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• 222Rn levels in two old mines in San Luis, Argentina
• CR-39 nuclear track detectors were used for this purpose
• higher concentration values of 222Rn were observed in summer than in winter
• radon pattern distribution appear as a good method to trace air currents
• it localizes unknown ducts, fissures or secondary tunnels in subterranean environments.
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Radon levels in two old mines in San Luis, Argentina, were measured and analyzed, with the aim to assess the
potential use of this radioactive noble gas as a tracer of geological processes in underground environments. La
Carolina goldmine and Los Cóndores tungstenmine are today used as tourismmines. CR-39 nuclear track detec-
tors were used for this purpose. Measurements were performed during both winter and summer seasons. The
findings show that in these environments, significant radon concentrations are subject to large seasonal fluctu-
ations, due to the strong dependence on natural ventilation with the outside temperature variations. For both
mines, higher concentration values of 222Rn were observed in summer than in winter; with an extreme ratio
of 2.5 times between summer and winter seasons for Los Cóndores mine. The pattern of radon transport inside
La Carolinamine revealed, contrary to whatwas believed, that this mine behaves as a systemwith two entrances
located at different levels. However, this feature can only be observed in the winter season, when there is a
marked difference between the inside and outside temperatures of the mine. In the case of Los Cóndores mine,
the radon concentration pattern distribution is principally established by air current due to chimney-effect in
summer and winter seasons. In both cases, the analyses of radon pattern distribution appear as a good method
to trace air currents, and then localize unknown ducts, fissures or secondary tunnels in subterranean
environments.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The analysis of temporal and spatial variations on theflux of soil gases
across the soil–air interface can be a useful tool to study geodynamical
processes occurring in the rock mass due to earthquakes, volcanic and
seismic activities, tremors, shocks, and coal or rock bursts. One of these
gases is the radioactive 222Rn (half-life 3.82 days, alpha emitter),
55 21 26295887.

ghts reserved.
commonly known as radon. It is a naturally occurring noble element
from the decay of 238U series, with 226Ra as its immediate parent nuclide.
Radon atoms are continuously generated in the rockmatrix and emanate
into the air-filled pore space, fromwhere some of them reach the ground
surface and escape into the atmosphere (Atkinson et al., 1983; Nazaroff,
1992; Hakl, 1997; Hakl et al., 1997; Kies et al., 2002; Viñas et al., 2007;
Anjos et al., 2010a; Estellita et al., 2010; Steinitz et al., 2011). The gener-
ation of radon depends on the uranium concentration and the nature of
the parent mineral. However, the transmission to atmosphere is largely
independent of these.

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.scitotenv.2013.08.003&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2013.08.003
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Uranium is very seldom homogeneously distributed throughout
rocks and soils. Most of the uranium in rocks can be attributed to dis-
crete uranium bearing minerals even when there is only a few parts
per million of uranium present (Ball et al., 1991; Anjos et al., 2005,
2006, 2007, 2010b, 2011; Veiga et al., 2006). Clearly, as radon is a gas
with a short half-life, its chance to escape from the mineral matrix to
the environment is higherwhen it is generated near the superficialmar-
gin of that mineral. The openness and imperfections in the lattice are
important controls, as is the specific surface area of the mineral. Once
the radon is released from the parent mineral to the intergranular
region several factors take over, such as the fluid transmission features
of the rock, the nature of fractures and disaggregation features (Ball
et al., 1991). As variations in the flux of radon are only caused by physical
factors, since it is not a reactive species, it could give valuable information
on distribution and dynamics of airflows inside of underground environ-
ments (Viñas et al., 2007). Then, the patterns of radon concentration into
this kind of environments would allow studying geodynamic processes,
such as air mass movements.

Among the underground environments of scientific and technologi-
cal interest are the caves, quarries, andmines. In these places, variations
in the concentration of 222Rn might be caused by the presence of ducts
and galleries as well as interconnected sets of fissures, fractures and
voids. One of the most appropriate methods to trace airflows in these
systems, which carry gas radon, is the use of nuclear track detectors.
These detectors have desirable features for in situ measurements in
large scales (Grossi et al., 2011).

