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Abstract

In this study, natural (***Rn) and fluorescent (uranin) tracers were used to investigate the interactions between surface and
subsurface waters in a small hydrographical basin located in the southeast region of Brazil. Levels of *>’Rn were measured
in 117 water samples with the use of an alpha solid-state detector. After the identification of the probable discharge sections
along the stream, a measurement of the natural flows, upstream and downstream of these sections, was done with the use of
a fluorimeter and fluorescent tracers. Also, scanning was done to verify a correlation between the natural gamma radiation
and the 22?Rn in the areas where its activity was higher. The results showed some sections where the >’Rn activity is more
significant and contributed to the growth of the flows along the stream. It was possible to confirm a correlation between the
discharge sections and the natural gamma radiation, what can be used as a preliminary approach to finding these sections in

scenarios similar to the one studied here.
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Introduction

The use of stable and radioactive isotopes as tracers to
understand the behaviour of hydrological systems has
increased in recent years, when adequate instrumentation for
the detection and measurement of these tracers has become
available. Isotopes are elements that are chemically identi-
cal, but with different mass numbers which are naturally
present in the hydrosphere/atmosphere and may be used as
natural environmental tracers. When applied intentionally
to water for specific investigations, they are called artificial
isotopic tracers. In many cases, the studied processes cover
water used for public supply and, therefore, it is not desirable
to discharge large volumes of artificial substances into riv-
ers, lakes, aquifers or oceans. Thus, environmental isotopic
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tracers are often recommended for applications in hydrology
(Chen et al. 2014; Marques et al. 2014).

A tracer is any substance or particle, which can be used
on an intermittent or continuous basis to assess the behav-
iour of a system, such as the flow characteristics of a ground-
water flow system. A tracer for the study of water should
be non-toxic, have low cost, should present unambiguous
detection and quantification at minimum concentrations,
must move with water and not disturb the system under
study (Davis et al. 1980). In addition, it must be chemically
stable, it must not be present in large quantities in the water
studied and it must not be absorbed or filtered by the solid
medium through which the water moves. In hydrology, trac-
ers are classified either as environmental (inherent compo-
nents of the water cycle) or as artificial (added to the system)
(Leibundgut et al. 2009).

A tracer that has been used prominently in hydrology is
222Rn, which has a half-life of 3.82 days and is produced
by the alpha decay of the ?2°Ra in the 2*%U series. It is
a chemically inert element, which does not cause unde-
sirable biogeochemical reactions and does not change its
physical characteristics. Also, radon is enriched in ground-
water when compared to surface waters (Burnett et al.
2008). This feature occurs because groundwater is in direct
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contact with mineral grains containing radium which pro-
duces radon gas by decay. By contrast, surface water is
subject to turbulence promoted by environmental factors,
which allows the escape of radon (Cook et al. 2003). The
enrichment of radon in groundwater will depend on the
contents of its progenitor, radium, which is widely distrib-
uted in minerals in aquifer rocks. Radium is present in par-
ticularly high concentrations in granitic rocks and is less
abundant in many metamorphic and sedimentary rocks
(UNSCEAR 2000). Radon has a medium solubility in
cold water which decreases when the temperature becomes
higher, and this solubility helps it to escape from the rock
structure after the decay of radio atoms, through fissures
or nanopores, to the surface waters (Bonotto 2004).

The mechanisms that can cause the *>’Rn emanation
from the rock fragments and, therefore, contribute to the
content in the waters are (Bonotto and Lima 1997):

e the rebound of *’Rn after the alpha decay of the **Ra
atoms near the surface of the rock grain, positioned
at a distance of about 0.036 um, corresponding to the
rebound distance of the 2*2Rn molecule;

e the diffusion of ?2’Rn through the crystalline matrix,
from locations distant from the surface of the rock;

e the diffusion of 2?2Rn along crystalline defects, grain
contours or micro-fractures that are distant from the
surface of the rock.

