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Developmentsin real-time radon monitoring at Stromboli volcano

Laiolo M.}, Cigolini C1? Coppola D" & Piscopo D*

! _Dipartimento di Scienze Mineralogiche e Petrologictniversita di Torino, Via Valperga Caluso 35fifio

2 _ Centro Interdipartimentale sui Rischi NaturaNétRisk”)

ABSTRACT

We present the results of one year of continuodsrranonitoring at Stromboli volcano collected at
two automated real-time stations. These were degloy the NE flank (at 520 m a.s.l.) and within
the summit area (900 m a.s.l.). Higher daily emissiat the lower station approached 4,200 Bg/m
with bulk averages around 1,8Q€080) Bg/nT; whereas the summit station reached peak values of
23,000 Bg/m and bulk averages of 12,500 Bd/+4,000). Negative correlations are observed
between radon emissions, soil temperature andlgssar extent, atmospheric pressure. In contrast,
an increases in radon concentrations were obsetuadg periods of higher rainfall conditions.
Therefore, trends in radon concentrations may bmujded from those of other geochemical
parameters (COfluxes and C@SQO; plume ratios) during periods of heavy to moderatafalls.
Multiple Linear Regression statistics (includinge tleffects of soil temperature, atmospheric
pressure and tidal forces) led us to compute thielwals given by the difference of measured and
calculated®®Rn concentrations. The cross-check between thg dehsured radon activities and
the absolute variations in radon residuals, foradat collected at the summit station, give us the
opportunity to suggest a methodological approaet tan be used in the attempt of predicting

some major changes in volcanic activity.

Introduction
It is generally accepted that decoding anomalodsrreemissions, together with those of other
geochemical and geophysical parameters, may kestess volcanic alert procedures and eruption

and earthquake forecasting. Radon is an alphaiegitidioactive gas produced from the decay of



uranium and thorium bearing rocks, soils and magrtaglays a crucial role in the outgassing
process of the earth and its spatial and tempaaatons have been regarded as precursors of
earthquakes and volcanic eruptions. Earth scientisé the isotop&Rn (with a half life of 3.82
days) as a “geochemical tracer”, since its anommdilave been observed before, during and after the
onset of regional seismic events (e.g., Scholtal.etl973; Fleischer and Mogro-Campero, 1985;
Igarashi et al., 1995; Planicet al., 2004; Pulinets et al., 2009; Cigolini, @D1These issues have
been challenged by Wyss (1991; 1997) and Wakit®q)L9vho discuss the limits identifying
earthquake precursors solely based on radon mogtdvioreover, variations in radon emissions
have been associated with changes in volcanicigctmd volcanically-related earthquakes (Cox,
1980; Thomas et al., 1986). At Somma-VesuviusyjiaCigolini et al. (2001) used a network for
radon monitoring to discriminate radon anomaliekteel to regional earthquakes from those
associated to local volcanic seismicity. In addifi@urton et al. (2004) inferred, on the basis of
radon measurements, the geometry of a hidden dauihg the seismic crises of October, 2002 at
Mount Etna. More recently, Cigolini et al. (2007)ere able to detect earthquake-volcano
interactions at Stromboli in terms of a time-detefyradon anomalies in respect to the onset of
major seismic events within the southern Tyrrhemeagion.

High radon emissions across active faults havec#ipability of generating ionization of the near-
ground layer of the atmosphere since its decay ymtsd may become clusters for water
condensation and local temperature anomalies (due¢he release of the latent heat from
evaporation), eventually leading to thermal anoesaihat may precede earthquakes (Ouzounov and
Freund, 2004; Pulinets et al.,, 2009). However, ma@gmomalies have also been regarded as
precursors to volcanic eruptions (e.g., Chirkov7/3;9Connors et al., 1996; Alparone et al., 2005;
Cigolini et al., 2005; Neri et al., 2006; Giammaren Al.,, 2007). Su and Huh (2002) recorded
increased contents &fPo (a daughter product &Rn) deposited by the plume of Mayon volcano

prior to its last eruption.



