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Introduction 

Technetium-99m (99mTc) is, nowadays, the most 
widely applied radioisotope in nuclear medicine, 
and its use began in the mid-1960s [1, 2]. Features 
such as emission of gamma radiation of low energy 
(140 keV) with very good properties for imaging; half-
-life = 6.02 h; its production in relatively long-lived 
generators, facilitating supply and use in faraway 
locations of manufacturing sites, were instrumental 
for the widespread use of the radionuclide. It is instru-
mental considering the great value that the use of the 
nuclear technique represents for the advancement of 
diagnoses in medicine, which makes nuclear medicine 
indispensable and very well accepted for the health 
of humanity for more than 50 years [3]. 

On the other hand, in the aquatic environment, 
heavy metals and many organic compounds are usu-
ally associated with the fi ne sediment phase (silt and 
clay or mud). The fate of these contaminants will be 
associated with the dynamic behaviour of suspended 
or bottom sediments in polluted streams. The study 
of the suspended sediment behaviour is an activity to 
be accounted for in many environmental studies. Of 
special interest is the study of individual discharges 
of contaminants associated to suspended sediments, 
the short-term dispersion of contaminated material 
dredged from harbours and reservoirs when dumped 
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into water bodies and the behaviour of natural sedi-
ment in suspension in bays, estuaries or reservoirs. 
Tracking for few hours the contaminated suspended 
sediments introduced into the streams or in the 
coastal area by individual discharges could allow the 
quantitative in situ determination of the advection, 
dispersion, dilution and sedimentation rates [4]. 
These parameters are important for the calibration 
and validation of hydrodynamic models that com-
prise both solid and liquid phases. 

Radioactive tracers, in an appropriate chemical 
form, are used to label fi ne sediment by chemical sorp-
tion, and some of them, such as 198Au and 51Cr have 
been employed to study the dynamics of fi ne sedi-
ment in suspension. The labelling technique consists 
of adsorbing the tracer, in an appropriate chemical 
form, onto the sediment [5]. But these tracers have 
to be produced in a nuclear reactor each time they 
are used and require heavy shielding due to the dense 
fl ux of high energy gamma radiation they emit. This 
hampers their use in remote areas. 

99mTc in the form of TcO4
– (pertechnetate) has 

been used for water tracing in short-term hydro-
logical studies [6–8] and seems to be a rather easy 
radionuclide to be obtained even in countries where 
nuclear reactors are not available, because of its 
extended use in nuclear medicine. 

A fi rst attempt on using 99mTc as a tracer for fi ne 
sediment was made in Montevideo Bay, Uruguay, 
in 1997 [9]. The objective of this application was 
to study the behaviour of the natural fi ne sediment 
in suspension in that bay, which is very polluted, 
obtaining parameters (advection velocity, dispersion 
and sedimentation rate) to calibrate a mathematical 
model. The radioisotope originally selected to label 
the fi ne sediment in the Montevideo Bay experiment 
was 198Au, scheduled to be irradiated in IPEN/CNEN 
nuclear reactor, in São Paulo, Brazil, and transported 
to Montevideo City by plane. Nevertheless, due to 
an unforeseen reason, the material did not arrive 
in time to be used in the programmed experiment. 
In this way, the two alternatives left were either to 
cancel the work or try an alternative tracer. The 
second option was chosen, and the team searched 
for another radioisotope to label the mud. As there 
is no nuclear reactor facility in Uruguay, the radio-
isotopes used in nuclear medicine and received from 
Argentina by the Center of Nuclear Medicine of the 
University of the Republic of Uruguay (UdelaR) 
were the only option. In this way, from the radio-
isotopes received, 99mTc was chosen by its half-life 
and gamma-ray energy. But, being eluted as TcO4

–, 
it was necessary to perform a chemical reduction to 
transform it into an electropositive colloidal com-
pound, allowing its sorption by the fi ne sediment, 
which is electronegative. Two reductants were tested 
for this purpose: stannous chloride (SnCl2.2H2O) 
and sodium thiosulfate (Na2S2O3.5H2O). Stannous 
chloride presented better results in the reduction 
of 99mTc. The fi eld experiment, performed with this 
improvised radiotracer, attained its main objectives. 