222Rn has been used to detect groundwater exfiltration
in Bangkok channels (Chanyotha et al. 2014), to study the
changes of its content in waters when seismic activities
occurred in the Western Caucasus (Nevinsky et al. 2015),
for water flow in underwater caves (Csondor et al. 2017),
and for developing a better understanding of subsurface
and surface water interactions in a coastal aquifer in
France (Mayer et al. 2016). In Switzerland, radon helped
to evaluate the recharge dynamics of a karst aquifer, and
provided information on a time scale of infiltration into the
aquifer (Savoy et al. 2011). In fact, radon has been used
to study water dynamics, its processes, interactions and
connections in surface and subsurface systems, in places
such as USA (Dimova et al. 2013), Italy (Tallini et al.
2013), Australia (Harrington et al. 2014), New Zealand
(Close et al. 2014) and even in the Arctic lakes (Dugan
et al. 2012), among others.

The goal of this work is to present some results of a
research project that used 2*2Rn as a tracer in a small
hydrographic basin, and to analyze the correlation between
the natural gamma radiation and the presence of radon in
the area of study. Fluorescent tracers were also essential
tools used during the project to measure the natural flows
of the stream.
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Study area

The Juatuba basin (Fig. 1) is located in the headwaters of
the Sdo Francisco River, drains an area of 442 km? and is
approximately 60 km from Belo Horizonte (the capital of
the state). The main watercourses that form the Juatuba
River are the Serra Azul and Mateus Leme streams, which
have a drainage area of 265 and 155 km?, respectively
(Ferreira et al. 2015).

The area of the Juatuba Basin is adjacent to a region
named “Iron Quadrangle”—the largest Brazilian iron ore
producer. According to a geological survey, this area con-
sists of rocks from the Archeozoic, Lower Proterozoic
and Cenozoic ages (Simmons 1968). The region shows
a predominance of gneiss and grey granitic rocks, where
the dominant minerals are quartz, orthoclase, muscovite,
biotite and epidote (Drumond 2004; Pinto et al. 2010).

The Matinha stream belongs to the Juatuba basin and
has an approximated area of 1.7 km?. From the origin,
until it meets the Mato Frio stream, it is approximately
2.2 km long (Chagas 2017).

Materials and methods

Radon detector (RAD 7)

In this equipment, there is an alpha solid-state detector
(a semiconductor) that converts the alpha radiation into
an electrical signal. The RAD 7 operates with a radon-
in-water analysis kit known as RAD H,0O, that measures
radon in water in a concentration range from less than
37x 107> kBq L' to more than 14.8 kBq L™'. The RAD 7 is
portable and powered by a battery. To obtain accurate radon
reading in water, it should be after an approximate 30-min
analysis with a sensitivity that corresponds or exceeds that
present in liquid scintillation methods. For this study, all
RAD 7 measurements were carried out using the protocol
Wat 250, which means that glass flasks of 250 mL were
filled with the water of the stream, and analyzed as soon as
possible. In the first two sampling campaigns, a hypodermic
syringe (with a capacity of 100 mL) was used to collect the
water samples. However, this procedure took a long time.
To optimize the process, a system composed of a peristaltic
pump powered by a 12 V battery, and a pair of thin rubber
hoses replaced the syringe and were used from the third to
the last campaign. Also, a collector pipe was used, placed
close to the bottom of the stream, and the presence of a metal
screen with a small mesh avoided the collection of sediments
through this device. All the water samples were collected
along the stream in different campaigns.
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Fig. 1 Location of the study
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It is valid to observe that the RAD 7 has already been
used in several projects that involve measurements of radon
in water (Akawwi 2014; Ravikumar et al. 2014; Krishan
et al. 2015; Le et al. 2015; Somashekar and Ravikumar
2010).

Gamma radiation monitor

The AT6101C spectrometer (Atomtex®), which is connected
via Bluetooth to a handheld PC (HPC NAUTIZ X7%), is
responsible for the immediate interpretation of the data
received and its storage through the ATAS Scanner Mobile
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software was used under the scope of this project. Its opera-
tion consists of calibrating the gamma detector with an
accessory standard, passing through the study area and col-
lecting the data. The equipment has an estimated weight
of 7 kg, is inserted in a backpack, and has the ability to
detect the presence of neutrons and/or gamma radiation. The
device identifies the composition of the nuclide on finding a
source of radiation (ATOMTEX 2017). Detection of gamma
radiation is done using a sodium iodide inorganic scintil-
lator activated through thallium, and the neutron detection
uses two proportional counters in a polyethylene moderator
(Aramburu and Bisbal 1996).