Diffuse and concentrated degassing in volcanic sareay release high amount of gas and its
monitoring can be helpful in volcano surveillaneeg(, Allard et al., 1991; Viveiros et al., 2008).
recent years this approach has been undertakewertas volcanoes (Varley et al., 2001; Carapezza
et al., 2004; Williams-Jones et al., 2000; Hernanreleal., 2004; Neri et al., 2006). Radon transport
towards the surface occurs preferentially alondi$anr cracks of the substrate, and it is conteblle
by the physical properties of the underlying ro¢ksy. porosity and permeability). Radon can
migrate throughout soil pores not only by gas-plth8esion but also by convection and advection.
According to Gauthier et al. (1999), in volcanieas, the radon gas is essentially carried by water
and carbon dioxide. Environmental parameters aitecalrin modulating radon emissions (e.qg.,
Mogro-Campero and Fleischer, 1977; Pinault and Baurl996; Pérez et al., 2007; among others).
In particular, Zimmer and Erzinger (2003) found ®&sifive correlation between radon
concentrations, atmospheric pressure and waterewtntduring their monitoring of high
temperature fumaroles at Merapi Volcano. Moreotee, effects of environmental parameters on
volcano degassing led Viveiros et al. (2008) ancafezza et al. (2009) to analyze £idixes by
taking into account the effects of environmentalapzeters on the CGsignals. However, radon
concentrations can be diluted by major fluxes of,@@d vapor water (e.g., Giammanco et al.,
2007; 2009; Siniscalchi et al., 2010).

The use of automatic alpha particles detectorsvalie to better decode the interplay among seismic
signals and others geochemical parameters thapneagde the onset of volcanic eruptions (Ripepe
et al., 2005; Allard et al., 2008).

Real-time radon measurements strategically incrabse potential role of radon in volcano
monitoring since the data are automatically tramete and previously elaborated, filtering the
effects of environmental parameters on radon degag€igolini et al., 2009). Thus, systematic
time series analysis and signal processing giikei®pportunity to better track degassing at active

volcanoes and substantially contribute to refineveillance strategies and alert procedures.



However, the applications of these methods coufb dle easily applied in monitoring the
relationships between radon and seismicity in t@ctdly active areas.

In this framework, we analyze the radon signalsri®ans of Multiple Linear Regression analysis,
in the light of environmental parameters (soil temgure and atmospheric pressure) and tidal
forces, that may be used to identify a correlatlmtween radon emissions and other key
geochemical parameters. We finally discuss howneethodological approach and our results may

contribute to improve geochemical monitoring arahsequently, volcano surveillance.

Stromboli Volcano

Stromboli is an active stratovolcano located in so@thern Tyrrhenian region, the north-eastern
island of the Aeolian arc (Fig. 1). The volcanes®924 m above sea level but the base of the cone
reaches a depth of about 2,000 m below sea lehel.vblcanic edifice has grown on a NE strike-
slip fault known as the Stromboli-Panarea alignmdiitis structure is connected to the NNW
trending Tindari-Letojanni faulting system: a magbructure that propagates though Eastern Sicily
to the lonian sea (e.g., De Astis et al., 2003;c&tla et al., 2009).

