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A B S T R A C T

The Yakumo Wind-hole in southwest Japan formed by landslip, and it is known as a cold air blowhole. This
wind-hole consists of two parts, which have complementary relationships in regard to the flow of air, namely,
topographically upper and lower holes that can be characterized as a warm wind-hole (WWH) and cold wind-
hole (CWH), respectively. We carried out a preliminary investigation of radon behavior in the Yakumo Wind-
hole. The data showed remarkable seasonal change from high 222Rn concentrations reaching to 7.6 ± 0.1 kBq/
m3 in the warm season (mid-May to October) to low 222Rn concentrations in the cold season (December to early
May) at the CWH. The threshold in the regional atmospheric temperature was estimated as 16.2 °C for the
beginning and 17.1 °C for the ending periods of air blow with higher 222Rn concentrations. These seasonal
changes in 222Rn were not only associated with the dynamic convection caused by temperature differences in
and out of the talus, but were also related to the relative humidity of air that is blown out. High 222Rn con-
centrations were formed in the high humidity environment, and the humidity may possibly be associated with
melting ice. According to the known information on 222Rn behavior in relation to humidity, a radon trap in the
growing ice in spring and in the melted water in summer are suggested. This study revealed that 222Rn mea-
surements are a useful tool to understand the air dynamics in the talus.

1. Introduction

A number of wind-holes, meaning holes formed in talus deposits
from which cold air blows, exist at various locations in the Japanese
Islands (Shimizu, 2004, 2015). Such an algific talus is called “fhuketsu”
in Japanese, while “algific” comes from Latin algificus, which means
“making cold” (Sawada, 2015). Blowing air is active when the tem-
perature difference between the interior and exterior air becomes en-
hanced (Aratani, 1923, 1926; Egawa et al., 1980; Tanaka et al., 2000b,
2004; Sawada, 2015; Shimizu, 2015), and thus the cold air blows most
strongly in summer. The Yakumo Wind-hole located in Izumo City,
Shimane Prefecture, southwest Honshu, Japan, represents a seasonal
wind-movement system in the talus. The air temperature of the cold
wind-hole has been reported to be usually in the range of 5–6 °C in
summer (Ogawa, 1996).

Most studies in Japan have hitherto focused on clarifying the air
dynamics by measuring the temperature of the blowing air (Aratani,
1923, 1926; Shiboi, 1974; Egawa et al., 1980; Maki, 1998; Tanaka

et al., 2000a, 2000b, 2004, 2006). Since the pioneering works of
Aratani (1926) at the Nagahashiri Wind-hole in Akita Prefecture,
northeast Honshu, the convection theory has been accepted. There are
two holes at either end of a passage in the talus, and thus warm air
drawn into the upper talus changes to cold air through the colder
passage and blows out in the lower talus in summer. In contrast, cold air
drawn into the lower slope changes to warm air through the warmer
passage and blows out in the upper slope in winter. Thus, vent holes or
openings in summer are specifically called cold wind-holes, while those
in winter are called warm wind-holes (Aratani, 1926). It has been
pointed out that the change of airflow between the cold and warm
wind-holes takes place during April and October to November in most
Japanese wind-holes.

The behavior of 222Rn in underground caves in different geological
materials has been studied throughout the world, e.g., solution cavities
in the limestone of Alabama (Wilson et al., 1991), blowholes (another
name for a wind-hole) in the Quaternary volcanic region of Spain
(Baixeras et al., 2005; Monero et al., 2008, 2009), underground

https://doi.org/10.1016/j.jenvrad.2018.12.008
Received 8 May 2018; Received in revised form 9 September 2018; Accepted 3 December 2018

∗ Corresponding author.
E-mail addresses: nomura@edu.shimane-u.ac.jp (R. Nomura), i247811@staff.kanazawa-u.ac.jp (M. Inoue), kofuji@jmsfmml.or.jp (H. Kofuji).

