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Abstract. A soil **’Rn continuous monitoring test was performed in
three sampling points inside Furnas Volcano caldera and ???Rn con-
centration varied between 0 and 153000 Bq/mg. Multivariate regres-
sion and spectral analyses were applied to the time series registered
in order to understand and filter the influence of external factors on
soil ??Rn concentration and to recognise anomalies correlated with
deep processes. The regression models show that barometric pressure,
soil water content, soil temperature, soil COy flux, air temperature,
relative air humidity and wind speed are the statistical meaningful
variables explaining between 15.8% and 73.6% of *??Rn variations.
Spectral analysis allowed to identify seasonal variations and daily vari-
ations associated with one cycle per day on winter months only in one
of the monitored sites. This diurnal variation is correlated with air
temperature, relative air humidity and wind speed cycles. The change
in the location of the sampling points was caused by both artificial
and natural constrains. On the three monitoring sites, after a period of
continuous register, a sudden drop on the 222Rn concentration values
was observed and the cause is still under debate. The work performed
can be applied for seismovolcanic monitoring and for public health risk
assessment.

1 Introduction

The Azores archipelago is formed by nine volcanic islands located on the North
Atlantic Ocean, where the North American, Eurasian and African tectonic plates
meet. Due to this particular geological setting the Azorean islands have been affected
by several destructive earthquakes and volcanic eruptions since its settlement. Sao
Miguel Island, the largest and more densely populated island of the archipelago, is
formed by basaltic rift zones and three main quiescent central volcanoes: Sete Cidades,

® e-mail: Catarina.PP.Silva@azores.gov.pt


http://www.epj.org/
http://dx.doi.org/10.1140/epjst/e2015-02398-6

660 The European Physical Journal Special Topics

645000 647500 650000 652500

4182500

Inferred fault
P Sampling point 3¢ Observed fault
£ GFUR2 ; # o 5 (U Sampling point
\\\ o AT 2t ’ Crater
! 1 3 -~ Caldera rim

L Dome
Soil CO;, flux
(@m?d")

0-25
DA 25 - 50
, B 50 -100
100 - 200

200 - 300

300 - 400

400 - 500

500 - 1 000
1000 - 7 500
v y I 7 500 - 25 000
645000 647500 650000 652500

4180000
4180000

Fig. 1. Furnas Volcano elevation model, E-type soil CO; flux map [5], main volcano-tectonic
structures [5 and references therein] and the location of the sampling points in Furnas caldera,
where the soil *?Rn continuous monitoring test was performed (UTM-WGS84, zone 26S).
Sampling points 1, 2 and 3 correspond also to the location of GFUR1, GFUR3, and GFUR2
soil CO2 flux monitoring stations, respectively.

Fogo and Furnas (Appendix A, Fig. A1l). Furnas Volcano is a trachytic central volcano
with caldera, inside which at least 10 eruptions occurred in the last 5000 years, and
the last two occurred after the settlement (1439-43; 1630) [1,2]. At present, several
secondary manifestations of volcanism can be observed at this volcano, comprising
four main fumarolic fields, several thermal and cold COs-rich springs. The hydrother-
mal system that feeds the intracaldera fumaroles is located at a depth of 100-200 m
with temperatures ranging from 160 to 180 °C [3,4]. Since the early nineties anom-
alous soil diffuse degassing zones (CO5 and ???Rn) were also identified (Fig. 1) [5-10].
Two villages are located in the Furnas Volcano geographical area: Furnas Village lo-
cated inside the caldera and Ribeira Quente Village located on the South flank, both
of which are placed over degassing areas [5-10].

The study of soil ??2Rn diffuse degassing (mapping and continuous monitoring)
can give important information about the volcanic activity [11-29]. 22Rn is a ra-
dioactive, colourless and odourless noble gas that results from the radioactive decay
chain of uranium (?3®U). Due to its short half-life (3.82 days), the ???Rn measured at
small depth is normally related both with a shallow source within the volcanic system
or with the soils and rocks nearby the sampling point. However, in presence of an
efficient transport agent, 2??Rn from magma can also reach the surface [30]. ?*?Rn
anomalies on volcanic systems can be related to an increase of the ground permeability
(i.e. seismic activity), an increase in the velocity of ground gas migration (presence
of carrier gases), an increase in the temperature (releasing the ?22Rn dissolved in
the hydrothermal system or present in the rocks), or with release of 22?Rn due to a
magma intrusion [11]. Despite the correlations established between ?*?Rn emissions
and volcanic eruptions, several works have also correlated this gas with seismic ac-
tivity on fault zones [31-35]. While a strict and clear relation between ?22Rn and
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seismicity is still under debate, correlations between ??2Rn anomalies and volcanic
eruptions seem to be better established as shown, for instance, on Karymsky [36],
Kilauea [11,12], Cerro Negro [13], Popocatepet] [15-17], Galeras [14], Vulcano [37],
Etna [18-25], and Stromboli [26-29] volcanoes. Soil 222Rn variations can however be
influenced by external variables that can interfere with 222Rn release and transport
near the surface [13]. Based on this, understanding and filtering out the influence of
external parameters on soil ?2Rn variation is fundamental to identify eventual 222Rn
anomalies related with deep processes.

