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1. BACKGROUND
. . . . ] ) . L. clay, sand, gravel/conglomerate
Radon is progressively emerging as an effective geogas tracer for geodynamic processes and a potential earthquake precursor (Joint Research Centre of European Commission, 2024; Stoulos et al., 2024, and lowto medium porous permeabilty
. . o . . . . . . . . . dquiciude, agquitara ana local aguirer
references therein). Naturally present in groundwater, the radioactive, inert and soluble noble gas 222Rn is an interim product within the 238U to 206Pb decay series. 222Rn formation stems from the alpha decay of |
226Ra, which itself is a product of the multi-step decay of 238U. 222Rn, specifically, has a short half-life of around 3.82146 days (Bellotti et al., 2015). The Euratom-funded ArtEmis project (Awareness and resilience f]%f%t;?:fed-porouspermeabmty
through European multi sensor system; https://www.artemisproject.eu/ and https://cordis.europa.eu/project/id/101061712) plans to build aEuropean network of low-cost, multiparametric sensors to monitor 'Ta'_a:";"ferr |
. . . . . . . . . . . . e g . . . alluvial, lacustrine, slope
radon concentrations in groundwater with high spatial and temporal resolution, on three key areas in Europe. One of these is the Abruzzo region, in central Italy, which has been selected for its significant seismicity —ﬂ and colluval deposits .

. . . . . . . . . . . . . . . . . ow to medium porous permeabilit
and peculiar seismotectonic and hydrogeological features (fig.1). One of the main ArtEmis objectives is to address the long-standing question of whether radon monitoring in groundwater can provide reliable short- | . o, = Gra 17 acuiclude, aquitard and local aquifer
term precursors for destructive earthquakes. disch * tunnels 9 i t’i PF Bso D fﬁ?e}a;fe?tfﬁiﬁcks

Ischarge =) regional aquiclude
2. RESULTS id. site aquifer type (L/s)g %, ~ gional aquiclud
. 0, 2 Z3
Particular attention in ArtEmis has been given to the selection of radon monitoring sites in the 1 Pile spring unconfined perched aquifer, porous media 50 8rir;gdﬁghargeg5) \ 8 / /£ &
monitored areas. As radon concentrations in groundwater are believed to be less susceptible to 2 NE Gran Sasso tunnels drainage unconfined regional aquifer, fissured media 900 ® w020 _ | - o \l,
. . . . . . . SIH:-EI‘?]T
th.e S_ha“OW phenomena thar_] mee?surements |r-1 soil gaos, radon r-nonltorln.gowﬂl be carried (?u.t only 3 SW Gran Sasso tunnels drainage unconfined regional aquifer, fissured media 450 Q@ 250-450 P9 l’@/,o \ \ Q \
within carefully selected high-discharge springs. Site selection prioritized hydrosensitive to _ _ _ _ _ , , 250 1100 Shring o N 8 T
.. . . . . . . 4 Pulciara spring unconfined regional aquifer, fissured media 250 QO KON Org
seismicity locations, considering source rock properties, hydrogeological and seismotectonic _ _ _ _ _ . . @ 1100-2500 te % N
settings and seismic activity, viewed as main factors affecting radon release. > Ferriera spring unconfined regional aquifer, fissured media >0 N\ groundwater \ Q) . AR T
This work is focused on the selection process of the hydrosensitive to seismicity sites in Abruzzo, 6 Santissimi Martiri spring unconfined regional aquifer, fissured media 200 marl,marly-cherty limestone Sulmona '?/% A
where sensors will be installed (fig. 1, tab 1). Source rock properties, hydrogeological conditions, 7 Liri spring unconfined regional aquifer, fissured-karst media 1000 mEFJ??Z?;T@Q;Sikrfdpff::u"aquifer / J g"
seismotectonic setting, and seismic activity were all considered in site selection due to their 8 Giardino spring unconfined regional aquifer, fissured media 1100 “mestone:marly_cherty“mestone Fycino N
influence on radon release into groundwater (figs. 1-5, tab. 1). Sites were chosen within 9 Boschetto spring unconfined-semiconfined regional aquifer, fissured media 220 f}?gdh";g'meabimymkspreva”
carbona’Fe aqglfers, mterrpontane plains, arld spa areas dge to the presence of major selsmoger.nc 10 Acqua Oria well unconfined regional aquifer, fissured media 500 I:;g:tr;anlz(wlfer
faUIFS’ I];Ngh-(iijlsch(e::ge ip;lrlgi) aln)d the noticeable upwelling of geogas such as CO,, as potential 11 Vetoio spring unconfined-semiconfined regional aquifer, fissured media 300 gg;‘:ﬁ?‘;ﬁg‘}ﬁ’“per“"eab‘“ty /
carrier for radon (figs. 1-5, tab. 1). /7
g. : . : : 12 LNGS underground lab unconfined regional aquifer, fissured media 200 dolomi active fault
These selected springs tap into a significant volume of carbonate aquifer intersected by ' _ _ _ . ' |oc:v°§;'rt§eabmty\ 0 10 km
seismogenic faults, reflecting deep processes, such as the radon upwelling, unaffected by surface 13 drainage hall unconfined regional aquifer, fissured media - basal regional aquiclude
ones or significant seasonal variations in the water cycle. 14 Stiffe spring unconfined regional aquifer, karst-fissured media 100
- 15 Capo d'acqua spring unconfined regional aquifer, fissured-karst media 2800 Figure 1: Hydrogeologlcal scheme (modified from Boni et aI.f 1986 and Celico, 19-83)
i T e e —— Se_ismicanays =T - —Q& | 16 Vitella D'Oro spring unconfined regional aquifer, karst-fissured media 380 versus active faul.ts- sensu Carafa et a'I. (20?2) with the Iocatlor-1 of thg select(?d sites
Maauy i 2% B N, 17 Mortaio d'Angri spring unconfined regional aquifer, fissured media 280 of table 1, classified based on spring dlfcharge. PF: Paganica sesimogenic fault
A . i : . Q. _
o A suddore A B[ N 18 La Morgia spring unconfined regional aquifer, karst-fissured media 140 accpuntable for the April 6, 2009 Mw 6.3 LAquila earthquake; S: Tempera-Capovera
Adriatic ) 4 19 Verrecchie spring unconfined regional aquifer, fissured-karst media 200 SPrings.
feon b BB 5 20 Rio Sonno spring unconfined regional aquifer, fissured-karst media 150 NG T TS T T A 1Y PSR 2. B ® selected sites
Historical seismicity .. . . . . . . # e . AN : — active fault
42°30' . - 21 Chiarino spring unconfined regional aquifer, fissured media 80 R, o7 i - e seismogenic source
escara =2 g T
5.5 < ML <= 6.0 22 Sant'Antonio Bath Antrodoco unconfined regional aquifer, fissured-karst media 10
42°24' " . . e s
Chieti 6_0‘;9{: - Table 1: Hydrogeology of the proposed selected sites in Abruzzo. For the spring group classification
42°18' O see the text. For site location see fig. 1.
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13712  1324" 13°36' 13°48' 14°00" 14"12" 14°24' 14'36' 1448 sources from Carafa et al. (2022),

