(t ) = A0 exp (- |)

with T = volume/aquifer flow-rate.

So, the aquifer flow-rate can be determined.
To apply this method, a special equipment is required : 7 ray tools - injector tool

hoist with wire (1000 - 2000 meters) and adapted electronics.
The limit of the method for low velocity is about 0.5 cm/day [Ref. 2].

2.2. Vertical velocity
Vertical velocity can be determined by the transit-time method but caution must be

taken in the interpretation of results due to the laminar flow conditions into the
borehole.

The required equipment is composed of an injector of tracer and two ^-detectors.

This method is very useful in petroleum fields studies (injectivity profile) and also in
hydrology to know the relations between different layers in aquifers.

3. MULTI-WELL METHOD IN NATURAL FLOW CONDITIONS

- Real water velocity and longitudinal dispersion coefficient.
To apply this method, four piezonemters are required (fig. 5) :
Fj for tracer injection,
F2, F3, F4 implanted in flow direction, for tracer detection.
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Fig- 5 : Multi-well method in natural flow conditions.

The distance between injection and detection line is so large to be representative and, in
this case, the tracer curves in the piezometers F2, F3, F4 have the same shape : property
of identity of impulse response [Réf. 3, 4].

The tracer is injected in the piezometer Fj according to the method described in
paragraph 2.1. variant B.

So, the Darcy velocity V is determined and the variation of tracer in time in this
piezometer can be considered as the imput function e(t) of the tracer in the system
constituted by the piezometers [F, - F2, F3, FJ.

If s(t) is the concentration of tracer in the detection piezometers (output function) e(t) and
s(t) are related by a convolution integral (symbol *) :

s(t) = e(t) * h(t)

Where h(t) is the impulse réponse of the system [Fj - F2, F3 , FJ

L __ f _ (L - ut)3
h(t ) =

J4n DL t3
exp

with :
L : distance injection - detection line
u : water velocity
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D, : longitudinal dispersion coefficient.
Lj

So, the parameters u and DL are obtained from the experimental curves e(t) and s(t) by
solving the convolution integral formulée.

The figure 6 shows these different functions :
e(t) : tracer input signal
s(t) : tracer output signal
h(t) : model : impulse response
e(t) * h(t) (dotted line) : convolution integral with optimal values : u and DL.

e ( t ) * h ( t )

Fig. 6 : Multi-well method i natural flow conditions. Theorical and experimental curves.

- Cinematic porosity.
The cinematic porosity u is deduced from the two parameters
V : Darcy velocity
u : real water velocity
by the formula :

=
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- Transversal dispersion coefficient
Doing the hypothesis that the tracer concentrations in the piezometers F2, F3, F4 are
distributed as a gaussicen law [Réf. 3], the axis of the flow direction and the variance aT

2

of this gaussian distribution can be determined from these three tracers concentrations
C,(t), C3(t), C4(t) (fig. 7).
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Fig. 7 : Determination of the transversal dispersion coefficient.

So, the transversal dispersion coefficient DT is given by the formulée a2 = 2 DT t with t
mean transit time between injection and detection line.

- Application.
The tracer used for application of this method are Br 82 - I 131 - HTO and non
radioactive Ina. The natural background of non radioactive Ina in fresh water is about
3 ppb and this tracer is very useful.

For a good application of the method :
. The velocity must be not too slow to avoid a duration of the experiment too long.
. The flow direction must be stable during the experiment.

For example if :
u = 0.1 meter/day
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L = 10 meters

The mean transit-time T is 10/0.1 = 100 days and the total duration of the experiment is T
= 4T= 400 days » 1 year.

In this case, the experimental duration is too long and the flow may be not stable during
this time.
An another method with pumping has been developped to avoid these desavantages.

4. MULTI-WELL METHOD WITH PUMPING

A piezometer P in which is realised a pumping at constant flow-rate Q is surrounded by
four satellite piezometers A, B, C, D in which are injected four different tracers. Tracers
injected in A, B, C, D are recovered in the central piezometer P on the effect of
pumping.

The figure 8 shows the implantation of the different piezometers P, A, B, C, D.

B

D

Fig. 8 : Implantation of piezometers.
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The pumping flow-rate must be chosen so that the velocity V induct by pumping is
greater than the natural velocity af aquifer Vn (V > Vn) and that the isochrone line
arround the central piezometer P is a circle.

Only one satellite piezometer would be sufficient to determine the parameters but four
piezometers are suitable to appreciate the hypothesis on isochronism and homogeneity of
aquifer.

The tracers used are "good tracers" of water such as :
radioactive : HTO - 1.131 - Br 82 - Cr 51 EDTA;
non radioactive : Ina - Co EDTA - ZN EDTA - Ni EDTA.

Doing the hypothesis that the longitudinal coefficient of dispersion DL is proportionnai to
the velocity : D = aL.u («L longitudinal dispersivity) the parameters :
. longitudinal dispersivity QL

. cinematic porosity u

can be determined from the tracer experimental curves observed in the central piezometer
P [Réf. 5 and 6].

A critical comparaison of the two methods : multi-well in natural condition and multi-well
with pumping, has been realised at différents sites and the results are in good agreement
[Ref. 7].

In both method, the main problem is the scale dépendance of dispersivity <*, with distance
and this is an important problem, whese studies are seldom, to be solved.
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USE OF TRACERS IN WELL TESTS

S. MANDEL
Ramat Gan,
Israel

Abstract

The paper deals with the use of artificial tracers for the
determination of aquifer parameters through tests performed in boreholes
with and without pumping. The most important existing methods are briefly
described. The possibilities offered by different radioactive and
non-radioactive tracers is discussed. The limitations of the techniques
are analyzed, specially in the case of determination of dispersion
coefficients through tracer tests.

Hydrological pumping tests enable determination of transmissivity,
storativity, leakage factors (in leaky aquifers), and well losses.
Well-tracer tests enable, in principle, determination of filter velocity
and physical velocity of natural groundwater-flow, effective porosity
(distinct from the storativity which is measured in hydrological tests),
and constants of dispersivity. Well-tracer tests could also be used for
the investigation of aquifer-water interactions. The following concise
survey is intended to give a fairly representative, though necessarily
incomplete, picture of the present state of the art. It is arranged
according to experimental procedures that have been used.

1) Injection of a tracer-pulse into one borehole at rest, and
monitoring of the tracer-cloud further downstream in an observation hole
or a line of such holes perpendicular to the direction of flow (Fig. 1).
Assuming uniform flow during the duration of the experiment, the method
yields information on dispersivity-constants and on the average physical
velocity of flow. It is however very difficult to implement because of
the extremely long test-durations that are required.

2) The tracer-pulse is injected into one borehole at rest and
recovered in another (pumping hole) (Fig. 2). The distance between the
two holes must be so small that the cone of depression caused by pumping
extends beyond the injection well. Both wells must be fully penetrating
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Fig. 2. Tracer slug in radially convergent flow.

and steady state conditions have to be created by a period of pumping
prior to the start of the experiment. In a more sophisticated variant of
this lay-out, several boreholes surround the pumping well and a different
tracer is injected into each one of them.

This method enables complete tracer-recovery and, hence, determination of
storativity. Longitudinal dispersivity is determined by curve-fitting.
There exists no analytical solution for dispersion in radial flow. The
variant method achieves greater accurracy and may enable detection of the
natural, lateral flow-component (Kraft et al 1974, Halevy and Nir 1962,
Ivanovich and Smith 1978).

3) Tagged water is injected at a constant rate into a borehole,
recovered by pumping from another hole and then rejected (Fig. 3). This
method involves a larger volume of tagged water than the preceding one and
is probably more accurate (Huyakorn et al. 1986, Molz et al. 1986).
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\ r
Fig. 3. Recharge, pumping and rejection.

4) "Pair of wells" method (Fig. 4): Tagged water is injected at a
constant rate into one borehole, recovered by pumping at the same constant
rate in another hole and recirculated into the first one. (Pickens et al.
1980, Molz at al. 1986).

5) Tagged water is injected at constant rate into one borehole and
subsequently recovered by pumping from the same hole, either immediately
after injection or after some time-interval (Fig. 5). This method was
intended to estimate longitudinal dispersivity and natural flow-velocity
(Sternau et al. 1967).

6) A tracer-pulse is injected int a well at rest, and recovered by
pumping from the same well after a rest interval of several days-weeks
(Fig. 6). This method enables estimation of natural flow-velocity,
effective porosity, and longitudinal dispersivity (Mandel et al. 1985,
Bachmat et al. 1988).

7) Single-well dilution technique (Fig. 7). A tracer pulse is
injected into a borehole at rest and the subsequent decrease of tracer
concentration, caused by natural flow, is monitored by a probe inserted
into the borehole. Insertion of packers enables testing of selected parts
of the aquifer. This method enables measurement of filter-velocities.
Variants of the technique enable also determination of natural flow -
directions on a micro-scale, and of vertical flow-components.
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Fig. 4. Pair of wells, recirculation.

VCn-2 . 0 _
Q.t

Fig. 5. Single well recharge and recovery.

TRACER SLUG
TRACER CLOUD

Q-t

Fig. 6. Single well tracer slug and recovery.
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Fig. 7. Single borehole dilution.

Instrumentation, experimental procedures, and interpretation are highly
developed and the technique is routinely applied in the context of
excavation works (Drost and Neumaier 1974, Leveque et al, 1974, Halevy et
al. 1967).

Problems of Dispersion

One of the objectives of well tracer-tests is to estimate aquifer
parameters which govern the spread of a polluted patch of groundwater. In
a homogeneous, isotropic porous medium, mixing is governed by two
constants, longitudinal and lateral dispersivity (dim. L). Only
longitudinal dispersivity can be determined by field tests. Laboratory
tests which approximate an ideal medium yield dispersivities of the order
of 10~2-10° m. The results of well tracer tests which involve
only a small part of the aquifer are generally within or near this range.
Dispersivities deduced from observations of the spread of pollution in
real, reasonably large aquifers are larger by one to two orders of
magnitudfc. The major cause for this discrepancy seems to be the
permeability stratification of most aquifers (Mercado and Halevy 1966,
Molz et al. 1983, Pickens et al. 1981, Huyakorn et al. 1986). The
variability of all natural aquifers which are never "homogeneous" in the
strict sense of the term probably also plays a part in the strong
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scale-dependence of dispersion phenomena. Permeability stratified
aquifers have received considerable attention and methods for their
investigation have been developed, but the upscaling of dispersivity
values obtained from well tracer tests to those applicable to real
pollution phenomena is a still unsolved problem.
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Fig. 8. Permeability stratified aquifer.

Tracer Selection

In the case histories cited, the following tracers were used:
82 T3Tfluorescent colours (fluorescein, eosin, rhodamine W.T.) Br, I,

Co, and neutron activated tracers such as Cl, Br, I, metal-EDTA and
metal-chelates.

A useful tracer must be conservative, non toxic and non offensive,
easily measurable in small concentrations, and meet only with a minimum of
background noise in the environment. A tracer for well tests should also
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be immediately measurable either in situ (by a probe inserted in the
borehole), or in loco (by portable instrumentation near the borehole).
Delayed measurement techniques which require lengthy laboratory processes
and/or transportation of samples to a distant laboratory add to the
difficulties of field-work.

The most important property of a tracer is the Permissible Dilution
Factor (PDF) which may be defined as:

PDF = MPC/LDG

where: MPC = maximum permissible concentration in the injected water
LDC = minimum detectable concentration

In well tracer tests the objective is not only to detect the tracer
but to obtain a record of concentrations as function of time. In
addition, losses by adsorption radioactive decay, etc., as well as natural
background noise have to be taken into account. Therefore planned
output-concentrations should be larger than LDC by about two orders of
magnitude.

PDF estimates for three classes of tracer are given below:

Chloride as NaCl, concentrations measured in situ by resistivity probe.
MPC defined as threshold of noticeable gravity effects.

MPC = 5 pp 104 (*)
LDC = 2 pp 106
PDF = 250

Remark: Actual PDF will be much smaller because of strong background
noise.

Fluorescent colour tracer, eosin, measured in loco by throughflow
colorimeter. MPC defined as threshold of visibility to the naked eye
(after Mandel et al. 1985).

(*) pp means parts per ....
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MPC = 1 pp 106
LOG = 2 pp 1010
DPF = 5000

Remark: Utility of most colour tracers is limited by adsorption to
clay-minerals. It is claimed, however that the recently developed
rhodamine W.T. does not suffer from this drawback.

Radioactive bromine-82 in the form of NaBr (Gilath and Gonfiantini
1983). MPC for year round exposure in drinking water. Measurement in
situ by a probe.

MPC = 11100 Bq/liter
LOG = 0.74 Bq/liter
PDF = 15000

Remark: Utility of this tracer is limited by its short half-life.

Radioactive cobalt-60 used in the form of K [Co(CN) ] H 0 samples3 6 2 2
being measured in loco by large scintillation counter (after Sternau et
al. 1967).

MPC = 1850 Bq/liter
LDC = 1.1 Bq/liter
DPF = 1680

Remark: Because of public sensitivity only 5% of estimated MPC was
injected. Today this long lived tracer will be hardly acceptable
anywhere.

oTritium H as part of the water molecule. MPC estimated for
annual intake of water by population (Froehlich, verbal communication).

MPC = 30000 Bq/liter
LDC = 3 Bq/1
PDF = 10000
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Remarks: Tritium is not easily measurable in loco with the required
accuracy, it is also expensive.

Neutron activated tracer, bromide in the form of NaBr (data from
Jester and Rapach 1987, hypothetical example).

MPC (toxicity) = 1 PP 100
MPC (gravity) = 5 pp 10000
LDC = 1 pp 10*
PDF (for gravity MPC) = 500000

Remarks: In this case MPC is determined by gravity not by health
hazards. The very large PDF is bought at the price of a delayed
measurement technique.

