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RESUMO

Utilizaram-se tragadores radioativos, junto com a técnica de diluicao
€m pogos, para a determinagdo da velocidade e direcao do fluxo de aguas subterraneas.
Estes parametros podem determinar-se em um {nico pogo ou piezometro. Neste trabalho
apresenta-se uma descricao das técnicas de medigao e experieéncias de campo num local
proximo ao depdsito de residuos radioativos do IPEN. Para a determinagao da velocida-
de da 4gua subterranea usaram-se Iodo-131 e Bromo-82, como tracadores radioativos. Pa
ra determinar a diregdo dessa agua empregou-se o Cromo-51, na forma de cloreto.

Finalmente, apresenta-se uma resenha da aplicaco dessas técnicas no
estudo de problemas relacionados com a exploragdo, poluigdo de aguas subterraneas e
engenharia geologica. 3

INTRODUCTION

Radioisotopes are normally used as tracers to determine characteristics
of aquifers, viz. direction and velocity of water flow (HALEVY et al., 1967); vertical
flow in stratified aquifer (DROST, 1970) ; stage speed (BATSCHE et al., 1970; MANDEL ,
1960; BOROWCZYK et al., 1967); porosity and transmissibility (HALEVY and NIR, 1962).

Application of radioactive isotopes in ground water investigations is
made via the single well and multiwell methods (HALEVY et al., 1967; BATSCHE et al.,
1970) . In single well method, the velocity and direction of ground water flow are ge-
nerally ascertained from a single borehole drilled in the area of investigation,

The present paper describes, the technique of single well method and
its application in the problems of ground water exploitation, ground water pollution
and engineering geology. Measurements of velocity and direction of ground water in a
well near the radioactive waste disposal site at IPEN are reported. These studies
form a part of the project of IPEN of determining suitability of the site for radio-
active waste disposal.

The well in which experiments were carried out is about 850 m away
from the disposal site in the northern direction. It lies within the complex of IPT
and was constructed by IPT for some of its earlier studies (IPT, 1976) in the region.
The staff of Minas e Geologia Aplicada, IPT, extended their help in providing facili
ties for carrying out radiotracer experiments in the well, as a part of collaborati=
on for application of isotope techniques in studies of geohydrology. Further studies,
ie., determination of geological characteristics of the area near disposal site and
supplementing these investigation with nuclear logging, etc., are in progress.

DETERMINATION OF VELOCITY OF GROUND WATER AND PRINCIPLE OF SINGLE WELL METHOD
One of the important parameter in ground water investigation which

needs to be determined is the filtration velocity, Ve as defined by Darcy's Law;
vemkel I M

where k. is the gerf?\eability of the aquifer and I is the head of the ground water

flow, Filtration velocity Ve can also be measured from the stage speed ¢ between
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two boreholes and effective porosity in pumped or unpumped aquifer iej

VN (2

Afdirect means of determining filtration velocity is the dilution me-
thod. In this method, the water in a borehole is labelled with a radioactive tracer
solution and the dilution of the radiocactivity by inflowing ground water is measured.
The dilution rate of the tracer, which is homogeneously distributed in a volume V
in the borehole is described by a differential equation,the solution of which renders
the relationship:

va=-y_}nc/co 3

Ft
where v_ - apparent velocity
- measuring volume (the volume in which dilution takes place)
F - area of cross section of the measuring volume perpendicular to the direct-
ion of flow
t - time interval between measurement of concentration C0 and c.

The horizontal flow pattern in the aquifer is distorted owing to the
presence of a borehole and the different flows therein. Thus the measured velocity
in the borehole (v_) is related to the actual filtration velocity (vg) by additional
flow terms, which #ccount for the distortion of the natural flow field.