In this study, we investigated the transport process of natural radon
in two exhausted and abandonedmines in San Luis Province, Argentina,
with the aim to evaluate the potential use of this gas as a tracer ormark-
er of geodynamic processes. These mines were chosen because they
have different physical configurations in their cavities, features that
can affect the airflow patterns and radon concentrations. La Carolina
goldmine is currently a blind end system, corresponding to a horizontal
excavation into the side of a mountain, with only a main adit. Los
Cóndores tungsten mine is also a horizontal excavation into the
side of a mountain, but has a vertical output (a shaft) at the end of
the main gallery.

2. Material and methods

2.1. Study area and its geological features

The study area comprises a portion of the Pampa Range of San Luis
Province in west-central Argentina, a complex of Early Paleozoic meta-
morphic rocks intruded by Paleozoic granitoids and pegmatites related
to tungsten and gold deposits (Miller and Singewald, 1919; Da Silva
et al., 2011). Geologically this sector is composed of high-grade granu-
lite faciesmetamorphic rocks, mainly gneisses andmigmatites, with in-
tercalated igneous mafic-ultramafic bodies (Rastall and Wilcockson,
1920). Fig. 1 shows a geological illustration of the study area.

La Carolina gold mine (32° 48′ 0″ S, 66° 60′ 0″W) belonged to West
Argentine Gold Company, a British company that, in 1882, drove a
380 m adit from a point on the western side of the Carolina Mountain
to the eastern direction, intersecting the four principal veins of mineral.
In total about 500 m of tunnels was excavated and several shafts were
sunk. The mine was operational until 1894, when a catastrophic col-
lapse of the main adit killed 30 miners, resulting in the closure of the
mine (Hoskold, 1904). After its abandonment, several secondary tun-
nels have been buried. Currently, this mine shows a horizontal excava-
tion into the side of a mountain, with a main adit (Fig. 2a).

In Argentina, tungsten deposits are located partly in the province
of Catamarca in the north, and in the provinces of Cordoba and San
Luis in the center. In this last region, the most important mines are
distributed in the ranges of Sierra de Cordoba and Sierra de San
Luis. The ore was chiefly wolfram rich, with lower contents of schee-
lite, hubnerite and tungstic ochre accompanied by pyrites, copper
ores, galena, bismuthinite, a little molybdenite, occasionally cassiter-
ite, and, in some places, notable amounts of niobium and tantalum
minerals. The gangue is mainly quartz, sometimes with white mica
and occasionally topaz and fluorspar (Rastall and Wilcockson, 1920;
Werner et al., 1998). Los Cóndores minewas themajor tungsten quarry
in the country and the second one in South America, being exploited by
German and American miners from 1898 to 1965. The lode was brecci-
ated and composed of anastomosing veins. This mine is situated in
the Sierra de San Luis, near a small town called Concarán in San Luis
Province (32° 33′ 25″ S, 65°15′ 20″ W). The lode was cropped out on
the hill side and was worked by adits. At the level of the main adit, it
was displaced by a series of step faults, which necessitated frequent
cross-cutting excavations. The ore was, then, exhausted down to this
level, and further was developed other extraction shaft to a depth of
90 m. Also in this case, after the mine abandonment, several secondary
adits have been buried. Currently, what remains of the mine appears as
a 450 mmain adit with a shaft at the end of this adit. Fig. 2b shows the
topographical illustration of the Los Cóndores mine.

2.2. Experimental procedure

Radon concentration measurements were performed using CR-39
nuclear track detectors. The samplingwas performed in both thewinter
and summer seasons. Thefieldworks started in the summer. During this
season, radon monitors were exposed for 105 days in La Carolina mine
and 42 days in Los Cóndores mine. The exposure time in Los Cóndores,
which was monitored after La Carolina, was reduced in order to facili-
tate the track detector analysis, since the CR-39 detectors exposed in
La Carolina mine showed very high track densities. In winter season,
radon monitors were exposed for 36 days in La Carolina mine and
96 days in Los Cóndores mine. The exposure time intervals in winter
season were decided taking into account the statistics associated with
results obtained in the summermeasurements, and the difficulty of car-
rying out field work during the winter. The mean value of the outside
temperature at La Carolina mine was 15 °C in summer and 6 °C in win-
ter. The mean value of the outside temperature at Los Cóndores mine
was 20 °C in summer and 9 °C inwinter (REM, 2011). The internal tem-
perature remained stable around 16 °C at two mines during summer
and winter seasons.

