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Abstract

:

Gamma emitting radionuclides naturally present in the Earth’s crust and the radon exhaled by soil in the atmosphere with its short-lived progeny are two of the main contributors to the environmental gamma dose rate that typically characterizes an outdoor measurement site. The present work aims to investigate variations in the environmental dose-rate time series originated by different natural phenomena, such as weather and seismic events, which can modify the radon concentration in the air. The data analyzed here were acquired over a five-year period using a Reuter–Stokes high-pressure ionization chamber placed in the ENEA Casaccia Research Center (Rome, Italy), from November 2013 to December 2018. The detector was set to take a single measurement of the equivalent ambient dose    H *   ( 10 )    every 15 min, thereby collecting more than 184,000 values over the five-year period under consideration. The detector’s sensitivity to the short-lived radon progeny was verified in a preparatory study performed by means of simultaneous radon flux measurement on field. Variations induced by meteorological events as well as variations potentially induced by seismic events were investigated by implementing different data analysis techniques. In the latter case, a retrospective preliminary study was conducted, applying the ARFIMA class of models in order to test the method’s potential. The analysis techniques, results and potential applications are presented and discussed in this article.
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1. Introduction


Real-time monitoring of environmental gamma dose rates plays a fundamental role in both emergency scenarios (as a prompt alarm for the population in case of radiological or nuclear accidents) and in the study of the radiological status of outdoor measurement sites. In the latter case, the gamma dose rate background measured at a specific measurement site depends on different contributors, which can be divided into two main groups. The first is related to the gamma emitting radionuclides naturally present in the Earth’s crust, such as the K-40, and those of the natural chains of Uranium and Thorium, for which the deposition history and depth profile in the soil characterize the mean dose rate background at the site [1]. The latter group is related to radon exhaled into air from the soil and its short-lived progeny [2,3]. When natural phenomena such as rain, snow, and seismic events occur, they produce specific variations of the natural gamma dose rate on different timescales, which are peculiar for each phenomenon.



The timescale of radon concentration variations in air, which influence the environmental gamma dose rate, is on the order of 15–120 min if generated by meteorological events such as rainfalls [4], and a few days if originated by seismic events due to the presence of pre-shock and after-shock events [5]. Other variations can be induced by the seasonal cycle of the environmental gamma dose rate [6,7], on a monthly timescale, as well as by the daily cycle of radon, whose induced variations can be observed on hourly timescale [8]. A stable detector with an instrumental response independent of temperature and pressure is needed to study these kind of phenomena in order to avoid instrumental variations that can mimic the investigated natural effects. In this work, a Reuter–Stokes (RS) High-Pressure Ionization Chamber (HPIC) [9] was used to collect dose rate values every 15 min, acquiring more than 184,000 values over a five-year period (2013–2018).



The detector’s sensitivity to the short-lived gamma progeny of radon was tested in a preparatory study, exploiting simultaneous measurement of the radon flux exhaled by soil.



After this preparatory study, meteorological contributions to the environmental gamma dose rate were investigated; phenomena such as rainfalls and snow can affect the dose rate value through rain-out and wash-out mechanisms [10], which take place over a period of few hours. The cross-sectional dose rate data distribution was studied using a log-normal model [11]; days related to values falling in the distribution tails were investigated in terms of weather conditions, identifying meteorological events that are quite uncommon at the measurement site.



Variations possibly related to seismic events were investigated in a preliminary retrospective study presented in this work. Several authors have reported variations in the gamma background prior to an earthquake [12,13,14], theoretically induced by radon concentration variations acknowledged as physical precursors of seismic events [15]. In the type of studies presented in the literature, the two main challenges are the response variability of the different employed detectors (mainly scintillators, with a sensitivity to temperature variations that is well known [16]) and the complex time patterns of gamma background levels. Generally, analyses are performed on hourly or daily data, where gamma anomalies can be recognized as sharp peaks above a baseline. Several authors have proposed mathematical models that are data-descriptive (used to de-trend the time series using running average models [12] or polynomial functions [13]), while others modelling the radon daily cycle using the first Fourier harmonic [17]). The first approach has low potential in terms of gamma background forecasting to discriminate anomalies, while the latter should be used together with other measurements (e.g., concentration of Th/U in soil) in order to exploit its application to investigate anomalies as earthquake precursors .



In this work, a retrospective preliminary study of the collected dose rate data (averaged on a daily basis) was performed with the Autoregressive Fractionally Integrated Moving Average (ARFIMA) class of models in order to identify outliers in time series. The ARFIMA models were chosen because they are particularly suitable to studying long-persistence time series (long-memory stochastic processes), such as the dose rate one, featured by the seasonality of radon contribution. A possible relationship between the identified outliers in dose rate time series and earthquakes registered in central Italy by the seismograph network of the INGV (Istituto Nazionale di Geofisica e Vulcanologia, the Italian National Institute of Geophysics and Volcanology) [18] was investigated. Even though the daily-averaged dose rate data are less sensitive to weather conditions than the data acquired every 15 min (because the small timescale of rain-out and wash-out phenomena), meteorological conditions were taken into account in our analysis. Data on the temperature, pressure, relative humidity, and rain collected by a weather station placed about 400 m from the detector [19] were considered, and the results obtained by the log-normal model were exploited in order to rule out uncommon weather conditions at the measurement site. Once the outliers are identified with the ARFIMA class of models and potential interference induced by weather and anthropogenic contributions are ruled out, the possible relations with earthquakes is presented and discussed.