After this fi rst use, and considering the favourable 
characteristics of 99mTc, as mentioned above, the feasi-
bility of its use for labelling mud, through the chemi-

cal reduction of TcO4
– eluted from Mo/Tc generators 

was studied in the scope of a detailed research, with 
regard to the following aspects: 1 – labelling yield 
as a function of different factors (type and amount 
of reductant; effect of pH; sediment concentration; 
contact time; labelling stability); 2 – hydrodynamic 
behaviour of labelled and not labelled sediment, by 
means of sedimentation tests. The activities were de-
veloped in the laboratories of the Nuclear Technology 
Development Center (CDTN), Brazilian Nuclear En-
ergy Commission (CNEN), under the IAEA Research 
Contract BRA-10891 [10–12].

The laboratory tests were successful and this new 
use of 99mTc allowed the interesting results already 
obtained in various applications: Pampulha Hydro-
graphic Basin (Brazil) [13–15]; Orinoco River (Ven-
ezuela) [16, 17]; environmental impact due to the 
fi ne sediment originated from the bottom discharge 
of a small hydroelectric power plant on Paraibuna 
River (Brazil) [18–20], among others. 

The work performed in the laboratory research 
and in some fi eld applications (e.g., almost all the 
fi eld work for Pampulha dredging reservoir studies) 
used second week generators obtained, at no cost, 
from nuclear medicine laboratories. The reason being 
that the 99mTc detector for environmental applications 
is placed into the water, in 4 geometry and for medi-
cal applications it is situated externally to the patient 
which makes a huge difference in terms of counting 
effi ciency. So, the necessary activity concentrations 
for environmental use (Bq/mL of water) are much 
lower (10–7) than in nuclear medicine utilization 
(Bq/mL of blood) [13]. 

The factor (10–7) was estimated considering the 
following aspects that defi ned the activity concen-
tration in: 
a) nuclear medicine: a single human patient, when 

submitted to scintigraphic examinations with 
the use of 99mTc can receive, intravenously, up to 
40 mCi/day. The amount of blood in an adult hu-
man is approximately 75 mL/kg. Then a person 
of 80 kg will have approximately 6 L of blood; 

b) environmental use: the 99mTc activities used in 
the fi eld experiments in rivers [10, 13] and the 
volume of water surveyed. 

Pampulha reservoir dredging studies – Brazil 

The study was performed to evaluate the viability of 
an environmental and perennial solution to dredge 
the fi ne sediment that accretes (400 000 m3/year) 
the Pampulha reservoir, in Belo Horizonte City, 
Brazil, which was facing an accelerated process of 
reduction of its liquid volume and water surface area 
(Fig. 1). With this tendency, the reservoir could lose 
two of the main purposes for which it was built: fl ood 
damping and leisure region, with its water surface 
indubitably linked to the buildings designed in the 
1940 decade by the famous Brazilian architect Oscar 
Niemeyer, forming the architectonic complex that is 
the landmark of the modern Brazilian architecture 
being considered the World Heritage of Humanity 
since 2016. 
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There was no available area inland to dump the 
dredged material from the reservoir. The watercourses 
downstream the dam are the natural way for the 
sediment that accretes the reservoir, if the dam was 
not constructed. In this way, fi eld experiments, with 
simultaneous and instantaneous injections of sedi-
ment and water labelled, respectively, with 99mTc and 
rhodamine WT, were performed, in dry season, in 2000 
and 2001, to measure the hydro-transport capability 
downstream the dam. Static (Eulerian) detections – 
detectors were placed along the river at fi xed points to 
measure the count rate vs. time – were performed at 
stations D1 to D9 (Fig. 2), covering a stretch of 25 km. 

The above referred experiments allowed compar-
ing the different hydrodynamic behaviours of the 
mud in suspension and the water transporting it [13, 
15]. A mathematical model [21] was applied and 
calibrated to the data obtained: advection velocity 
and longitudinal dispersion. Table 1 [13] presents 
the results obtained. 

Through convolution, the sediment dumping in 
suspension using a hydraulic dredging system was 

simulated, also calculating the physical environmen-
tal impacts: increase of sediment concentration and 
the possibility of deposition. The measurement of 
physicochemical parameters of the water allowed to 
evaluate the possibility of desorption of the metals 
adsorbed in the sediment to be dredged, and dumped 
downstream. 