The main purpose of this work is to study soil 222Rn temporal variations on a
quiescent volcanic system and to define 22?Rn background level for Furnas Volcano
in order to recognize future signs of reactivation. Considering that several factors
may interfere with soil 222Rn concentrations, despite the volcanic activity itself, in-
formation about environmental variables and seismic activity (that can increase the
permeability of the volcanic system [11,12]) at Furnas Volcano will be presented and
discussed. Considering that CO, can act as a carrier gas transporting ?2?Rn until
the surface [38-43], information about its temporal variations will also be included in
the data analyses. The importance of accounting with COs variations to understand
the state of activity of a volcano is also supported by the fact that COs, besides
water vapour, is the major gas species in both volcanic fluids and magmas, and it is
one of the first gases released from the magma, fact that is fundamental for volcanic
monitoring studies [30,38,44-46].

2 Methodology

Soil 22Rn measurements were performed with a solid state alpha detector, the RAD7
equipment, (Durridge Company Inc.). This equipment was programmed to run in
auto mode allowing to calculate the 222Rn concentration focusing on the 2!¥Po alpha
peak during the first three hours and, after that, on both 2'8Po and 2'“Po alpha
peaks. The measurements were performed in continuous cycles of 60 minutes, pump-
ing in air from depth of around 60 cm. The pump flow rate was 0.5 L/minute. The
pump, in auto mode, switches on for four minutes at the beginning of a new cycle,
and then runs one minute in every five until the end of the cycle. However, if the
humidity in the sampling cell is above 10% the pump stays on to allow the cell to
dry out.

Data acquired by the permanent soil COy flux (GFUR1, GFUR2, and GFUR3)
(Fig. 1), that belong to the CVARG/CIVISA permanent monitoring network, were
used to recognize the influence of environmental variables and soil CO5 flux on the soil
222Rn concentration. Soil CO, fluxes were measured using the accumulation chamber
method and the results obtained were already analyzed and discussed on previous
works [47-49]. These stations are located in the vicinities of the soil 2*2Rn sampling
points and give also information on environmental parameters, namely: barometric
pressure, rainfall, wind speed, air temperature, relative air humidity, soil temperature,
and soil water content. Technical characteristics of the sensors used are available in
Appendix B (Table B1).

We are aware that results obtained through the use of different methodologies
to measure soil gases (soil gas concentration vs soil gas flux) may show some dif-
ferences, essentially correlated with the permeability of the superficial layers of the
soil; however previous studies performed at Furnas Volcano showed similar spatial
distribution of the anomalous degassing areas using both soil COs concentrations
measured at 60 cm depth [7,8] and soil CO, fluxes measured at soil surface with the
accumulation chamber [5]. This evidence suggests that measurements performed at
the surface reflect what is happening in the subsurface soil layers. The study of the
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relation between 222Rn and other geochemical/physical parameters (as CO; or soil
temperature) is quite important, since the presence of COy and/or temperature indi-
cates the presence of advective and/or convective transport types, and one may infer
that the ??2Rn that is being measured was transported from longer distances and
therefore can be an indicator of the processes that are happening at deeper zones
[11,13,38,39,43,50,51].

The data obtained was analysed statistically using both spectral analyses and
stepwise multivariate regression in order to understand and filter the statistical influ-
ence of those factors on soil 2?2Rn concentration.

Spectral analysis was applied using the Tsoft software, version 2.1.15 [52,53]. This
software uses Fast Fourier Transform (FFT) to calculate the spectrum that decom-
poses a time domain signal into a signal expressed in the frequency domain. Since
each point depends on all points of the filtered channel, the results are influenced by
the limitations in time of the data series and by the presence of gaps [52]. A period
with less data gaps was selected to apply the spectral analysis, being the gaps cor-
rected. When only one hour of data was missing the value was interpolated being
calculated the average of the previous and next values in the time series. When two
or more hours of data were missing, the 24 hours of data related with that day (from
00:00 to 23:00) were removed from all the time series of the variables under study.
This assures that a complete 24 hours period per day is always present and allows
comparing the different time series. To identify daily cyclic variations, the spectrum
of the time series was calculated based on FFT, being selected an increase interval
of 3600 seconds and the Hanning function that forces the endpoints to zero reducing
the spectral leakage [54]. When daily variations were identified, Transfer Function
was applied between two selected time series (soil 222Rn concentration and environ-
mental variables) allowing to assess amplitude ratios, time delay between the time
series (phase) and coefficients of correlation for the different frequencies [53]. Using
the Moving Window Spectrum, the spectrogram was computed and frequency was
plotted against time, being the colours representative of the amplitudes of the fre-
quency. The spectrogram allows to identify seasonal variations [52].

Stepwise multivariate regression analysis was also applied to the time series with
the software SPSS® (Statistical Packages for the Social Sciences), version 16. In this
analysis soil 2?2Rn concentration was considered the dependent variable and environ-
mental parameters, as well as soil CO5 flux, were the independent variables, according
to the equation 1 [55,56].