2. Materials and Methods


2.1. The Reuter–Stokes (RS) Ionization Chamber


The RS ionization chamber, part of the environmental monitor network of the ENEA Casaccia Research Center, is a dose-rate meter sensitive to gamma radiation and specifically designed to acquire measurements outdoor. This class of detectors, known for their accuracy and stability in dose rate measurements, are characterized by hardware and software features that decouple the detector response from temperature and pressure variations in the usage range. The detector used in this study is located in the ENEA Casaccia Research Center, 20 km north of Rome, and is part of the Research Centre environmental monitoring network. In the following, the detector characteristics are briefly described; for more details, see [9]. The High Pressure Ionization Chamber (HPIC) consists of two concentric stainless steel spheres; the outer sphere serves as the cathode (  diameter = 25.4  cm  ) and is set at   − 400  V   with respect to the inner sphere (  diameter = 5.1  cm  ), which is grounded and serves as the anode. In the volume between the two spheres, Argon gas is sealed at   2.5 ×  10 6   Pa   and used as active medium. The equivalent ambient dose    H *   ( 10 )    rate is measured every 15 min, with an overall accuracy of   5 %   at   10  μ  R / h    (  0.1  μ  Sv / h   ). The angular response of the detector is uniform, with a   98 %   accuracy, due to its spherical geometry; the   2 %   reduction is due to the flange used to mount the anode support which connects it to the ground. The HPIC signal is processed by an electrometer and subsequently by an Analog-to-Digital Converter (ADC). The gamma sensitivity of the HPIC detector is almost entirely unaffected by temperature variations in the range of interest (  − 20 ÷ 35  C  ), with a RAdiation Constant (RAC) equal to   2.5 ×  10  − 8    Amp / R / h   . The insulation guard ring on the cathode, used to hold the anode support, prevents temperature-induced offset signals. Temperature drift mainly affects the electrometer subsystem, which consists of a trans-impedance amplifier with three different feedback resistors. Such effects on the electrometer are minimized by a differential Field Effect Transistor (FET) used in the amplification stage. This solution removes the majority of the temperature-dependent effects with respect to a single-ended configuration, which requires operating at an experimentally determined point in order to minimize the drift.



The residual temperature drift effects on the electrometer are then compensated by the DAQ system firmware through a mathematical model accounting for the well-known temperature-induced behaviors of an operational amplifier. The detector and the electronic equipment are placed in an aluminium box designed to protect them from external weather conditions. The relative response of the ionization chamber, evaluated in a calibration procedure, is calculated as the ratio between the measured and the expected dose rate values at different gamma energies . For the RS, its value is close to 1 between the maximum and minimum energies of gamma radiation emitted by radon progeny [9], which vary from a maximum of 1.1 for the 239 keV 212Pb line to a minimum of 0.9 for the 1120 keV 214Bi line.




2.2. Radon Flux Monitor and External Accumulation Chamber


The RS sensitivity to the radon concentration variation was verified by comparing the dose rate data acquired by the RS with the radon concentration measured by a Radon Mapper detector placed in an external accumulation chamber installed near the RS detector. The accumulation chamber used was an iron half-barrel with a volume of 230 m   3  , completely closed, as shown in Figure 1. It was placed in a shaded spot in order to avoid a large temperature gradient between the inside and outside of the barrel during the day, which could greatly vary the radon exhalation flux.



Generally, the exhalation rate of Rn-220 (thoron) in soil is higher than the exhalation rate of radon [20], because the thorium concentration in the Earth crust is higher than that of U-238 (see the Discussion section for the site characteristics). The short half-life of thoron (56 s), however, prevents its diffusion on long distances, and the main part of the exhaled thoron decays directly in the soil without reaching the accumulation chamber. On the contrary, radon can be exhaled by the deeper layers of soil and reach the accumulation chamber thanks to its quite long half-life, making the net contribution of radon in the chamber greater than that of thoron [21]. In addition, the Radon Mapper monitor used within the accumulation chamber works in diffusion mode without any pumping, and has a limited sensitivity to thoron [22]. Considering these two points, it is possible to assume that the main contribution in the presented measurement is from radon, neglecting at first approximation the thoron contribution. The simultaneous measurements were conducted for 174 h (about seven days). The variation in the radon atom number over time inside the chamber is provided by the following differential equation [23]:


   N ˙   ( t )  =  S ′  −  ( λ + R )  N  ( t )   



(1)




where    N ˙   ( t )    is the variation of radon atoms number in the accumulation chamber over time,    S  ′   is the number of radon atoms exhaled by the soil over time,  λ  is the radon decay constant, and R is the leakage factor (which has the same dimensions of  λ    [ h ]   − 1   ). In the studied case the leakage factor is quite small, as it is due only to radon back-scattering in the soil. Dividing Equation (1) by the volume of the accumulation chamber and solving the differential equation between   t 0   and   t >  t 0   , the following expression is obtained:


  C  ( t )  =  C 0   e  − ( λ + R ) t   +   S 0   λ + R    ( 1 −  e  − ( λ + R ) t   )  .  