CONCLUSIONS

Well tracer tests have been successfully implemented under widely
varying conditions. Their utility is, however, still limited by a number
of shortcomings on which additional work has to be done

1) Only single well dilution tests have been developed into a
technology that can be routinely used. Other techniques have not been
standardized and therefore each tests is apt to become a research project
by itself.

2) The data needed for regional groundwater investigations serve as
input to numerical models. In this context tests carried out at a single
location are of little utility. Ways should be sought to simplify and
standardize test-procedures so that reasonable areal coverage becomes
possible.

3) The scale dependence of dispersivity seems to be a still unsolved
problem. Dispersivities obtained from well tracer tests are of little
value unless some method is found to upscale them for regional modelling.

4) Fluorescent colour tracers have a sufficiently large PDF for well
tracer tests. They are also easily measurable in loco (through not in
situ) and are non toxic and inoffensive at the required concentrations.
Their major drawback is their propensity to adsorption.
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5) Radioactive tracers have the advantage of being easily measurable
in sity, i.e. by a probe inserted into a borehole. Their limitations are
radiation-hazards and extreme public sensitivity to his issue. The use of
short lived tracer minimizes radiation hazards but, at the same time,
creates difficult and often insuperable logistic problems for field work
in relatively remote areas. The unique property of radioactive tracers,
their built-in time clock, is of no relevance in well tracer tests.
Neutron-activable tracers may become the best approximation to the
required "ideal" if ways can be found to activate and measure them in
loco, at the test site.
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GROUNDWATER TRACING WITH TRITIUM:
PROBLEMS AS EXEMPLIFIED BY AN 'UNSUCCESSFUL'
TRACING EXPERIMENT IN 1964

D. RANK
Bundes Versuchs- und Forschungsanstalt Arsenal,
Vienna, Austria

Abstract

Tritium is, on the one hand, an ideal tracer for water, on the other
hand, the release of tritium disturbs the natural level of tritium in the
environment. The example of an "unsuccessful" tracing experiment in the
Neusiedlersee area of Austria in 1964, makes the problematic nature of
tritium use particularly evident. In this experiment, 100 Ci tritium were
injected into the groundwater. Twenty years later, tracer could still be
indentified in the area where the injection took place. Tritium, as an arti-
ficial tracer, should only be used in clearly limited hydrological systems.
In addition, the tracer should pass quickly through the system under in-
vestigation. At the output of the system - in a river or stream, for
example - the tracer should be well diluted.

1. INTRODUCTION

Although the environmental levels of tritium are approaching natural
levels, the interpretation of environmental tritium data continues to play
an important role in hydrological investigations. It is therefore only in
exceptional cases that tritium should be used as an artificial tracer.

The example of the groundwater tracing experiment that took place
in the Neusiedlersee area of Austria in 1964, makes clear that tritium is
an ideal tracer for groundwater. However, the tritium contamination of the
groundwater can continue for decades, when certain underground
conditions exist. Removal then occurs only by radioactive decay. All
hydrological data available before the onset of the above experiment
suggested an entirely different outcome than was, indeed, obtained.

2. GROUNDWATER TRACING EXPERIMENT IN THE NEUSIEDLERSEE AREA,
1964

Neusiedlersee is a steppe lake situated near Vienna, at the
Austrian/Hungarian border (latitude 16°45' E, longitude 47°50' N), where
the outlying hills of the eastern Alps slope into the Pannonian plain. The
water surface is 115.5 m above sea level and the total area is almost
300 km2 , of which approximately 180 km2 is covered by reeds. The mean
water depth is about one metre. The water balance of the lake is above
all determined by preciptation and evaporation.

In the 1960's, little was known of the subterranean inflow to Neu-
siedlersee. A conceptual model of the very complicated hydrogeological
conditions, partly determined by Quaternary tectonics did exist [1], but in
the past, the inflow had only been taken as a remainder in the water
balance equation. The estimated values varied correspondingly.
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According to the regional piezometric map (Fig. 1), one has to
reckon with an inflow from the Quarternary gravels and sands of the
Seewinkel plain and the Parndorfer Platte to Neusiedlersee. To determine
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FIG. 1. Neusiedlersee/Seewinkel: Piezometric map. The indicated ground-
water ages were estimated from tritium and 14C measurements. Ao is
the injection bore hole from the tracer experiment.
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the velocity of the groundwater flow, 100 Ci tritium were injected into the
groundwater via a 15m deep borehole near the "Höllacke" (a small steppe
lake) on May 7, 1964 [2]. Several observational boreholes were sunk bet-
ween the injection site and the lake bank. (Fig. 2). For more than 1.5
years after the injection, samples were taken from these bore holes.
Nevertheless, there were no interprétable results; it could not be ob-
served that any tracer had reached the bank of the lake. Furthermore, in
the spring of 1965, the injection area was flooded. This certainly lead to
some superficial dissemination of the tracer, possibly to the closer obser-
vational bore holes.

3. THE PRESENT HYDROGEOLOGICAL PICTURE OF THE AREA UNDER
INVESTIGATION, AS A RESULT OF ISOTOPE-HYDROLOGICAL
INVESTIGATIONS

Within the scope of a cooperative project carried out by Austrian
and Hungarian institutes, researchers have, for several years, been trying
to learn more about subterranean inflow, by more accurately investigating
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FIG. 2. Site plan of the groundwater tracing experiment, 1964.
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lakeside areas and the interrelationship between groundwater and lake
water. Subsequently, they have been working toward a quantitative esti-
mate. Moreover, due to the intense agricultural utilization of the
surroundings (vineyards) and tourism, the extent to which nutrients and
noxious substances flow into the lake with the groundwater is of interest.
The results of the investigations are also important when considering how
to prevent the lake from drying up again, which could eventually be
caused by a series of very dry years. This project is based primarily
upon isotope-hydrological investigations [3,4,5].

All the hydrogeological and isotope-hydrological data from the pro-
ject suggest a tentative conceptual model of the hydrogeological con-
ditions and of the interrelationship between groundwater and lake water
on the eastern side of Neusiedlersee (Fig. 3). According to this model,
shallow groundwater is to be found in Quarternary layers, where it is ob-
viously influenced by precipitation and evaporation. A continuous aquifier
cannot be confirmed. Where the aquifier does exist in the lakeside area, it
is thin. On the eastern lake side, in the assumed recharge zone, hori-
zontal permeablility, water-table gradient and aquifier thickness - all
relevant parameters for a subterranean inflow to the lake - are very
small. These observations imply that precipitation in the Seewinkel area
mainly evaporates after a certain residence time in the ground, and that
inflow to Neusiedlersee for shallow groundwater can be estimated as very
low. Another, also non-homogeneous, aquifier is found at various depths
in the Tertiary layers. The water of this aquifier has long residence times
and hardly moves. Therefore, one may assume that from the second aqui-
fier no considerable recharge takes place, either. Distinct connections
between the upper and lower aquifier may be excluded.
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- lower aquifer system ( Pannonian)- - - - -10.5/-12 - glacial waters- - - - -^r

FIG. 3. Generalized conceptual model of the hydrogeological conditions on
the eastern side of the Neusiedlersee, with the O1^ values for the
various waters.
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4. ISOTOPE INVESTIGATIONS IN THE TRACER INJECTION AREA, 1983/84

In view of the findings in Chapter 3, the unsatisfactory results from
the tracing experiment in 1964, appear in a new light. Considering resi-
dence times as high as those observed during the isotope investigations
in the Seewinkel area, some portion of the tritium in the area near the
injection point should still have to be detectable. Therefore, between
September 1983, and February 1984, a series of holes were drilled by
hand (ca. 2 m deep) in this region. Water samples for isotope measure-
ments were taken from the groundwater nearest to the surface. Since not
only the injection bore hole Ao, but also the observational bore holes Ai -
As from 1964, no longer existed, the exact position of the injection point
could not be determined [6].

The tritium results show extreme differences in concentration for
the individual sites where samples were taken (Fig. 4). The highest values
- up to 40500 TU - can definitely be attributed to the tracing experiment.
The fact that 0 TU were measured only 25 m away from the site of maxi-
mal value indicates the extremely low groundwater flow in this area. The
low values also rule out the possibility of an appreciable amount of
groundwater recharge through infiltration.
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FIG. 4. Tritium content (November 1983) of the groundwater close to the
surface, in the area of the injection site near the Höllacke, where
the tracing experiment in 1964 was conducted.
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The spread between the 618O values within small distances is sur-
prisingly large, confirming that an uniform upper groundwater horizon
cannot be expected within this region (Fig. 5). Moreover, the majority of
the testing sites indicated enrichments in the 18O content. In the 82H-
618O diagram, the influence of evaporation is evident, as the values of the
groundwater samples are distinctly below the precipitation line. This is
because the occasional floods in the region under investigation are sub-
ject to extreme evaporation and the small amounts that do seep in vary
locally. As mentioned above, the in part low tritium levels indicate that
hardly enough infiltration occurs for groundwater recharge.

The results of the isotope investigations, as a whole, can only be
explained by mosaic underground conditions. There appear to be many
small, and even smaller groundwater "bodies" - "lenses" that are in part
influenced from the surface. The groundwater "bodies" are to some extent
connected piezometrically through a more or less permeable geological
material. A notable horizontal water transport does not appear to take
place in this "groundwater horizon" close to the surface.

FIG. 5. 18O content (November 1983) of the groundwater close to the
surface, in the area of the injection site near the Höllacke, where
the tracing experiment in 1964 was conducted.
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5. CONCLUSIONS

The results of the investigations in the Neusiedlersee area lead to
the following conclusions concerning the use of tritium as an artificial
tracer:

Tritium is an ideal tracer for underground water.

Tritium should be used as an artificial tracer only in clearly limited
hydrological systems.
A tracing experiment with tritium should not take place until the
end of an investigational program. The results of the other investi-
gations should be applied in the planning of the experiment.

In general, the hydrological systems under investigation should have
short transit times. In systems with high residence times, tritium
should be used as an artificial tracer only in exceptional cases.
At the output of the system under investigation, a suitable dilution
- for example, a river or stream - should ensure that the level of
tritium in the water is reduced to the environmental level.
Before tritium is used as an artificial tracer in a hydrological
system, all information concerning the behavior of environmental
tritium in the system should be collected.

- It is necessary to document thoroughly the experiments and the
areas involved.
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ARTIFICIAL TRACERS IN GEOTHERMAL HYDROLOGY

W.J. McCABE
Department of Scientific and Industrial Research,
Lower Hutt, New Zealand

Abstract

The literature on the use of artificial tracers in geothermal hydrology published during
the last ten years is reviewed. The characteristics of hot water systems which may limit the
choice of tracers are considered and tracer injection, sampling and measuring methods are
noted.

A strategy for running a tracer testing programme is suggested and the experiences
of investigators in using a range of radioactive, chemical and dye tracers are reported.
Comparisons of the limits of detection of the more commonly used tracers quoted by various
workers have been made along with typical amounts of tracer used and costs of making the
tests.

1. INTRODUCTION

Since the author last reviewed the literature on the use of tracers [1] it has become
accepted that tracer testing is an integral part of the development of a geothermal field,
particularly as part of developing a strategy for reinjection. The once frequently and hotly
debated "pros and cons" of reinjection have now been assessed in the light of considerable
field experience. The impetus for this acceptance has come largely from environmental and
resource conservaton requirements. It is no longer acceptable to discharge untreated
geothermal fluids into inland water ways in any country and the usual solution to this
problem has been to attempt reinjection into some part of the production field. In El
Salvador [2][3] both reinjection and a purpose built canal to the sea, 75km away, were used
to overcome the problem. Early experiments with reinjection in Japan [4] at the Otake and
Hatchobaru fields produced rapid and damaging intrusion of cool water into one and all
production wells respectively. The role of tracers in helping to identify suitable sites for
reinjection was recognized early on and the mid seventies saw the first tests being made. In
the decade and a half since then much has been learned about tracers, the ways in which they
may be used and the interpretation of the data they produce.

The scientific investigator using tracers in a geothermal field is usually interested in
gaining as complete an understanding of the hydrology of the field as possible while the
production engineer is more concerned with the more immediate problems of maintaining the
output of his field and minimizing the costs of waste disposal. Consequently, at least in the
author's experience, the understanding of the hydrology comes as a by product of the need
to test particular wells as reinjectors. Slowly the structure emerges, the connections or lack
of them between different parts of the field, the speed and direction of flows and the
characteristics of the fractured rocks which provide the flow paths or permeability.
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Most writers on the subject of tracers address themselves to the matter of defining or
classifying tracers [5][6][7]. The author's favourite is from the Shorter Oxford Dictionary
"that which traces a connection even when none exists.(1869)." In this work and in carrying
out the literature search from the GEOREF database, the concept of a tracer as something
introduced for specific goals was used. Consequently, radioactive isotopes and chemicals
were included but radioactivity from nuclear testing, nuclear industry wastes and naturally
occuring sources of nuclides such as 3H, 10Be, 14C, 36C1 and Uranium series and
environmental stable isotopes were excluded.

2. SPECIAL REQUIREMENTS FOR GEOTHERMAL SYSTEMS

Because of the elevation of temperature in these systems, reaction rates are higher and
chemical stabilities decreased. Consequently, tracers suitable for use in a geothermal field
should, as well as having all the usual characteristics of those used in cold water hydrology,
be heat stable. They should have predictable properties, both intrinsically and in their
interaction with the system into which they are introduced, i.e. have known decay rates,
chemical stability, be non absorptive, as well as being cheap, readily available and easily
detected.

The large volume of most geothermal systems means that tracers need to be detectable
at very low concentrations and be absent or virtually absent from the system.

Because of the size of the wells, the large volumes of water, and the high
temperatures and pressures encountered, special problems occur when working with
geothermal systems. These cover all the experimental procedures from introducing the tracer
into a well, taking samples, making downhole and other field measurements and even extend
to interpretation of data collected.

These will be considered in a little more detail with reference being made to current
methods of handling these aspects.