K=B0+B1X1—|—BQX2—|——|—B]€X]€+E“ 121,2,7’1, (1)

The regression model included only the independent variables that were significant
according to the t test (significance < 0.01), and which increased the adjusted R? by
more than 1%. The application of regression models to time series requires a normally
distributed population. Geochemical data in general do not follow normal distribution
and have to be transformed [55]. In the present case, even the transformed data do
not follow a log-normal distribution (Fig. 2). However, a pattern on the distribution
of the data in the three sampling sites was recognised: a group of data with low
values (GLV), a group of data with intermediate values (GIV) and a group of data
with high values (GHV). The regression analysis was therefore applied separately to
each of the groups, whether the data follow a normal or log-normal distribution. The
application of regression analysis also requires a non-multicollinearity between the
independent variables, what can be checked calculating the variance inflation factor
(VIF). Variables with VIF values higher than 10 were excluded [56].
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Fig. 2. Histograms of the log-transformed soil >*Rn data on the three sampling points: a)
Sampling point 1 — Furnas Thermal Center, b) Sampling point 2 — Furnas Village Fumarolic
Field, and ¢) Sampling point 3 — Furnas Lake Fumarolic Field. Three groups of data identi-
fied: GLV — Group of data with low values, GIV — Group of data with intermediate values,
and GHV — Group of data with high values.

3 Sampling sites

A soil ???2Rn continuous monitoring test was performed in three sampling points
inside Furnas caldera between 2005 and 2011 (Fig. 1). The sampling points were
selected taking into account various criteria: (1) possible transport type (advective or
convective) that allows to measure *?2Rn originated from deeper zones, (2) presence
of fumarolic fields, (3) the different volcano-tectonic structures present at Furnas
Volcano [2,57,58], and (4) the soil diffuse degassing maps (?22Rn and CO3) performed
in previous works [5,7-10]. The change in the location of the sampling sites was due
to both artificial and natural constrains.

On sampling point 1 — Furnas Thermal Center, soil 222Rn concentration con-
tinuous measurements started on August 2005 and lasted during five months. This
sampling point was located in a garden that belongs to the Furnas Thermal Center, in
an adjacent area to Furnas Village fumarolic field. Technical problems during down-
load of the data were responsible for the gap registered between 21°¢ September and
3'4 October 2005. On January 2006, the 2?2Rn equipment was removed from this sam-
pling site due to the rebuilding of the Furnas Thermal Center. On sampling point 2
— Furnas Village Fumarolic Field, soil 2?2Rn concentration continuous measurements
were performed during only one month, between 23*¢ January and 29*" February
2008. This short sampling period was related with the presence of hydrogen sulfide
(H2S) that damaged the electronic components of the equipment. On sampling point
3 — Furnas Lake Fumarolic Field, soil 222Rn concentration continuous measurements
were performed in the vicinity of the Furnas Lake Fumarolic Field, during approx-
imately two years, between January 2009 and February 2011. The gaps registered
were the result of technical problems in the detector. The exception was the period
between 7*" February and 13*® April 2009, which resulted from lack of power supply
since the solar panel was stolen.

4 Variation on the time domain

On sampling point 1, soil 2?2Rn concentration continuous measurements were per-
formed between 18" August 2005 and 16" January 2006 and the measured values
varied between 0 and 39200 Bq/m? (Fig. 3a). Soil ??2Rn concentration values varied
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Fig. 3. Soil 2*?Rn concentration temporal variations on the sampling points: a) sampling
point 1 — Furnas Thermal Center, b) sampling point 2 — Furnas Village Fumarolic Field,
¢) sampling point 3 — Furnas Lake Fumarolic Field total scale, and d) sampling point
3 — Furnas Lake Fumarolic Field enlarged scale (0-400 Bq/m?®).

between 33 and 104000 Bq/m? on sampling point 2 (Fig. 3b). On sampling point 3
soil 222Rn concentration continuous measurements were performed from 20" January
2009 to 15" February 2011 and varied between 0 and 153000 Bq/m? (Fig. 3c and d).
Descriptive statistics of soil ?22Rn concentration, soil CO, flux, and soil tempera-
ture are displayed in Appendix B (Table B2). The sampling point 1 is located in
an area without thermal anomaly, while sampling points 2 and 3 are located in soil
temperature anomalous zones.

The analysis of the temporal variation of soil 222Rn concentration, soil CO» flux,
and the environmental parameters suggests a relation between soil 222Rn concentra-
tion and some of the variables under study (Fig. 4). On sampling point 1 soil 2?2Rn
concentration variations seem to be correlated with barometric pressure, rainfall, and
soil water content, while on sampling point 3, this gas variation seems to be related
with wind speed and air temperature. Soil CO5 flux seems to correlate with soil 222Rn
concentration on both sampling points. The short sampling period on sampling point
2, did not allow recognizing any relation between soil ?2Rn concentration and the
variables under study. Spectral and multivariate regression analyses were applied to
the time series of the variables under study to confirm statistically the relations ob-
served. The analysis of the soil ?22Rn concentration temporal variation also allows
to observe sudden drops and increases in the values registered on the three sampling
sites (Fig. 3). A detail of this behaviour can be observed on Fig. 5. The changes
observed occurred in a time interval of some hours, 4 or 5 hours, and correspond to
a decrease rate of 29738 Bq/m3.h and an increase rate of 17939 Bq/m®.h. The cause
of these sudden drops is still not clear (e.g. technical problems or local effect).