Stromboli volcano shows a rather unique and persisbpen-system activity with moderate
eruptions of ash, lapilli, scoriae and bombs frarmasnit vents (e.g., Rosi et al., 2000). This mild
and persistent activity may be associated with mexplosions with ejection of blocks and bombs
that affect the summit area and the surroundingpseclhe onset of a major eruptive period occurs
with lava effusions eventually leading to high riggroxysmal explosions. These are characterized
by the projection of ash, pumices, bombs and blo€lseveral tonnes that may reach the villages of
Stromboli and Ginostra (e.g., Barberi et al., 1993)

The onset and the evolution of the major eruptieeiga of 2002-2003 further attracted the
scientific interest on this volcano. Lava effusivom the summit vents started on December 28,
2002 and was followed, on December 30, 2002, bynaposite slump down the “Sciara del Fuoco”

(a horse-shoe shaped scarp open northeast inhgateda multiple flank collapse, see Tibaldi et al.
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(2009) and references therein), triggering a tsusdhat damaged parts of the Stromboli village
and reached the coasts of Sicily and Calabriahénfollowing days the lava effusion continued,
summit vents were dismissed and the typical strdiaactivity temporarily ceased until the end
of July 2003. Lava outflow was accompanied, on Apri2003, by the onset of a paroxysmal
explosion with the ejection ash, abundant pumiocasiis and lithic blocks (Bonaccorso et al.,
2003; Ripepe et al., 2005; Calvari et al., 200%)e §eochemical anomalies that preceded these two
eruptive events were discussed by Carapezza e2@04) and Cigolini et al (2005). The
relationships among geophysical signals (VLP eveatscally related to the Stromboli explosive
activity), thermal anomalies and $@lume degassing were discussed by Ripepe etCil5)2

The most recent effusive event, that replaced tihe strombolian activity, started on February 27,
2007 and persisted until April 2, 2007. A new ament paroxysmal explosion occurred on March
15, 2007. with the ejection of ash, pumices bonrib @ojectiles that damaged two houses in the
village of Ginostra. The explosion was precededabynarked increase in volcanic seismicity
accompanied and followed by a progressive vertiolidpse of the crater area (Barberi et al., 2008;
Neri and Lanzafame, 2008). A transitional phaseyatterized by moderate seismic and infrasonic
activity (and absence of explosions at the sumanits) persisted until the end of June-beginning of
July, 2007 when the mild strombolian activity fiyatesumed. Geochemical data on precursory
signals for this eruption were provided by Rizzale{2009) and Aiuppa et al. (2009).

Currently activity is typically strombolian but noajexplosions (intermediate between paroxysmal
explosions and the typical mild explosive activihgve been more frequent when compared to the
earlier and recent eruptive history. Current sdiengoals are thus focused in decoding the
precursory signals associated with onset of thepéogive events that may threaten the life of
hikers and scientists occasionally exposed in tinensit area.

During our monitoring (May 2008 - May 2009), Stroolibwas essentially characterized by its
typical Strombolian activity, and a total of 3 magxplosions explosions stronger then the ordinary

activity with an overpressure at the vents > 2(baasured according to the methods of Ripepe et
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al., 2007). A minor lava overflow from the summiater occurred on March 29, 2009. The mild
strombolian activity substantially increased duriigrch-May 2009, with a marked increase in the

explosive rate at the summit vents.

Radon measurements and techniques

Earlier radon measurements, starting May 2002, \peréormed by track-etch detectors (LR115,
finely calibrated according to Bonetti et al. (19@hd E-PERM electretes (Kotrappa et al., 1993)
at 25 selected sites located on the major strudeatures of the volcano. Detectors were placed in
pipe-like samplers (1.20 m long with a diametet®ftm) inserted into soil at an approximate depth
of about 60 cm. Repeated periodic surveys in tHevitng years allowed us to identify the sites of
more efficient degassing. Two of these sites whosen to install real-time radon stations. Thé firs
one, named Liscione (LSC in Fig. 1a, a localitynortheastern sector at 520 m a.s.l.), is located
between the N40°E and N60°E fracture zones (the stauctural alignments of the island). The
station lays on top of a 10-15 m deposit consistihfine to coarse ash that covers the Cannestra
lava flow (Fig. 1a) that was erupted from a N4Of&cture 13-6 ky before present (Gillot & Keller,
1993; Keller et al., 1993; Finizola et al., 200&aldi, 2001; Tibaldi et al., 2009).