2.1. Tracer Injection

2.1.1. With reinjection

One of the most striking differences between radioactive and other tracers is the mass
of tracer required for a particular task. The radiotracer comes already dissolved in a few
millilitres of solution. Chemical tracers will usually be in solid form and weighing tens to
hundreds of kilograms requiring correspondingly large volumes of water to dissolve them.
For example Gudmundsson et al. [8][9] dissolved 37 litres of rhodamine 20% solution and
350 kg. of potassium iodide in several hundred litres of geothermal fluid, while Adams et
ö/.[10] reported dissolving from 100 kg. of benzoic acid to 900 kg. of benzenesulfonic acid
in 36 m3 of hot flashed (to keep out oxygen) brine. Getting such a large tank may be very
difficult if there is no drilling rig on the field, as would the finding of a suitable capacity
high pressure pump to handle that volume in any reasonable time.
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Injecting the radiotracer is a very easy, quick task when working into a reinjection
line. The system shown in Fig. 1 is best made of welded stainless steel and pressure rated for
maximum pressures in the fields in which it is likely to be used. The tracer vial is simply
transferred from its shipping container into the shielded injection system. After establishing
a flow through the system the vial is crushed by partly closing the shielded valve.

1"SS ball valve

tr

1"SS ball va lve

r
reinjection pipe7

lead shield

1"SS ball valve

SS ball valve
1"SS ball valve

8"valve
well head zv

Fig. 1. Tracer Injection System.

2.1.2. Without reinjection

The main consideration when introducing tracer without reinjection is to pump in
enough water to flush the tracer down the well and out into the country. This requires two
to three well volumes after all the tracer is added, which brings one back to the 40 m3

driller's mud tanks. In effect one sets up a small reinjection system.

2.1.3. Downhole

Radiotracer can be injected downhole by the use, for example, of the modified Klyen
bottle breaker as described in McCabe et al. [1]. It is not practicable to release chemical
tracers downhole.
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2.2. Sampling Methods

2.2.1. Discharge samples

These samples collected at atmospheric pressure should present no problems apart
from collecting dye samples in dark containers, filling bottles to the top to exclude air from
hot solutions containing organics and adding preservative to prevent biodégradation. Adams
used sodium azide as a preservative.

2.2.2. Downhole

The small samples required for most chemical, dye and organic measurement are
readily collected by downhole samplers available on most geothermal fields. The larger
samples which can with advantage be collected for radioactivity measurements may require
more than one sampling run to collect an optimum amount of sample.

2.3. Field Measurements

2.3.1. Discharge Monitoring

The continuous monitoring of dye with a fluorimeter, as described by Adams et al.
[10], or ions with a specific ion electrode (not iodide as this requires sulphide to be oxidized
first) is possible but would require one instrument on each discharge as was done with the
in situ monitoring of radiotracers described by McCabe et al. [1]. Where very rapid
responses are expected there could still be good reason for this approach.

Better analytical results can be obtained in the laboratory and a more complete and
flexible sampling programme is possible if well sampling numbers are not restricted to that
of the instruments available. The author reports that no continuous field monitoring has been
done since the chemical sampling procedure, outlined in Appendix 1, was developed. The
latter has a 50 to 100 times better sensitivity which can, when the occasion demands it, be
increased a further 10 fold. At that level the detection limit is 0.001 Bq/L.

Iglesias [11] has some general recommendations on a range of analytical methods as
applied to geothermal tracers.

2.3.2. Downhole

Instruments are not available for downhole measurement of chemical tracers. Gamma
logging tools are used in the oil industry which operate for limited time at temperatures
around 200°C. These are based on ruggedized sodium iodide crystal detectors coupled to
special high temperature photomultiplier tubes insulated in a vacuum flask. Recent
developments in this subject have not been reviewed, but some work has been done in
geothermal fields in New Zealand using these high temperature scintillation detectors for
several months, uncooled, in water above 90°C.
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3. CHOICE OF TRACERS

The number of tracers available to choose from for use in geothermal systems from
which quantitative data can be derived has been very limited. The instability of many organic
and metallo-organic compounds, either due to thermal decomposition or increased reactivity
at high temperatures, has made many of the favourite tools of the hydrologists quite useless
or of indicative value only. Recent work by Adams [12][13] on determining the thermal
decay rates for a considerable number of organic compounds has shown the possibility of not
only using these materials along with the more usual tracers, such as iodides in their various
forms, but also obtaining temperature information about the flow path. These compounds will
be discussed later in this section of the paper.

One general comment on the selection of tracers which is relevant to all water tracing
relates to the use of stable or inert tracers as opposed to decaying ones. As was mentioned
above, the hydrology of most geothermal fields is complex and the result of numerous factors
such as the permeability and porosity of the formations, major and minor faults through the
field, thermal inputs and pressure gradients of various origins as well as various sources of
water input. One or a few tracer tests are not going to provide an adequate understanding of
what is happening in the field. A continuing programme of testing is desirable. It is important
to start such a programme with short, frequent tests using a rapidly decaying tracer. This
avoids the ambiguous situation, which may result if a long lived or inert tracer is used, in
which it is not possible to decide whether a return found after one injection has come from
that test or one of several earlier tests. The other problem which arises when there is a high
retention of tracer in the field, is the increase in the background level with successive
injections of tracer and hence a reduction in sensitivity. A good policy is to start with a
short lived tracer and move to longer lived tracers to study longer term phenomena.

The following materials have been used successfully or with partial success in
geothermal fields around the world:

82Br, Fluorescein, Iodide, Î25I, 131I, Organics (benzoic acid), 2H and 18O, Rhodamine
WT, and Tritium.

Unsuccessful attempts to use the following materials have been recorded where
returns would have been expected based on information gained from previous or concurrent
tests:

Metal complexes, magnesium sulphate, and Rhodamine WT. The characteristics of
each of these tracers will now be considered.

3.1. "Bromine

Bromide makes a very good conservative water movement tracer but, particularly in
geothermal systems because of high natural levels of several hundreds of parts per million,
excessive quantities would be required to provide any sensitivity. One of its isotopes, 82Br with
a half life of 36 hours, could be used for tests where high velocities between wells are
expected. At Wairakei in New Zealand it was used to demonstrate the suitability of 131I as
a tracer by showing that the shape of the response curves of the two were identical [1].
Tester et al. [14] used both bromide and 82Br as inert tracers in their studies of reservoir
sizing using inert and reacting tracers in fractured Hot Dry Rock systems at Fenton Hill.
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The high energy gamma radiation from 82Br ranging up to 2 Mev makes it easily
measured in the field, but it also limits the amount of the isotope which can be transported
in an "A" type package to about 3 GBq. It also makes handling the tracer in the field more
difficult.

3.2. Fluorescein

This is a very readily available tracer of moderate cost, around US$ 20/kg., and with
a limit of detection of 3ppb using a Turner fluorimeter. This makes it very cost effective.
While several workers have made use of this dye for geothermal tracing, its rate of
decomposition with temperature has not been known until recently [10].

Fabiol and Pouzancre [15] studied the effects of temperature and varying water
chemistry on the degradation of fluorescein after obtaining negative results from attempting
to use it for tracing in a thermal zone. They found that at 200°C in distilled water after 11
days only 8% remained, and in two thermal waters the amount remaining was 2% and
nothing. However Adams et al. [12] have shown it to be stable at that temperature in the
absence of oxygen and at pH> 8, and have reported on its successful use in the Dixie Valley
geothermal system [10]. Adams and Davis [16] will be reporting on the thermal decay
kinetics of fluorescein later this year.

Gudmundsson et al. [17] used fluorescein, iodide and rhodamine in a comparison test
on a geothermal doublet system at Klamath Falls, Oregon. The temperature was only 160°c
and the breakthrough time between wells 80 m apart was less than 3 hours. Similar shaped
discharge curves were obtained for fluorescein and iodide, indicating no absorption of these
tracers but the rhodamine was almost ten times longer in arriving and was still increasing in
concentration 180 hours later. Unfortunately the fluorimeter was not calibrated and there
was measurable interference between the dyes.

Breakdown of fluorescein due to time and temperature as well as interference by silica
and sulphur in the detection process was reported by Urbino et al. [18] in tests run in
Palinpinon 1 in the Philippines. The technique adopted was to run a preliminary dye test to
obtain initial information regarding well interactions for monitoring and sampling purposes
before the main 131I test.

Tester et al. [14] used fluorescein as the inert tracer for the Rosemanowes
experiments.

3.3. Iodide

Iodide has been use successfully by a number of workers [4][8][17]. It is easily
measured by the specific ion electrode down to about O.lppm or by using an ion analyzer to
around lOppb.

However while instances of background levels of iodide may be found which are less
than O.lppm, they are commonly higher than that. For example at Ahuachapan in El
Salvador the value is around 5-6ppm. Table 1 gives some approximate values of iodide and
chloride from fields around the world.
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Table 1 A comparison of typical iodide and chloride concentrations, in ppm, and their
ratios, from geothermal fields around the world and the corresponding seawater values.

Location

Ahuachapan

Onuma

Wairakei

Milos

Svartsengi

Sea Water

[I']
ppm

5

0.1

0.1

3

0.09

0.05

[Cl']
ppm

8000

370

1500

80000

12260

19370

r/cr

6x10^

SxlO-4

7xlO-5

3xlO-5

7xlO'6

2.6xlO-6

Several hundreds of kilograms of potassium iodide at a cost of about US$ 35/kg are
usually required even in relatively small scale tests. This not only makes the cost of each
injection very high, but also this salt when dissolved in geothermal water at less than 100°C,
can hardly be regarded as hydraulically compatible with the reservoir fluid.

For each of the two tests run at Otake and Hatchobaru in Japan 800kg of potassium
iodide was used. No details about the procedures, analytical methods or results are given
apart from listing the detection times andjnterwell distances.

Gudmundsson et al. [8] used 350 kg of potassium iodide in the second of two tests
reported for Svartsengi Field, Iceland in 1984. Background iodide levels were 70 -80 ppb,
but a month later the level in the discharge of the one well which gave significant returns was
constant at 500 ppb.

The same author [17] used 227 kg of KI dissolved in almost 700 litres of water in the
Klamath Wells test reported above along with fluorescein and rhodamine.

3.4. 131Iodine

Vetter [7] in his extensive investigation into tracers for geothermal reservoirs which
covered more than 20 likely chemicals, concluded that, "Iodide showed the most suitable
tracer behaviour... " and "The tracer amount required for field jobs may be economically
affordable if radioactive tracers are used... " He in fact used 129I for his laboratory tests but
it is reasonable to assume that he was referring to 131I and 125I. Caspar [5] on page 77 of
volume 1 makes the statement, "13II is the most suitable of all tracers." and "125I could offer
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a certain suitability for long-term investigations." He also makes the remark that long term
operations (with 131I), however, pose serious problems related to radioprotection. As Adams
et al. [12][13] also refer to its radiotoxicity, the magnitude of this problem needs to be
assessed before rejecting the idea of using this tracer.

The Annual Limit of Intake (ALI) for both these isotopes is 106 Bq. A peak sample
concentration of 10 Bq/L is more than sufficient for a test. One is not likely to drink even
one litre of geothermal water in a year let alone 105. There is not a problem from the
discharged water. The only credible danger comes during the handling of the tracer during
the injection process. By adopting the very simple technique suggested above, the exposure
to the operator should be less than 0.05 mSv, which is small compared to the annual
environmental dose of around 2 mSv. As Vetter, in his review of the use of tracers in
geothermal injection systems [19], points out, the disadvantages of using radioactive tracers
are administrative rather than physical.

Three tests were reported by Urbino et al. [18] from the Philippines. While there
were some sample measurement problems with the first two tests, when the iodide chemical
recovery method [Appendix] was used for the third test very good results were obtained.

One 131I test was made by the author and reported by Koutinas [20] during the
commissioning of the generation plant on Milos, Greece.

A series of reinjection tracer tests is underway in the Ahuachapan field in El Salvador
where falling field pressures and the danger of a consequential inflow of cool water have
prompted a search for more suitable reinjection areas than were used earlier in the project.

The author and B.J.Barry have reported on numerous tests at Wairakei and Ohaaki
[21][22][23][24][24], Kawerau [26], and Ngawha [27] in New Zealand since they published
a summary of work up to 1981 [1]. These included two sets of reinjection trials in which
preliminary 131I tests were followed by tests using 125I, the latter lasting six to eight months.
When these reports are available for release to the open literature they should make a
valuable addition to the meagre supply of data on which most of the work on geothermal
reservoir modelling has been done.

3.5. Tritium

At first thought tritiated water would be the obvious choice of tracer for work in
geothermal systems. It was the first tracer to be used successfully and, as was reported by
Einarsson et al. [28], this was at Ahuachapan in 1971, when about 10% of the injected
tritium was recovered from one well. Gulati et al. [29] injected 20 Ci of tritium as tritiated
water into The Geysers field in 1975 and recovered 18% in the steam discharge. They
sounded a note of caution though, "Artificial tritium permanently destroys the natural tritium
balance in the reservoir. Thus, tritium can no longer be used for dating purposes."

However Vetter [19] in a general paper on the use of tracers in geothermal systems,
after analysing the problems of interpreting the results of measurements of natural tritium
concluded that preventing the injection of man-made tritium into a reservoir to "save" it for
age determinations using natural tritium is a very short sighted measure.
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Subsequently Fouillac et al. [6] while listing its merits point out that tritium with its
12.4 years half-life remains in the system for a long time.

Still in 1986 Adams et al. [12][13] say, "Radioactive isotope tracers must be limited
to those not used as natural process tracers, such as 3H and 36C1."

The author's view is that if the field has got natural or weapon's testing levels of
tritium in it, then one probably has the important information to be gained from that
technique. Unless it is then hoped to watch for changes in the levels, it is not so important
to maintain a tritium free system. Maximum sensitivities will however have been lost
because of a measurable, and possibly variable background.

If tritium has never been measured, detected or is very low, then it should not be
added. There are other tracers available from which a great deal can be learned about the
field, before the need to use tritium arises. The author has one reservation here and that is
in regard to investigations in the vapour phase. However if work by B. J. Barry [30] on gas
tracing, currently in progress in New Zealand, is successful then this reservation is less valid.