As for the impacts studied, it was concluded 
that there was no impediment to the dumping of 
fi ne material in the water courses downstream from 
Pampulha reservoir. 

Orinoco River suspended sediment studies using 
99mTc – Venezuela 

Radiotracer studies were performed in April 2006 in 
Orinoco River, Venezuela, in the stretch Guarguapo-
-Barrancas-Ya Ya (Fig. 3), under the IAEA TC project 
VEN/8/019: “Management of sediments throughout 
the navigation channel of the Orinoco River”, in or-
der to evaluate the bottom and suspended sediment 

Fig. 1. Pampulha reservoir accretion (in orange), Belo Horizonte, Brazil. 
                                  Year 1964                                                                           Year 2001

Fig. 2. Studied region in Pampulha Hydrographic Basin and Velhas River [13].

PI-1 to PI-3: Injection points (in-
stantaneous injection of fi ne sedi-
ment and water labelled, respec-
tively, with 99mTc and Rhodamine 
WT). Stations D1 a D9: Eulerian 
detection of the radioactive & fl uo-
rescent tracer plumes. Obs.: Rib. 
Pampulha = Pampulha Creek; 
Rib. da Onça = Onça Creek; Rio 
das Velhas = Velhas River, Aterro 
= Landfi l.
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transport [16]. The objective of the former study 
was related to the choice of dumping site for the 
dredged material in the ship channels. The main 
objective of the latter was to study the behaviour 
of fi ne sediment in suspension: advection velocity, 
dispersion coeffi cient, sedimentation rate (SR) and 
dilution, taking into account that the fi ne sediment 
is the main carrier of heavy metals and other pollut-

ants in the water environment. The Orinoco River 
basin was experiencing, at that time, a fast industrial 
development with many industries being installed 
in the river margins and presenting outfall systems 
discharging into the watercourse. 

In relation to the suspended sediment study, two 
sub-superfi cial injections of mud labelled with 99mTc 
were performed in the points PS-1 and PS-2 (Fig. 3). 

 Table 1. [13] – Values of advection velocity and longitudinal dispersion (Experiments: see Fig. 2). 
Pampulha & Onça creeks
September 27, 2000
   (Injection in PI-1) 

Stretch 
D1-D2

Stretch 
D1-D3

Stretch 
D2-D3

   Water 
   (Rhodamine WT)

v = 0.441 m/s 
D = 9.2 m2/s

v = 0.741 m/s 
D = 15.1 m2 /s

v = 0.936 m/s 
D = 5.5 m2/s

   Fine sediment
   (99mTc)

v = 0.714 m/s 
D = 8.8 m2/s

Onça creek 
October 3, 2000 
   (Injection in PI-2)

Stretch 
D3-D4

Stretch 
D4-D6

   Water 
   (Rhodamine WT)

v = 0.379 m/s
D = 11.2 m2/s

v = 0.344 m/s 
D = 10.2 m2/s

   Fine sediment 
   (99mTc)

v = 0.386 m/s 
D = 11.9 m2/s

v = 0.326 m/s 
D = 54.0 m2/s

Velhas River 
June 26, 2001 
   (Injection in PI-3)

Stretch 
D7-D8

Stretch 
D8-D9

   Water 
   (Rhodamine WT)

v = 0.550 m/s 
D = 16.2 m2/s

v = 0.480 m/s 
D = 14.6 m2/s

   Fine sediment 
   (99mTc)

v = 0.541 m/s 
D = 13.9 m2/s

v = 0.525 m/s 
D = 24.8 m2/s

Onça Creek 
July 3, 2001 
   (Injection in PI-2)