5 Variation on the spectral domain

Spectral analysis was applied, on sampling point 1, to the sampling period between
3'4 October 2005 and 16" January 2006. The period selected corresponds, as stated
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Fig. 4. Soil *?Rn concentration, soil CO» flux and several environmental parameters (rain-
fall/soil water content, wind speed, barometric pressure, and air temperature) temporal
variations on the sampling points 1- Furnas Thermal Center and 3- Furnas Lake Fumarolic
Field, for different sampling periods.
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Fig. 5. Soil ???Rn concentration on sampling point 3- Furnas Lake Fumarolic Field. Detail
of the sudden decrease and increase of 222Rn values.

before, to the period with less gaps in the time series. This analysis did not allow
identifying daily cyclic variations (Fig. 6a). Due to the short sampling period, together
with absence of periodicity, the spectrogram was not calculated. On sampling point
2, and as result of the short sampling period, spectral analysis was not applied to the
data acquired.

The spectral analysis was applied, on sampling point 3, to the sampling period
between 13" May 2009 and 20** November 2010, as it represents the period with less
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Fig. 6. Amplitude spectra of soil 22Rn concentration temporal variation: a) on the sampling
point 1- Furnas Thermal Center, for the period between 03-10-2005 and 16-01-2006, and b)
on the sampling point 3- Furnas Lake Fumarolic Field, for the period between 13-05-2009
and 20-11-2010.
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Fig. 7. Spectrogram of soil ?*Rn concentration temporal variation on the sampling point

3- Furnas Lake Fumarolic Field, for the period between 13-05-2009 and 20-11-2010: a) dry
period, b) wet period (enlarged amplitude scale).

gaps in the time series. The spectrum calculated did not show daily cyclic variations
(Fig. 6b). However, the spectrogram (Fig. 7) allowed to identify a seasonal behaviour
(dry “summer” vs. wet “winter” seasons). This seasonal behaviour was confirmed
by the spectra calculated (Fig. 8c and d), that did not show any daily cyclic varia-
tion for the dry period, but showed daily cyclic variations related with one cycle per
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Fig. 8. Temporal variations and amplitude spectra of soil **Rn concentration and air
temperature on the sampling point 3- Furnas Lake Fumarolic Field for the dry and wet
period: a) soil 222Rn concentration and air temperature temporal variation during 10 days
on the dry and b) on the wet period, c¢) amplitude spectrum of soil 222Rn concentration
temporal variation on the dry (13-05-2009 to 31-10-2009) and d) on the wet period (01-11-
2009 to 25-04-2010), e) amplitude spectrum of air temperature temporal variation on the
dry (13-05-2009 to 31-10-2009) and f) on the wet period (01-11-2009 to 25-04-2010).

day (S1) for the wet period. The wet period comprises the months from November
to April and this division was made taking into account both the spectrogram and
the hydrological year [59]. The missing daily periodicity on the dry period cannot
be associated with the treatment of the gaps since it was exactly the same for the
dry and wet periods; in addition, parameters as air temperature, which are charac-
terized by the presence of daily periodicities, show that periodicity on both periods
(Fig. 8). On another hand a similar annual division was observed on the soil COx
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Table 1. Correlation and time delay between the soil 2*2Rn concentration and each of the
meteorological variables, for the period between 01-11-2009 and 25-04-2010.

Correlation coefficient  Delay (h)

Air temperature 0.95 ~12
Relative humidity  0.81 ~3
Wind speed 0.65 ~9

flux data obtained at this sampling point [6,48]. The coefficient of correlation and the
time delay between soil 222Rn concentration and the environmental parameters for
the wet period (air temperature, relative air humidity, soil temperature, soil water
content, barometric pressure, rainfall and wind speed) were calculated for one cycle
per day variations using the Transfer Function and considering coefficients of corre-
lation higher than 0.5. On this analysis, air temperature, relative air humidity and
wind speed (Table 1) are the variables with coefficients of correlation higher than 0.5
with the soil ?22Rn concentration. Soil 222Rn concentration shows a 12 hours delay in
relation with air temperature, a 9 hours delay with wind speed and a 3 hours delay
with relative air humidity. The low frequencies analysis allowed also to identify other
periodic variations related with 340, 48, 25 and 15 days (Appendix A, Fig. A2).

6 Multivariate regression analysis and modelling

The histograms produced to apply stepwise multivariate regression allowed to recog-
nize three different groups of data on each sampling point. Multivariate regression
analysis was applied to each group, when the data of the group followed a normal or
a log-normal distribution.