The second station, named Pizzo (PZZ in Fig. 10atr of altitude a.s.l.) is located in the summit
area above the N40°E fracture zone parallel tecsatlignment, at a distance of about 150 m from
the active fumaroles (Fig. 1b). In addition, sel/artgomated stations were periodically deployed at
selected sites where data could be seasonally daded by means of a portable PC.

The assemblage and set ups for real time statiens presented in an earlier paper (Cigolini et al.,
2009); here we will briefly recall the main featsirand then focus our attention on spectral
signatures and real-time measurements.

A single station for real-time measurements coedistf an electronic radon detector (DOSEman

made by Sarad GmbH, Dresden, Germany) integratednbglectronic board that transfered the
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output signal to a radio modem. These units weserabled and stored in a in a polycarbonate case
(permeable to radon) positioned within a PVC bgefodownward). This box was inserted into the
soil down to a depth of ~1 m. The space insidebtirewas occupied by “free soil air” and the gas
flux into the atmosphere was promoted by a tubetiposd at the top of the box. The tube was
interconnected with a cylindrical “expansion resa@rvthat attenuated the effects of atmospheric
perturbations.

Collected data were sent, through a directionakram, to a receiving station at the volcano
observatory. The sampling time for radon measurésnemd acquisition of environmental
parameters (site soil temperature and atmospheesspre) was set at 15 minutes. Data were
systematically trasferred, processed and visuakzed time series that could be easily checked via
web.

Streil et al. (2002) and Grundel and Postendor2®08) reported the technical features of the
electronic radon dosimeter. In DOSEman, radon sifupassively through a leather membrane into
a measurement chamber (cylindrical in shape andnf2n volume) where the charged particles
concentrate onto a Si-doped semiconductor detestdrare counted by means of an automated
alpha spectrometer. Detected particles’ decaystared and processed by means of a multichannel
analyzer that splits the counts into energetic domar Regions of Interest (ROIs), and generates
the spectrum of the radon gas. The sensitivityhefihstrument is between 10 Bd/io 4 millions

of Bg/m®. The DOSEman detects alpha-particle decays wihirenergy window between 4500
and 10000 keV that includes the peak§?@Rn itself plus the peaks of the daughter prod{tt®¢
and?*Po; at 6200 and 8000 keV, respectively) as wethasenergy interval represented BRn
(thoron, due to the decay of ti&Th chain) and®*?Po. The total decays measured for each
radionuclides are automatically processed by agrmal multichannel analyzer and the counts are
arranged in five adjusted ROIs (regions of intgréstiindel and Postendorfer;2003). According to
Griindel and Postendorfer (2003; p. 290) the coiomtS““Po need to be corrected, since the higher

side of the?Rn spectrum overlaps tHé*Po peak. Their calibrations suggest that 7.5 %hef t



counts are ascribed to thoron. Radon concentriierpressed in Bg/frand is computed from the

total counts of specific ROIs, acquired during @egi sample-time, by introducing an instrumental

calibration factor Cfi) related to the volume of the measurement chanf@iindel and

Postendorfer, 2003):
Ci[Ba/m°] = (C; /Cts* (1/t))* 1000 @)

where Cts are the countsjd the sample time (in minutes) and 1000 is thevecsion factor from
kBg/m® to Bg/nT. Radon can be computed in fast mode taking intownt the counts f&*?Rn and
?18pg (sum of the ROI1 and ROI2 counts), and in slavdenif we include the counts 8fPo (sum

of the ROI1, ROI2 and ROI4 counts) as well. A summaf calibration factors is reported by
Griundel and Postendorfer (2003). In our analysigpmegerred to use the fast mode option because
21%po tends to cluster with aerosol particles. In ol we did not have to take into account thoron
interferences on thé“Po peaks. In Table 1, we present the count vahresaich ROl as well as the
calibration factors used for fast and slow modebath stations. The average error at radon
concentration of 1000 Bgfhwas observed to be + 25%, drastically decreasimghaer emissions
(Streil et al., 2002).