(2)




where   C ( t )   and   C 0   are the radon concentrations at time  t  and   t 0  , respectively, and    S 0  =  S ′  / V   is the radon concentration exhaled by the soil, expressed as      [ Bq ] [ m ]    − 3      [ h ]    − 1    . The obtained equation can be used to fit the radon mapper data and extract the values of   S 0   and R. The multiplication of the term   S 0   by the accumulation chamber height (0.72 m) provides the parameter S, which is the radon flux exhaled by the soil, commonly measured as    [ Bq ]    [ m ]   − 2     [ h ]   − 1    .




2.3. Meteorological Contributions to the Environmental Dose Rate—Model


Data acquired every 15 min by the RS detector were analyzed in order to investigate weather contributions, characterized by a timescale that spans from 30 min to several hours. The cross-sectional distribution of the dose rate data, the shape of which reflects the contribution of the radon concentration in the air, is generally studied in the literature using a log-normal model [4], because the variable is the product of multiple variables that, at first approximation, follow a Gaussian distribution. The log-normal function used to fit the cross-sectional distribution of dose rate data is given by the following formula [24]:


  f  ( x )  =  1   ( x − θ )  σ   2 π      e  −    ( l n  (   x − θ  m  )  )  2   2  σ 2       



(3)




where  σ  is the shape parameter (the standard deviation of the log of the distribution),  θ  is the location parameter, and m is the scale parameter (the median of the distribution). The data fitting procedure is based on   χ 2   minimization. The weather conditions of the days when the dose rate data fall in the distribution tails were investigated in order to determine correlations with specific meteorological events.




2.4. Retrospective Study to Investigate Seismic Contribution to the Dose Rate Time Series


The dose rate daily-averaged data collected by the Reuter–Stokes detector was used in this specific analysis because the timescale of the radon variations induced by seismic events was expected to be of few days order [5]. In addition, daily-averaged data are less sensitive to weather-induced variations; a dose rate peak due to the rain-out phenomenon and the following wash-out phase develops and ends in a few hours, and a 24-h average operation mitigates such contributions to the variable. A dedicated database was realized for this study, obtained by merging the daily-averaged dose rate data with the seismic event data (registered by the INGV seismographs network and free available on-line [25]) and the meteorological data collected by a weather station (Davis Vantage Pro 2 Plus Wireless [19]) placed a few hundred meters from the detector site.



Seismic events registered within a radius of 100 km from the detector and with a magnitude equal or higher than 3.5 on the Richter scale were selected according to [25] (see the discussion in the Results section). A total of eleven events were accordingly selected, and their locations are shown in Figure 2. During the considered period (2013–2018), a large number of seismic events were registered in central Italy, in particular in the Apennines region (see Figure 2); thus, a selection of events was needed in order to have the necessary degrees of freedom to correctly implement the model. For each of these eleven seismic events (in cases of multiple earthquakes in a single day, the one with the highest magnitude was chosen), a blind time region of eight days was defined in the daily dose rate time series, according to [5] (four days before the event, the day of the event, and three days following the event). After these regions were cut from the original time series, the remaining detached sub-series were used to study the dose rate values registered prior to the reference earthquakes. These series, indicated in the following as background series, include by definition the dose rate data registered concurrently with earthquakes with a magnitude less than 3.5 or located farther than 100 km from the detector in all kinds of weather conditions at the measurement site. The background series were analyzed using the Autoregressive Fractionally Integrated Moving Average (ARFIMA) class of models, a generalization of the conventional Autoregressive Integrated Moving Average (ARIMA) and the Autoeregressive Moving Average (ARMA) models. This class of models is particularly suitable for describing time series with long–memory, such as those analyzed in this work, which show auto-correlation functions with a decay-rate slower than exponential decay [26]. Considering a general variable at time t,   x t  , a generalized form of the ARFIMA model can be written as


  ϕ  ( L )    ( 1 − L )  d   x t  = θ  ( L )   ϵ t   



(4)




where L is the lag operator,   ϵ t   is a white noise process, and   ϕ ( L )   and   θ ( L )   are the p-order autoregressive (AR) and q-order moving average (MA) polynomials in L, respectively, with no common roots and all outside the unity circle. The fractional difference operator    ( 1 − L )  d  , where   d ∈ ( − 0.5 , 0.5 )  , is the part of the model which allows for the description of the long-term persistence of the time series, and is defined as


     ( 1 − L )  d  =  ∑  k = 0  ∞    d k     ( − L )  k  =  ∑  k = 0  ∞    Γ ( d + 1 )   Γ ( k + 1 ) Γ ( d + 1 − k )     ( − L )  k    



(5)







The analysis of the dose rate time series was performed with the R package ARFIMA [27], which implements a frequency domain-based maximum likelihood estimation (MLE) of the fractional differentiation parameter d, the   ϕ ( L )   and   θ ( L )   polynomials, and the noise variance   σ 2  . The best ARFIMA model for each background sub-series was evaluated using the Akaike Information Criterium (AIC) [26].