Journal of Environmental Radioactivity 197 (2019) 109–115

0265-931X/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0265931X
https://www.elsevier.com/locate/jenvrad
https://doi.org/10.1016/j.jenvrad.2018.12.008
https://doi.org/10.1016/j.jenvrad.2018.12.008
mailto:nomura@edu.shimane-u.ac.jp
mailto:i247811@staff.kanazawa-u.ac.jp
mailto:kofuji@jmsfmml.or.jp
https://doi.org/10.1016/j.jenvrad.2018.12.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvrad.2018.12.008&domain=pdf


quarries and coal mines (Perrier et al., 2004; Tchorz-Trzeciakiewicz and
Parkitny, 2015), dead-end tunnels (Muramatsu et al., 2002; Richon
et al., 2005; Perrier et al., 2007; Li et al., 2010) and tourism/non-
tourism related caves (Dumitru et al., 2015). Those studies have shown
that the 222Rn concentrations were controlled by air flow generated by
the underground-atmospheric temperature difference. Monero et al.
(2009) also reported seasonal variations of 222Rn concentrations, in
which concentrations were 2.0–3.0 kBq/m3 in summer and mostly
under 0.1 kBq/m3 in winter. Radon-222 emanation from soil or rock
and subsequent diffusion are generally related to the regional geology,
the parent radionuclide concentrations in source materials, and en-
vironmental factors such as temperature and wind conditions (Tanner,
1980; Nazaroff, 1992; Baixeras et al., 2005; Monero et al., 2008; Li
et al., 2010; Sakoda et al., 2011; Pereira et al., 2017).

To the best of our knowledge, the 222Rn concentrations in the air
from the wind-hole of talus deposits have not been measured.
Therefore, we measured the 222Rn concentrations in the air blown from
the Yakumo Wind-hole and found interesting seasonal variations. In
this paper, we report on the results of the 222Rn concentration analyses
and discuss the mechanisms of the seasonal variation.

2. Geology of the Yakumo Wind-hole area

The Yakumo Wind-hole is located in Asahara, Sada Town, the
southern part of Izumo City (lat. 35°14′34.39”N; long. 132°45′9.35”E).
It is formed in the talus deposits distributed on the eastern side of
Kuroyama Mountain, where a step showing a topographic indication of
a large-scale landslip occurred on the middle slope of this mountain at
elevations of 150–250m a.s.l. The range in elevation of the talus de-
posits from the bottom to top is 170m–215m a.s.l., while its width is
∼60m at maximum (Figs. 1 and 2a). Rock boulders mostly ca.
30–50 cm in size are randomly distributed on the mountain slope
(Fig. 2b), and the area outside of the talus is overlain by a saprophagous
soil derived from fallen leaves.

The geology of the Yakumo Wind-hole area consists of Miocene
volcaniclastic and sedimentary rocks (Fig. 1), which belong to the Kuri
Formation (Kano et al., 1998). A section of rhyolite of the Kuri For-
mation covers the mudstone in the southern part of Asahara. The
combination of rhyolite overlying mudstone may have led to a topo-
graphically unstable steep slope that gave rise to the landslip in this
area.

We measured the area ratio of rock boulders to void space, and we
assumed that the inner structure of the talus deposits was comparable
to the scattered rock boulders observable in the surface deposits. The
void space was estimated to be 27% on average. This value seems
reasonable, as the same values were recorded for void space in the cliff
(Fig. 2d). The rock boulders are larger (30–100 cm) and more uneven in
the upper talus, while they are smaller (5–30 cm) and less uneven in the
lower talus.

The Yakumo Wind-hole is a tourist spot, and a wooden building is
used to enable visitors to experience the cold, blowing air. The building
is located on the ground at 170m a.s.l., and it has three floors con-
structed below ground, with the bottom floor reaching to 8.5m below
ground level (Fig. 2f).

3. Methods

We carried out measurements of the 222Rn concentrations, tem-
peratures, and relative humidity (RH) levels on the bottom floor of the
tourist facility (i.e., ∼8.5m below ground) (Fig. 2f), and on the top of
the talus slope from February 2015 to the end of 2016. The measure-
ment of temperature and relative humidity was further extended until
the beginning of September 2017. The two observation points at the
wooden building and at the location on the upper talus are hereafter
referred to as the cold wind-hole (CWH) and warm wind-hole (WWH),
respectively (Fig. 2e). We also referred to the atmospheric temperature
measured by the regional government at Tanbe, Sada Town, which is
3.3 km northwest of Asahara, in order to investigate the critical atmo-
spheric temperature that controls the blowing of air (Fig. 1a). The
elevation difference between Asahara and Tanbe is 40 m.