In Fig. 2 we report the spectral distribution o tifferent isotopes of the radon progeny deteated
the two real-time stations during a year long mamig, together with the daily counts for each
isotope (subdivided into Region of Interest, RQiginulated for the whole year. In general, it can
be observed that the counts at the PZZ station sudystantially higher, likely due to the fact itava
located near the summit fracture within a sectocafcentrated degassing. In addition, the overall
shape of the left side of both spectra (hamely RQdas quite similar in shape, whereas the peaks
of %o and™“Po were definitely sharper at the PZZ station. Thigy reflect minor differences in

the experimental calibration of single detectorswidver, it was possible that differences in gas



ascent rates, as well variations in porosities@erdheabilities of the underlying rock-soil unitsyna
have affected spectral shapes. However, the urated€ounts of>Rn (obtained by detecting the
peak of the daughter isotof&Po) were considerably lower than those of the ottert-lived

isotopes.

Oneyear of real-timeradon monitoring

The time series for daily averages in radon comagons at the LSC and PZZ stations from May 1,
2008 to May 31, 2009 are reported in Fig. 3 and &igogether with those of soil temperatures and
atmospheric pressure. The time series for the ddlected at the LSC station (Fig. 3) showed that
higher daily emissions approached 4200 BYy/mhereas the average, calculated on the entire
dataset, was 1800 Bg7r:980) (see Table 2). It can be observed that tkivelmaximum in the
activity of radon was reached in the second haNa¥ember 2008. Although there was an overall
similarity with the LSC trend, daily average conirations recorded at PZZ were considerably
higher and reached 23000 Bd/miuring the end of November 2008 (Fig. 4). In thase, the
average concentration was 12500 BY(nt4000). The time series for soil temperatures al.®€
station basically reflected seasonal variationssé¢halso affected the yearly trend at the PZZostati
but this time series was also affected by the higgeal temperature gradient since the detector was
placed at about 150 m from the active fumaroleshef summit. Therefore fluctuations in this
parameter at PZZ were more evident with a more odistuous trendthe trend was more
discontinuous. However, a cross-correlation betweemperature and radon emissions showed a
negative correlation for both measurement sited,the PZZ station exhibited a higher correlation
(Fig. 5 and Table 2). In general, the trend fororadctivity showed that radon was higher during
the fall and winter and it substantially decreaskeding late spring and summer (with relative
minima recorded during June-August 2008). Thisdesestent with the observations of Mogro-
Campero and Fleischer (1977) who first ascribes piienomenon to be the result of the summer
time heating of the earth's surface that would eaaisseasonal inversion in the near surface
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temperature gradient. This would create a barwethe upward migration of radon since the
efficiency of hydrothermal convection at the suefamill be drastically reduced (Cigolini et al.,
2001; 2009).

The relationship with atmospheric pressure waserathyptic. In few cases there seemed to be a
delay time in the response of radon to variatiomsaimospheric pressure (increasing and/or
decreasing trends, particularly during those mortkizd follow seasonal changes). However, if
signals were analyzed strictly in terms of corielatcoefficient, we obviously come to the
conclusion that there was only a minor negativeetation between the in-soil radon signal and
atmospheric pressure (Fig. 3 and 4, Tab. 2).