3. Results


3.1. RS Sensitivity to the Radon Concentration Variations


Data acquired by the radon flux monitor during the 174 h of data-taking (almost seven days) along with the results of the fitting procedure according to Equation (2) are shown in Figure 3:



Data were fitted in time series intervals of about ten hours in both the increasing and the decreasing parts, in order to have sufficient degrees of freedom to obtain reliable results. In the fit procedure, the  λ  parameter of Rn-222 is kept fixed while all the other parameters are free to vary. The radon exhalation flux, S, is calculated starting from the   S 0   value (see Equation (2)) obtained in the fit, multiplying it for the height of the accumulation chamber (0.72 m). The result is then superimposed to the dose rate data registered simultaneously by the RS (see the right panel of Figure 3), using as time index the mean interval time considered in each fit.




3.2. Weather Contribution


The cross-sectional distribution of the entire bulk of the data acquired over five years was fitted using the log-normal distribution in Equation (3). The results are shown in Figure 4.



The log-normal model explains the data distribution, even if large residuals (>5%) were observed along the distribution tails. In particular, these variations were noted below the value    S L  = 0.106  μ Sv / h   and above the value    S H  = 0.140  μ Sv / h  . When dose rate values are characterized by large residuals, the meteorological conditions at the measurement site were investigated, finding some expected correlations; the results are summarized in Table 1.




3.3. Retrospective Study with ARFIMA Models


The daily-averaged gamma dose rate data (  μ Sv / h  ), collected over five years beginning on 11 November 2013, at the ENEA Casaccia Research Center, are shown in Figure 5.



The time series of data acquired at the measurement site is characterized by an average background dose rate of   0.114  μ Sv / h  , with a Standard Deviation of   0.003  μ Sv / h  . Maximum values were registered in summer periods and minimum values in winter, for a maximum amplitude variation due to the seasonal cycle [6,7] of   0.006  μ Sv / h   within a semi-period of six months. In order to have sufficient degrees of freedom to implement the model, it was necessary to select significant events among the large number of seismic events registered in central Italy during these five years (see Figure 2). In a radius of 100 km from the detector, which corresponds to about three times the radius of the Earthquake Preparation Zone-EPZ [28], the maximum magnitude of expected earthquakes within it is between 4 and 5 [25].



For this reason, only events with a magnitude equal to or higher than 3.5 on the Richter scale were selected for the preliminary study, resulting in eleven events. Following [5], a blind time-region of eight days (four days before the event, the day of the seismic event, and three days after the event) was defined for each seismic event in the daily-averaged dose rate data series. Cutting these blind time regions from the original time series and considering two short detector-maintenance periods, a total of fourteen sub-series were defined to study the dose rate values before the reference seismic events.



Because the d fractional index value characterises the long-memory of the entire dose rate time series, a first round of fits on the sub-series was performed. All of the estimated d values consistently converged to 0.11, in particular for the longest sub-series, as this is a characteristic of stationary time series (  d < 1  ).



A second fitting procedure was performed on the sub-series by keeping fixed the d parameter with the weighted average of the values obtained before (  0.11 ± 0.04  ) and defining the parameters of the best ARFIMA model for each sub-series according to the Akaike Information Criterion. The results are shown in Figure 6.



Table 2 reports the details of the best ARFIMA models used to fit each subseries selected in this work to forecast the expected dose rate values in the defined blind regions.



Comparing the ARFIMA forecasting and the real data in the blind regions, significant deviations (>2  σ )   are observed. Such deviations (called anomalies in the following) can be positive, with a measured gamma background higher than the expected value (as reported in literature for earthquake gaseous precursors [5]), or negative, with a gamma background lower than the expected value. The method used for this analysis was further validated on ten mock subseries extracted from a time period between September 2017 and December 2018 when no seismic events with magnitude higher than 3.5 and closer than   100  km   were registered (background conditions); no anomalies were found (see Discussion section). Before discussing the potential relationship between the observed anomalies and seismic events, it is important to consider other contributors that can induce variations in the time series in order to rule out any potential interference. These are examined in the following:



	
Rainstorms and Snow—these types of weather events are quite uncommon at the measurement site. Specifically, rainstorm and snow as individuated in the weather contribution study do not occur in the defined blind regions of the examined sub-series. The correlation between the daily-averaged dose rate and rain data was investigated and no significant (p-   value  = 0.866  ) correlation (  ρ = − 0.005  ) was found. The lack of an evident correlation with rain can be explained by the daily averaging operation on the dose rate data, which mitigates the presence of outliers due to the rain-out and wash-out phenomena [4], as these are characterized by hourly timescale.