On sampling point 1 — Furnas Thermal Center, the three groups of data recog-
nized were (Fig. 2): Group Al (*??Rn values < 8000 Bq/m?), Group B1 (8000 Bq/m3
< 222Rn values < 16000 Bq/m?), and Group C1 (**?Rn values > 16000 Bq/m?).
The multivariate regression analysis applied to the group of data Al (Appendix B,
Table B3) allows identifying soil water content and soil temperature as the variables
that influence soil 2?2Rn variation. These variables show a negative correlation with
soil 222Rn concentration and have an explanatory power of 15.8% (adjusted R? sum).
The variables that influence soil 222Rn variation on group Bl are barometric pres-
sure, soil temperature and soil water content. These variables explain 73.6% of the
total soil 2?2Rn variation (Appendix B, Table B3). Barometric pressure correlates
inversely with soil 222Rn concentration. Soil temperature and soil water content show
a second-order polynomial function behaviour. Soil temperature has a positive corre-
lation with soil 2?2Rn concentration until 18.3°C, changing the correlation signal for
negative above that value. In what concerns soil water content, a positive correlation
is observed until 10.9%, changing the correlation signal to negative above that value.
The VIF values are higher than 10 for soil temperature and (soil temperature)? and
for soil water content and (soil water content)?, however the multicollinearity is ac-
cepted in these cases, since it is in fact the same physical parameter that shows a
second-order influence. The soil ?22Rn variation on group C1 is influenced by soil wa-
ter content, soil CO, flux and soil temperature. These variables explain 40.5% of the
total 222Rn variation (Appendix B, Table B3). Soil water content and soil COy flux
express a positive correlation with soil 222Rn concentration, while soil temperature
shows a second-order polynomial function behaviour, positively influencing soil 222Rn
concentration until 17.6 °C, and negatively above that value. The VIF values are also
accepted in this case, similarly to the above mentioned.
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On sampling point 2 — Furnas Village Fumarolic Field, due to the limited data
set, the multivariate regression analysis was applied only to recognize the influence of
some of the parameters under study and not with the purpose of building a model.
The groups of data identified on the histogram were (Fig. 2): Group A2 (??2Rn values
< 8000 Bq/m?), Group B2 (8000 Bq/m?® <*22Rn values < 16 000 Bq/m?), and Group
C2 (*22Rn values > 16000 Bq/m?). This division is similar to the one defined in
sampling point 1. Regression analysis was not applied to the group of data B2 due
to the reduced number of observations. The multivariate regression analysis applied
to the group of data A2 allowed identifying soil temperature, soil water content and
wind speed as the variables that influence soil 22?Rn variation. These variables show
a positive correlation with soil 222Rn concentration, explaining 61.5% of the total
variation (Appendix B, Table B4). On the group C2, the variables that influence soil
222Rn variation are barometric pressure and air temperature. These variables explain
57.8% of the total 2?2Rn variation (Appendix B, Table B4) and show a positive
correlation with soil 222Rn concentration.

On sampling point 3 — Furnas Lake Fumarolic Field, the groups of data
identified were (Fig. 2): Group A3 (**?Rn values < 8000 Bq/m?®), Group B3
(8000 Bq/m3 <??2Rn values < 50000Bq/m?), and Group C3 (*??Rn values >
50000 Bq/m?). The multivariate regression analysis applied to the group of data A3
allows to identify soil temperature, wind speed, relative air humidity and soil COq
flux as the variables that influence soil 22Rn variation. These variables explain 27%
of the total variation observed (Appendix B, Table B5). Soil temperature, relative
air humidity and soil CO, flux show a positive correlation with soil 222Rn concentra-
tion, while wind speed shows a negative correlation. Multivariate regression analysis
results are in agreement with the results of the spectral analysis applied to the wet
period in what concerns relative air humidity and wind speed. The entire dataset of
the wet period belongs to the group of data A3 (< 8000 Bq/m?). The multivariate
regression analysis was applied to the group B3 not with the purpose of building an
explicative model to soil 222Rn variation, since the data do not follow a normal or
a log-normal distribution, but to try to recognize the influence of some of the pa-
rameters under study. The statistically meaningful monitored variables that explain
soil 222Rn variation are wind speed and relative air humidity. The above mentioned
variables show a negative correlation with soil 2?2Rn variation, explaining 12% of
the total variation (Appendix B, Table B5). The soil ?22Rn variation on group C3 is
influenced by soil water content, soil temperature and soil CO5 flux. These variables
explain 50.4% of the total soil 222Rn variation (Appendix B, Table B5). Soil CO,
flux and soil water content correlate positively with soil ?22Rn concentration, while
soil temperature shows a second-order polynomial function behaviour with a positive
correlation with soil 222Rn concentration until 24.2 °C, and negative correlation above
that value. Similarly to the referred previously, the VIF values are also accepted in
this case.