In order to have a more reliable radon signal asitbWwing Viveiros et al. (2008), Pérez et al.
(2007), Carapezza et al. (2008), a Multiple LinBagression Analysis was performed on the raw
data in order to minimized the effects of environtaé parameters (soil temperature and air
pressure) and tidal forces. Multiple linear regi@ssnalysis was carried out to predict the vahfes

a dependent variable (Y) given a set or predictorables (x, Xo,...., X)). We used the relationship
between the dependent variable4Y and the explanatory variables according to:

Yecac= Yo+ Xy + pXo + ... + Xp (2)

the Y is the intercept, Xthe acquired variables angthe regression coefficients (e.g., Hernandez
et al., 2004). Thus, we used the above analydimidoand then remove (to calculate residuals) the
contribution of the given environmental parametée may affect radon concentrations (at both
real time stations).
In a recent paper (Cigolini et al., 2009), we showieat tidal forces actively modulate radon
degassing at Stromboli volcano, supporting thaezdrhdings of Barnet et al. (1997). Therefore, in
analyzing our data we considered the normalizedssidal signal constructed from the values of
Ephemerids at Stromboli (composed by declinatiostadce and moon phases). Following this
procedure, residuals were obtained by the differebhetween measured and calculatétRn

concentrations (Figs. 6 and 7, respectively). Thsults give light on the role played by
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environmental parameters in modulatfi@Rn soil concentrations and, consequently, can bd ins

filtering the radon signal.

Radon and other geochemical parameters

In order to have a more comprehensive overviewttier behavior of radon during Strombolian
activity, we compared the radon signal recordethatsummit station with other geochemical and
geophysical data. We must recall that during theodeof analysis, (May 2008-May 2009)
Stromboli was more active in fall/winter, with tleedinary activity punctuated by a summit lava
flow (March 29, 2009; indicating the conduit wasmetely filled with magma) and 3 stronger
explosions (December 6 and 17, 2008, and May 3)2@@h the first explosion being the strongest
event recorded since the onset of the last 2 pargyApril 5, 2003 and March 15, 2007).

The recorded time series were compared with thekhywesata for radon concentrations and the
cumulative curve for daily rain-falls. This analyss focussed on the summit stations where all the
measured parameters are available (Fig. 8). Areasing trend in gaseous emissions, for radon and
CO; and to a lesser extent @O0, ratios, was recorded from early August to Septen2®€8.
Since then, the cited parameters fluctuated anct artly decoupled until they returned to an
increasing trend from the end of November to thd eh2008. In particular, anomalous peaks
preceded the sequence of the major explosion oéber 6 2008, with vent overpressure of 9 bar.
While the trends in C&and CQ/SO; fluctuate and decreased during the following mentadon is
growing until March 2009 and then decreases wiltleloparameters as well. This anomalous radon
increase during late winter-early spring seemeletoelated to the marked increase in rain waters
(see the cumulative curve reported in Fig. 8). Tivisonsistent with the observations of Perrier et
al. (2009) who recorded a positive response ofmammcentrations (somehow delayed in time) to
rainfalls. Moreover, it is well known that higheater contents in soils are capable of increasiag th
radon emanation factor; at the same time, incrgmaseil humidity drastically enhances its mobility

through the soil pores (Nazaroff et., 1992). Hower@don migration may be reduced in moist soil
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because radon is soluble in the pore water, bt whil contribute to increase its background
concentration at the measurement site. At Stromitbis process was associated with general
decrease in soil temperatures accompanied by aeaghankrease in radon emissions. In addition,
meteoric waters percolating though the fracturewogt will dilute the carbon-dioxide
concentrations, thus momentarily reducing CO2 ffJudterough the hydrothermal system of the
summit (Finizola et al., 2003). Finally, we atteeghtto correlate the variations in radon
concentrations with two major explosions that ooedirduring our monitoring. These occurred on
December 6, 2008 (with a vent overpressuse P9 bar measured by Laboratorio di Geofisica
Sperimentale of the University of Florence, cfrp&ie et al., 2007), and May 3, 2009,(P 5.2
bar). The first was the stronger major explosiaorded at Stromboli since the end of 2002. Only
paroxysmal explosions develop higher overpress(ggs, Harris and Ripepe, 2007). During our
recent monitoring, a minor lava overflow occurred\arch 29, 2009, from the NE crater.