	
Radon Annual Cycle—This phenomenon manifests itself on a monthly timescale, inducing variations of less than   1 %   on a month at the measurement site (see Figure 5). The blind regions defined for the studied sub-series are of eight days, where this effect is negligible. Moreover, the ARFIMA models used in this part of the work allow the consideration of long-persistence in the time series, in this case due to the radon annual cycle contribution.



	
Radon Daily Cycle—The radon daily cycle contribution is due to atmospheric mixing categories [29] and manifests itself on hourly timescale as a day/night time effect. Averaging the dose rate on a daily basis mitigates the impact of any effects on the data, in the same way as for the rain case.



	
Anthropogenic Radionuclide Contributions—As the detector is located within a Research site which hosts several radiological and nuclear installations (including two research nuclear reactors), the contributions of anthropogenic radionuclides eventually released into the environment was examined. Anthropogenic radionuclides releases due to either accidental or normal activities were investigated by checking the measurements performed by the safety environmental measurement network of the ENEA site. This network consists of a series of dosimeters, detectors, and periodical contamination measurements on environmental samples (i.e., water, grass, soil, milk, air) taken in an area covering a radius of 5 km from the ENEA Research Center. During the time period considered in this study, there was no evidence of any release of anthropogenic radionuclides; therefore, such a contribution can be excluded.



	
Other Effects—The correlation of the dose rate daily averaged data with other weather variables, such as pressure, temperature and humidity, was considered. In the study, high significance (p-   value  = 1.1 ×  10  − 22     and p-   value  = 2.8 ×  10  − 8    ), though weak anti-correlations, were found for relative humidity (  ρ = − 0.265  ) and pressure (  ρ = − 0.152  ). On the other hand, the dose rate daily averaged data were significantly (p-   value  = 2.4 ×  10  − 22    ) correlated with the temperature (  ρ = 0.726  ). Even if the correlation between temperature, pressure and daily dose rate is due to a well known effect of these exogenous variables on the daily radon cycle [30], sudden changes in temperature, and to a lesser extent, in pressure and relative humidity, can generate variations that can mimic those generated by seismic events. For this reason, the rain, relative humidityextent, pressure, and temperature time series are considered in following discussion of the results obtained by the ARFIMA modelextents.






In light of the above considerations, the potential interference to the daily average dose rate variations can be excluded. Therefore, the possible relationship with seismic events can be considered. In particular, in the next section the three cases with the highest number of consecutive days when the anomalies were registered are described and discussed in detail.





4. Discussion


4.1. RS Sensitivity to the Radon Concentration Variations


The results shown in Figure 3 confirm the detector’s sensitivity to the radon activity concentration in the air, as can be seen from the superimposition of the radon exhalation flux and the dose rate data time series. The mathematical model (Equation (2)) assumes that the radon exhalation flux is constant for the time interval considered for the fitting procedure. The evaluated high-exhalation radon fluxes are consistent with the volcanic origin of the soil type at the measurement site. According to the Geochemical Atlas of Europe FOREGS , the Uranium and Thorium concentrations for the measurement site are among the highest values found in Europe [31].



The large Ra-226 activity concentration reported in Table 3, evaluated by multiplying the U concentration by a factor equal to 12.35, according to [32], can account for the high radon fluxes observed [33,34]. The assumption made on the constant exhalation rate in the time interval used for the fit can be therefore considered valid, demonstrating with this measure the sensitivity of the RS to dose-rate variation induced by radon and its gamma emitting progeny in air.



However, it must be considered that even if the data are acquired hourly, the fitting procedure fixes the time interval to evaluate radon exhalation at about 10 h, limiting the opportunity to examine in detail the radon day/night cycle induced by the atmospheric mixing categories [29]. It would be interesting to include this kind of study in future investigations.




4.2. Weather Contribution


The log-normal model (Equation (3)) used to study the cross-sectional distribution of the dose rate data acquired every 15 min highlights certain peculiar influences of the weather on the dose rate time series. In particular dose rate values falling in the high dose rate tail of the distribution were correlated with storms and abundant precipitation according to the observation of the rain-out phenomenon. The dose rate values falling in the low dose rate tail of the distribution appear to be correlated with strong wind and snow. For this last event, the wash-out phenomenon is easily observable, as it lasts for few days until the snow melts. The weather events highlighted by the presented method are quite unlikely at the measurement site; precipitation of only a few mm of rain, soft winds, and temperatures well above   0   ∘  C   are the general conditions characterizing the CR Casaccia site.