The multivariate regression analysis applied to the different datasets identified
allowed the construction of models (Egs. (2), (3), and (4) in Fig. 9) and the graphic
projection of the predicted and residuals soil 2??Rn values according to the models
proposed (Fig. 9). The residuals represent the variation that cannot be explained by
the models and can be related either with deep variations or with external variables
that are not being introduced in the multivariate regression analysis.

7 Radon anomalies (residuals) and seismic activity

During the sampling period, Furnas Volcano did not show signs of reactivation (e.g.
magma intrusion), but several seismic events were registered on the study area and,
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Fig. 9. Observed, predicted and residuals of soil ?*Rn values on sampling points 1 and 3: a)
Groups B1 and C1 calculated with the models proposed on Egs. (2) and (3), respectively, and
b) Group A3 calculated with the model proposed on Eq. (4): BarP — barometric pressure,
Tsou — soil temperature, WCsoi1 — soil water content, COz_fiue — s0il CO2 flux, Wepeea —
wind speed, and RH,;, — relative air humidity.

therefore, this information was included on the analyses of the soil 222Rn data. The
calculated residuals of the multivariate regression analysis were used to try to identify
anomalies that could be related with seismic events and thus with an increase on the
permeability of the system. The average (u) and the standard deviation (o) of the
residuals were calculated and the values that fell outside the defined variability band
(1 £ 20) are considered anomalous [33,48,60,61].

During the measurements performed between 18" August 2005 and
16" January 2006, on sampling point 1 — Furnas Thermal Center, 924 seismic
events were recorded on Furnas Volcano area with duration magnitudes (Md) that
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varied between 0.4 and 3.8 (CVARG/CIVISA, http://www.cvarg.azores.gov.pt/
paginas/sismicidade.aspx). Duration magnitudes were calculated by measuring
the duration, time in seconds, from the onset of the first P-arrival to the point at
which the coda drops below the background level and applying the empirical rela-
tion of Lee et al. [62]. The advantages of using duration magnitudes are that the
signal duration does not depend on the distance from the source to the station
until 100 Km or on the sensitivity of the instrument, allowing calculating duration
magnitudes on any station without epicentral distance factors in most volcanic
monitoring circumstances [62,63]. The high number of seismic events registered is
related with the 2005 seismic crisis that affected the central part of Sao Miguel
Island (Fogo/Congro area) and that had an increase number of seismic events in
September 2005 [64]. Even if some residual values fall outside the variability band,
it does not justify the identification of a direct relation between these two variables
(Appendix A, Fig. A3). The multivariate regression analysis applied to the data ac-
quired on the sampling point 2- Furnas Village Fumarolic Field did not had as objec-
tive to build a model, so the residuals were not calculated; for this reason, the raw soil
222Rn concentration data were used in this analysis. During the period between 234
January and 29" February 2009, on Furnas Volcano, 16 seismic events were recorded
with duration magnitudes (Md) that varied between 0.8 and 2.0 (CVARG/CIVISA,
http://www.cvarg.azores.gov.pt/paginas/sismicidade.aspx). The analysis of
the residuals and the magnitudes of the seismic events do not justify the iden-
tification of a relation between these two variables (Appendix A, Fig. A4). Dur-
ing the measurements performed between 20" January 2009 and 1% February
2011, on sampling point 3- Furnas Village Fumarolic Field, 162 seismic events
were recorded on the studied area with duration magnitudes (Md) that oscil-
lated between 0.4 and 2.7 (CVARG/CIVISA, http://www.cvarg.azores.gov.pt/
paginas/sismicidade.aspx). The analysis of the residuals and the magnitudes of
the seismic events did not allow to identify a direct relation between these two vari-
ables also in this sampling point, even if there are some periods with increases in the
222Rn data that coincide with occurrence of seismic events (Appendix A, Fig. A5).

8 Discussion and summary

Spectral analysis allowed to identify diurnal (wet period) and seasonal variations on
sampling point 3. Air temperature, relative air humidity and wind speed are the
variables that show correlation with soil 222Rn concentration diurnal variations. Soil
222Rn concentration minimum values are observed around noon, between 12:00 and
15:00, and maximum values are observed during the night, between 24:00 and 03:00.
Soil ?22Rn concentration shows an inverse relation with air temperature (Fig. 8b)
and wind speed (Fig. 4d). In fact, wind speed diurnal variations are approximately
in phase with air temperature diurnal cyclic variations, due to the regular periodic
changes in the atmospheric stability related with the increase in temperature (solar
heating). During the night, when air temperature reaches the minimum values, an
increase in the planetary boundary layer stability is observed and, as result, soil 222Rn
concentration increases. On another hand, during the day, due to solar heating, an
increase on the instability of the planetary boundary layer is observed, leading to
a downward turbulent mixing that contributes to the maximum wind speed in the
afternoon and, as result, to a soil 222Rn concentration decrease [65,66]. Soil 222Rn
concentration shows a time delay of about 3 hours with relative air humidity. A similar
behaviour, one cycle per day variations on soil 222Rn time series, was also observed
on other volcanic areas in the Azores, such as Pico Alto, Terceira Island [67], and on
granitic areas in Israel [68] and on geothermal areas in Nepal [69].
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Table 2. Main frequencies identified in the soil 222Rn concentration time series on wet
period, on sampling point 3, and global phenomena with similar periodicity [70-72].