Thus;

vafvf+vc+vv+vm+vd 4
where, v - apparent filtration velocity caused by density effects (concentration,

temperature, etc)
apparent filtration velocity caused by vertical currents
. & . " " artificial mixing
5= 5 " L " " molecular diffusion of the tracer

The correction factor which accounts for the distortion of the flow

lines owing to the presence of the borehole is defined by

%0,/
where, Q_ is the horizontal flow rate in the borehole and is the flow rate in the
same cro®s section of the formation (ie. in the absence of ‘the borehole). In the ab-
sence of all other flows but horizontal

<<<

vf=—¥?1n c/Co (5a)
ve <71 In c/Cq (5b)
a4t

Borehole construction and calcutation of

Normal construction of a borehole consists of a perforated filter tu
be surrounded by a gravel pack. If, the borehole of radius r, has a filter of exter=
naland internal radius r, and r, and if the respective permegbilities of the filter
tube, gravel pack and thé fonna%ion are kl, k, and k,, then application of the po-
tential theory to this borehole gives the folgwing exBression for «(IfR, 1965; KOCH,

1966
i 8
T rk/k)S 14 (1 /1) 4 /K [1- (e /1) “ R (ko /K /1) %+ (x, /1)
"*h(z/kzjiﬁ(rl’ Tz) * 2/ 1[-‘1‘1 rZJZ]S (1- 3 z)i (rl rs) Crz TS)
i | ; )
/iy [ (ryfep "= (ry/r)° ]} -
Inthe absence of a gravel pack (see Fig. 1) r,=r,. Then, the equation
(6) is reduced to Ogilvi's formula (OGILVI, 1958). o0

5 4 (7

O< B 1+ 2 1 ['k { & e 2}

(xy/T)% + kyf 1{;—\r1;r2} |

Permeability of the filter tube kj,can be measured from experimental

as well as theorical model tests(KOCH et al., 1967). Various imvestigations (HALEVY

et al.,1966; KRATZSCHMAR, 1966) have made computer calculations for«, as a function

of the parameters k /k1 and k,/k,. The results of computer calculations made from e-

quation (6) show th%ta.remain iﬁdependent of the parameters k /k1 and kS/k and de-

pends only on the radius r., T, and s, and hence can be calcuiated with su%ficient
accuracy (10%), if the conditidns,

572

R S

(BT



are fulfilded.

In practice, it is revealed that the condition 10 k. k2 is satis -
fied in most of the cases. If the conditions k,# k2 is not satisf-ised,vc must  be
calculated from the values of k, and k, by equ%tion (6). For this prupose values
of k, and k., will have to be delerminea‘by laboratory tests or taken from the availa
ble 1iterature.

For the case of the borehole without gravel filter, it can be

shown that &€ is independent of k3 for k1>, 10 k3. In the event that k;=k;

(ie, the worst case), a maximum deviation of 20% foramust be taken into account.
This is admissible seeing the range of accuracy required in practice.

Effect of tracer diffusion

Equation (4) shows that the diffusion of the tracer plays a part in
determinig dilution rate v_.

Laboratory flode1 experiments (IfR, 1965) have shown that diffusion effe
cts do not become significant for v.> 0,3 m/d, whereas for vf<0,3 m/d, a correction
may be applied according to the re1£tion

g
Vg = 9
provided there are mo other disturbing parameters (ie. v_, Vi, V, are negligible).

Effecte of probe dimensions
A correction in the dilution volume in the equation (5) due to the
volume of the detector probe has been sugested by various workers (KLOTZ, 1966; KRO-
LIKOWSKI, 1965). If the detector probe has a radius : P then equation (5) becomes,
e e fri - r%) In c/Co
f (10)

Z?C.rlt

Experiments have shownthatel-value remains independent of T _/r, wi -
thin the range of 0gr _/r,< 0.92. When the diameter of the probe is large ?el&tive
to borehole diameter, fhelmeasurement time is reduced but the flow may be distorted.
Large diameter probes are apt to be more influenced by tracer adsorption on the
walls and by tracer outside the measuring volume., It is preferable to use a probe
whose diameter does mot exceed half of the filter tube diameter.