@ Springer
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One of the advantages of the AT6101C Scanner is the
storage capacity of the radiation dose data (uSv h™!) along
with the geographical reference in UTM (WGS84), facilitat-
ing the transit of data in SIG type software and the visualiza-
tion of these points in Google Earth.

Fluorimeter GGUN FL 30

This device has been already used in several experiments
that include flow measurements and fluorescent tracers such
as uranin or rhodamine (Meus et al. 2014; Schneider et al.
2014; Lemke et al. 2013). The device was placed under-
water and the tracer cloud passage can be seen in real time
on a notebook connected to the device. After this step, the
FLUO software calculates the value of the natural flow of
the watercourse under study.

The amount of tracer to be injected is quantified accord-
ing to the reading ability of the fluorimeter (Gardner and Ely
1967), preventing saturation:

C(x,t) =

—(x — ur)?
’ (D

exp [
2a\/ wkt 4kt

where x is the measurement point, ¢ the time elapsed
between the injection and the passage of the cloud, A the
mass of the injected tracer, u the mean linear flow, a the
cross-sectional area, k the dispersion coefficient, and C(x,
1) the concentration of the tracer. The distance between the
points of injection and sampling was obtained applying the
model proposed by Ward (1973):

D = 500KW?*h™", 2)
where K is 0.08 for central injection, W is the mean length
and £ is the mean depth.

The calibration process of the GGUN is done twice. First,
at the lab, standard solutions of deionised water, of tracers
(10,000 ppb) and of turbidity (100 NTU), are used. Then
in the field, the probe is inserted for 5 min in a bucket with
4950 mL of water of the stream under study, and 50 mL of
tracer to be injected (100 ppb solution). It is valid to observe
here that turbidity increases the baseline of the signal by
directing excitation light into the detection optics. But this
baseline can be measured by the GGUN in the stream before
the plume and is subtracted. The turbidity can absorb a small
amount of excitation light, reducing the signal. However, the
procedure done earlier (bucket calibration) using the stream
water has taken care of this effect (Schnegg et al. 2011).

Field experiments
In all, ten field experiments were done with several pur-

poses. In seven campaigns, water samples were collected to
determine the activity of the ?Rn concentration using the
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RAD 7. In five campaigns (where four of them were car-
ried out simultaneously with water sampling), the natural
flows of the Matinha stream were measured using the GGUN
FL-30, and the measurements of the natural gamma radia-
tion were made in a single campaign using the AT6101C
spectrometer. The stream was monitored along its thalweg;
however, in the sections where it was not possible to walk
in the streambed, the monitoring was done on the banks of
the stream, aiming to verify the existence of a correlation
between the activity of ?’Rn in the waters of the stream
and the natural gamma radiation. These measurements were
only made at a limited number of locations near the stream
source due to the presence of dense vegetation, fences and
mires. The limited access near two artificial wetlands along
the stream course also restricted the number of gamma radia-
tion measurements that could be made. Otherwise, gamma
radiation measurements could be made at regular intervals
on-foot for a distance of 2.25 km along the stream.

All the radon analysis values in the water samples were
corrected due to the half-life of 2*’Rn and the elapsed time
between sample collection and reading

Al =Ayxe ™, 3)
where A(?) is the activity of *’Rn obtained when the sample
was analyzed, A, is the initial activity of the *’Rn in the
moment of the sampling and 1 is the decay constant of the
*2Rn (=1n 2/T, 5 where T, is the half-life of **’Rn).

The water sampling was carried out in a period of low
rainfall in the region. The record of rainfall between 1977
and 2015 in a rainfall station about 2.5 km from the Matinha
stream confirmed this. The accumulated rainfall between
2014 and 2015 is below the linear trend line (Fig. 2). There
has been a downward trend in rainfall in the region over the
last 20 years, except for the hydrological years 1996/1997,
when precipitation exceeds 2000 mm.

Results

Table 1 presents the activity of 2?’Rn in the water samples
collected throughout the project. It is possible to verify the
presence of some sections where the values are more signifi-
cant than others, which can indicate the presence of ground-
water discharge zones.