The CR-39 plastic track detector (1.7 cm2 area and 0.9 mm thick)
was enclosed in a radon diffusion chamber (NRPB/SSI type monitors)
(Orlando et al., 2002). During summer measurements, detectors were
deployed at 14 points within the adits of La Carolina gold mine and 20
points of Los Cóndores wolframmine. For winter measurements, detec-
tors were deployed at 20 points in La Carolina and Los Cóndores mines.
Fig. 2a and Table 1 illustrate the siteswhere the detectorswere placed in
the La Carolina mine. Fig. 2b and Table 2 illustrate the sites where the
detectors were placed in Los Cóndores mine. The detectors were placed
at a distance of 20 cm from the wall and 1 m above the ground. The
choice of measurement sites was based on the criteria of accessibility
and in order to cover equally well the adits of themines. The determina-
tion of radon concentrationswas performed at the Dosimetry Laboratory
of Nuclear Physics Department of the University of São Paulo (Da Silva
and Yoshimura, 2005). For this determination, two main assumptions
are used: radon in the environmental air rapidly reaches equilibrium
with the air inside the monitor; and both radon progeny and shorter
half life radon isotopes are prevented from entering the diffusion cham-
ber (Shweikani and Durrani, 1995). The mean radon concentration dur-
ing the whole period of exposure is directly proportional to the track
density in the plastic detector and the time of exposure. The conversion
factor of track density to radon concentration was experimentally deter-
mined and its value is known to be very constant for this combination of
monitor and plastic detector (Orlando et al., 2002; Howarth and Miles,
2003). To determine it in our etching and measurements conditions, a
separate group of monitors was exposed in a 583 L chamber to a radon
source (226Ra of 96.57 kBq, model 2000A, Pylon Electronics Inc.) for



Fig. 1. Geologic setting and location of the studied area (modified from Tripaldi et al., 2010).
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known periods of time, and the value of 2.8 ± 0.2 (track cm−2)/
(kBq m−3 h) was obtained, being compatible with the already pub-
lished values (Orlando et al., 2002; Howarth and Miles, 2003). The
radon concentration inside the 583 L chamber was checked with a
Lucas cell detector (model 110A, Pylon Electronics Inc.). The detector
was calibrated by the Institute for Energy and Nuclear Research of the
Brazilian Nuclear Energy Commission (IPEN-CNEN). After a chemical
etching (in a 30% KOH solution at 80 °C for 330 min) CR-39 detector
track densitieswere evaluatedwith a semi automated opticalmicrosco-
py analysis system described in a previous work (Da Silva and
Yoshimura, 2005). The uncertainties of the concentration activities are
derived from the counting statistical error, that is, the square root of
the number of observed events (Poisson statistics). In this work, the
uncertainties were estimated to be of the order of 8% for the radon
concentrations.

2.3. Analysis of radon concentration patterns inside subterranean
environments to trace of geodynamical process

Caves are usually considered as static environments where physical
properties as temperature and humidity remain stable during the year.
But inside the caves, some parameters have very pronounced variations



Fig. 2. Illustrations of the topographical scale diagram of the (a) La Carolina goldmine and
(b) Los Cóndoreswolframmine. A (y axis) represents the altitude, indicating that themax-
imum depths are approximately 300 and 90 m for La Carolina and Los Cóndores mines,
respectively.

Table 2
Distribution of 222Rn in Los Cóndores Mine during the summer and winter seasons. The
position of the CR-39 detectors is measured from the main entrance of the mine (see
Fig. 2b).

Summer Winter

CR-39 position (m) 222Rn (Bq m−3) CR-39 position (m) 222Rn (Bq m−3)

17 446 ± 36 4 149 ± 13
50 469 ± 39 14 201 ± 17
75 442 ± 37 57 179 ± 15
103 457 ± 38 107 165 ± 14
150 504 ± 42 153 196 ± 17
198 483 ± 40 220 181 ± 15
251 689 ± 55 226 265 ± 22
300 648 ± 53 239 235 ± 20
357 529 ± 44 286 256 ± 21
400 652 ± 43 322 262 ± 21
425 580 ± 47 355 257 ± 21
432 620 ± 50 403 325 ± 27

420 670 ± 55
450 473 ± 39
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due to exchanges between the cave air, the fracture system, the outside,
the sediments and the water in the cave. Air radon concentration is one
of these parameters which have important variations related to changes
in environmental parameters.