Effect of mixing

The derivation of the equations (3), (5) and (10) is based on the as-
sunption that the distribuition of the tracer throughout the measuring volume is uni-
form at all the times. In case of incomplete mixing of the tracer in the dilution vo
lume no unambiguoms exponential dilution results but rather two semi-logarithmic ~
straight lines of different slopes are often encountered.Only with filtration veloci
ty less then 0.3 m/d,does the molecular diffusion of the tracer suffice to distribu=
te the tracer homogeneously throughout the dilution volume.

In many cases a concentration gradient is produced through a displace-
ment of the labelled water columm by the detector centred in the measuring volume. As
a rule, the initial part of the dilution curve obtained can be discarded for calcula-
tion purpose, because of incomplete mixing or residual currents.

Therefore, it is necessary in general to provide for an artificial mi-
xing of the tracer in the dilution volume by an mixing device. The mixing device ge-
nerally consists of a wire coil moved up and down. Unique v, value can be attained
only above a minimum mixing rate. This mixing rate depends on the filtration velocity
and on the «-value. Too intense mixing, may-especially if very small velocities are
involved-lead to additional disturbances of the flow field or forcing the tracer out
of the measuring volume.

Effects of the vertical flow in filter tube

Vertical flowmay result in the measuring volume when the ground wa-
ter flow lines are not perpendicular to the borehole or when the borehole penetra .-
tes stratified water bearing formation. This vertical flow consequently increases
the dilution velocity and a correction must be allowed for calculating v.. This cor-
rection in practice is not possible because it is not readily possible tg determine
the vertical flow.
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However,it is possible, through technical measures to minimise the
vertical flow such that they do not disturb the measurement. result . To eliminate
vertical flow within the filter tube, use of packer to seal the top and bottom of
the dilution volume has been seggested by various workers (HALEVY et al., 1966;KLOTZ,
1966; GUIZERIX et al., 1963).

In the presence of the vertical flow, the dilution method can be used
for detemmination of the filtration velocity only when the horizontal discharge is
considerably greater than the vertical discharge in the filter tube.

Since the cross-section for the vertical flow is usually much smaller
than the horizontal one, vertical velocity may be of the same order of magnitude as
the horizontal velocity v, without significantly interfering with the measurement
of v, (DROST et al., 1968§. Since the flow resistance is basically controlled by per
meab£lity and the length of gravel pack through which water flows around the seal,
the length of the seal certainly will influence its effectiveness. Long seals compa-
red to the length of the dilution volume may cause a disturbance of the two-dimensio
nal flow field and there by increase the «-value. Model and field tests have shown —
(KRATZSCGHMAR, 1966) that with seals of length 10 and 25 am. and a length of 25 cm.
of the dilution volume, the increase of ®~value amounted to about 10%.

The decrease in concentration of the tracer solution (ie. the counts
of the detector) can be recorded at surface in digital or analog form so that they
can be fed into a computer if possible. If no computer is available, it is advisable
to plot the concentration decrease semilogarithically against time. The slope of
the line is proportional to the filtration velocity.

Borehole dilution method is best suited to homogeneus formations like
alluvial gravel and sands. In the presence of significant vertical flow or in fractu
red and karstic rocks the results of the dilution methods are utilizable normally on
ly qualitatively. Even qualitative measurements are of immense practical importance
in investigation of ground water.

The results of dilution method in a borehole in principle can be ex-
trapolated to surrounding aquifer. This extrapolation is valid in all cases where
there is horizontal flow all along the depth. If the aquifer is composed of broken
or dislocated layers, the net work of borehole must be closer to gather reliable da-
ta applying to the entire ground water field.

Certain advantages of the borehole dilution method can be listed as
following:

- the investigation can be carried out in unpumped ground water and therefore give
the flow rate of the unstressed aquifer

- if proper well construction is executed, detailed information on the stratificati-
on of the aquifer can be obtained.

- the measurement can be performed in borehole of any diameter (¥ 1 1/2')

- it is economical to determine ground water velocity by the method.

Determination of direction of flow

To find the direction of flow of ground water in a well, the water co
lumn in the well is labelled with a radiotracer solution and allowed to flow away
in the aquifer . The radial distribution of the tracer in labelled segment is then
measured by means of a direction-sensitive detector . The direction of maximum acti-
vity of tracer corresponds to the direction of flow. A better determination of flow
direction is achieved if the tracer is adsorbed in and around the borehole.