Stretch 
D3-D4

Stretch 
D3-D5

Stretch 
D4-D5

Stretch 
D4-D6

Stretch 
D5-D6

   Water 
   (Rhodamine WT)

v = 0.282 m/s 
D = 9.4 m2/s

v = 0.327 m/s 
D = 7.2 m2/s

   Fine sediment 
   (99mTc)

v = 0.314 m/s 
D = 12.8 m2/s

v = 0.290 m/s 
D = 11.4 m2/s

v = 0.26 m/s 
D = 7.3 m2/s

v = 0.300 m/s 
D = 21.5 m2/s

v = 0.320 m/s 
D = 30.6 m2/s

Fig. 3. Map of the sector Guarguapo-Barrancas-Ya Ya, Orinoco River, Venezuela. Note: PS-1 and PS-2 (suspended 
sediment injection points); PI-1 and PI-2 (bottom sediment injection points). 
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The initial activities used during the injections were 
respectively, 2.1 and 1.6 Ci (78 and 59 GBq). The 
dynamic (Lagrangean) detection was performed by 
a boat with two scintillation probes placed at 1.5 m 
(probe 1) and 0.5 m (probe 2) below the water surface. 
Table 2 [17] presents some results. 

The results obtained for the behaviour of the 
natural sediment in suspension, in the end of the low 
water season of the Orinoco River (April), could be 
used for preliminary designs of outfalls for industrial 
effl uents that discharge particulate material with the 
density of fi ne sediment or for pollutant material that 
could be adsorbed by fi ne sediment. 

Environmental impact due to fi ne sediment originated 
from bottom discharge of SHP – Brazil 

An R&D project was developed in 2011–2012, in 
the region of the Paciência small hydroelectric power 

plant (SHP) located in the Paraibuna River, Minas 
Gerais State – Brazil (Fig. 4), with the aim of evalu-
ating, from a multidisciplinary point of view, the en-
vironmental impact, downstream the dam, of bottom 
discharge performed every six months to fl ush out 
the sediment and organic matter that accretes this 
small reservoir [18–20]. The studies were supported 
by CEMIG – the electric utility company responsible 
for the operation of the plant. The evaluation was 
performed through biological, physicochemical and 
hydro sedimentological studies. 

The biological activities were focused on the 
study of macroinvertebrates of the benthic epifauna 
gathered in artifi cial substrates, and sediment sam-
pling for the infauna study. Water samples were 
collected for physicochemical studies. The hydro 
sedimentological studies included activities just 
before and after the bottom discharge of June 2011: 
sampling of bottom sediment, upstream and down-
stream the dam followed by granulometric analysis, 

Table 2. [17] Results of suspended sediment studies – injection at PS-1 (Fig. 3). 

Injection Probe
Sedim entation

rate (SR)
Dispersion 

coeffi cient [m2/s] Dilution Advection 
velocity Thalf Lhalf

[g/ton/s] DL DT D AV [m/s] [min] [m]
1 1 (1.5 m) 520 1.3731 0.4949 500 0.723 22.2 963
1 2 (0.5 m) 532 1.0811 0.4500 0.720 21.7 937
where: 
D = dilution for the distance Lhalf referred to the fi rst pick detected just after the injection and considering both detectors; 
DL, DT = longitudinal & transversal dispersion coeffi cients for the time Thalf; 
Thalf = ln2/SR is the necessary time for half of the suspended sediment dumped settles below the diameter of the sphere of 
infl uence of the scintillation detector; 
Lhalf = AV * Thalf is the distance, since the dumping site, for this occurrence. 

Fig. 4. Area under study, with: EMF (physical) and EMB (biological) monitoring stations. 
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chemical characterization of pollutants in the fi ne 
sediment and bathymetric survey in the reservoir, to 
evaluate its infl uence in the fl uvial system, through 
the comparison of results obtained. 

The transport of fi ne sediment in suspension 
downstream the dam was quantitatively studied, 
by labelling it with 99mTc. Two fi eld campaigns were 
performed with a total of fi ve experiments, in August 
and October of 2012, both during the dry season, 
being the fi rst under normal operation conditions 
and the second in situation of bottom discharge of 
the SHP. 

Table 3 [20] presents the results for advection 
velocity (v) and longitudinal dispersion coeffi cient 
(D) for all the experiments performed in the fi eld 
works, and Fig. 5 shows an example of the results 
obtained in the fi eld campaigns. It presents the 
data measured in the two sections and the mod-
elled results for the section downstream, applying 
a mathematical model [21]. 

Comparing the areas under the passage curves of 
the sediment plumes between successive stations, 
it was possible to calculate the amount of sediment 
that was trapped between the stations, either by sedi-
mentation/decantation or for becoming temporarily 
trapped in the dead zones of the water fl ow. For the 
hydrodynamic conditions of the experiments con-
ducted in August and October 2012, this retention 
varied between 8.7% and 35.2%. It was observed 
that there was a tendency of higher retention for 
lower river fl ow rates. 