Tritium is comparatively cheap and can be used in large quantities with few handling
problems because of the very low energy of its beta radiation. This same low energy makes
it impossible to measure in the field. Improvements to liquid scintillation counters have
brought the lower limit of detection down to the level where 1SD = ±4 TU for a good
counter. Enrichment of samples is expensive but can improve this by a factor of 50 to 100.
(l TU = 0.118Bq/kg.)

3.6. Organic Compounds

The prospect of having available a range of tracers which can be measured at very
low concentrations, are absent in the system under study, are cheap and available and
which have well defined decay constants, and consequently do not remain in the system for
ever, is very exciting. The results reported by Adams et al. [10] from Dixie Valley,
Nevada, have stimulated action concerning trials using them along with 131I in New Zealand,
and I am sure in other places as well. The two papers by the same principal author [16]
[31] dealing with the stability of fluorescein and organic tracers are awaited with great
interest.

Another, slightly different approach which uses the change in chemical reactivity with
temperature rather than just thermal stability, has been studied by Tester et al. [l4][32]. A
different suite of organics is used and should find applicability in the temperature range 80
to 200°C. This upper temperature would limit the usefulness of this technique in most power
producing geothermal systems and the strong pH dependence is a possible disadvantage.

3.7. Other tracers

From his experiences in the Svartsengi field Gudmundsson comments, "Rhodamine
Wt appears to have less merit, except for qualitative testing. "[9]. He found that its return was
more than an order of magnitude down on that of iodide, as a result of thermal degradation
or adsorption.
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Adams et al. [12] reported that not only is it sensitive to the presence of oxygen in
the same way that fluorescein is, but also that it adsorbed onto colliodal silica.

During a doublet well test at Ohaaki [22], in which strong returns were being
obtained from the injection of 70GBq of 131I, 20 litres of rhodamine WT disappeared without
trace [21].

D'Amore et al. [33] looked at the long term effects of reinjecting water isotopically
enriched in 18O and D as a natural tracer which would not upset the field tritium levels. They
concluded that the parameter least affected by the water-rock interaction was deuterium, and
that this was the most reliable tracer in reinjection.

3.8. Comparison of Tracers

A comparison of the properties of the various tracers which have been considered
above is given in Table 2. The values used are typical of those reported in the literature
reviewed and are not the extreme limits possible for detection or amounts used. They are in
general controlled by the effort of making the determinations, cost of tracer and equipment
and even solubility.

Table 2. A comparison of tracers and their limits of detection in the field and
the laboratory, the background level of that tracer to be found in a field, a typical amount
of tracer used in a test, its cost in US$ and the volume of water that can be labelled to a
detectable limit by the amount of tracer given.

Tracer Limit of detection BG. Quantity Cost Volume
Field Lab.. US$ m3

82Br 0.5 Bq/1 0.01Bq/L 0

Fluorescein 3ppb 3ppb

Iodide

131
I

125!

Benzoic

Tritium

3GBq 3xl08

150kg 6000 5xl07

O.lppm O.Olppm 0.1-5 300kg 10500 3xl07

IBq/L 0.01Bq/L 0 200GBq 1800 2xl010

0.01Bq/L 0 20GBq 2000 2xl09

7ppb 0 100kg 200 IxlO7

4TU 0-2 4000GBq 1500 1010

This table illustrates the clear sensitivity advantage that the radiotracers have over
other types of tracer. This advantage extends to cost, to ease of handling and to hydraulic
compatibility.
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4. FUTURE PROSPECTS

The development of geothermal energy for power production is in its early stages.
The potential resources even from surveyed fields are much greater than those already being
used. The techniques for studying the systems are continually improving, as is our ability to
interpret the data available. The use of tracers has contributed directly to the understanding
of the hydrology of these systems with information on flow directions and speeds but has also
helped when taken in conjunction with geological, geophysical and chemical data in the
understanding of field structure and extent. A wider variety of tracers becoming available
will speed the collection of data and as a result will improve not only the rate of field
development but also provide earlier warning of the deleterious effects of poorly sited
reinjection wells than is possible at present.
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APPENDIX

Separation of iodine from geothermal waters for counting

The following technique is used to recover the iodide without precipitation of silica
or chloride: Sulphide is oxidised with acidic permanganate, fluoride is added to control silica
and then sulphite is used to reduce the iodate back to iodide. This solution is then run
through a membrane filter and a small amount of silver nitrate added. Due to the relative
solubilities of silver halides, the iodide is quantitatively precipitated while only a small
amount of silver chloride is formed. This solution is filtered through the final (weighed)
membrane disc and the silver chloride removed with dilute ammonia.

Method

Take 2 litres of sample with iodide carrier (5-10 mg). Add 10 ml of 4% KMnO4 and
then 25 ml of 1:1:1 HNO3:HF:H2O mixture and leave 10 minutes. Add 10 ml of 15%
Na2SO3 and leave 10 minutes to complete the reduction of iodate and the dissolution of any
silicate.

Filter through a 10 cm membrane filter of the same porosity as the final filter disc
(0.45 yum). Add 2 ml of 2.5% AgNO3. Filter through a weighed 47 mm membrane filter,
wash with approximately 2 x 20 ml of 10% ammonia, holding each washing on the filter for
about 1 minute before sucking it through the filter. Wash with water. Add 5 ml of 0.1 %
KMnO4 in 5% HNO3 solution, hold on the filter for approximately l min, then run through
and wash with distilled water. Then add 5 ml of 5 % Na2SO3 solution and 25 ml of 5 %
HNO3. Hold on the filter for 5 minutes and run this through the filter and wash well with
water. Dry the membrane filter disc at ~50°C and re-weigh.

For liquid scintillation counting transfer the disc to a plastic mini counting vial, add
about 20 mg of thiourea (which will dissolve the Agi precipitate) and 4 ml of scintillation
cocktail (Beckman Ready-Solv HP is suitable). Leave the disc in the vial for counting.

Polypropylene vials (Beckman Bio Vials are suitable) are used as polyethylene vials
gave a varying background due to migration of cocktail into the vial walls.
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SAFETY ASPECTS OF THE USE OF ARTIFICIAL
RADIOACTIVE TRACERS IN HYDROLOGY

S.V. NAVADA
Bhabha Atomic Research Centre,
Trombay, Bombay,
India

Abstract <

The paper reviews the safety aspects of the use
artificial radioactive tracers in hydrology. Basic radiation
safety considerations, official approval and detailed safety
planning for carrying out radiotracer study, safety in actual
operational procedures such as transport of radiotracers to
the field, injection of tracer and post injection
surveillance are discussed.

1. INTRODUCTION

Artificial radioactive tracers are used in hydrology to
study seepages in reservoirs and lakes, interconnections
between water bodies, discharges in rivers, infiltration
through the unsaturated zone, groundwater velocity and
direction, determination of aquifer parameters, sediment
transport. etc. Some of the studies carried out by the
Bhabha Atomic Research Centre, Bombay in the last 2 to 3
decades are listed in Appendix I. The radiotracers commonly
used and their characteristics are given in Appendix-11.

Even though the amount of radiotracer used in most of
the above studies is small, there is always some concern
about the radiation hazards associated with radiotracers in
these investigations. Experience however has shown that if
the investigation is planned properly and conducted by
trained persons using appropriate equipment, tools and
instruments, the radiation hazards can be minimised to such
an extent that they are of little practical consequence.
This paper describes the basic radiation safety
considerations, preliminary official approval and detailed
safety planning for a radiotracer experiment, safety in the
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actual operational procedures sucn as transport of
radiotracer to the field, injection of tracer etc and post
injection surveillance.

2. BASIC RADIATION SAFETY CONSIDERATIONS

The objective of the radiation protection is to limit
the radiation exposures so that the risks of harmful effects
to the individuals and to the society is as small as
possible compared to the benefits to be derived from the use
of radioisotopes. The principles of radiation protection are
contained in the recommendations of the International
Commission of Radiological Protection (ICRP) concerning
limitation of doses from controllable sources upon which most
international standards and national rules are based l 1 ' .
The recommendation and guidance provided by the international
agencies embody certain principles of particular importance
to those planning to use radioactive materials in various
fields. These are:

(a) Justification: No practice (entailing radiation
exposure) should be adopted unless its introduction produces
a positive net benefit (to the society).

Justification of the use of radiotracer to a particular
hydrological study has to be provided to the national
competent authority after considering the available
alternatives and risks and benefits associated with each of
them.

lb) Optimisation of protection: All exposure shall be kept
as low as reasonably achievable; economics and social
factors being taken into account.

Optimisation of protection can be ensured by selecting a
radioisotope of low radiotoxicity, short half life comparable
with duration of the study and activity compatible with the
sensitivity of the measuring instrument.
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(c) Application of dose limits: The dose equivalent to
individuals shall not exceed the limits recommended for the
appropriate circumstance by ICRP/national competent
authority.

ICRP has recommended two sets of limits for occupational
workers and general population, one to prevent non stochastic
effects. tin which radiation leads to destruction of the
cells in the living body) and the other to limit the
induction of stochastic effect (where modification of the
cell structure/funcition involved;. In radiotracer
applications in hydrology, the radioisotope handling is for a
relatively short period of time and once it gets dispersed in
the environment, the tracer concentration decreases by
several orders of magnitude and hence threshold doses
required for indication of non stochastic effect are never
reached and can be neglected.

The dose limitation system li' for occupational workers
and members of the public are as follows:

The effective dose equivalent for radiation workers
shall be less than 50 mSv/year. For individual organs and
tissues the limit is 500 mSv/year except in the case of lens
of the eye.

For members of the general population the effective
dose equivalent is 5 mSv/year. Recently ICRP has clarified
that in the case of continuous exposures of the same
population over extensive period of time an effective dose
equivalent limit of 1 mSv/year is to be applied.

For internal radiation arising from incorporated
radionuclides. these primary limits have been elaborated in
to the derived standards. Annual limit of intake (ALI) and
Derived air concentration (DAC) on the basis of assumed
models of intake, metabolism of the radionuclide and
anatomical characteristics of a reference man and dosimetric
parameters. Appendix-2 gives the values of ALI for common
radiotracers used in hydrology. The derived maximum
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concentration (DMC) can be calculated rrom the water
consumption of a Reference Man, in a similar way as clone for
derived air concentration. The values were calculated
considering a water consumption of 550 litres/year. From the
table (Appendix 2) it can be seen that in the case of °* H,
3 i Cr . * •* i i and ö * Br the detection limits are much lower than
DMC values. Hence these radionuclides could be used for
water tracing with very low risk for the population if
appropriate dilution factors of tracer occurs.

3. SAFETY CONSIDERATIONS AFFECTING THE CHOICE OF SUITABLE
TECHNIQUE FOR HYDROLOGICAL INVESTIGATION

The choice of suitable technique depends on a number of
technical and safety consideration. In some cases the
technical considerations may become more important compared
to safety considerations in limiting the use of certain
artificial radioisotopes. For example it may be necessary to
avoid contaminating the environment by use of tritiated water
as this would prevent subsequent application of environmental
tritium in hydrological studies.

Safety of the radiation workers: Radiation workers involved
in tracer work are members of a designated team such as
(a) those preparing and dispensing the radiotracer material
if it is not received in a directly usable form from the
suppliers,
(b) those handling the radiotracer (carrying, opening,
injecting and preparing standard or aliquots; in the field,
(c) those collecting samples from the system, and
{a.) those attending to radiation protection duties.

All preliminary laboratory work required for tracer
preparation is considered as identical to normal operation in
radioisotope laboratory for which safety requirement are
available 'a'. Field work however may pose some difficulties
compared to working in the laboratory. Weather conditions
and other physical factors may detract from a worker's
customary competence and ability to perform his work cleanly
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and safely. in addition, the snielding from radioisotopes
that can be provided in tne field may be less effective than
tnat whicn can be proviuded in the laboratory.

Safety to tfae public: The oasic principle to follow is that
quantities released to the environment in course of
radiotracer work shall toe so limited that the maximum
permissible yearly intakes for individual members of the
public are not exceeded.

Safety in transport of radioactive material: The packages
used for transporting the radiotracer material must comply
with the provisions of the applicable transport regulation
1 •* ' and even if the consignment is accompanied by a competent
member of the tracer team, the regulations with regard to
containment labelling, shielding and placarding must be
complied with. If access to the point of release is
difficult. transport and handling difficulties may impose an
upper limit on the size and weight of acceptable packages.
In such a case it is advisable to divide the consignment and
transport it in a number of packages. The use of
radionuclides that do not emit penetrating radiation (e.g.
tritium) and are of low radiotoxicity simplifies the
transport of the tracer material

4. PLANNING A RADIOTRACER STUDY

Before planning a radiotracer study it should be ensured
that there are no satisfactory conventional (non tracer and
non radioactive) methods available to obtain the same
information. If a tracer approach is indicated, all attempts
should be made to use a non radioactive and non toxic tracer.
If it is finally decided to use a radioactive tracer,
specific clearance has to be obtained from the local
competent authority.

Having decided that a radioactive approach is most
suited for a given problem, the choice of radionuclide for
tracer preparation and its quantity should be made with due
emphasis for radiological protection, among other
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technological consideration. Useful information of the
experimental site and area covered by the experiment, would
be required. The transportation of the radiotracer to the
site, remote handling operations at the site, and other
details such as safety of workers doing experiments,
environmental monitoring has to be carried out. The safety
planning forms used in India are given in the Appendix-Ill as
an example of planning. Information sheet of this type has
to be submitted to local competent authority for final
approval of the experiment.

Design of procedure and assessment of
radiological safety aspects :

The design of a field radiotracer experiment includes
the mode of injection of the tracer, sampling or monitoring
of tracer migration, analyses of data and radiation safety.
It is always desirable to prepare document detailing out the
experimental design including an assessment of the safety
aspects. The assessment should include:

Estimated level of radiation explosure of radiation
workers.