4.3. Retrospective Study with ARFIMA Models


Eleven earthquakes registered in 2013–2017 were identified by applying the selection criteria to seismic events, mostly located in the N-N-E direction at a distance between 75 and 100 km (see Table 4). No weather events reported in Table 2 fall within the considered blind regions.



The earthquake cases for which dose rate anomalies persisted for the longest time period (in days) are reported with bold font in Table 4 and are detailed in the following. A separate discussion should be provided for the earthquake registered in Cittareale in 2013; however, even if there are significant deviations in the data, there is a lack of meteorological data for that period. Hence, it is not considered in the following discussion.



	
Montereale earthquake—18-01-2017: The earthquake epicenter (magnitude 4.2) was located at 42.58 (lat), 12.23 (lon), 97 km from the detector. The hypocenter was located 8 km underground. In the blind time-region, seven outliers (deviations   > 2 σ  ), four before the earthquake, one during the earthquake day, and two after the event, were identified.



[image: Environments 09 00066 g007 550] 





Figure 7. Montereale earthquake (color on-line)—upper panel: residuals of the best ARFIMA model. Blue points correspond to the dose rate background data and green points to the pre-shock events; the red point is the earthquake event and the orange points represent aftershock events. The confidence level bands for coverage factor k = 1, 2, 3 (from the lightest to the darkest blue) are drawn in the blind time region. In the middle and lower panels the relative humidity, rainfall, temperature, and pressure time series are shown, as indicated by the respective labels. 






Figure 7. Montereale earthquake (color on-line)—upper panel: residuals of the best ARFIMA model. Blue points correspond to the dose rate background data and green points to the pre-shock events; the red point is the earthquake event and the orange points represent aftershock events. The confidence level bands for coverage factor k = 1, 2, 3 (from the lightest to the darkest blue) are drawn in the blind time region. In the middle and lower panels the relative humidity, rainfall, temperature, and pressure time series are shown, as indicated by the respective labels.
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Residuals, rain, temperature, pressure and humidity data are shown in Figure 7. Positive anomalies (dose rate higher than the one predicted by the model) and negative ones (dose rate lower than the one predicted by the model) were identified in the blind time region. Small changes in weather conditions were registered over three days of background data (from 11 to 13 January) due to rainfall. The model, however, correctly follows the data behaviour, as shown by the residuals. No sudden changes in weather data were registered within the blind time region; the occurred minor changes in rain data in the background period, that can potentially induce variations, are correctly considered in the model, as it is shown by the residual distribution.






	
Spoleto—09-02-2017: The earthquake epicenter (magnitude 3.7) was located at 42.66 (lat), 12.68 (lon), 76 km from the detector. The hypocenter was located 8 km underground. In the blind time-region, four outliers (deviations   > 2 σ  ), three before the earthquake and one after the seismic event, were identified. Residuals, rain, temperature, pressure and humidity data are shown in Figure 8. Positive and negative anomalies were identified in the blind time region. No sudden changes in weather conditions were registered for that period, in particular for days when anomalies were identified.
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Figure 8. Spoleto earthquake (color on-line)—upper panel: residuals of the best ARFIMA model. Blue points correspond to the dose rate background data and green points to the pre-shock events; the red point is the earthquake event and the orange points represent aftershock events. The confidence level bands for coverage factor k = 1, 2, 3 (from the lightest to the darkest blue) are drawn in the blind time region. In the middle and lower panels the relative humidity, rainfall, temperature, and pressure time series are shown, as indicated by the respective labels. 






Figure 8. Spoleto earthquake (color on-line)—upper panel: residuals of the best ARFIMA model. Blue points correspond to the dose rate background data and green points to the pre-shock events; the red point is the earthquake event and the orange points represent aftershock events. The confidence level bands for coverage factor k = 1, 2, 3 (from the lightest to the darkest blue) are drawn in the blind time region. In the middle and lower panels the relative humidity, rainfall, temperature, and pressure time series are shown, as indicated by the respective labels.
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Cittareale earthquake—30-06-2017: The earthquake epicenter (magnitude 3.6) was located at 42.63 (lat), 12.68 (lon), 99 km from the detector. The hypocenter was located 12 km underground. In the blind time-region defined for this earthquake, six outliers, two before the earthquake, one during the seismic event, and three after the earthquake, were identified. Residuals, rain, temperature, pressure and humidity data are shown in Figure 9. Positive and negative anomalies were identified . There is a lack of meteorological data from 23 June to 26 June as well as on 30 June. For the days from 23 June to 25 June, the model correctly follows the background data behaviour. For 25 and 30 June, sudden changes in the weather variables can be excluded because the points that follow the missing data do not highlight any anomaly in the previous days (e.g., in the event of a strong rainfall, changes in pressure and temperature should be observed in the day after along with a peak in relative humidity with a lag of approximately one day). Moreover, considering the climate conditions of the detector site region, a sudden change in these parameters is quite unlikely.
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Figure 9. Cittareale earthquake (color on-line)—upper panel: residuals of the model. Blue points correspond to the dose rate background data and green points to the pre-shock events; the red point is the earthquake event and the orange points represent aftershock events. The confidence level bands for coverage factor k = 1, 2, 3 (from the lightest to the darkest blue) are drawn in the blind time region. In the middle and lower panels the relative humidity, rainfall, temperature, and pressure time series are shown, as indicated by the respective labels. 
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The eleven earthquakes considered in this work were all superficial seismic events (hypocenter between 0 and 70 km) located within 100 km of the detector. The dose rate data acquired during other earthquakes with a magnitude less than 3.5 or with an epicenter more distant than 100 km were considered as background in the ARFIMA model training. Analysis of the mock-subseries used to test false positive results, shows no evidences of deviations beyond 2 σ . Two typical results obtained via the mock subseries are shown in Figure 10.