A mathematical model [21] was calibrated with 
the results of the tracer experiments and applied to 
simulate the propagation of a bottom discharge and 
to estimate the attenuation of the concentration of 
fi ne sediments in suspension that had originated 
from it, in a stretch of 34 km downstream the Paciên-
cia SHP, taking into account the dilution promoted 
in the Paraibuna River waters by some tributaries 
(Peixe River and Preto River – Fig. 6). 

The simulation was performed for a period of 
6 days, comprising 4.5 days of bottom discharge, as 
shown in Fig. 7. The bottom discharge is performed 
slowly since the dissolved oxygen (DO) of water, 
downstream the SHP, should not become smaller 

Table 3. [20] Values of advection velocity (v) and dispersion coeffi cient (D), for all the experiments 

Stretch
Day

August 21, 2012 August 22, 2012 August 23, 2012

EMB2 – EMB4 v = 0.39 m/s 
D = 9.40 m2/s

v = 0.38 m/s 
D = 9.85 m2/s

v = 0.38 m/s 
D = 9.00 m2/s

October 24, 2012 October 25, 2012

Power house – EMB1 v = 0.21 m/s
D = 5.7 m2/s –

EMB1 – EMB4 v = 0.36 m/s
D = 13.3 m2/s –

Power house – EMB2 – v = 0.33 m/s
D = 5.7 m2/s

EMB2 – EMB4 – v = 0.33 m/s
D = 13.0 m2/s

Obs.: Power house is situated about 430 m below the SHP dam.

Paraibuna River, MG - Experiment on 08/22/2012
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Fig. 5. Passage curves (measured and modelled) of the 
sediment labelled with 99mTc in the stations EMB2 and 
EMB4, in the Paraibuna River, on August 22, 2012. 

Fig. 6. Paciência SHP and the study region downstream, 
with the monitoring stations (EMB). 
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than 3, which could compromise the aquatic biota. 
Minimum measured values of advection velocity, dis-
persion coeffi cient, fl ow rate and dilution were used 
in this simulation, maximizing the environmental 
impact of the bottom discharge. This implies, in the 
permanence of higher concentration of sediment in 
suspension and higher residence time of the sediment 
plume in the considered stretch. 

Conclusions 

The above-mentioned case studies confi rm that la-
belling of fi ne sediment with 99mTc can be successfully 
accomplished and that the labelled sediment has the 
same hydrodynamic behaviour as the natural one. 

The application of this radioactive tracer, widely 
used in nuclear medicine, became available in the 
fi eld of sedimentology for which the fi ne sediments 
are instrumental in the transportation of heavy met-
als and other pollutants in the water environment 
[22]. 99mTc is easy to use due to its simple handling: 
 – Low gamma ray energy (140 keV) implying mod-

erate shielding and ease of manipulation in fi eld 
conditions by simple elution from the 99Mo/Tc 
generator. 

 – Availability, even in places where there are no 
nuclear facilities, due to its widespread applica-
tion in nuclear medicine. Indeed, the possibility 
of using second week 99Mo generator (already 
used for one week in the nuclear medicine 
laboratory) facilitates the use of this tracer in 
environmental studies. 

 – Convenient half-life of the 99Mo parent nuclide 
(66 h), which makes it possible to obtain 99mTc 
from the 99Mo generator for one week or more in 
the fi eld studies. This illustrates the portability 
of the tracer when compared with 198Au, for ex-
ample, obtained by irradiation in nuclear reactors. 
The work performed in the laboratory research 

and in some fi eld applications (e.g., almost all the 
fi eld work for Pampulha dredging reservoir stud-
ies) used second week generators obtained at no 
cost from the nuclear medicine laboratories. The 

reason is that the 99mTc detector for environmental 
applications is placed in water, in 4 geometry and 
for medical applications it is situated externally to 
the patient. So, the necessary activity concentrations 
for environmental use (Bq/mL of water) are much 
lower (10–7) than in nuclear medicine utilization 
(Bq/mL of blood) [13]. 
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