We used two-sets of RAD7 radon detectors (Durridge, USA) for the
222Rn measurements. A sampling tube was set about 30 cm inside the
gap between the rocks at the WWH, and another was set about 20 cm
above the 3rd basement floor of the building. Because no information
had hitherto been obtained, we measured 222Rn every hour in 2015 and
every 2 h in 2016. The use of RAD7 in this investigation was effective
because RAD7 separates 222Rn (radon) and 220Rn (thoron) signals and
counts the two isotopes simultaneously with high sensitivities in such a
way that the isotopes can be distinguished by the energies of their alpha
particles (Durridge, 2018).

RAD7 is very sensitive to humidity. Radon-222 decayed positive
ions such as 218Po+ create clusters of ions and water molecules. These
clusters reduce the sensitivity in measurements (Durridge, 2018). Thus,
in order to more effectively remove the moisture from the sample air,
we used two-types of moisture exchanger (DRYSTIK ADS-3R and the
12-inch passive DRYSTIK, Durridge, USA) before the air entered the
RAD7 measurement chamber. As a result, the relative humidity was
reduced to below 10%, primarily between 7 and 9%.

Based on the two-sigma uncertainty, the analytical precision of
222Rn was estimated as 1.3–57.3% (a mean of 4.1%) except for over
100% uncertainty in winter measurements with the low concentration.
However, the measurement results with such a high uncertainty ac-
count for only 5.3%. Therefore, from the importance in our discussion,
we used the 222Rn data of all measurements.

For the measurements of temperature and relative humidity,
Ondotori TR-73U Atmospheric Data Loggers (TandD, Japan) were used
in the same locations that the 222Rn was measured. The measuring
sensors were as follows: a thermistor with a measurement accuracy
of± 0.3 °C for 0–50 °C and a polymer thin film sensor with a mea-
surement accuracy of± 5% RH for 10–95% RH.

Fig. 1. Geological map showing the location of the talus deposits (a), and the
cross-section of the Yakumo Wind-hole along line A–A’ (b). 1, Andesite and its
pyroclastics (Kawai Formation); 2, Sandstone (Kawai Formation); 3, Mudstone
(Kuri Formation); 4, Rhyolite and its pyroclastics (Kuri Formation); 5, Andesite
and its pyroclastics (Ohmori Formation); 6, Talus deposits; 7, Talus deposits
covered with soil.
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4. Results

The 222Rn concentrations at the CWH showed very similar seasonal
variations during the two years of 2015 and 2016 (Fig. 3a). The
blowing of air with remarkably high 222Rn concentrations from the
talus deposits began in early-middle May, and high concentrations of
over 1.0 kBq/m3 were mostly maintained in summer and early autumn;
this was followed in October by near weekly remarkable fluctuations
between 0.01 and 6.1 kBq/m3. The highest concentration of 7.6 ± 0.1
kBq/m3 was recorded in early September, while lower concentrations

predominated from late October to early May of the next year, with
intermittent high concentrations of 0.5–2.1 kBq/m3.

The CWH temperature changes showed almost the same pattern in
both 2015 and 2016 (Fig. 3b). These changes were characterized by an
increasing interval (IT) and a decreasing one (DT), with intercalation of
a high temperature interval in October (HT). The increase in tem-
perature began from early February and terminated at the earliest time
in October. It should be noted that the temperature in the early IT of
February to early May fluctuated (FT) with intermittent temperature
increases of around 0.5 °C (Fig. 3c), but data were very stable in the
latter half of the IT. It also should be noted that a rapid temperature
increase of about 2.7 °C occurred after the end of the increasing interval
(IT). The temperature decreasing interval (DT) was rather short, i.e., a
total of 3 months from November to late January of the next year, and it
transitioned to the lower temperature interval (LT) of late January to
early February (Fig. 3b).

The 222Rn concentrations at the WWH also showed seasonal varia-
tions (Figs. 4 and 5). They were low in summer, but occasional short-
term concentrations as high as 2.6 kBq/m3 were recorded at irregular
intervals (Fig. 4a). The 222Rn concentrations in winter were also low,
i.e., mostly 0.02–0.06 kBq/m3, although concentrations at the WWH
were usually higher (a mean of ∼0.05 kBq/m3) than those at the CWH
(a mean of ∼0.02 kBq/m3) (Fig. 5a). Although this difference may not
be remarkable, the WWH characteristically lacks a covering of snow
despite snowfall (Fig. 2c).