To make the detector directionally sensitive, it is collimated by a
lead shield. The collimater window can be rotated continuously by means of a drive
motor in the probe (IfR, 1966).

The probe is lowered down in the borehole by stiff square-section me-
tal rods of suitable lenghts . Orientation of the collimated window can also be indi
cated by a gyroscope attached to square rods above ground while rotating the probe ~
mechanically.

Point injection in the centre of the filter tube provides the best di
rection diagram. Vertical currents may carry the tracer in directions not compatible
with the direction of flow in the segment of the aquifer being tested. Measurement
by this method furnishes direction that is true only for the surrounding of the bore
hole. If it is assumed that the ground water flow lines are not assymetrically dis -
torted by inhomogeneities of the formation or stresses, the results may be considered
as representing the general direction of flow.
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In most of the measurements carried out in the past, the difference
between the measured and actual direction was less than 3° .The reproductibility of
the method in the field is better than 10%.

Application of dilution method in hydrogeological investigations

Determination of filtration velocity ( consequently permeability )and
direction of ground water flow by radiotracer techiniques have been applied in sol -
ving variety of problems. Some examples are given below:

-ground water exploration ( MAIRHOFER,1965 ; CHANDRA et al; 1976 );

-well installation ( KRATZSCHMAR, 1966 );

-seepage from dams , reservoirs, rivers, canals (MOSER et al,1963 ;IfR, 1969 ; IYA ,
1972: ) &

-s0il consolidation and load on ground water ( BVFA, 1954 )

-sanitary engineering ,waste disposal and pollution ( CHANDRA et al; 1978 ) ;

-engineering geology ( IfR,1965 ;DROST, 1971 ;IfR,1964/5/6/7/8/9 and 1970 ;DROST ,
1972 ).

Radioactive waste disposal site at IPEN

The radioactive waste disposal site at Instituto de Pesquisas Energe—
ticas e Nucleares is situated in the western part of the Institute and lies in the
slope of the little hill of Cidade Universitaria.

The local topographical contours vary from 750 m to 735 m and are slo
ping in the north-west direction ( see Figure 2 ) towards the course of old Jagua-
re stream which is about 450 m away from the disposal site.

Based on the records of various wells drilled in the past in the re -
gion of Jaguare, Cidade Universitaria and Butanta, the sub- surface geeology of the
area can be generalized as follow1ng(HIDROCFOLOCICAG $:€:,1972)

- quarternary alluvial sediments with clay,thickness of this layer is variable within
10 meters

- tertiary fluvial sediments of Sao Paulo basin, thickness of which varies from 40 to
150 m- the thichness decreases in the western direction

- pre-cambrian crystalline basement with occurrence of cracks and fissures between
70 to 120 and 250 m

- the water table aquifer containing the rainfall infiltration consists of the first
10 to 15 m of the sediments.

Monitoring wells at the disposal site are planned to be installed in
a grid pattern to establish local water table and to continue hydrological evaluation
of the waste disposal programme of the Institute. At the moment onc 4" diameter well
and some piezometers are existing at about 850 meters away from the disposal site in
the northern direction. The well and piezometers are located in the complex of IPT.

The main well is of 4" internal diameter while the diameter of the pie
zometers is 11/2" The well penetrates a depth of 12 m of the local aquifer. Its fil
ter tube is perforated from 5.5 m to 11.5m and is provided with a graded gravel
pack.

Determination of filtration velocity

Both iodine-131 and bromine-82 were used ,one by one, as tracers for
determination of filtration velocity in the well. The tracer was injected in the
entire column of the borehole by a special injection assembly. Uniform mixing of the
tracer was ensured by moving the dead weight of the injection assembly.