Figure 3 shows the values of the natural gamma radiation
along the stream, and Fig. 4 presents the normal distribu-
tion of the values. The results show that 95% of the natural
gamma radiation registered along the watercourse had a dose
rate between 0.0426 and 0.1447 uSv h™".

It is valid to observe that during the whole period of
this study, a pluviograph previously installed in the study
area (Ferreira et al. 2011) recorded a cumulative rainfall of
1120 mm for the hydrological year 2014/2015. The rainfall
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registered by this pluviograph was below the average of the
historical series registered in the rain gauge installed close
to the study area, which was 1525 mm.

Table 2 shows the results of flow measurements done
along the watercourse during the execution of the project
with the help of the fluorimeter. It is possible to verify that
the values become more significant from upstream to down-
stream what is also an indicative of the presence of dis-
charge zones along the watercourse. For all measurements,
the recovery rate of the tracer was obtained based on the
same methodology presented by Metcalf and Eddy (2003).

Discussion

The discharge of groundwater was the primary source of
water for the Matinha stream because there was no rainfall
throughout the study period, making the concentrations of
222Rn more evident and relatively higher in the observed
interconnection sections. Excessive rainfall during this
period could have caused the surface water in the stream to
recharge the aquifer, reducing radon activity (Sophocleous
2002; Baskaran et al. 2009). Since the study area is a rural
site, all the gamma radiation detected comes from radioac-
tive isotopes that are naturally present in the soils, water,
rocks and the environment. The average exposure of the
radiation found was 0.094 uSv h™! which is equivalent to
0.82 mSv year_l. This value, in the table of classification of
the areas of radioactivity according to the effective dose of
the natural terrestrial gamma radiation, is given as normal
for mean doses smaller than 5.0 mSv year™!.

Examples of areas with more natural radioactivity are
China (regions of Dong-anling and Tongyou), India (Karun-
agappally), Iran (Ramsar and Mahallat), Brazil (municipality
of Pogos de Caldas) and Sudan (Kurrun Mountain and Ourro
area). Studies done in the above areas presented values much
higher than the ones found in the surroundings and along the
Matinha stream (Saad et al. 2014; Secretariat of Health of
Minas Gerais State 2009; Sohrbai 2013; Aliyu and Ramli
2015).

The radiometric map of the studied region presents an
interpolation of 50 m for each side of the stream banks, as
also in its thalweg. Figure 5 shows the natural gamma radi-
ation spatial distribution registered during the field works.
In all, 4168 points were measured in June 2016 with the
ATC6101C, and all values are in the range 0.045-0.219
uSv h".

Based on the results of the analyses of the water sam-
ples, it was possible to find four sections where there is a
connection between subsurface and surface waters, rep-
resented by the higher values of >*?Rn (Fig. 6). The first
discharge area is located between 350 and 500 m from the
start of the transect, and the second one between 600 and
800 m. These two sets presented similar mean values of
radon activity which are 32.1 and 28.3 Bq m~>, respec-
tively. The third discharge area, which is located between
1150 and 1350 m from the start of the transect, as well as
the fourth one, located between 1800 and 2000 m from the
start of the transect, also presented similar mean values of
activity of 19.8 and 22.2 Bq m~3, respectively.

The *??Rn activities obtained along the stream are use-
ful for understanding the extent of hydrological processes
at the stream—aquifer interface. The results of the sampling
of this environmental isotope indicated that the upper
area of the stream is connected and actively recharged by
“near stream—shallow alluvial aquifer” (Baskaran et al.
2009). These authors state that there is a hydraulic con-
nection between groundwater and surface water in many
landscapes.