Aside from seasonal changes in the 222Rn concentrations, the mean
hourly concentrations during selected months in 2015 are displayed in
Fig. 6 to allow for the examinations of the diurnal periodicities. The
variation range indicated by the standard deviations of the 222Rn con-
centrations was large in the warmer season (June, August–September)
for both the CWH and WWH. The 222Rn concentrations at the WWH
showed an inverse relationship to the temperature in situ. In contrast,
the CWH showed three different variation patterns in terms of the
hourly concentrations associated with the WWH temperature increase;
specifically, (1) the concentrations increased in June, (2) the con-
centrations decreased in December–January, and (3) high concentra-
tions appeared in late morning before the daily temperature maximum
in August–September.

Fig. 2. a, Overview of the Yakumo Wind-hole. Broken line indicates the top of the talus deposits. b, Talus deposits with a scale bar of 120 cm c, The warm wind-hole
at the time of snowfall. d, Internal view of the talus deposits with a scale bar graduated in 20 cm intervals. e, Convection model showing the blowing of cold wind in
the warm season, which is contrasted with warm wind in the cold season, in response to the ambient atmospheric temperature. f, Sketch of the tourist facility in the
Yakumo Wind-hole and the study site for the cold wind-hole.

Fig. 3. Seasonal changes in 222Rn concentrations (a) and temperature (b)
throughout 2015 and 2016 at the cold wind-hole. Abbreviations indicate the
time intervals characteristic of temperature variations. IT, Increasing tem-
perature; DT, Decreasing temperature; HT, High temperature; LT, Low tem-
perature; and FT, Fluctuated temperature. (c) Closeup of daily mean tempera-
ture showing intermittent temperature increase in the FT interval. (d) Smoke,
indicated by the arrow, used to show the air blowing out at the cold wind-hole
in early July 2016.
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5. Discussion

5.1. 222Rn at the CWH and WWH

High 222Rn concentrations were recorded in summer at the CWH,
while those at the WWH were low. Conversely, winter 222Rn con-
centrations at the WWH were high, while those at the CWH were low.
The summer and winter low levels of 222Rn concentrations at each
wind-hole were comparable to the local atmospheric levels in the Izumo
Province (monthly concentrations: ∼1.0–14.0 Bq/m3; Yoshioka and

Iida, 2007) and the prefectural area (a mean of 9.3 Bq/m3; Oikawa
et al., 2003) in many instances, except for instances when high con-
centrations occurred. Such low levels are indicative of the sucking of
atmospheric air at each hole.

Reciprocal air flow between the CWH and WWH becomes promi-
nent in summer and winter. According to the calculated heat exchange
of air (Egawa et al., 1980) and tracer experimental results derived by
using dry ice (CO2 gas) (Tanaka et al., 2004), the flow speed between
the WWH and CWH has been estimated to be a maximum of 2–3 cm/m
during active summer convection. Although we did not measure the
flow speed in the Yakumo Wind-hole, we could confirm that air was
blowing out at a similar speed at the CWH in summer (Fig. 3d). The
winter flow speed of air at the WWH has never been measured. In re-
gard to our smoke examination results in winter, we could not perceive
blowing at a measurable level.

A negative correlative relationship between the 222Rn concentra-
tions and temperatures at the WWH was detected in the warmer seasons
(Fig. 4), which suggests that air with higher 222Rn concentrations and
lower temperatures blows out from the WWH at this time. Conversely,
this is indicative of the sucking of summer atmospheric air with low
222Rn concentrations and higher temperatures; higher temperature air
always had low 222Rn concentrations. In Figs. 4 and 5, the estimated
wind directions at the WWH are shown with arrows (these data were
based on the temperature difference between the CWH and WWH)
along with the occurrences of higher 222Rn concentrations. During
winter temperature fluctuations, over a period of approximately 2–5
days, 222Rn concentrations increased with the air temperature blowing
out at the WWH, as indicated by the arches in Fig. 5. In this period
during winter, the CWH temperature was always lower than that of the
WWH. Thus, 222Rn behavior with respect to temperature at the WWH
was consistent with temperature-driven air convection throughout the
year.

The 222Rn behavior at the CWH, based on the air convection, was
most clearly recognized around June. The data indicated the sucked
warm air with low 222Rn concentrations at the WWH blew out at the
CWH, with a change to high concentrations (Fig. 6a). However, this
relationship was complicated in summer. In many instances, relation-
ships between the WWH temperature and the 222Rn concentrations at
the CWH were irregular, with positive, negative, and non-corre-
sponding trends (Fig. 4). Unknown factors may still be involved in the
talus deposit. It is significant that in August–September, 222Rn con-
centrations showed a decreasing trend when the WWH sucked high
temperature air (Fig. 6b). Variations in 222Rn concentrations were not
always related to temperature alone in the warmest season, which re-
quired that we assess the relationship to humidity.