(The radiation exposure levels could be reduced by
reducing exposure time, increasing distance using remote
handling tools, or using appropriate shielding).

Estimated environmental levels contributing to the dose
received by member of the public. The maximum concentrations
of the environment (air, water, etc) outside the controlled
area need to be calculated for the worst case of an
accidental and uncontrolled release of all the tracer
material.

Appendix-IV give an example of such an assessment.
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Assignment of responsibility

One aspect of design which has a large bearing on
radiation safety is the assignment of responsibility. It is
essential that each person in the tracer team be assigned a
specific responsibility in the work programme. À team leader
need to be so designated. It is useful to include a
radiation safety officer in the team as he will be able to
advice the team on all safety aspects as well as convince the
members of the public if called upon to do so, that all
safety precautions are being followed during the experiment.

Dummy run

Before attempting the actual tracer experiment, it is
desirable to have a dummy run of the entire procedure to
(a) ensure that each member of the team is fully conversant
with his/her responsibility.
(b) identify potential problems under a given set of
conditions (e.g. windy conditions, obstructions to free
movemet in the injection area, problems while wearing gas
masks, helmets, etc).

Radiation protection equipment

The tracer team needs to have a check list of all items
needed for radiation protection as they would be working away
from any radioactive laboratory, the list usually includes:

For injection operation

- Vial decapping tool or a suitable opener for
primary tracer container

- Remote handling tongs
- Protective clothing such as laboratory coats
or overalls, shoe covers and caps.

- Surgical gloves.
- Absorbent sheets.
- Tissue paper
- Glassware in adequate quantity.
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- Plastic (FVC) sheets for covering the operation
area and Dags to collect radioactive waste.

- Lead brickes to construct a shield housing if
dispensing of the tracer is to be done in the
injection site.

- Face masKs.

For radiation monitoring

- Ion chamber/uM radiation monitor ( usv - mSv) to
measure beta/gamma dose rates during injection
operation.

- Contaminaition monitor to ensure that the area
of operation and the operators are free from
contamination after injection.

- Film badges (or TLD's ; , wrist badges and pen
dosimeter.

For decontaminaitxon

- Adequately equipped decontamination Kit.

The radiation safety officer should be conversant witn
decontamination procedures including in emergencies. A list
of decontaminaiting agents is given in appendix-v.

5. __OPERATIONAL PROCEDURE FOR RADIOTRACER EXPERIMENT

The operational procedure would involve transport of
radiotracer to the field, injection of the radiotracer,
sampling ana post injection surveillance.

Transport of tracer to the field

Transport of radioactive tracer by public conveyance (by
rail or air) will be done by the supplier under the existing
regulations and if the tracer team is involved in such
transport it needs to be suitably instructed.
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The transport of the transport of the tracer from the
delivery point of public conveyance to the injection site
would be responsibility of the tracer team. Such transport
should be in a suitable vehicle so that the external dose
rates are acceptably low. It is preferable for the radiation
safety officer to accompany the tracer to the field.

If the injection schedule demands storage of the tracer
for a short time, the shielded container should be stored in
a locked room with all precautions against pilferage. The
final transport of the tracer container from a vehicle to the
injection point is done manually, not necessarily by members
of the tracer team. If the member of the public are involved
in such transport, they should be properly instructed to
ensure that the container is safely transported and they
receive as low dose as possible and they should be treated as
members of the public for purposes of radiation protection.

x

Field work

Immediately on arrival at the site, the working zone
(i.e. the area surrounding the injection point;, should be so
designated. The working zone should be kept as small as
possible. It should be cordoned off and clearly marked with
radiation symbols for warning. Normally non radiation
workers should not be allowed in the working zone.

After the working zone has been designated, locations
for keeping radioactive materials, preparation of tracer
solution injection operation, counters, decontamination kits
etc should be properly planned. These operations must be
logically organised so that movement of radioactive materials
is reduced to a minimum and handling of these materials is
not disturbed by other operations.

The operational area should be covered with plastic
sheets and absorbent sheets to the extent that any
accidential spillage will be contained. A change of footwear
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on entering and leaving the controlled area will assist in
restricting the spread of contamination in the event of a
spill.

As suggested earlier a dummy injection could be carried
out using non radioactive materials such as flurescent dyes
etc. The dummy injection would be useful to test the
injection procedure and provide information about the system
iflow rate, dilution rate, choice of best sampling or
monitoring point etc).

All radiotracer injection operations (except opening the
shielded container) such as opening the primary contiainer,
transferring the contents to an injection vessel or directly
into the system and taking an aliquot to prepare standards
should all be done with suitable remote handling tools and
wearing protective equipment such as overalls, gloves, masks
etc depending on the type of operation. In case the tracer
solution has to be prepared in the field, it may be
necessary to have a small shielded enclosure or remote
handling equipment. Waste generated during the injection
operation such as used vials, plastic sheets, tissue paper,
glassware etc should be properly collected for disposal under
the supervision of the radiation safety officer.

Sampling

Once the injection has been made, the system usually
dilutes the tracer to such levels that no special radiation
protection is needed at sampling sites. In exceptional cases
where such dilution does not take place, the radiation safety
officer should instruct the team members on appropriate
measures. Since sampling points are in areas normally
accessible to the general public, a final monitoring survey
should be carried out to confirm that the area is not
contaminated and to allow continued freedom of access.
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Post injection surveillance

At every stage of the injection operation the working
area must be monitored to check contamination. Any spill of
the radioactive tracer should be immediately removed. It is
always good to leave the area in clean uncontaminated
condition. In this way any latent apprehensions of the
public at large may be alleviated. Similarly as already
mentioned the sampling areas could be monitored for possible
contamination of radioactive tracer.

CONCLUSION

It could thus be concluded that the safety aspects of
the use of tracers are well defined and with proper
precautions, radiotracers could be used without undue risks.
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Appendix I

RADIOTRACER STUDY

I. Stream flow measurements
1. Flow measurements in Tapi River,

Surat, Gujrat.
(Max. Flow Rate "1235 mj /sec . ) (1963 ) (20

2. (a) Flow measurements in river Tons,
Utter Pradesh (1969)
(Max. Flow Rate ~200 mj/sec.) (2

(b; Ganga Canal in utter Pradesh(1967)
(Max. Flow Rate 160 m-Vsec.) (5

3. Turbine efficiency measurement at
Bhira electric station Maharashtra
(Max. Flow Rate 32 mj/sec) (1973; (21

4. Beas river
(Max. Flow Rate "10 mj/sec) (1979;

Activity used
100 Cis B* Br
measurements ;

6 Cis HTO
experiments)
5 Cis «^Br

experiments)

1 Ci oi:Br
experiments)
5 mCi H * Br
10 mCi HTO

II. Seepage studies in dams, canals etc.
1. Srisailam, A.P. To locate leaks in

one of two Coffer Dams. (1966)
2. Âliyar dam Tamilnadu. To locate

entry and path of seepage appearing
in the front apron (1966J.

3. Bhadra dam, Karnataka, to locate
seepage entry and the path of
seepage (1968).

4. Supa dam, Karnataka, to examine the
soundness of bedrock foundation
(1968) Study in one horehole.

5. Kadana dam, Gujrat, to examine whether
the seepage in drift was connected to
the river on either side (1973)

4 Ci

1.4 Ci

1 Ci

Br

Br

Br

3 mCi Bl!Br

30 mCi Bi!Br

Seepage studies at Poip dam- Maharashtra 200 mCi u ̂  Br
(1986) 10 mCi HTO

7. Beas-Sutlez link project, Hazaribaug
tunnel, source of seepage in tunnel
(1970)

8. Ganga canal Roorkee - estimation of
seepage loss (1967)

100 mCi «^Br

35 mCi 1 J 1I
9 mCi «*Br
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y. Lakya dam, Kudremukh, to study the
nature of geological fault located
across dam alignment.

III. Interconnection between water bodies
1. Badli and Bangarwadi percolation tanks

in Maharashtra - to study the inter-
connection between the tank and the
wells in its command area (1978).

2. Hydel channel Sundernagar - to
establish connection between the hydel
channel and observed seepages by the
side of the channel.

350 mCi BiiBr

100-150 Ci
HTÜ

360 mCi d £Br

IV. Effluent dispersion
±. Effluent dispersion from existing

sea outfall and its proposed outlet
locations. Karwar

1 Ci ti' or

2. Dispersion of pollutant from sea
outfall, Mangalore (1987)

V. Ground water recharge studies
1. To estimate the direct recharge due

to precipitation CÀZRI Jodhpur,
Ralasthan (1969).

2. Chikli and Sathod in Maharashtra (1976)

1 Ci^Br
180 Cl HTO

60 mCi HTO

3 mCi K3°"Co(CN)&
5 mCi HTO

3. Siwana, Raithal & Bhadrajun in
Rajasthan (1982).

VI. Lake dynamics
1. To determine the mean residence time

in the Ratania tank, Kakrapara Atomic
Power Project (1986).

120 uCi HTO
at each site

25 Ci HTO

VII. Ground water velocity and direction
1. Manikaran, Himachal Pradesh. To deter-

mine the flow direction of deep geo-
thermal waters (1984).

400 uCi a^B
25 mCi HTO

Bombay High ONGC oil field for inter
well studies.

120 Ci HTO

IRE-Älwaye. To determine the direction 15 m.Ci HTO
and velocity of flow of polluted ground 100 uCi b*Br
water (1989)
Seshasayee paper and Board Mills Ltd.
Tamilnadu. To determine ground water
velocity as part of pollution studies
(1988).

100 uCi » *Br
at each point
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VIII. Sediment transport studies
About 40 tracer experiments covering 4°Sc glass
major ports and harbours in the 6-iO Cis
country carried out.

1 * dAu labelled
on sand
(10-20 Ci)
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Appendix n

RADIOTRACERS USED IN HYDROLOGY

W

SI Isotope and Chemical
No Composition

1. dH as HTO
2. 3iCr as 31Cr (EDTA)
3. 30Co as 3»Co (EDTA)

K330(Co(CN)6)

4. buCo as «>uCo (EDTA)
K3

bMCo (CN)6)
5. B*Br as NH^'Br

6. iail as Kijil

Half Life Energies Annual limit
Mev

12.26 Y 0. 018
27.8 d 0.324
71 d 0.81

0.51

5.27 Y 1.17

1.33
35.7 h 0.55

0.61
0.69
0.76
0.82
1.03
1.3
1.46

8.05 d 0.08
0.28
0.36
0.64
0.72

of intake
(ALI)
Bq

3 x 10"
(9%) 1 x 10*
(100%)
+ Annihi-
lation

(100%)
(100%)
(69%)
(43%) 1*10"
(29%)
(86%)
(26%)
(31%)
(31%)
(16%)
(2.2%) IxlO«
(5.3%)
(82%)
(9%)
(3%)

Derived Minimum
Max con- detect-
centration aûle con-

(1) centration
DMC uCi/ uCi/nH

1.48 x 103 0.1<i;)

4.9 x 10-* 0.8 (i) Derived
maximum

0.06 concen-
tration
of radio
nuclide in
water

0.03 obtained
consider-
ing a
water
consump-

4900 0.02 tion of
550 litre

(2) Direct
liquid
scintilla-
tion
counting

49 0.08



Appendix in

SAFETY PLANNING FORM

BHÄBHÄ ATOMIC RESEARCH CENTRE/TROMBÀY/BOMBAY-85/INDIA

PART A - INVESTIGATION REQUEST - (filled by user institution)
1. Name of user institution

and address

2. object of the study

3. Details of tne system
and tne environment/
its utilisation

4. Available conventional
method

I agree to abide by all tne stipulated terms and conditions.

Head of tne Institution
TO

Isotope Division
BÀRC (3 copies)

Terms and conditions
i) In conducting this experiment, all safety norms and

procedures according to established international code of
practice in vogue in BARC shall be followed.

lij Towards attainment of these safety objecitives all
facilities as are considered requisite and deemed
essential shall be provided by the user.
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No
PART B EXPERIMENT PLANNED (filled by Isotope Division. BARC)

5. Details of proposed tracer
(a) Isotope (c; Physical form te; Sp. Activity
(b) Activity id) Chemical form

6. No of experiments proposed
and duration of each:

7. Date of experiment:
8. Any similar experiment

done earlier Yes/No If yes, Ref:
9. Laboratory tests/mock up

results for new experi-
ment/operation

10. Useful information about
the experimental site

11. Transport of source
(a) container details
(b) mode of transport
(c) handling facility

12. Expected number of participants

Head, Isotope Division

Distribution: User
Isotope Division
Health Physics Division
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No.
PART C HEALTH PHYSICS CLEARANCE (filled by Health Physics
Division, BÂRC)

13. Safety clearance and
maximum activity cleared

14. Safety of worxers
(a) Special instruction : Dosemeters, film badges,

plastic/cotton overalls, rubber
gloves, gumboots/overshoes,
caps, protective glasses, masks

(b) Precautions

15. Safety of public
ta) environmental survey
(b; restrictions, if any

16. Safety planning in case
of emergencies

Head, Health Physics Division

To

Isotope Division
BARC (2 copies)
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PART D HEALTH PHYSICS SURVEY REPORT
1. Source strength used
2. Source transport to site
3. Storage of tracer
4. Unloading of source
5. Work area preparations
6. Protective equipment used
7. Pre-operative rehearsals
8. Source handling
9. Release of tracer

10. Health Physics surveillance in zone
(a) Dose rates in the area
(bj Contamination

11. Radiation exposure of workers
12. Decontamination details
13. Waste Manaaeinent
14. Transfer of contaminated

equipment to Centre
15. Environmental sampling results

(a) Soil/silt
(b) Water
(c) Air

Remarks
Head. Health Physics Division Health Physicist
Notes for user: Part D of this report (a copy of which shall
be sent to the user) completely demonstrates the safety
features of the study and thereafter no correspondence or
enquiries shall be entertained in this connection.
Distribution: Isotope Division (2 copies)

Health Physics Division
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Appendix IV
DISCHARGE MEASUREMENT USING BROMIDE-82 -