The term “emanation” is used in reference to the release of radon
from the mineral particle, while the term “exhalation” refers to release
of radionuclide from the surface to the environment. Emanation and
exhalation are complex processes; in part because they are influenced
by a wide number of factors, being the location of uranium and radium
isotopes a main factor. Other factors that can influence the release of
radon to the environment are particle size and rock morphology,
Table 1
Distribution of 222Rn in the La Carolina Mine during the summer and winter seasons. The
position of the CR-39 detectors is measured from the main entrance of the mine (see
Fig. 2a).

Summer Winter

CR-39 position (m) 222Rn (Bq m−3) CR-39 position (m) 222Rn (Bq m−3)

20 1700 ± 140 21 695 ± 58
85 3840 ± 310 33 657 ± 54
99 4580 ± 370 47 655 ± 55
118 4510 ± 360 51 675 ± 55
118 4530 ± 360 61 707 ± 58
132 5000 ± 400 81 680 ± 56
164 5190 ± 420 106 819 ± 67
164 5120 ± 410 126 836 ± 72
243 5600 ± 450 146 1056 ± 86

168 2376 ± 186
182 3488 ± 281
189 3049 ± 249
209 3123 ± 252
218 3952 ± 321
250 4968 ± 406
moisture content of the rock, pore structure, barometric pressure,
temperature, radium distribution and vegetation effects (Mudd, 2008;
Sharma, 1997).

The transport of radon through the pore space is due to diffusion and
advection mechanisms. The molecular diffusion is the dominant mech-
anism in the intergranular channels, capillaries and small pores, while
the advection by air flow is the principal mechanism in macropores.
The heterogeneity of the geologicalmaterial is a source of large variation
of radon diffusion in a porous medium, with respect to the theoretical
assumptions. Mica and vermiculite, which are flaky minerals, have a
shape factor that causes the diffusion coefficient to be one-half to one-
third of the theoretical value. Clay and shales contain significant propor-
tions of flaky minerals, usually oriented so as to hinder vertical move-
ment. They retard diffusion to a greater extent than a porous medium
having the same porosity but consisting of spherical particles (Cigna,
2005). The advective transport process, resulting from temperature dif-
ferences between the underground and the surface, is of greater impor-
tance than molecular diffusion, because it gives to 222Rn the chance to
travel over large distances in the subsurface before its decay (Sharma,
1997). In addition to exhalation and emanation rates, the crucial factor
that determines the radon concentration inside caves and tunnels of
subterranean environments is the air motion, because the advective
air flow is usually the dominant transport mechanism of the gas at
this scale.

In caveswith two ormore entrances at different levels, the airmove-
ments inside the cave are due to difference of external and internal air
densities only caused by varying external temperatures. This usually
leads to consider that the air temperature in caves is nearly constant.
This is a temperature-induced air movement named “chimney-effect”
(Atkinson et al., 1983).

The chimney-effect occurs when the pressure exerted at the en-
trance of a mine, by the column of air inside, differs from the pressure
of external air. Since the density of the air depends upon temperature,
in first approximation the pressure difference is proportional to the
temperature difference between the inside and the outside of mine:

pin−pout≈−gh
ρin

Tout
Tin−Toutð Þ ð1Þ

Here, h is the elevation difference between the upper and lower cave
entrances, g is the acceleration due to gravity and the subscripts int and
out refer to the mean internal and external air pressure (p), air density
(ρ) and temperature (T), see Fig. 3 (Atkinson et al., 1983; Hakl, 1997;
Hakl et al., 1996, 1997). According to this relationship, when the interior
air is colder than the outside air (ΔT b 0), the pressure exerted by the
tunnel air will be greater than the pressure outside (Δp N 0) and the



Fig. 3. Illustration of the chimney-effect wind in a simple cave.
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air will blow out through the lower entrance. When the outside condi-
tions are colder than inside (ΔT N 0), the air movement is from the
lower to the upper entry (Δp b 0). Chimney-effect airflow reverses its
direction seasonally and also might reverse daily at some times of the
year. At this approximation level, which is excellent for h b 1000 m,
variations in atmospheric pressure have no an important effect on the
advection process (Atkinson et al., 1983; Hakl et al., 1996, 1997).