5.2. Increasing and decreasing conditions of higher 222Rn concentrations at
the CWH

Radon-222 concentrations at the CWH were low for almost every
day in April, but values increased to over ∼1.0 kBq/m3 by mid-May
over a short period of time, although we were missing 11 days of data
because of battery trouble (Fig. 7a). When the daily 222Rn concentra-
tions during April–May were plotted against the daily mean atmo-
spheric temperature at Tanbe (Fig. 8a), we were able to classify the data
into two groups with different slopes by the threshold temperature of
16.2 °C, which was determined by the intersection point with the two
regression lines, ranging 8.8–16.1 °C and 0.03–0.3 kBq/m3 (r= 0.68),
and 16.6–22.0 °C and 0.2–3.5 kBq/m3 (r= 0.78), respectively. The
threshold temperature may be critical for the beginning of steady-state
downward air convection, i.e., the air blows out from the CWH over this
temperature.

In October, high concentrations of over ∼3.0 kBq/m3 continued
when the atmospheric temperature at Tanbe was maintained largely at
the values greater than ∼18 °C (Fig. 7b). When the temperature was
less than ∼18 °C, the 222Rn concentrations tended to decrease and they

Fig. 4. Diurnal changes in 222Rn concentrations and temperatures at the cold
and warm wind-holes, during 22 August-6 September. Upward arrows indicate
the estimated air flow with higher 222Rn concentrations blowing out, while
downward arrows indicate the estimated air flow with lower 222Rn con-
centrations following suction. Solid and broken lines indicate the correlation
lines of the temperature crest and trough to the fluctuations of 222Rn con-
centrations, respectively. The mean 222Rn concentration is the value of this
interval.

Fig. 5. Daily changes in 222Rn concentrations at the cold wind-hole and warm
wind-hole with respect to the temperature in December and January. Upward
arrows indicate the major intervals of higher 222Rn concentrations that corre-
late with the air with higher temperature blowing out at the warm wind-hole.
The interval is indicated by the arch. The mean 222Rn concentration is the value
of this interval.
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were mostly very low at values less than ∼0.5 kBq/m3 when the mean
temperature during the day was less than ∼14 °C. The plotting of the
daily 222Rn concentrations against the daily mean atmospheric tem-
perature at Tanbe (Fig. 8b) revealed that the 222Rn concentrations de-
pended on the atmospheric temperature, as represented by a sigmoid
function. The sigmoid function, if one datum (18.6 °C, 2.5 kBq/m3) is
regarded as outlying point, best describes the inflection point at 17.1 °C
(r2= 0.94, the residual errors normally distributed with
p=0.17 > 0.05 (significance level) by Shapiro-Wilks test in a three
parameter nonlinear regression analysis; SigmaPlot version 12.5, www.
systatsoftware.com.). This temperature corresponded to 2.4 kBq/m3

and was associated with the forming of a phase-out of major 222Rn
diffusion below this temperature.

The beginning and ending of active air blowing with higher 222Rn
concentrations at the CWH were reflected in the atmospheric tem-
perature, but the 222Rn diffusing ability against the atmospheric tem-
perature was different. Referring to the case of Italian blowholes, the
critical atmospheric temperature was founded to be 15 °C for the
transition from 1.0 to 2.0 kBq/m3 (Moreno et al., 2009). The threshold
temperature of the Yakumo Wind-hole was somewhat higher in both
spring and autumn.

5.3. High 222Rn concentrations in warmer seasons and the effect of water

Convection theory explains that outside air is drawn into the wind-
hole where it can exchange heat by making contact with rocks or ice,
and by mixing with the inside air through the passages in the talus,
whereby air with a changed temperature blows out (Aratani, 1923,
1926; Egawa et al., 1980; Tanaka et al., 2000a, 2000b; 2004, 2006;
Byun et al., 2011).