5. Conclusions


This work presents the results of a study on the environmental gamma dose rate variations induced by natural effects, in particular weather and seismic events. By exploiting the different timescales of variations induced by different types of phenomena it is possible to discriminate their origin and apply suitable analysis techniques, allowing for the study of their characteristics.



The comparative measurements simultaneously performed by the Reuter–Stokes and the Radon Mapper detector confirmed our hypothesis that the ionization chamber is sensitive to variations in concentrations of radon and its gamma emitting progeny in the air. In the future, it would be desirable to perform simultaneous measurements using other techniques, such as an external accumulation chamber with forced ventilation that is activated at preset times [23]. The filling and subsequent ventilation allows radon to accumulate in the chamber only during the first hours, when the concentration rises. Using this approach, a simple linear model can be applied to infer the radon exhalation flux (see Equation (1)). This technique allows for a finer time grid in terms of radon flux measurements, opening up the opportunity to investigate the radon daily cycle in more detail.



The study performed using a log-normal model of the cross-sectional distribution of dose-rate data taken every 15 minutes, highlighted uncommon weather conditions at the measurement site, finding correlations with rainfalls (rain-out and wash-out phenomena), snow, and wind. Concerning the last part of the work, all of the results obtained in the analysis were used to rule out those phenomena that can mimic dose-rate variations induced by seismic events. The study represents a first step in implementing the ARFIMA class of model to investigate dose rate time series; although further studies remain necessary in order to establish a solid correlation between dose rate anomalies and seismic events, preliminary considerations can be reached. Anomalies in dose rate data that could be interpreted as seismic precursors were identified in seven out of eleven studied earthquakes, and for five of these the anomalies began four days earlier than the earthquake. The observed deviations have a sign that can be also negative (only positive deviations are reported in the literature [4]), a phenomenon that can be explained by the displacement of the radon release region far from the detector due to changes in the underground gas pattern caused by seismic events. Another interesting result is related to the best ARFIMA models obtained in this study; the order of the auto-regressive (AR) part is considerably higher than the moving average (MA) part, probably representing a characteristic of the gamma environmental dose rate variable (see Table 2). Further studies are currently in progress to improve the method presented in this work, which constitutes only a first investigation into its potential application for studying anomalies in radon variations. The first concern is the implementation of other models to identify possible deviations in the dose rate time series, such as ARFIMAX, which allows the inclusion of exogenous variables such as the weather parameter [35], and CARFIMA (Continuos ARFIMA), which allows forecast periods with no data to be overcome [36]), as well as unsupervised algorithms to identify deviations, such as the Isolation Forest algorithm [37]. The results obtained by these different methods can then be compared in order to check the consistency of the findings. Another important improvement for investigating the possibility of correlating a specific earthquake with the dose rate data variations is the planned installation of two other RS detectors, each with a dedicated weather station nearby. These detectors will be placed about 100 km from the Casaccia site and 100 km apart from each other, allowing to explore the applicability of a triangulation technique based on the EPZ empirical formula .
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Figure 1. (Left) A sketch of the Radon Mapper experimental setup with the accumulation chamber. (Right) Aerial view of the measurement site with the position of the Reuter–Stokes and the Radon Mapper. 
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Figure 2. Distribution of seismic events around the RS detector. The Z axis represents the number of events, and the black points are the seismic events chosen to test the analysis method (Credits: Google My Maps). 
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Figure 3. (Left) Radon activity concentration in the accumulation chamber (black dots) with the fit results superimposed (red dashed line, color on-line). (Right) Superimposition of the radon exhalation flux (red dashed line, color on-line) evaluated using fit results and the simultaneous dose rate measurement results obtained by the Reuter–Stokes (black continuous line). 
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Figure 4. (Left) Cross sectional distribution of the dose rate data acquired every 15 min and the log-normal fit (blue dashed line, color on-line). (Right) dose rate time-series showing the meteorological events that are the source of the variations. 
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Figure 5. Daily averaged dose rate (  μ Sv / h  ) measured from November 2013 to December 2018, for a total of 2702 collected daily values. 
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Figure 6. Results of the ARFIMA model forecasting in the blind time-regions defined around the seismic events of interest (color on-line). The solid black line represents the daily averaged dose rate data, the blue line corresponds to the fit results using the ARFIMA model, and the red line is the ARFIMA prediction in the blind time region. For the blind time regions, the confidence level bands for coverage factor k = 1, 2, 3 (from the lightest to the darkest blue, color on-line) are drawn. Solid (empty) green markers represent data before the earthquake that deviate more (less) than   2 σ   from the prediction. The red solid circle represents the earthquake event and the solid (empty) orange markers represent data after the earthquake that deviate more (less) than   2 σ   from the prediction. The time series for the seismic event registered on 20 February 2017 is not reported in the figure because the background series was too brief (three days) to build a reliable ARFIMA model. 
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Figure 10. Typical results obtained for sub-series extracted from a long background-only series (color on-line). The first and third panels show the model results for two different data series. The black lines represent the collected dose rate data (daily average), the blue lines correspond to the the fits of the best ARFIMA models, and the red lines correspond to the model predictions. The confidence level bands for coverage factor k = 1, 2, 3 (from the lightest to the darkest blue) are drawn in the validation region. In the second and fourth panels the relative humidity, rainfall, temperature, and pressure time series are shown, as indicated by the respective labels. 
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Table 1. Meteorological conditions at the measurement site for the days when dose rate registered values show large residual . The humidity values reported in the table are the average (first) and the maximum (in parenthesis). The last column reports where the dose rate data fall in the distribution, either in the low or high dose rate tail.
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	Date
	Humidity (%)
	Pressure (mbar)
	Event
	Dose Rate