Periodicity (days) Global phenomena with similar periodicity

~340 Annual cycle — Earth translation movement (~365 days)
~A48 Solar cycle (multiple of solar rotation ~26 days)

~25 Solar cycle (~26 days)

~15 Semi-lunar cycle (~14 days)

~1 Earth tides — diurnal cycle (24 h)

The low frequency analysis allowed to identify an annual cycle with approximately
340 days (Appendix A, Fig. A2). The difference observed between the annual cycle
identified (340 days) and the 365 days associated with the annual cycle related with
the Earth translation movement (Table 2), can result from the short sampling pe-
riod (less than two years) that just allows one complete annual cycle. A longer time
series (several years) should allow an approximation between the number of days
on the observed annual cycle and the annual cycle related with the Earth trans-
lation movement, as suggested in previous works related with soil CO2 flux [48].
Cycles of 48, 25 and 15 days were also identified (Appendix A, Fig. A2). The 48 and
25 days cycles are probably related with the solar cycle and the 15 days cycle can
be related with the semi-lunar cycle (Table 2) [70-72]. 25 days is also within the
period defined by Viveiros et al. [48] to this monitoring site for soil COs flux time
series. A cyclic behaviour on soil 2?’Rn variation related with the lunar cycle was
also observed on other volcanic regions, such as Stromboli Volcano [28] and Pico Alto
Volcano [68].

The multivariate regression analysis applied to the different groups of soil 222Rn
concentration identified in each one of the different sampling points allowed to iden-
tify soil temperature, soil water content, barometric pressure, wind speed, relative
air humidity, air temperature and soil CO5 flux as the statistical meaningful vari-
ables. The set of variables that influence soil 22?Rn concentration on the same group
of the various sampling points is different, and even on the same sampling point
the set of variables is also different for each one of the groups identified. On an-
other hand, common variables can have a different type of influence on the dif-
ferent groups of data (positive, negative or a second-order polynomial behaviour)
(Table 3).

The models applied to the groups of data identified as “A” (A1, A2 and A3) al-
low to identify soil temperature as the common independent variable (Table 3). Soil
temperature shows a negative correlation with the 22?Rn data of the group Al and
a positive correlation with the data of the groups A2 and A3. The difference in the
signal of the influence observed can be related with the fact that the sampling point
1 is located in an area without soil thermal anomaly, while the sampling points 2
and 3 are located in the vicinity of fumarolic fields in areas with thermal anomalies
(Appendix B, Table B2). This behaviour results from the fact that an increase on soil
temperature conducts to an enhance of 222Rn emanation power and transport to the
surface [11,50]. Soil temperature is the independent variable with more explanatory
power (Table 3) in the models of the groups A2 and A3. The datasets identified as
groups “A” of data represent the low soil 222Rn concentration values and can be ex-
plained or by seasonal variations (as observed, for instance, in figure 3 ¢) and d), lower
222Rn values are recorded during “winter” months), or by some technical problems
in the equipment that was not possible to identify. However, technical problems are
discharged for group A3 since: a) low 2?2Rn values are observed for a long period of
time (months), b) the model have an explanatory power of 27% and a high number
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of observations (n = 8994), c¢) soil CO5 flux has a positive influence on the soil 22?Rn
concentration, indicating that this gas can act as a carrier transporting 22?Rn until
the surface [39,43], and d) the data show a seasonal variation, with higher values
during the “summer” period and lower values in “winter” (Fig. 3d). The soil 2?2Rn
concentration seasonal variation can be correlated with the soil temperature and soil
water content seasonal variation. The increase on soil temperature during the sum-
mer period can promote an increase on the release of 222Rn from the soil and rocks,
which, combined with the decrease on the soil water content promotes a faster and
more efficient transport until the surface. On another hand, the seasonal variation
observed can also be associated with changes on the water table level due to the
proximity of the sampling point 3 to Furnas Lake. A similar behaviour was observed
on some fault zones where the water table changes and the presence of water is
also responsible for a clear seasonal effect with important decreases on the 22?Rn
values during the winter/wet periods [73,74]. Values identified as group “A”
(< 8000 Bq/m?) represent the lowest soil ?>2Rn concentrations recorded in the three
monitoring sites and are all within the background defined by Silva [10] for 2?2Rn
concentration at Furnas Volcano (< 8000 Bq/m?), considering the spatial distribu-
tion of the data.

The models applied to the groups “B” (Bl and B3), which represent the inter-
mediate soil ?22Rn concentration values, allowed to verify that these groups of data
were exclusively influenced by meteorological variables (Table 3) and no common in-
dependent variable was identified.