Measurement of dilution rate was carried out at 8.5 m depth, ie. at
the middle of the perforated filter (see Fig.l ). The details of the construction of
the borehole, ie. radiusof the filter tube,gravel pack from which the valuc of %X was
determined are shown in Figure 1. The values of permeability of the filter tubc k.,
gravel pack kz and of the formation k3 have been reported to be as following(IPT,1979);

kl = 0,5 cm/s
K; = a5 cam/s
k, = 8.5x107% a/s

o)
The value of & calculated by means of equation(&) from the available

data Of T To ilauk ,} k, is  2.94.
1= 2 93]
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Normally, when the condition k,% k,7 10k, is satisfied, o can be com-
puted from the data of Ty .7 and r, alone. stch Eomputgtions in graphical form are
available in literature ( DRO%T et af; 1968 ; HALEVY et al; 1967 ). From these graphs
a value of 2.7 for & has been derived and is used in the present investigations.

Sineé the data of radii of the borehole is more reliable than the values of kj,k;
and k3 determined in the laboratory conditions, the value of o¢ computed graphically
may be taken as more representative.

The monitoring of the dilution of radioactivity was carried out by a NaI(T1)
gamma scintillation probe 3.8 c¢m in diameter and 45 am long. The dilution rate which
seemed to be very slow was monitored for about two hours. The typical dilution curves
obtained with iodine-131 and bromine-82 are shown in Fig.3 and Fig.4 respectively.

The dilution curves have been obtained after applying the correction regarding
the decay of the isotopes and the normal background of the monitoring probe. The
filtration velocity without applying corrections due to effects of tracer diffusion
and probe volume was found to be 4.61 an/d and 4.65 an/d and is indicated in the
respective figures.

Determination of direction of ground water

For deermining direction of flow, 1oy as chromium chloride was used as adsor-
bable tracer. 1 ml of 1ImCi/ml solution of the tracer was injected at 8.5 m depth.
1 ml of the tracer was taken in 3 mm diameter polyethylene tube by a micro metering
pump. The tube was lowered upto the point of injection along with a centering device J
which was supported by a nylon rope. The pump was operated at a very low speed and the
tracer solution was pushed out from the polyethylene tube. The injection assembly
was left in the well till next day so as to allow undisturbed flow and adsorption of
the tracer. After 24 hours, a collimated gamma scintillation counter(Figs)was lowered to
the point of injection by means of square rods made of alumunium. A gyroscope asse-
mbly fitted on top of the borehole was used to indicate the direction of the collima=
tion. The probe was rotated clockwise in steps of 45° and a profile of radioactivity
adsorbed around was obtained by recording the counts at each orientation. The meas-
urement was repeated by rotating the probe in anticlockwise direction. Average of the
counts at each orientation was taken and a radial distribution of the tracer activi=-
ty as shown in Fig.6 was obtained,

DISCUSSION OF RESULTS

The filtration velocity of 4.6 an/d obtained in the area of invest-
igation is quite low. This indicates that ground water gradient in the area is very
small. Earlier investigations (IPT,1976) indicate a value of 1.3x10 ° for the hydra-
ulic gradient which can be considered as an average for the area of investigation.
Permeability of the aquifer calculated from the relation

ve = k3 o I

comes out to be 3.2x10'3 an/s. The permeability of the aquifer as determined, by
conventional pumping tests carried out in the past is reported to be 8.5x10 = am/s
(IPT,1979). Thus, there is quite good agreement between the results obtained by
tracer dilution method and the pumping test method.

In the light of this, it can be said that the tracer dilution method
can provide substantially the same results as the usually very onerous pumping
experiments.

The direction of ground water at the point of measurement is towards
the complex of IPT. This is also in agreement with the general direction of flow in
the region as reported earlier (IPT,1976).

Use of radioactive tracers, thus, offers a very good tool for determ-
ining ground water parameters.
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FIGURE 4 - DETERMINATION OF VELOCITY OF GROUND WATER BY BROMINE-82 AS TRACER




FIGURE 5 - DESCRIPTION OF THE SYSTEM USED FOR DETERMINATION OF DIRECTION OF FLOW

OF GROUND WATER IN THE WELL
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