During mild Strombolian activity, explosions aresestially below 1-2 bar, and only occasionally
may reach higher overpressures. We thus emphdasi¢artajor explosions are characterized by
higher vent overpressure. Therefore, we expectttieamost violent major explosions (with,#>5
bar) could eventually provide some precursory dgyria all other cases, it would be impossible to
detect anomalies since most of major explosionahg somehow higher those occurring during
the typical mild activity.

In Fig. 9 we report the absolute variations of ttely residuals obtained by Multiple Linear
Regression statistics compared with the raw dateadbn daily emissions (at the Pizzo station,
PZZ) and the onset times for the above events. ustnbe emphasized that our previous
measurements (Cigolini et al., 2005) indicated ghradr to the onset of lava effusion (on December
28, 2002) and the paroxysmal explosion of April2803, some of the summit stations reached
values above 20,000 Bglmrespectively 12 and 14 days the above eventstefdre, we have

indicated this value as a reference in Fig. 9.
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It can be seen that peak values in daily absokg&luals (drastically higher thaw ¥alues) were
obtained 14 days before the onset of the majorosiquh of December 6, 2008 (which is the most
energetic) and one day before the lava overflomMairch 29, 2009. In the first case radon
concentrations reached peak values of 25,000 BgmiNovember 22, 2008, whereas radon values
dropped down to values of ~ 6,000 Bd/mn March 28, 2009, i.e., one day before the lava
overflow. We must stress that we are analyzing thsiinct volcanic processes (that, in turn,
occurred under similar and moderate rainfall coadg, Fig. 8): in the first case radon showed a
definite increasing trend due to higher “secondalgfassing along the fracture zone of the summit
area, in the second case the most plausible exmang that gas release was essentially
concentrated within the conduit during the ascdnthe degassing magma column; this would
explain the drop in radon concentration just befaxa effusion (this view is consistent with the
relative increase in G450, ratios within the plume one week before the owsvrflFig. 8). In terms

of absolute residuals, both cases were charaatebigenarked peak values, suggesting that under
critical conditions drastic variations in radon sgions were indicative of changes in the eruption
style of the volcano. However, these changes shiogldarefully evaluated by taking into account
other geochemical and geophysical parameters, tbh@sveemote observations by means of optical
and thermal cameras on the “state of the volcano”.

Vent overpressure for the major explosion of May@)9 was drastically lower and a precursory
radon signal cannot be identified.

We also emphasize that peaks in absolute residwaistded from January to late February 2009,
were accompanied by the extreme variability in tamhperatures, atmospheric pressure and rainfall
conditions. Therefore the application of this melblogy should be restricted to periods

characterized by a moderate variability of envirental parameters.
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Conclusions

We have analyzed the radon signals recorded am8tib from May 2008 to May 2009 at two
real-time stations deployed in sectors of diffusd aoncentrated degassing (located onto the NE
flank and summit of the volcano, respectively). Badata together with environmental parameters
(soil temperature and atmospheric pressure) werematically transferred and plotted as time
series. We found a general agreement among thelstreh radon data and those of other
geochemical parameters (g@uxes and the C&SO, plume ratio) during periods of minor to
moderate rainfalls. In addition, we investigated tiadon signals together with those associated
with the variations of environmental parameters] ound a negative correlation between radon
emissions, soil temperature and atmospheric pressMiultiple Linear Regression analysis
(including the effects of tidal forces, e.g., Cigokt al., 2009) gave us the opportunity to cadbeil
the residuals obtained by the difference betweessored and calculated radon concentrations.

By considering the time series of absolute vanetiof the daily radon residuals for the summit
station, we suggest a methodological approachddmatbe used in predicting a “violent”, a major
explosion and/or an overflow during periods chameed by a moderate variability of
environmental parameters. In summary, high raddnegacoupled with high radon daily residuals
are indicative of significant changes in Stromlasliptive style. The application of these methods

could be regarded as a reference point in furthalyaing the radon signal.
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Figure Captions

Figure 1. a) Simplified geological map of Strombwith major collapses and faults (modified after

Tibaldi et al., 2009) and location of the two réale stations (LSC and PZZ); inset shows the
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structural setting of the southern Tyrrhenian regim) topographic DEM image of the summit area

with the locations of active fumaroles (modifiedeafFinizola et al., 2002).