	27/11/2013
	84 (93)%
	1019
	temperature <0
	low tail



	31/5/2014
	78 (94)%
	1013
	storm, rain 20 mm
	high tail



	29/12/2014
	47 (65)%
	1014
	gust, 61 km/h
	low tail



	9-10/2/2015
	37 (65)%
	1016
	gust, 63 km/h
	low tail



	7/3/2015
	38 (49)%
	1016
	gust, 54 km/h
	low tail



	24/7/2015
	50 (74)%
	1010
	storm, rain 8 mm
	high tail



	31/8/2016
	76 (94)%
	1018
	storm, rain 18 mm
	high tail



	16/9/2016
	72 (94)%
	1013
	storm, rain 78 mm
	high tail



	5/11/2017
	76 (93)%
	1013
	storm, rain 52 mm
	high tail



	26,28/2/2018
	87 (100)%
	1016
	snow
	low tail



	8/8/2018
	45 (65)%
	1014
	storm, rain 16 mm
	high tail
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Table 2. Details of the ARFIMA best model evaluated for each sub-series. The last two columns report the order of the AutoRegressive (AR) and Moving Average (MA) polynomials.
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	Sub-Series Number
	Total Length (Days)
	Background Length (Days)
	AR
	MA





	1
	22
	14
	7
	0



	2
	312
	312
	2
	1



	3
	597
	589
	8
	5



	4
	20
	20
	0
	0



	5
	456
	456
	5
	4



	6
	131
	123
	5
	2



	7
	30
	22
	1
	0



	8
	34
	26
	0
	2



	9
	17
	9
	6
	0



	10
	21
	13
	8
	0



	11
	11
	3
	0
	0



	12
	109
	101
	1
	2



	13
	21
	13
	8
	1



	14
	73
	65
	1
	0
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Table 3. Uranium and Thorium soil content profile according to FOREGS data.
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	Soil Sample Depth
	Th (mg/kg)
	U (mg/kg)
	Ra-226 (Bq/kg)





	0–10 cm
	23.1
	6.60
	81.5



	10–25 cm
	24.0
	7.37
	91.0
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Table 4. Seismic events related to environmental gamma anomalies detected at the Casaccia Research Center site. Those events where anomalies persisted for the longest time period (in days) are reported in bold font. The distance from the detector was calculated using the Haversine formula.
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	Location
	Distance (km)
	Earthquake Date
	Magnitude
	Deviations (Number of Days)
	Hypocenter Depth (km)





	Cittareale (RI)
	99
	30/11/2013
	3.7
	7
	10



	Castel San Giorgio (TR)
	78
	30/05/2016
	4.1
	1
	8



	Cittareale (RI)
	99
	30/10/2016
	4.0
	1
	11



	Capitignano (AQ)
	97
	29/11/2016
	4.4
	4
	11



	Campello sul Clitunno (PG)
	92
	02/01/2017
	3.9
	2
	8



	Montereale (AQ)
	97
	18/01/2017
	4.2
	7
	11



	Spoleto (PG)
	76
	09/02/2017
	3.7
	4
	8



	Montereale (AQ)
	97
	20/02/2017
	3.9
	2
	11



	Pizzoli (AQ)
	98
	09/06/2017
	3.8
	0
	12



	Cittareale (RI)
	99
	30/06/2017
	3.8
	6
	12



	S. Marsicana (AQ)
	85
	10/09/2017
	3.7
	3
	8
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