However, it is valid to emphasize the complexity of the
several phenomena that took place in the hyporheic zone
(HZ). Bencala (2010) stated that the understanding of the
hydrological processes that occur in the HZ is critical for
the knowledge of the stream ecosystems. Boano et al. (2014)
discussed 50 years of researches in this zone, debating issues
such as fluvial ecosystems, water quality and restoration of
the whole river environment, field observations and the theo-
ries proposed. The dynamics of some processes that happen
in the HZ were modelled (Briggs et al. 2010; Cardenas 2009;
Endreny et al. 2011; Krause et al. 2014) aiming to enhance
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Table 1 Results of the measurements: 222Rn activity

Distance from the ~ Time and date of the Radon activity (Bq m™) Distance from the ~ Time and date of the Radon activity (Bq m™)
source (m) sampling source (m) sampling

14/09/16—16:05 7.31+£2.37 392 15/07/15—15:25 20.45+2.59
2 14/11/18—14:07 5.86+1.03 397 15/07/15—15:17 46.70+£2.72
4 14/11/18—14:15 6.83+1.68 401 15/02/11—11:45 27.90+2.45
129 14/11/18—14:36 43.14+2.58 402 15/07/15—15:07 17.01£1.59
353 15/07/15—16:28 37.53+£2.34 407 15/07/15—15:00 17.04£2.42
357 15/02/11—10:40 49.41+3.21 412 15/07/15—14:48 12.30£2.13
358 15/07/15—16:20 30.88+1.33 412 15/02/11—11:55 26.93+2.80
360 14/11/18—15:05 76.96+6.36 418 15/07/15—14:40 17.56+2.62
363 15/02/11—10:50 58.04+£0091 422 15/02/11—12:10 35.71+£1.49
364 15/07/15—16:13 30.27+£4.49 423 15/07/15—14:30 21.02+£1.98
370 15/07/15—16:05 23778 +4.47 427 14/11/18—15:20 48.18 £4.09
375 15/07/15—15:55 57.69+1.97 432 15/02/11—12:20 28.65+1.12
380 15/02/11—11:15 31.53+4.23 442 15/02/11—12:30 35.98+3.07
382 15/07/15—15:45 25.56+2.32 452 14/09/16—16:25 1.03+£1.13
387 15/07/15—15:35 28.32+2.83 456 15/02/11—12:43 22.06+3.18
391 15/02/11—11:30 28.52+3.18 466 15/02/11—12:50 19.21+1.40
4717 15/02/11—13:05 21.29+0.81 1140 16/05/16—17:05 2.89+0.80
523 14/11/18—15:40 14.42 £1.65 1155 16/05/16—16:55 25.45+3.55
561 14/11/18—15:55 6.33+1.38 1158 14/11/20—09:29 38.31+£2.94
562 14/09/16—16:55 35.09+4.86 1165 14/11/20—09:25 26.44+1.78
627 15/07/15—12:40 24.67+1.65 1167 14/11/19—15:40 42.60+1.68
631 15/07/15—12:35 17.10+1.63 1170 16/05/16—16:43 23.69+1.86
633 15/02/10—14:40 35.92+3.67 1171 14/11/20—09:36 27.54+191
633 15/07/15—13:30 10.09+0.82 1185 16/05/16—16:25 17.80+£0.90
635 14/09/16—17:10 9.36+2.68 1200 16/05/16—16:15 23.30+1.60
637 15/07/15—12:20 14.34+1.89 1218 16/05/16—16:00 25.18+2.30
638 15/02/10—14:55 52.63+4.92 1232 16/05/16—15:50 18.76 +0.89
642 15/07/15—12:00 42.19+2.21 1246 16/05/16—15:40 19.20+0.43
643 14/09/17—11:05 26.43+4.32 1261 16/05/16—15:25 13.90+1.13
643 15/02/10—15:06 71.14+5.09 1276 16/05/16—15:05 4.99+0.74
647 15/07/15—11:50 14.27+2.14 1280 15/09/29—09:55 3.51+1.30
648 15/02/10—15:30 15.80+1.03 1292 16/05/16—14:55 2423+2.32
652 15/07/15—11:40 53.70+1.86 1293 15/09/29—09:45 3.05+1.23
654 15/02/10—15:45 20.24+1.28 1297 14/11/19—16:00 13.11+0.53
657 15/07/15—11:15 52.58+4.16 1303 15/09/29—09:35 245+1.40
661 15/02/10—15:55 28.81+0.78 1305 16/05/16—14:40 22.47+0.65
662 15/07/15—11:00 54.39+2.50 1379 14/11/19—16:23 8.25+0.78
667 15/07/15—10:45 12.92+1.21 1550 14/09/17—11:45 7.13+0.55
672 15/07/15—10:31 25.94+2.04 1585 16/05/16—11:00 4.56+1.51
677 15/07/15—10:20 10.50+1.13 1662 14/11/19—17:00 0.52+0.31
680 15/09/28—18:10 32444292 1765 14/11/19—17:21 4.72+0.53
694 14/11/19—09:38 52.26+4.78 1834 15/09/29—15:05 26.76 +1.76
701 15/09/28—18:03 21.20+1.50 1840 14/09/17—12:00 5.53+0.67
715 15/09/28—17:50 9.89+1.95 1846 15/09/29—14:55 38.07+2.10
724 14/11/19—09:45 22.07+1.93 1864 15/09/29—14:42 29.31+2.80
735 15/09/29—11:20 5.08+0.81 1880 15/09/29—14:26 7.28+1.60
750 15/09/29—09:53 12.13+1.17 1906 15/09/29—14:12 31.95+2.78
760 15/09/28—17:07 1.63+0.44 1913 14/11/20—09:55 13.77+0.33
770 14/11/19—10:11 46.07+3.59 1926 15/09/29—14:05 39.68 +4.25
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Table 1 (continued)