RADIOLOGICAL SAFETY ASPECTS OF THE TECHNIQUE

From the radiological stand point only 2 aspects need to
be considered. Radiation dose received by the operator is)
and post inujection hazard to the public. As shown below,
the technique is fully safe on both counts.
Maximum radiation dose estimated to be received by the
operator

(Assuming that a single operator is doing the injection)
Let us assume that the discharge of the stream is about

20 mj/sec. Then " *Br at l m gives dose of 1.5 mR/hr.
Hence 100 mCi "*Br at l m gives dose of 150 mR/hr.
If we further assume that the operator requires about

1/2 min for handling the radioisotope then.
Dose received to the hands say at distance of 0.25 m

2400
——— = 20 mR = 20 x 10-^ mSV
2x60

Dose received to the whole body say at distance of
600

0.5 m = —————— = 5 x 10-" mSV
2x60

The annual effective dose equivalent limits recommended
by IÄRP for radiaition worker are 500 m SV Y-i for the hands
& 50 mSV Y- i for the whole body. The estimated values are
less by factors of

500
—————— = 2500 for the hand &

20x10-<=
50

————— = 1000 for the whole body
5x10-*

The dose could be further reduced by either shielding
the source or using a long pair of tongs {> 0.25m; or lesser
time of exposure.
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Fost Injection Hazards to Public:
Flow rate of stream 20 m-'/sec
Injection rate of the tracer 3 x 10~D mj/sec
Then using equation:

Q = q (Co/cj
Dilution factor = 6 x 10°
100 mCi of ri* or is initially diluted to 5 litres. Hence

initial concentration = 20 uCi/mJ .
After injection 20 uCi/mJ = 3x10-° uCi/md
final concentration = -----

6x10°
Since the concentration is well below the DMC, the

radiation hazard to the public is negligible.
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Appendix V

DECONTAMINATION AGENTS

For Use

Glassware Chromic acid, trisodium phosphate
Metals Organic solvents and mixture (e.g.

dii. HNOs + Sodium citrate/ammonium
bifluoride j

Stainless steel H2S04/HC1
Rubber Acetone
Painted surface Strip off the layer and repaint,

complexing agent, organic solvents
Clothes Clean in hot water, citric acid or

washing soda + HzOz or 0.2% EDTA.
For d •* P use mild acid.

Personal (External) Wash with mild soap and warm water or
EDTA - soap mixture, scrub with soft
brush. Titanium dioxide paste may
also be used for mild abrasion.

Personal (Internal) First aid to block systematic uptake
e.g. stable iodide for 1 J 1I, precipi-
tating in stomach (e.g. by MgSO4)
Diuretics to increase elimination of
HTO.
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APPLICATION OF ARTIFICIAL TRACERS IN A
HAZARDOUS WASTE SITE - LABORATORY STUDIES

B. REICHERT, H. HÖTZL
Universität Karlsruhe,
Karlsruhe, Germany

Abstract

In the frame of investigation programmes for problem sites tracing experiments can be a reliable
tool to determine migration pathways of contaminants as well as to evaluate the permeability behaviour
of the underground. A possible impact of leachate on the tracers applied can lead to a complete mis-
interpretation of the tracing experiment. Therefore laboratory studies for the suitability of water tracers
in leachate are a mandatory preinvestigation to avoid unsufficient results.

In a hazardous waste site near Mühlacker, Germany a combined tracing experiment was planned
in order to investigate the migration pattern of contaminants in the underground. For an estimation of
the suitability of the common water tracers various laboratory expermiments were performed. The
chemical stability of tracers in the leachate was proved with simple standing test and the sorption
behaviour was investigated in recirculating column set ups. Additionally disturbance of detection sensi-
tiveness by the leachate was recorded. Based on the results of the laboratory tests the tracer experi-
ment was carried out with the dye tracers Uranine, Pyranine and Eosin as well as with the salt tracer
Lithium. Uranine and Pyranine, weakly influenced by the leachate and with acceptable fixation rates in
the underground material, were injected directly into the leachate piezometers. First results proved the
suitability of the applied tracers.

1. INTRODUCTION

A scientific research programme for systematic remediation activities of contaminated soil and
groundwater exists in the state of Baden-Württemberg, Germany. Investigations are focused on few
selected pilot projects. There various methods and techniques for reconnaissance, security treatments
and control of waste deposits have been tested and compared. The aim of the programme is to develop

a general concept for the investigation and remediation of problem sites.
Besides various geological, hydrogeological, hydraulic, chemical and geophysical investigations

combined tracing experiments will be carried out in order to determine migration pathways of contami-

nants and to evaluate the permeability behaviour of the underground. Selection and application of

tracers depend on the tracer migration behaviour under this special conditions. For a realistic
interpretation of tracing tests in waste sites it Is mandatory to know to which extend the tracers applied
show interactions with the lechate of the waste site.

This paper will present the results of laboratory experiments performed to define the extent of
lechate impact on water tracers as well as to specify their limitations in lechate. Special attention was
put on the chemical stability of usual water tracers and their detection sensitiveness in the iechate. Addi-
tionally the sorption behaviour in the underground depending on lechate impact was proved. On the
basis of this laboratory tests a combined tracing experiment has been carried out in one of the model

remediation waste sites in April 1990.
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2. WASTE SITE DISCRETION

The hazardous waste site under Investigation is located near Mühlacker (FIG. 1). It received
industrial waste of about 7000 m from 1968 to 1977. The waste consists of 56% galvanic sludges,

37% residues of dye and furnish Industries and 7% of oil contaminated sediments [1]. Landfiliing
occured in 4 separate basins in a six meter thick weathering zone (FIG. 2). This zone is formed by low
permeable, strongly weathered clayey sediments of Upper Triassic. The deeper underground of the
waste site consists of the unweathered clayey and marly sediments of the Gipskeuper-formation, which
reaches a thickness of about 60 m. Several mainly East-West-striking faults can be observed in the
Triassic underground [1].

FIG. 1 : Location of the hazardous waste site "Eckenweiher Hof.

The groundwater table lies in a depth of about 30 to 45 m below surface (FIG. 2). Therefore the

unsaturated zone below the waste site is about 25 m thick. The saturated zone can be divided into two
aquifer systems. In the sediments of the Gipskeuper an unconfined fissured aquifer is developed. The

underlaying deeper Lettenkeuper aquifer is confined due to nearly impervious boundary layers. Major

pathways for groundwater flow in this second aquifer are also fractures. Due to the described natural

conditions with the low permeable rocks of the Gipskeuper-formation in the underground, the

hazardous waste site was believed to be impervious. Therefore no artificial sealing treatments were

installed; only the surface runoff of the slope behind the waste site was collected.

In 1980 a contamination with heavy metals has been observed in the water of the collection drain,

which is installed below the waste basins (FIG. 2). Since 1983 chlorinated hydrocarbons (further CHC)

have been proved too. In 1984 an intensive interdisciplinary research programme has been started to

figure out the potential risk of this hazardous waste site. Besides various security treatments [1] the

wider area of the waste site was investigated in detail.
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1 collection drain for the surface runoff
2 leachate piezometer
3 waste basins with Industrial sludges
4 main contamination
5 weathering zone
6 piezometer
7 groundwater table
8 Gipskeuper aauifer (partly unconfined)
9 dolomitic aquifer (confined)
10 Lettenkeuper aquifer (partly confined)

CO

FIG. 2: Geological and hydrogeological underground conditions In the area of the hazardous waste
site[1].

This investigations showed that [1,2],
- the major contaminants Identified in the leachate, which is a oil-water phase mixture, are

zinc and copper as well as CHC's,
- the contamination is not only restricted to the weathering zone. Significant contents of

pollutants are also observed !n the ground water of the Gipskeuper aquifer. There CHC's

concentration reaches a maximal value of 13 mg/l. Heavy metals have not been found till
now and finally that

- in the weathering zone also volatile CHC's have been detected.

Migration of CHC seems to be mainly influenced by the hydrogeological situation. In the northern
part gypsum is still existing and forms together with clay layers an impermeable layer. The nonsoluted

gypsum layers react as a ground water barrier. In the southern part the gypsum is completely soluted

and the Gipskeuper aquifer is hydaulically connected with the deeper aquifer. Gypsum solution seems

to possess the main influence on the migration behaviour of the contaminants; silty residues of gypsum
subrosion lead to changes in migration pathways in the unsaturated zone. In the saturated zone the

change between completely soluted gypsum and the active subrosion zone of the gypsum influence
migration strongly. Based on these results the current migration model, as depicted in Figure 3, has

been developed [2]. The combined tracing experiment is expected to bring substantial contributions to
the verification of this migration pattern.
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1 hazardous waste site
2 weathering zone
3 silty residues
4 contaminant transport
5 groundwater table
6 Gypsium
7 fault
8 Gipskeuper formation
9 Lettenkeuper formation

FIG. 3: Model of contaminant transport In the area of the hazardous waste site [3].

3. TRACER SELECTION

For the application of tracer techniques in hydrologie investigations a wide range of efficient
water tracers are available [for example: 3]. Due to permission problems in Germany as well as due to
the availability of instrumental equipment selection was restricted to fluorescent dyes and salts An
injection of radioactive isotopes as well as of tracers detected by neutron activation analysis was not

possible. For the special hydrologie conditions in the hazardous waste site the question have to be

answered which dye or salt tracer shows the smallest influence by the leachate and is therefore

representative of the hydrogeological parameters to be determined. Table 1 gives an overview on the
fluorescent dye tracers tested in the frame of these studies.

Tab. 1 : Overview on the fluorescent dyes tested for their applicability in leachate

dye tracer

Naphthionate

Uranine

Eosin

Pyranine

Rhodamine B

Sulphorhodamine G

Sulphorhodamine B

chemical composition

C10H8°3N S Na

C20H10°5Na2

c2oH6B-40
5
Na

2

C16H7°10S3Na3

C28H31°3N
2
CI

C
25H30°7N

2
S2Na2

C27H3007N2S2Na
2

Color Index
Nr. *1>

-

45350

45380

54040

45170

45220

45 100

Excitation/Emission
Maxima [nm]

325 / 420

489/512

515/535

460/512*2)

407/512*3)

555 / 583

535 / 555

562 / 585

after Society of Dyers and Colorist, *2' pH-value > 10; *3' pH-value < 4 5
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Additionally the tracerrelevant properties of the salt tracer Lithium were investigated, due to a compa-

rable low content of about 0.040 mg/l Lithium in the leachate. The proved content of the other salt
tracers (chloride, sodium, potassium) in the leachate was so high [1], that a hardly conceivable tracer
amount would be requiered to obtain reliable results.

4. LABORATORY STUDIES

4.1. Background
Disturbance of detection senlstiveness due to a high background in the leachate as well as in

groundwater influenced by the leachate was investigated only for the dye tracers; as mentioned above
Lithium background was proved to be comparable low. For the fluorescent dyes in use background

measurements were done at the relevant wavelengths (compare Tab. 1). From the leachate excitation

and emission spectra, as well as synchron scan spectra [4] were registered. The observed leachate

synchron scan spectra are depicted in Figure 4.
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FIG. 4: Synchron scan spectra of the leachate; the bars mark the excitation maxima of the common
dye tracers. Abbreviations: NA = Naphthionate, UR = Uranine, EO = Eosin, SRG = Sulpho-
rhodamine G, RHB = Rhodamine B, SRB = Sulforhodamine B.

Caused by the significant organic content of the leachate, background fluorescences is compa-
rable high. Additionally several distinct peaks overlap the peaks of few of the dye tracers. Due to a high
oil content fluorimetric analyses of the leachate was only possible in filtered samples. Filtration was
done with disposable filters with a meshsize of 0,45 /im. Therefore it has be to taken into account, that

all dye tracers tested show more or less sorption losses in the used filters.
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In the ieachate a fluorescence peak at 340 nm excitation, close to the Naphthionate maximum
(FIG. 4), could be proved. Intensity of this maximum is as high as 60 mg/m3 Naphthionate; two other
fluorescence peaks of the Ieachate occur in the range of the three Rhodamine tracers tested (FIG. 4).
The high fluorescence background causes a substantial reduction of the detection limit for all dye
tracers. In Table 2 detection limits of the investigated dyes in the Ieachate are compared with the
detection limits in Karlsruher drinking water.

Tab. 2: Comparison of the detection limits of the dye tracer in ieachate and in drinking water

dye tracer

Naphthionate

Uranine

Eosin

Pyranine

Rhodamine B

Sulphorhodamine G

Sulphorhodamine B

detection limit
In drinking water

[mg/m3]

0.080

0.002

0.025

0.050

0.008

0.007

0.009

detection limit
In Ieachate
[mg/m3]

80.0

0.3

4.0

4.0

2.0

0.9

8.0

4.2. CHEMICAL STABILITY
In order to test the chemical stability of the dye tracers in the Ieachate so called standing tests

were performed. Therefore solutions of dye powder and Ieachate in different concentrations were
prepared. The samples were batched over one hour to reach a complete solution of the dye tracer
powder in the oil-water-phase mixture of the Ieachate. Storage of the samples was done in the dark to

prevent a possible photochemical decomposition of the sensitive dye tracers. Within an observation

time of 40 days dye concentration was measured reguiarily. The results of the standing tests are pre-
sented in Figure 5, where dye concentration in percentage of the initial concentration is shown versus

observation time.
The tested dye tracer can be differentiated in three reaction types.
The UV-Tracer Naphthionate (NA) and the fluorescence dye Rhodamin B (RHB) show similar

reactions. - The abbreviations of the different dyes, given in the brackets, will be used in the further. -
Tracer concentration is steadily reduced. Concentration losses observed reached values up to 45 % in
the lower initial concentration. High initial concentrations have been reduced up to 60 %. For this sub-
stantial concentration loss chemical decay as well as changes in the molecule structure depending on
the Ieachate are possible as acting mechanisms. Additionally a microbial decomposition can cause this

loss, although till now not been proved for both tracers. But in our opinion the dominating process is

the fixation of both tracers on the oil phase of the Ieachate.
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FIG. 5: Chemical stability of the selected dye tracers: Results of the standing tests for low and high
initial concentrations of the tested dye tracers; the dye concentration in percentage of the initial
concentration is shown versus observation time.