The seasonal pattern of radon concentration produced by chimney-
effect airflow depends on the configuration and connection of under-
ground cavities, passages, fissures and fracture system. For horizontal
caves with two entrances and for caves with most passages and open-
ings to the exterior located above the entrance level, a typical seasonal
change in radon concentration is obtained, with amaximum in summer
and minimum in winter (Kies and Massen, 1995; Hakl et al., 1992,
1997). For caves where there is a main gallery with openings located
below the entrance level the seasonal radon pattern haswinter maxima
and summerminima, as the airflow enters into the cave from below. As
usually this air is radon enriched, it leads to higher radon concentrations
in winter than in summer, when fresh air entering through the main
entrance is loaded gradually, along with radon during its movement
trough the cave (Kies and Massen, 1995; Hakl et al., 1996).

The radon concentration pattern in caves with only one entrance
(blind end systems) is more complex to analyze as the airflow can
have opposite directions on the entrance cross section, and then, the
radon concentration will depend of the vertical coordinate (Atkinson
et al., 1983). In spite of this difficulty, simple considerations about the
airflow stream allow to explain the seasonal changes in radon distribu-
tion patterns.When the cave air iswarmer than the outside air (winter),
the lighter air of the fracture system,which is radon-enriched, rises, and
pushes cave air out through the exit. During this movement, the air can
be enriched in radon from the fracture system and from the sediments.
As higher temperature differencesmove a greater air volume, the radon
concentration of the air entering to the cave galleries from below de-
creases when the speed of air flowing through the fracture system is in-
creased. In summer, when the cave air is colder than the outside air, the
described process reverses, the direct inflow of fresh air from outside
into the cave leads to the lowest radon concentrations.

Many subterranean mines are typical examples of one or other de-
scribed cave configurations, where the openings are entrances, long frac-
tures of the rock or secondary tunnels. Despite the complexity of radon
exhalation and transport processes inside the mine tunnels, the analysis
of radon concentration distribution can bemadewith the help of models
like the advective reacting diffusion equation, (Socolofsky and Jirka,
2005; Eff-Darwich et al., 2008; Wigley, 1967; Atkinson et al., 1983;
Nazaroff, 1992) which in the one dimensional case is represented by
the expression:

∂C x; tð Þ
∂t −D

∂2C x; tð Þ
∂x2

þ ν
∂C x; tð Þ

∂x ¼ RL
S
−λC x; tð Þ ð2Þ
where C [Bq m−3] is the radon concentration, D [m2 h−1] is the diffu-
sion coefficient of radon in open air, v [m h−1] is the air velocity, λ =
7.54 10−3 h−1 is the decay constant of radon, R [Bq m−2 h−1] is the ex-
halation rate, S [m2] is the cross section and L [m] the peripheral length
of tunnel. The second term on the left hand side corresponds to normal
diffusion, while the third describes convection or advection. On the
right hand side, the terms describe the release of radon into the mine
environment and the radon decay process.

In order to apply Eq. (2) to mine tunnels, some assumptions should
bemade. The conditions should be such that the tunnel can be treated as
if it was a cylindrical tube with constant cross section and uniform air
velocity. Furthermore, the value of radon diffusion length 2

ffiffiffiffiffiffi
Dt

p� �
for

the measurement time, should be similar to the radius of cross section
of the tunnel, to assure that the radon concentration is approximately
uniform on the cross section, i.e. the radon concentration is only func-
tion of the x coordinate.

One special solution of Eq. (2) is appropriate to analyze the patterns
of radon in tunnels. It is obtained disregarding the diffusion term of
Eq. (2), as the advection process is the principal transport mechanism
of radon. In this case and under steady conditions, the radon concentra-
tion at any distance x from the tunnel entrance can be described by the
solution:

C xð Þ ¼ C∞ 1−e−λ=νx
� �

ð3Þ

where C∞ = RL/(Sλ), the contour condition C(0) = 0 is used, and it is
assumed that the air flux at entrance has zero radon concentration.
This equation assumes a homogeneous medium where the diffusion
takes place. The presence of secondary air flow tributaries, like second-
ary tunnels and cracks connected with the principal adit, modify the
concentration pattern given by Eq. (3). The exact form of the radon con-
centration pattern depends on the velocity and radon content of the
tributary stream air flow (Atkinson et al., 1983).