Water vapor during the heat exchange is a critical factor for the
behavior of 222Rn, as repeatedly pointed out in studies on 222Rn ema-
nations (Tanner, 1980; Strong and Levins, 1982; Stranden et al., 1984;
Nazaroff, 1992; Menetrez et al., 1996; Schumann and Gundersen, 1996;
Barillon et al., 2005; Breitner et al., 2010; Hassan et al., 2011; Arvela
et al., 2016). We measured the relative humidity in the CWH from
March 2015 to May 2017. As shown in Fig. 9, relative humidity at the
CWH was determined to be very high throughout the year, except for
the decrease in winter. High humidity, such as values over 95%, in the
warmer seasons exceeded the measurable value by the sensor, but the
lowered humidity in winter and early spring, decreased to 80–90%;
similar data were also previously reported by Ogawa (1996).

It has been pointed out, from the viewpoint of the behavior of 222Rn
atoms in the microspace of materials, that liquid water and temperature
are two factors that play an important role in the processes of 222Rn
emanation and exhalation (Tanner, 1980; Nazaroff, 1992). The pre-
sence of water among grains directly influences the 222Rn emanation
from radium-bearing rocks, diffusion and convection in air, and

Fig. 6. Hourly changes in 222Rn concentra-
tions at the cold wind-hole and warm wind-
hole correlated with the temperature at the
warm wind-hole during major periods of
2015. The results are given as a (a) 6 day
summary in June; (b) 8 day summary from
August to September (same data source of
Fig. 4, except for abnormal values); and (c)
11 day summary from December to January
(same data source of Fig. 5, except for ab-
normal values). SD, standard deviation.

Fig. 7. Radon-222 concentrations and atmospheric temperature changes every
2 h in the periods of increasing (a) and decreasing (b) radon-rich air at the cold
wind-hole. Bar graph shows the mean temperature of the day. Atmospheric
temperature was measured at Tanbe.

Fig. 8. Correlation between 222Rn concentrations at the cold wind-hole and
atmospheric temperature at Tanbe. (a) The increasing period of April–May
contains two groups represented by different regression lines with an inter-
section point of 16.2 °C. (b) The decreasing period of October with two groups
represented by a sigmoid function with an inflection point at 17.1 °C, except for
the outlier (open circle). Each 222Rn concentration and temperature data point
represents daily averaged data.
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adsorption on surrounding mineral grains (Tanner, 1980; Nazaroff,
1992; UNSCEAR, 2000). Experimental results show that 222Rn adsorp-
tion on soil grains decreases rapidly with increasing water content and
becomes insignificant for water contents greater than about 0.3–0.4 of
saturation (UNSCEAR, 2000). Thus, if 222Rn is trapped in water, less
222Rn is available in the gas phase. It also has been pointed out that
significant proportions of 222Rn can be considered to be trapped in the
water phase of soil (Washington and Rose, 1990; Schumann and
Gundersen, 1996). The 222Rn solubility in water, which follows the
Ostwald coefficient, decreases with increasing temperature (UNSCEAR,
2000). The optimal value of 222Rn diffusion may change with the water
content in different samples.

This information supports our observations at the CWH that high
concentrations of 222Rn occurred during the relatively high humidity
season of early summer to August, and in contrast, lower 222Rn con-
centrations occurred in the lower humidity season of winter and early
spring. Therefore, it is clear that the 222Rn behavior in the talus depends
on the activity of blowing air in combination with the relative hu-
midity.

Despite the high temperatures and high humidity of the summer
season, some intervals ranging from 2 to 5 days with decreased 222Rn
concentrations occurred in late July to August (Fig. 3a). After the end of
these decreased intervals, the highest 222Rn concentration of 7.6 kBq/
m3 occurred in early September, which was near the maximum CWH
temperature. These phenomena may be interpreted to have occurred
under the following two conditions. (1) The 222Rn-rich air flowing
within the talus decreased at the CWH because the air moved up to
blow out at the WWH, and (2) there was a combination of increasing
volumes of cold water and subsequent increases in the 222Rn solubility
in the water. In the case of (1), as can be seen in August 22–27 in Fig. 4,
short-term changes of the 222Rn concentrations within one day occurred
at the CWH, and the 222Rn concentrations at the WWH responded in
various ways to that at the CWH as stated before. In regard to the de-
creases ranging from two or three days, however, no clear correlations
were recognized. This interpretation thus can not be accepted. In the
case of (2), we can assume that wet conditions formed in some places in
the interior of the talus. If there was some volume of cold meltwater and
the 222Rn was trapped in it, the diffusion potential of 222Rn from the
inside of the talus would consequently be decreased. Furthermore, if we
assume that the water with abundant dissolved 222Rn produces high
vapor, then a greater amount of 222Rn would be released. This may
have been the case for the highest 222Rn concentrations in early Sep-
tember. In consequence, 222Rn diffusion from the wind-hole is depen-
dent on what phase of water has formed on the rock boulders during the
convective processes. This hypothesis requires verification in the future.