A second reaction type is characterized by a concentration increase after two observation days.

For the fluorescent dyes Uranine (UR), Eosin (EO) and Pyranine (PY) this concentration maximum

reaches up to 110% of the initial values for low and high concentration. Between 3 and 28 days

standing time tracer concentration partly increases and decreases. After 28 days significant reduction

occurs. Complete concentration losses after 40 days lie between 10 and 30 %, The behaviour of the
cationic dye Sulphorhodamine B (SRB) is similar only for the low initial concentration. Explanation for

the observed concentration increase above the initial concentration is, that no complete solution of the

dye powder in leachate was obtained at the beginning of the standing time. After two days the dye

powder was completely soluted. Sorption processes of the dye molecufes on the oil drops of the
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leachate occur comparable to the first reaction type. But in comparison to the first group the bounding

forces seem to be not so strong. The partly increasing values after the complete solution of the dye

powder indicate a reversible adsorption of the dye tracers UR, EO and PY as well as for SRG by low
initial concentrations on the oil phase.

The proved concentration maximum of Sulphorhamine B by a high initial concentration of

336 mg/m3 reaches up to 180 % after 26 days. Comparable concentration increases after a standing

times of 20 to 30 days have been observed for high concentrated SRG solutions in drinking water. This

effect can be explained by an improvement of the detection senistiveness of SRB by a fluorescence

optimization due to reaction time.
The behaviour of Sulforhodamine G (SRG) lies between the first and second group. Homogeni-

sation of the samples was not reached after batching the sample for one hour, so we observed a
maximum after two days. But afterwards concentration is steadily decreasing, due to the sorption

processes on the oil-phase of the leachate. Bonding strength of the cationic dye SRG is comparable

with the first group (NA, RHB). The observed total concentration reduction after 40 days ranges

between 10 and 20 % of the initial concentration.

4.3. SORPTION BEHAVIOUR

Besides background and stability in the leachate the sorption behaviour was investigated in re-
circulating column set ups. Tests were performed in 3 column systems, each column was glass, 50 cm

long by 6 cm inner diameter (FIG. 6).

t. glas column
filled with clayey and marly sediments
of the Gipskeuper formation

2. pump
3. reservoir
4. PEtube
5. flow direction

FIG. 6: Scheme of the recirculation set-up.

Influent water was peristaltically pumped from the reservoir through the column and from the

column outlet to the reservoir. The column filling consists of clayey and marly rocks of the Gipskeuper.
Depending on the column size the filling was restricted to stronger weathered material. In order to
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investigate the extent of leachate influence on the sorption behaviour we used leachate water as influent

agent in two columns. In the third column we used drinking water. Recirculation of the spiked leachate

and drinking water was performed for 48 hours. Concentration measurements were carried out after

each circulation process. Afterwards unspiked water was flushed through the three systems untill no

tracer could be observed. Exact migration parameters cannot be obtained with this configuration. But

for our question the fixation capacity of the Gipskeuper sediments for the different dye tracers was a

neccessary information. Additionally the combination of recirculation and flushing allowed a differen-

tiation between reversible and irreversible adsorbed tracer amounts.

The figures 7 and 8 present the results of the recirculating column tests for the dye tracers and

for the salt tracer Lithium, differentiated between the three column systems. In Figure 7 the initial tracer

concentrations (CQ) are compared with the complete recovery for the two leachate columns (column 1

and 2) as well as for the column percolated with drinking water (column 3). Figure 8 shows the concen-

tration in percentage of Initial concentration (Co) versus recirculation steps. The last group of bars
represent the tracer amount which was desorbed during flushing.

O 0,020 0.0*0 0.060 0.080 0,100 0.120
UR Img/nTSJ

0.000

O.OOO

O O.O05 O.O1O O.O15 O.O20 0.025 O.03O
RHB lmo/nT3l

0 0.20O O.4OO O.6OO 0.8OO l.OOO 1.20O
NA Imo/m-SI

O 0.020 0.0*0 0.060 O.OßO 0,100 0.120
60 |mg/m-3]

0.1OO 0.20O O.30O O.40O
SRG [mo/m-3I

0 0.020 O.O40 0.060 O.080 0,100 0,120
PY Im0'l'n~3l

0.050

0.05O O.100 0,150
SOB [mg/nT31

I I TRACER INPUT

•^ RECOVERY

FIG. 7: Sorption behaviour of the tracers in the marly and clayey sediments of the Gipskeuper forma-
tion: Comparison between the initial tracer concentrations and the complete tracer recovery.
Column 1 and 2 were percolated with spiked and unspiked leachate and column 3 with spiked
and unspiked drinking water.
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FIG. 8: Sorption behaviour of the tracers In the marly and clayey sediments of the Gipskeuper forma-
tion: Results of the recirculating column tests, where the tracer concentration in percentage of
initial concentration is shown versus recircuiation steps. The last bars represent the tracer
amount which was desorbed during flushing.

The tracers tested vary strongly in their fixation characteristics in the sediments. They can be
differentiated in groups with high, moderate and low fixation capacities. Grouping is comparable with

sorption rates observed in other column experiments and field tests as well as with values described in
the literature [for example 3]. A significant impact of the leachate was not observed.

As expected the group of Rhodamine tracer is suffering high adsorption losses. Recovery of less

than 10% indicates a very high fixation rate for Rhodamine B. After 24 hours recirculation of the
leachate-tracer mixture only 5 % of the initial dye concentration was detectable at the outlet. RHB
showed a minimal desorption tendency during flushing. Therefore mainly irreversible sorption
processes due to ion to ion specific adsorption forces seem to be responsible for the reduced migration

behaviour of Rhodamine B.
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The two other cationic Rhodamine tracers Sulforhodamine B and Sulforhodamine G are

adsorbed less than Rhodamine B but more than the other tested tracers. Recovery of SRB ranges up to
35 % and of SRG up to 50 %. Bond strength of the adsorption Is remarkable lower than that of Rhoda-

mine B as Indicated by higher desorption rates by the flush. 17 to 25% reversible adsorbed tracer

amounts were observed for Sulforhodamine B and 30 to 35% for Sulforhodamine G.

Uranine and Eosine, water tracers with a moderate sorption behaviour, suffered up to 13%
irreversible fixation loss for Uranine and 25 % for Eosin. Bond strength seems to be very weak, because

desorption rates of 45 resp. 35 % can be observed.

Nearly no or only low fixation have been proved for the fluorescent dyes Pyranine and Naphthio-
nate as well as for the salt tracer Lithium.

Due to the columnsize used the filling mainly consists of stronger weathered material. The sorp-

tion capacity of the material will be much higher in the laboratory tests than in the aquifer. Therefore the

determined fixation rates represent maximal values.

5. SUMMARY

The results of the various laboratory tests for the investigation of the suitability of ususal water
tracers for tracing experiments in leachate and leachate influenced ground water can be summarized as

follows:

1. The background fluorescence Is very high in the leachate of the hazardous waste site tested. Ana-
lyses of the UV-dye tracer Naphthionate as well as of all 3 Rhodamine tracers investigated is sub-

stantially overlapped by leachate peaks. For all dye tracers a significant, partly dramatic lowering
of the detection limit was observed.
Background problems can be partly minimized by higher input amounts.

2. The chemical stability of all tested dye tracers seems to be not strongly influenced by the leachate.
But sorption processes on oildrops cause remarkable concentration losses. The cationic Rhoda-
mine dyes show the highest fixation rates on the oil phase. Although significant the adsorption of

the anionic dyes on the oildrops can be nearly necglected.

3. The sediment specific sorption behaviour is nearly not influenced by the leachate. The tested dye
tracers vary strongly in their fixation rates in the marly and clayey rocks of the Gipskeuper aquifer.
The Rhodamine dyes suffer high adsorption losses. Sorption behaviour of Uranine and Eosin Is

moderate. Very low sorption losses are proved for Pyranine, Naphthionate and Lithium.
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On this basis we decided to inject Uranine and Pyranine directly Into the leachate piezometer. Both
tracers are weakly influenced by the leachate and show acceptable fixation rates in the undei ground

material. Additionally we spike the groundwater with low leachate content with Eosin and Lithium. First

results showed the suitability of the chosen tracer. Uranine proved a direct connection between the
leachate pizometer and a groundwater piezometer in 18.5 m distance.
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CONCLUSIONS AND RECOMMENDATIONS

I. GENERALITIES ON WATER TRACING

1) Artificial radioactive tracers are needed for the investigation of
certain hydrological problems or, in other words, some hydrological
problems can only be studied using artificial radioactive tracers.

2) The use of artificial radioactive tracers should be restricted to
cases where other tracers cannot be used or do not provide the same
quality of information.

3) Artificial radioactive tracers are more appropriate in cases where
very high water volumes have to be labelled, when "in situ"
measurement is necessary or when quantitative measurement is
needed. However, other tracers, like fluorescent dyes, can also
fulfil these conditions in some cases.

4) Tritium, iodine-131, bromine-82, chromium-51 in the form of
99Cr-EDTA, technetium-99m obtained from Mo-generators and gold-

198 as an adsorbable tracer are, practically, the only
radionuclides used for water tracing. The use of other
radionuclides for this purpose does not appear to be necessary,
possible and/or convenient.

5) Fluorescent dye tracers can be used for the labelling of volumes of
6 3 8 3water between 10 m and 10 m , depending on the

quality of the water. However, these tracers are used mainly for
qualitative studies. More information is needed on the behaviour
of such tracers in cases of polluted and sediment charged water.
Photo-decomposition, chemical reaction and microbial attack are the
main processes responsible for the partial or total decomposition
of the tracer molecule. Adsorption in sediment, in the case of
surface water, and rock fixation, especially in granular media,
also make it difficult, in many cases, to obtain quatitative
information.
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6) Non-radioactive tracers detected by neutron activation analysis can
be recommended for specific studies, such as interconnection
experiments. In, Dy, Eu, Sm, etc. in the form of EDTA complex are
suggested as possible tracers. Very little use of this technique
has been made up to the present.

7) The use of tritium as an artificial tracer deserves a special
mention, because this radionuclide represents the only possibility
existing for isotope labelling of water, i.e. tracer incorporated
in the water molecule. Many hydrological problems can only be
studied by using this radiotracer. Important examples will be
indicated below. Tritium can be measured at concentrations between
about 0.03 uCi/m (with previous electrolytic enrichment) and
0.3 uCi/m (direct measurement). This high detection
sensibility together with the low radio-toxicity of this
radionuclide (annual limit of intake for members of the public
equal to 3 x 10 Bq or 81.1 mCi) make possible the use of
tritium with very low risk for the population. However, when
dealing with groundwater, the use of tritium is only recommended in
cases of systems with short residence time of water in order to
avoid long-term contaminations. Preliminary experiments using
other tracers are recommended for the evaluation of the real
convenience of using tritium.

II. SURFACE WATER

1. Flow-rate measurement in river

The techniques used for discharge measurement in open flows are well
established and do not need further investigation. Tracer techniques are
more appropriate in the case of very high turbulent flow. Small flow rates

gup to about 50 m /s can be measured using different chemical tracers,
such as ion Gl , sodium bichromate, iodine, fluorescent tracers, etc.

3 3Higher flow-rates up to about 1000 m /s or 2000 m /s require the
use of fluorescent tracers (when the tracer decomposition during the

82 131experiment can be neglected) or radioactive tracers such as Br, I
and tritium. Flow-rates between 2000 m /s and about 20000 m /s can
only be measured by using artificial tritium. On the other hand, this
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tracer also allows the measurement of small and intermediate flow-rates at
hydraulic power plants with the high grade of precision required for
turbine calibration.

In general, the use of tracer techniques for flow-rate measurement is
considered necessary as complementary tools when other techniques cannot be
applied or cannot provide the required precision. Typical applications are:

a) Measurement of small turbulent flows, for examples, in high-lands
(non-radioactive tracers are needed in this case).

b) Calibration of gauging stations.
c) Measurement of very high flow-rates, for example, in cases of

flooding (the possible lack of steady-state conditions has to be
taken into account).

2. Dynamics of open-flows

Under the term dynamics of open-flows we understand in this case the
determination of transit time and dispersivity. In this case, one is
dealing with long duration experiments, which can amount up to 10 days or
more depending on the length of the stretch to be studied. For these
experiments, conservative tracers are necessary, especially, for the
measurement of dispersion coefficients. Partial losses of tracer cause too
low values of this coefficient. For this reason, fluorescent tracers may
not be appropriate in many cases. If, in addition to this, one is dealing
with high flow-rates (higher than about 100 m /s), only radioactive
tracers can be used ( I, Cr or tritium). With flow rates higher
than about 500 m /s, the only choice is tritium. Pre-concentration
methods of the tracer can help for these experiments as it will be shown
later. If tritium is used, the electrolytic enrichment of water samples
will allow the measurement of very low concentrations, the lowest limit
being determined in practice by the natural tritium concentration of the
water.

3. Lake dynamics

Fluorescent tracers have proven to be important tools for the
investigation of lake dynamics, including the measurement of flow-patterns,
dispersivity and residence time. Artificial radioactive tracers are needed
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mainly in the case of highly polluted lakes when the degradation of the
fluorescent tracers does not allow their use. Bromine-82 and, in some
cases, iodine-131 are the most appropriate tracers for these studies when
"in situ" detection is necessary. Activities between 100 mCi and several
curies are usually necessary.

Artificial tritium may be the only choice for the labelling of large
9 3lakes up to a maximum volume of about 10 m (30 TU of average

concentrations using 100 Ci of tritium). The study of vertical mixing in
stratified lakes is an important topic for the use of this tracer.