Figure 2. Total daily decays count computed bytihe DOSEMan alpha-spectrometers (SARAD
Gmbh) of thé?Rn monitoring stations; see text for details.
Spectral distribution of the different isotopes thie radon progeny detected by DOSEman

(subdivided into Region of Interest, ROIs) for btk real-time stations operative at Stromboli.

Figure 3. Time series of?Rn concentration at the Liscione station (LSC) ldigpd with soil
temperature and atmospheric pressure. The blasle cafers to average daily concentrations, grey

circles represent 4 hour average values.

Figure 4. Time series of?Rn concentration at the Pizzo station (PZZ) disptayith soil
temperature and atmospheric pressure. The blasle cafers to average daily concentrations, grey

circles represent 4 hour average values.

Figure 5. Cross-correlation for soil temperaturesus®*Rn concentrations (daily average values)

for the data collected at LSC and PZZ real-timémta, respectively.

Figure 6. Summary of the observ&dRn time series measured at LSC station comparedl wit
calculated radon values (black curve) obtained ljtible Linear Regression. Residuals are shown

separately.

Figure 7. Summary of the observEdRn time series measured at summit PZZ station coedpa
with calculated radon values (black curve) obtaibgdVultiple Linear Regression. Residuals are

shown separately.

24



Figure 8. Time-series of the observéfRn concentrations, reported as weekly average
concentrations compared with weekly average soi fl@x and plume C@SG; ratios. The latter
data are from the weekly reports provided by INGV cf.,(
http://www.pa.ingv.it/comunicati/Stromboli/comuntcatromboli.php). The cumulate curve for
regional rainfalls (in mm) has been obtained frdme tata of the Messina station (Servizio
Metereologico dell’Aeronautica). Black bars are thajor explosions and dotted bar represent the
lava overflow. From May 2008 to mid-January 2008 #®n-CQ correlation coefficient is 0.52,

since then it becomes slightly anti-correlated.ilBimesults are also found for Rn-@80; data.
Figure 9. Raw data of daily radon concentrationsl aelationships between absolute daily

variations (gradient) computed for the residualghef PZZ station, and the onset of significative

volcanic events during our year-long monitoringgaabmboli volcano. (see text for details).
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 8
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Figure 9
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Table 1 - Daily average of the total counts recorded in the main Region Of Interest (ROI) by means
of the DOSEMan Spectrometer (SARAD Gmbh) at the two recording sites at Stromboli volcano.

Calibration factors depend to the volume of the detection chamber, see text for details.

ROI 1 ROI 2 ROI 3 ROl 4 Calibration Factors
222Rn 218Po 220Rn 214PO Fast Slow
LSC Station 181 199 41 276 0.22 0.32
PZZ Station 827 1140 181 1299 0.19 0.32
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Table 2

Mean, standard deviation and correlations between *?Rn concentration and the environmental parameters acquired

by the real-time stations operating at Stromboli

’Rn Air P Soil T
Mean SD°
(Bq/m?) (mBar) (°C)
LSC station
“2Rn (Bq/m’) 1797.09 977.38 1.00 -0.42 -0.77
Air P (mBar) 950.87 5.92 -0.42 1.00 0.47
Soil T(°C) 17.55 6.09 -0.77 0.47 1.00
PZZ station
2Rn (Bg/m’) 12573.81 4187.78 1.00 -0.34 -0.85
Air P (mBar) 928.35 6.84 -0.34 1.00 0.35
Soil T(°C) 39.98 7.31 -0.85 0.35 1.00

a - SD: standard deviation
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