5.4. Potential ice inside the talus deposits

It is a significant issue as to whether ice is formed or not in the

interior of the talus, which could contribute to the blowing of cold air
during the warmer season. Ice can be considered as the major driving
force promoting convection in the talus. Previous reports have sug-
gested that ice is formed inside talus in various wind-holes in Japan,
e.g., Hokkaido (Shiboi, 1974; Sawada, 2003; Sawada et al., 2003),
prefectures of Akita (Aratani, 1923, 1926), Miyagi (Egawa et al., 1980),
and Fukushima (Tanaka et al., 2000b), as well as in Korea (Tanaka
et al., 2000a, 2006; Byun et al., 2011). Among the recent observations
on ice in the talus, it is noted that ice grows not in winter, but in spring.
Sawada (2003) and Sawada et al. (2003) observed that meltwater from
snow in spring flowed into deeper places and refroze on the perennial
ice until the middle of April, despite mean annual air temperatures of
over 0 °C. He also suggested that the ice continued melting during the
summer to early autumn. Similarly, ice does not grow in winter, but
during the late spring to early summer at the Ice Valley in Korea (Byun
et al., 2011). Numerical simulations revealed that the hotter the outside
air is, the larger the ice growth is in spring (Tanaka et al., 2006). We
also observed rock boulders covered with clear ice in the talus in the
early to middle of March. We consider that the mechanism of ice gen-
eration is similar to that of freezing rain, which is controlled by the
saturated water vapor pressure around ice, at an air temperature below
the freezing point. The intermittent increase of temperature in the FT
interval (Fig. 3c) would have contributed to the growth of ice. Taking
these observations and the simulations into consideration, we conclude
that the Yakumo Wind-hole is associated with ice as a cooling me-
chanism in the warmer seasons from spring to autumn.

The seasonal variation of 222Rn behavior can be reasonably ex-
plained by ice formation and melting processes. Atmospheric tem-
peratures of ∼20 °C appeared repeatedly in late March to early May,
but the 222Rn concentrations at the CWH were still very low (Fig. 7a).
This can be explained by the diffusing 222Rn becoming trapped in
meltwater that refreezes to form more ice. Consistently, the CWH air
temperature gradually increased from ∼3 to ∼8 °C from mid-May to
early September (IT interval of Fig. 3b), which should correspond to
intervals of ice melting, thus making it impossible for the ice to re-
freeze. Abrupt increases (from 7.4 °C to 10.3 °C in 6 days) in the CWH
air temperature in early October (Fig. 3b) indicate the disappearance of
the ice inside the talus. Thus, 4.5 months (from middle May to end of
September) were needed to melt the ice.

6. Conclusion

This was the first attempt to interpret the interior conditions of an
algific talus in terms of the behavior of 222Rn throughout the year. Our
conclusions are as follows:

(1) In the warm season, cold air with high 222Rn concentrations
(maximum 7.6 ± 0.1 kBq/m3) blew out at the CHW, in contrast to
the warm air with low 222Rn concentrations that blew into the
WWH. In the cold season, the air flow and the concentrations at the
CWH were reverse to those in the warm season. The 222Rn con-
centrations at these wind holes showed a clear seasonal variation.

(2) Air with high 222Rn concentrations actively blew out from the CWH
when the daily atmospheric temperature at Tanbe (as the re-
presentative location for the regional atmospheric temperature)
constantly exceeded a value of over 16.2 °C, and the 222Rn con-
centrations abated when the temperature was less than 17.1 °C,
which suggests that there is a threshold temperature for the con-
vection.

(3) High 222Rn concentrations in mid-May to October were correlated
with the interval of high humidity. We pointed out two hypotheses
concerning a222Rn trap; one involves 222Rn dissolution in meltwater
in the warmest season (late July to August), and the other involves
the 222Rn trap in growing ice in spring. The former refers to high
222Rn solubility in cold water that results in less 222Rn in the gas
phase, and the latter is based on the observed information showing

Fig. 9. Monthly changes in relative humidity at the cold wind-hole.
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that ice can also grow in the warm season.

Since the Yakumo Wind-hole is also a tourist facility, it would be
worthwhile to conduct future research investigating the impacts of
222Rn exposures on the health of tourists and guides.
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