3. Results and discussion

Radon can be emanated from underground at a rate, which is
influenced by several factors, such as the lithology of the bedrock, struc-
tural features such as faulting and jointing, soil physical and chemical
properties (Sharma, 1997). Previous studies were performed by our re-
search group on the lithology of the bedrock and structural features
from the main adits of the mines. They showed that both La Carolina
and Los Cóndores have homogeneous mineral composition (Da Silva
et al., 2011). Additionally, studies about the spatial variations of the
radon concentration in thesemineswere conducted during the summer
season. The results, shown in Table 1, revealed that the radon concen-
tration varied significantly throughout the La Carolina gold mine. The
lowest values can be observed near themine entrance. Moving towards
its interior, the concentration increased rapidly first, then more slowly,
reaching a plateau at the end of themain adit. This value remained prac-
tically unchanged in its secondary adits. This behavior allows us to sup-
pose that the main adit of La Carolina mine behaved as blind end
system. However, the radon concentration from underground can also
be influenced by themode of transport (diffusion or fluid flow), and at-
mospheric influences such as precipitation, wind, and temperature
(Sharma, 1997). Thus, it would be interesting to understand what hap-
pens to the radon concentration inside themines in extreme conditions.
These arguments led us to undertake new measurements in the mines
during the winter season.

3.1. La Carolina Mine

Table 1 shows the distribution of the radon concentration inside La
Carolina mine as a function of distance from its entrance, during sum-
mer and winter seasons. From this table, one can observe that 222Rn
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concentration values are higher in summer than inwinter. In addition, it
is observed that there is a very different behavior of the radon concen-
tration pattern inside the mine during both seasons. This difference
can be better understood with the graph shown in Fig. 4. In summer,
the radon concentration grows from the entrance, roughly following a
saturation curve. Whereas in winter, the radon concentration is nearly
constant from the mine entrance to a point situated at 150 m, beyond
this point the concentration rapidly increases. At the end of the main
adit, both distributions tend to equalize.

This seasonal change in the radon concentration pattern could be
explained by the existence of an air current produced by chimney
effect inside of the tunnel (as the mean temperature differences,
ΔT (Tin −Tout), are ΔTwinter = 10 °C and ΔTsummer = 1 °C). During
the winter, the air stream would flow between two inputs at different
levels, from the mine entrance on the lowest level to an unknown
(dismantled) duct, which connects the main adit to the outside.
This unknown duct would be located at 150 m from themine entrance.
In cold season, the entry of air with low radon content appreciably de-
creases the radon concentration inside the mine; and then from the
point of view of air movement, the tunnel portion extending to a dis-
tance of 150 m behaves as a tunnel with two entrances at different
levels. Beyond this point, the airflow is stagnant and then, the radon
concentration increases like in a tunnel with only one entrance. We
have not measured data of air flow in the tunnel, but the existence of
air stream inside the tunnel was verified during winter season.

In summer season, chimney effect should also exist, likely generating
an airstream in the opposite direction, i.e. towards the entrance of the
mine. Possibly due to the small difference between outside and inside av-
erage temperature in the warm season (ΔT = Tin − Tout = 1 °C), there
is no airflow, and then the principal adit of La Carolinamine behaves as a
blind tunnel during the summer season. The curve obtained fitting the
summer concentration data of radon concentration in function of dis-
tance, with the solution given in Eq. (3) is shown in Fig. 4. The parame-
ters obtained fitting the summer data are C∞ = 5468 ± 253 Bq m−3

and v = 0.46 ± 0.01 cm h−1. This best-fit was obtained by the least
squaresminimization (R2 = 0.97). The lowvalue of air velocity obtained
gives support to the hypothesis suggesting that there is not air move-
ment during the summer in La Carolina mine, i.e. the air is stagnant.
The same result is obtained if we assume that the mine entrance is
moved to the distance of x0 = 150 m in the winter season (see the dot-
ted curve in Fig. 4).