Distance from the ~ Time and date of the Radon activity (Bq m™)

Distance from the ~ Time and date of the Radon activity (Bq m™)

source (m) sampling source (m) sampling
773 15/09/28—16:50 4.77+0.65 1938 15/09/29—13:52 28.89+0.96
779 15/09/28—16:33 6.25+0.52 1956 15/09/29—13:47 16.35+1.55
795 15/09/28—16:20 2.93+0.83 1975 15/09/29—13:22 14.95+2.50
819 14/09/17—10:40 33.11+4.84 1997 15/09/29—13:12 9.36+0.93
858 14/11/19—10:37 16.20+3.02 2003 14/11/20—10:05 5.83+1.13
915 14/11/19—10:54 11.50+1.27 2007 15/09/29—13:00 7.78+1.42
1044 14/11/19—11:16 2.00+0.32 2060 14/11/20—10:14 2.08+0.74
1092 14/09/17—11:20 12.38+1.08 2152 14/11/20—10:25 1.33+0.30
1111 16/05/16—17:30 2.92+0.98 2157 14/09/17—12:30 9.50+1.38
1125 16/05/16—17:20 2.00+0.63 - - -
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Fig.3 Natural gamma radiation along the Matinha stream

the comprehension of the many variables that are involved
in the interactions that happen in it.

Furthermore, Ciszewski and Aleksander-Kwaterczak
(2016) proposed the HZ as a tracer to analyze the pollu-
tion of the waters. Schaper et al. (2018) verified that the HZ
acts as an efficient bioreactor, capable of removing polar
trace organic compounds along relatively short flow paths.
A 3-year sampling of dissolved organic matter (DOM) in an
Alpine stream found a coupling of DOM dynamics in the
streamwater and the HZ (Fasching et al. 2015). Mendoza-
Lera and Datry (2017) studied the restoration of the river
ecosystem, attempting to increase the biogeochemical pro-
cesses by increasing the hyporheic flow. Since their relation-
ship is nonlinear, they presented a conceptual model where
a Gaussian function, depending on hyporheic hydraulic con-
ductivity, can correlate them.

0,04262

0,09368 0,1447
Gama radiation (pSv.h-1)

Fig.4 Normal distribution of the gamma radiation registered along
the Matinha stream

The response of the HZ to fluctuations and extreme events
showed changes in the denitrification rates, biogeochemical
cycling and natural attenuation, among other factors (Trauth
and Fleckestein 2016; Malzone et al. 2015; Fuller and Bar-
gar 2014; Zimmer and Lautz 2013; Sawyer et al. 2014).
According to these examples, it is possible to see that this is
a very important and complex ecosystem (Jones and Stanley
2016; Liu et al. 2017, Peralta-Maraver et al. 2018), and to
understand it, “a technological expertise is required but also
the knowledge about the natural processes that structures the
interface” (UK Environment Agency 2009). The monitor-
ing of some parameters is important, but not enough to find
the desired answers. Even the results of the tests done with
environmental tracers in the HZ should be analyzed carefully
(Wondzell 2006).