4. Pollution dispersion in the sea

Studies of pollution dispersion along the coast are mainly carried out
in connection with the construction of wastewater outfalls. Bromine-82 has
been used for the determination of turbulent dispersion coefficients.
However the usefulness of these studies is very limited. Due to the high
variability of this parameter, a great number of experiments are necessary
in order to obtain representative statistical values. Fluorescent tracers
are also important alternative tools for the measurements.

The use of dispersion mathematical models for the prediction of
pollutant concentrations around the discharge zone is necessary. The
statistical variations of the flow-pattern and flow velocity in the
affected zone are needed for these models. Such parameters can be obtained
by means of current-meters and by tracer experiments using fluorescent dyes
for the determination of pathways of the water flow. Dispersion
coefficient values can be obtained from published data. Therefore, it can
be stated that the use of artificial radioactive tracers in this field is
not absolutely necessary.

5. Re-aeration of surface water

For these studies, the ratio between a gaseous tracer and a
conservative tracer has to be determined along the water flow. The

o ccombination of Kr and tritium offers the best possibilités. The
determination "in situ" (during the experiment) of the transit time is
necessary for sampling purposes. This need can be covered by injecting a
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third tracer, which can be a fluorescent tracer, if the quality of the
water is appropriate, or bromine-82 or iodine-131 in the opposite
situation. In the last case, these tracers are usually conservative and
tritium injection is not necessary. However, the use of this third tracer
can be avoided if periodical sampling is performed at each station
according to the best possible estimation of the transit time based on
hydrological data.

In any case, the use of artificial radioactive tracers is absolutely
necessary for these studies. Multi-curie activities are necessary in the
majority of cases, both for the gaseous and the conservative tracer.

m. RELATIONSHIP BETWEEN SURFACE AND GROUNDWATER

1. Water migration at the unsaturated zone

The determination of the infiltration rate by labelling the soil
moisture using a radioactive tracer has become a well established
technique. Undoubtedly, tritium offers the best possibilities as a tracer
for this purpose. Activities of some microcuries per square meter are
needed for this investigation. An alternative labelling method is the use
of deuterated water, but the measuring technique is then more cumbersome
and a mass spectrometer is needed. Other radioactive tracers are not
recommended.

A major problem of this technique is to know to which extent point
data of the infiltration rate are representative for the average aquifer
recharge. The performance of large scale experiments with many point tests
distributed all over the investigation area is therefore advisable.

2. Detection of leaks from lakes and reservoirs

Leak investigation at lakes and reservoirs is a typical field for the
application of tracer techniques. Usually, the combination of tracer and
non-tracer techniques is necessary. Artificial radioactive tracers are, or
may be, necessary for the following studies:
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1) Detection of zones of preferential water infiltration at the bottom
of the water body. Three techniques are used:

a) Migration of the radioactivity cloud: a point injection of
82 131some curies of Br or I is made near the bottom.

b) Adsorption of the radioactive tracers in the bottom material:
198several curies of Au are injected near the bottom.

c) Point measurement of local water flow near the bottom: several
tens or hundreds oJ
injected for each test.

181 82tens or hundreds of microcuries of I or Br are

2) Interconnection experiments by injecting the tracer in the lake or
in boreholes drilled in the neighbouring formations with the aim of
intercepting the groundwater flow. Many of these interconnection
experiments can be carried out using fluorescent tracers and
sometimes in an advantageous way. However, artificial radioactive
tracers may be necessary in the following cases:

a) When a self-destructible tracer is preferred in order to avoid
eventual long-term contamination of the groundwater system
which might interfere with the realization of new experiments.
This can be the case when no information exists on the renewal
of the groundwater. Bromine-82 or I can be used in such
cases. Pre-concentration of the tracer in the collected water
samples is recommended in order to reduce the needed tracer
amount and to increase the detection possibility of the
injected tracer.

b) When the risk of degradation of the fluorescent tracer is very
high due to the pollution level of the water.

c) When quantitative results are absolutely necessary in order to
investigate the possible existence of different pathways of the
water between the lake and the springs, as well as to determine
the average residence time, from which the storage volume can
be derived. In nearly all cases, only tritium can be used.
All other tracers would be, more or less, adsorbed into the
rock matrix. Even tritium can be partially lost by exchange
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phenomena with the "stagnant water" (mineral constituent water
and micropore trapped water). Activities between 1 Ci and 20
Ci are usually necessary.

d) When the tracer injected in the lake or in a borehole has to be
detected "in situ" inside other boreholes in order to establish

82 131the flow-pattern of the water. Again Br and I are the
best choice.

3) Single-well techniques for the localization and measurement of the
groundwater flow existing in the material intercepted by different
boreles. The exact measurement of the velocity of the groundwater
flow is, usually, not necessary for such investigations. One is
more interested in the identification of the permeable strata or
horizons which are responsible for the leakage. For this reason,
many of these tests for the measurement of horizontal and vertical
flows can be performed using saline tracers (common salt) and
conductivity meters as detector. However, more precise
measurements can be carried out using small activities (less than
10 mCi per test) of the gamma-emitter I, Br or mTc,
especially in the case of vertical flow.

3. Artificial recharge

Artificial radioactive tracers can provide useful information of the
water dynamics during artificial recharge of aquifers. Two different
applications can be mentioned in this regard:

1) Labelling the injected water with tritium for the investigation of
flow-patterns in the aquifer and the mixing with the water
previously existing. Artificial tritium is added to the injected
water at a constant rate during a certain period of time in order
to increase its tritium concentration up to several hundreds of
tritium units. Water samples are collected from the surrounding
wells and borehole, and the tritium concentration is measured in
order to determine the migration of the tracer cloud. In the case
of injecting wastewater, its self-purification can be studied.
Such labelling may not be necessary if the stable isotope
composition of the injected water is different enough from the one

219



corresponding to the groundwater. The migration and mixing of the
injected water can be determined on the basis of the isotope
composition.

2) Single-well techniques for the identification of the effect of the
artificial recharge on the groundwater flow at the surrounding
wells and boreholes. Low activities of I, Br or TC
are needed for this purpose.

IV. GROUNDWATER

1. Single-well methods

The following techniques are included within the single-well methods:

1) Tracing of the whole water column.
2) Techniques for the measurement of vertical flows.
3) Point dilution technique for the measurement of groundwater flow

velocity.
4) Measurement of the direction of groundwater flow.

The first two groups of techniques allow rapid identification and
measurement of the flows existing inside the undisturbed well along the
whole water column. This information is very useful for the interpretation
of natural tracer data as well as for the evaluation of the grade of
homogeneity of the aquifer. In some cases, especially when dealing with
shallow aquifers where no vertical flow exists, the labelling of the whole
water column also provides quantitative or semi-quantitative information of
the flow velocity.

An important field of application of these techniques is the study of
civil engineering problems, such as leak detection from reservoirs and
lakes. In many cases, saline tracers, such as common salt, together with
conductivity probes as detector, can be used. But in other cases, the use

131of artificial radioactive tracers is necessary. Activities of I,
Br or xc lower than about 10 mCi are needed for each flow test.
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The point dilution method using two packers for the definition of the
dilution volume and to eliminate eventual vertical flows is a well
established technique and in most of cases provides reliable values of the
groundwater flow velocity of granular media. The technique has been known
for many years, but its acceptance and dissemination has encounterd
difficulties due mainly to the following reasons:

1) Restrictions on the use of radioactive materials for hydrological
purposes, which vary from one country to another.

2) Availability of appropriate equipment, which is also related to the
previously mentioned difficulty.

3) Need of wells specifically constructed for this technique.

4) Point character of the technique. Very frequently, the flow
velocity varies with the depth and measurements made at different
depths are necessary for the definition of the local groundwater
flow. In the same way, the study of many wells can be necessary
for the definition of the regional flow.

Under the present circumstances, the future of this technique is not
opvery promising. Only some microcuries of a gamma emitter ( Br, I

99mor Tc) are necessary for each flow test. Therefore no risk for the
population can be derived from these tests. The establishment of local
laboratories which can provide the service on a commercial basis was
suggested during the meeting as a possible solution to overcome some of the
above-mentioned difficulties and to spread the use of the technique.

A similar situation exists in the case of the techniques for the
measurement of flow direction. Very simple devices have been developed to

198carry out these measurements in the case of shallow aquifers using Au
as adsorbable tracer. But the future of these techniques is also not very
promising. This statement is reinforced by the fact that the importance of
the problems which such techniques aim to solve is much less than in the
previous case (flow velocity).
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2. Multi-well techniques with pumping

Multi-well tracer techniques have been developed for the determination
of aquifer parameters such as effective porosity, permeability and
dispersivity. Only very little use is made of these techniques due, among
other things, to the following reasons:

1) Insufficient divulgation of the techniques: only few hydrologists
are familiar with them.

2) Doubtful validity of the data obtained due to the local scale of
the tests. In other words, the extrapolation of the point data for
the whole aquifer is not possible in the majority of cases.

On the other hand, these experiments can very often be carried out
using non-radioactive tracers, for example, fluorescent dyes and iodide
ion. Only when high distances between the injection and pumping wells are
involved and, therefore, high tracer dilution and/or high tracer fixation

13 51are expected, is the use of radioactive tracers ( I, Cr-EDTA or
tritium) advisable. Activities of the order of some hundreds of
millicuries are usually necessary.

A second field of application for multi-well techniques with
pumping, is the investigation of physico-chemical reactions and interaction
in the rock-water interphase of specific dissolved components or
pollutants. This is carried out in connection with migration studies of
such components in the aquifer. Artificial tritium is frequently used as a
reference tracer for these experiments. Other radioactive tracers, like

I and Cr-EDTA, may be interesting for these multi-tracing
experiments.

3. Study of geothermal systems

Artificial tracers are used for the investigation of the
characteristics of geothermal systems using multi-well techniques and for
the labelling of geothermal fluids re-injected into the geothermal field
after they have been exploited (waste disposal). The fate of the
re-injected fluid is investigated. The identification of suitable sites
for re-injection is the main goal of these experiments.
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Many radioactive and non-radioactive tracers are used for this
131purpose. Among the first, I and tritium are the most suitable.

Usually, multi-curie activities are needed. In order to avoid interference
with studies based on natural tritium, artificial tritium should be used
only once these studies have been completed. Fluorescent tracers are
alternative tools for these studies. However more information on the
temperature degradation of such tracers is necessary.

4. Interconnection experiments

The study of many natural processes related to the groundwater flow
requires the tracing of water. The tracer is injected in a well or in an
infiltration area, like a sinkhole (karst systems), and detected by
sampling other wells or springs. For obvious reasons (low velocity of the
groundwater flow and/or high tracer dilution), only local studies are
feasible.

Fluorescent and radioactive tracers are practically the only ones that
enables the earring out of experiments of this type (sometimes also
iodide). In the case of granular media, fluorescent tracers may be
strongly adsorbed in the rock matrix. More studies are necessary to
investigate the behaviour of these tracers in granular media. At present,
radioactive tracers offer the best possibilités. Iodine-131 or Cr-EDTA
can be used for short distance and short-term experiments, for example,
studies in small alluvial valleys, although tracer adsorption can play an
important role. When "in situ" measurement is not required and the tracer
dilution is small, ion I can be an alternative tracer for these
experiments. In other cases, artificial tritium is the only choice,
especially if quantitative or very precise values of the transit time
distribution are necessary.

In the case of karst systems, fluorescent tracers have proved to be
very important tools for interconnection experiments. However, also in
this case, the interaction of the tracer with the rock matrix is not well
known and, therefore, the quantitative interpretation of the results is at
best questionable.

T O "1 Q O C "1Short-lived radionuclides such as I, Br or Cr-EDTA may be
advantageous as self-destructible tracers when nothing is known about the
karst system and long-term water contamination has to be avoided.
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The use of artificial tritium is recommended only when fluorescent
tracers do not provide satisfactory results. This can happen in the
following cases:

1) When the tracer dilution is very high due to a large volume of
water stored in the system and/or a large dispersivity of flow.
Electrolytic enrichment of the water samples will enable the
measurement of very low tritium concentrations (~ 4 TU).

2) When the component of tracer absorption in the rock matrix needs be
eliminated or reduced in order to get a better approach of
quantitative values of aquifer parameters such as storage capacity,
dispersivity, flow diversification, transit time, etc. Before
injecting artificial tritium, sampling for natural tritium should
be carried out.

V. SAFETY CONSIDERATIONS

A session of the AGM was devoted to the discussion of the safety
aspects of the use of artificial radioactive tracers for hydrological
purposes. The participants agreed, as a general recommendation, that
artificial radioactive tracers should be used for water tracing only
when other tracers cannot be used or cannot provide the same standard
of information. The three basic principles, justification of use,
optimization of practice and dose limitation, should govern these
applications.

A general assumption of the participants was that the risk for the
population derived from the use of artificial radioactive tracers in
hydrology is usually very low and in many cases absolutely non-existent.
The prohibition of such techniques adopted in some countries corresponds to
a general attitute against nuclear technology rather than to the result of
a realistic evaluation of the risks derived from these practices.

Tracer techniques are usually of a point or very local character, they
are accomplished through short duration experiments and these experiments
are very rarely repeated in the same place. Only a few radionuclides are
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used in hydrology: 3H, 51Cr, 82Br, 99mTc, 131I and 198Au. All
these radionuclides can be measured in concentrations which are lower than
the "permissible concentrations" derived form the ALI values (annual limit
of intake). The above-mentioned characteristics of the tracer techniques
for hydrology make it possible to carry out experimental work with no, or
very low risk for the population.

The participants of the meeting agreed that a guidebook for the
safe handling of radioactive material in hydrology is absolutely necessary
because the previous one published by the IAEA in 1966 has become
obsolete. Nuclear regulations which are in force in many countries impose
excessively severe restrictions because they have been promulgated by
basically taking into account other nuclear activities for which the type
and level of risks are different. The suggested guidebook should evaluate
individually the risk of different practices. The participation of experts
in the use of radioactive tracers in hydrology in the elaboration of such a
guidebook is considered necessary in order to centre the evaluation on the
real needs.
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