After obtaining these results, the miners responsible for this mine
performed a careful inspection and confirmed the existence of a second-
ary opening approximately 150 m from the mine entrance.
Fig. 4. Distribution pattern of radon concentration in the La Carolina mine. The solid and
dotted curves represent the same fit using Eq. (3). The best-fit was obtained by the least
squares minimization (R2 = 0.97).
3.2. Los Cóndores Mine

The values of radon concentration along of principal adit of Los
Cóndores tungsten mine during the summer and winter seasons are
shown in Table 2. Similar to what happens to the case of La Carolina
goldmine, the results showthat the radon concentration values arehigher
in summer than in winter. However, there is a constant relationship be-
tween mean values of radon concentrations (summer/winter), being
around 2.5. The particular arrangement of the main adit of Los Cóndores
could explain the seasonal variation of radon levels. Thismine is a clear ex-
ample of underground environmentswhich have openings to the outside,
situated at two different levels at least (see Fig. 2b): the mine entrance at
zero level and the shaft. In cold season, when the environmental condi-
tions are favorable to chimney-effect (ΔTwinter = 7 °C), the larger size of
shaft cross-section allows considerable airflow in the main adit, with
consequent entry of air from outside by the lower entrance, which sig-
nificantly decreases the radon concentration inside the mine.

In summer, inside the principal adit of Los Cóndores, the chimney ef-
fect should produce an air flow in opposite direction to the winter one
(from the shaft to the entrance at zero level). If this was the case, the
radon concentration pattern should follow a saturation curve increasing
from a low value near the shaft. As can be observed in Fig. 5, the radon
concentration pattern does not follow this behavior. While the value of
temperature difference (ΔTsummer = −4 °C) could be enough to main-
tain the airflow by chimney-effect during the daylight hours, the distor-
tion of this pattern can be caused by the existence of unknown (not
taken into account) tunnels or entrances communicating the principal
adit with the outside. These ducts could allow the flow into the mine
from the direction of the radon-rich fracture system to the principal
adit, resulting in high radon levels inside the mine, or introduce fresh
air poor in radon producing the reverse effect.

As can be seen in Fig. 5, at a site localized at approximately 200 m of
zero level entrance, the concentration distribution patterns of radon
have a wide step, in both seasons. The existence of an unknown duct,
which connects themain adit to the outside at this point, would explain
this fact. If the opening of the duct were located below the opening of
the shaft, during winter the chimney-effect would generate an air
stream from the entrance at zero level (main flow) and from the open-
ing of duct (secondary flow), towards the shaft. Both the main and the
secondary air currents are loaded with radon on their way to the
shaft, and they add their contributions giving rise to the jump that ap-
pears in the radon concentration pattern of winter.

During summer, the air current produced by chimney effect flows
from the shaft to both entrances, as both are below the opening of
Fig. 5. Distribution pattern of radon concentration in the Los Cóndores mine.
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shaft. The air stream would be split in two currents at the mentioned
point (200 m entrance at level 0), yielding the abrupt change of the
radon concentration value at this site. After the measurements of
radon concentration inside of Los Cóndores mine, a careful inspection
of the mine was made and it was found that about 200 m of the mine
entrance there is indeed a tunnel large enough to sustain the hypothesis
mentioned above, explaining the wide step in radon concentration
patterns.

4. Conclusions

The results obtained from this study in La Carolina and Los Cóndores
mines, show that the radon concentration values are higher in summer
than inwinter, and that the pattern distributions of radon concentration
in summer are very different from the one inwinter, for bothmines. The
studies performed during the summer season, suggest that the main
adit of La Carolina gold mine behaves as a blind end system. The mea-
surements of radon concentrations performed in winter season reveal
that La Carolina gold mine behaves as a system with two entrances at
different levels. This is due to the fact that the chimney effect is the
main factor that sets the radon concentration pattern in winter. In the
case of Los Cóndoresmine, the radon concentration pattern distribution
is principally established by the air current due to the chimney-effect in
summer andwinter seasons. In both cases, the analysis of radon pattern
distribution appears as a good method to trace air currents, and then
localize unknown ducts, fissures or secondary tunnels in subterranean
environments.
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