@ Springer
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Table 2 Results of the flow measurements along the Matinha stream (L s~!)

Date Distance from the Flow (L s™") Transit time of the ~ Recovery rate of the Coordinates UTM 23S Mass
source (m) tracer (s) tracer (%) injected
(mg)
15/07/15 350 1.75+0.05 2424 76 553,090-7,779,558 25
15/07/15 500 2.10+0.06 2196 78 553,234-7,779,552 40
15/12/16 350 1.19+0.05 2064 83 553,090-7,779,558 30
15/12/16 700 2.10+0.09 1620 86 553,283-7,779,369 30
15/12/16 2150 3.54+0.14 372 95 552,931-7,778,079 30
16/05/10 700 2.59+0.11 4422 78 553,283-7,779,369 50
16/05/10 1600 3.06+0.12 1640 94 553,047-7,778,558 100
16/05/24 350 1.83+0.07 3315 92 553,090-7,779,558 100
16/05/24 2150 4.76+0.19 900 95 552,931-7,778,079 100

352.500 SSJ.UUU 533‘500

7.779.500
1
T
7.779.500

7.779.000
1

T
7.779.000

7.778.500
n
T
7.778.500

Legenda
] Matinha stream subwatershed

Matinha stream

Gama rad pSv/h
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wm high: 0.22

B low:0.05 Gama Radiometry
Matinha stream, Juatuba river watershed
2016

Itatna, MG

Projection system: UTM (235)

0 S0 100 150 200m Datum: WGS84

7.778.000
n
T
7.778.000

T T T
552,500 553.000 553.500

Fig.5 Gamma radiometry in the surroundings and in the thalweg of
the stream

When the correlation between 2*’Rn and the natural
gamma radiation is observed in the Matinha stream (Fig. 7),
it is possible to see a similarity in the studied sections. The
main difference is close to the waterfall, where there is a

@ Springer

peak of gamma radiation but the activity of ??Rn decreases.
This is probably caused by the dispersion of the radon in
the air due to the turbulence in that area, which facilitates
the escape of 222Rq. So, since along the stream the areas
where the natural gamma radiation and >*?Rn activity in lev-
els higher than the background are coincidental, a previous
scan of a watercourse can be a useful tool to help in find-
ing the introductory sections where 2*Rn can be found in
experiments with goals similar to this one.

Considering that during this work, the water samplings
were done along the whole stream but in different cam-
paigns, it was not possible to obtain a mathematical equation
that could correlate the growth of the flows and the activity
of 2?Rn in a continuous way. However, as an example of
some assumptions that could be made, Fig. 8 shows the val-
ues of the experiments done in May 2016, in a section of the
stream. It is possible to see the growth of the natural flow,
as the values of radon activity, where some points present
values much higher than others, what indicates the existence
of the discharge into the Matinha stream.

Since the discharge sections were found in the stream, in a
future project, several measurements of >>’Rn could be done
every 5 m, and the activity above the background values
could be used to obtain an equation that could also include
the growth of the natural flow, with measurements taken
upstream and downstream of the discharge sections.

Conclusions

A natural gamma radiation scanning can be a useful tool for
locating groundwater discharge areas in streams or small
rivers and can help identify areas where detailed sampling
should be carried out. The amount of fluorescent tracers
used was very small, and the results of the plot combining
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Fig.6 Activity of 2?Rn along
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the 222Rn activity along the stream in conjunction with the
flows measured were an effective way of analyzing the rela-
tionship between stream flow rate and the activity of 2>?Rn.

Finally, it was observed that in post-monsoon and low-
rainfall periods, 22*Rn isotopes are useful tracers for the
identification sections of the stream where groundwater
takes place. The ability to identify discharge areas can

T
553.000

help with the rehabilitation of streams that are affected by
groundwater contamination. However, the HZ is a com-
plex study area and many variables must be studied for a
better understanding of the processes that occur in it. It
has a high biodiversity and a strong chemical reactivity,
the environment is heterogeneous, dynamic, and difficult
to study.

@ Springer
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Fig.8 Results of the radon activity and the flow rate in a section stud-
ied in May 2016
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