The models applied to the groups identified as “C” (C1l, C2 and C3) allowed
identifying soil water content, soil temperature and soil CO, flux as the common in-
dependent variables to the models of C1 and C3 groups (Table 3). Soil water content
shows a positive correlation with the 22Rn data on both groups. Soil temperature has
a second-order polynomial function behaviour and shows a negative influence on the
C1 model and a positive influence on the C3 model above the respective stationary
points. As observed in the data of the groups “A”, soil temperature shows a different
influence in the groups of data C1 and C3 (Table 3) that is also probably related with
the fact that the sampling point is located, or not, in a soil temperature anomalous
zone. Group “C” values correspond to the highest ??2Rn records and are probably
associated with the presence of a carrier gas (in this case, the CO3), specially at
monitoring sites 1 and 3, which is supported by the fact that soil COs flux shows a
positive correlation with the 222Rn data of the groups C1 and C3.

On sampling point 1 (Al, B1 and C1), the models applied allow to identify soil
water content and soil temperature as the common independent variables (Table 3).
Soil water content has a complex influence on the different groups of data. This vari-
able has a second-order polynomial behaviour on the group of data B1, changing its
influence on the 22?2Rn gas from positive to negative at the stationary point. The
positive influence of soil water content can be interpreted as blocking of soil pores
on shallow levels due to the presence of water, what conducts to an increase on soil
222Rn concentration on the sampling point (~60cm depth). The negative influence
probably results from intense rainfall periods that conduct to ??2Rn dissolution and
transport to deeper layers, not allowing its detection [75]. Soil water content shows a
negative influence on the data of the group Al. This behaviour can be the result, as
described above, of 222Rn dissolution and transport to deeper layers and/or can be
also related with the low 2?2Rn values of this group of data (?*?Rn < 8000 Bq/m?).
Soil water content has a positive influence on the data of the group C1; this influence
should result from the impermeability of the shallow levels due to the presence of wa-
ter (rainfall), conducting to an increase of soil ??Rn concentration at the sampling
point. Previous studies showed also the important influence of soil water content
and soil temperature in the variation of soil COg flux in this monitoring site [47].
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The data of the group B1 also shows a negative correlation with barometric pressure.
A decrease in the barometric pressure results on an increase on soil ?22Rn concen-
tration due to a decrease on the pressure near the soil surface that allows a vertical
transport of 222Rn present at deeper layer (“pumping effect”). On another hand, an
increase of barometric pressure forces 222Rn to deeper layers conducting to a decrease
on soil 22Rn concentration measured at the sampling point [73,76].

On sampling point 2, no common independent variables were identified on the
different groups (Table 3). On sampling point 3, wind speed and relative air humid-
ity are the common independent variables on the models of the groups A3 and B3
(Table 3). Wind speed has a negative influence on both groups of data and probably
is consequence of the dilution of the ??2Rn present on the soil shallower levels [33].
Negative influence of wind speed on soil COy flux variations was also identified in
previous works in this monitoring site [47]. Relative air humidity shows a positive
influence on the group A3, since high relative air humidity values inhibited 2?2Rn
exhalation from soil to the atmosphere conducting to an increased on the soil 222Rn
concentration on the sampling point [77]. However, on the group B3, this variable has
a negative influence that can be the result of the superimposed influence of another
variable.

Soil temperature and soil COy flux are the common independent variables to
the models of the groups A3 and C3 (Table 3). Soil temperature shows a positive
correlation with soil 222Rn concentration on the group of data A3, and a second-
order polynomial behaviour on C3. Soil CO, flux has a positive influence on both
groups of data.

This work shows for the first time combined statistical analyses (multivariate re-
gression coupled with spectral analysis) applied to soil 222Rn concentration time series
recorded in a quiescent volcanic area and thus may constitute powerful tools applied
in any seismovolcanic monitoring system. These methodologies may allow identifying
anomalies related with deep processes (e.g., seismic events or magmatic intrusions),
and even if no reactivation was identified at Furnas volcanic system during the pe-
riod under analyses, statistical analyses applied to the data allowed to define baseline
behaviour for 222Rn concentration and identify various environmental variables that
can interfere with 222Rn variations.

In addition, and taking into account that a) at Furnas Volcano there are two
villages, b) ?22Rn is a radioactive gas, and c) soil is the main indoor ?2?Rn source,
understand the influence of external parameters on soil 222Rn concentration is also
important to try to recognize how the indoor ??2Rn concentration will change in
function of soil 222Rn concentration variation.
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Appendix A

40°00"N

3100w 20 / 29°0'0'W 28°00'W 27°00°'W 26°00'W 25°00'W

610000 620000 630000 640000 650000 660000

4190000
4190000

4180000
4180000

610000 620000 630000 640000 650000 660000

Fig. Al. Geological setting of the Azores archipelago and Furnas Volcano location: a)
Azores archipelago located on the triple junction: NA- North American, Eu- Eurasian, Nu-
Nubian (African) tectonic plates; and main tectonic structures: MAR- Mid-Atlantic Ridge,
EAFZ- East Azores Fracture Zone, GF- Gloria Fault, and TR~ Terceira Rift [78 and refer-
ences therein]; b) Sdo Miguel Island elevation model with the location of the active central
volcanoes: A- Sete Cidades, B- Fogo and C- Furnas.
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