Figure 2: The historical seismicity of Abruzzo. Red squares are
proportional to the estimated local magnitude (see box on the
right). Large earthquakes occur along the NW-SE striking normal
faulting system of central Apennines. Seismic networks: light blue

4. SENSOR PROTOTYPE INSTALLATON
The ArtEmis sensor is a low-cost, field-deployable gamma
detection system designed for real-time monitoring of radon

triangles INGV network, dark green triangles Abruzzo regional Figure 3: Magnitude of the earthquakes n Abruzzo (events 14225 Figure 4: Selected sites for radon monitoring with active normal fault activity in groundwater (Forsman and Gustafsson, 2024). At the
network oranee trian I(’as IESN network. pink bordered in black period: January 1985-March 2023) and the main earthquakes traces from Carafa et al. (2022) and PGA values (Meletti et al., 2006). core of the device is a Csl(Tl) scintillation crystal coupled with a
_ ’ & g. S ’ p. . (CPTI15_v4.0 - catalog of Italian earthquakes from 1000 to 2020) Silicon Photomultiplier (SiPM) (On Semiconductor), selected for
triangles temporary stat|.0|.ﬁ of 5?!5"“(_: experiments occurred in the are shown. its robustness and sensitivity in the operating temperature range
last 20 years (https://emidius.mi.ingv.it/CPTI15-DBMI15 ). typical of well installations (Scionix). The sensor is enclosed
Table 2: Basic groundwater physico-chemical parameters (T, pH, EC) . T(°C) pH EC AELELE sampling time :Ighm a watertight pljsmh casing ;apable O;”W'thStandmg
3. RADON AMOUNT IN GROUNDWATER FROM LITERATURE DATA and radon content in groundwater of the selected potential sites from S e (F‘Zg“) (Ba/L) e 19961999 . 200107 aZe rf:’;fgcerz::ﬁiugsaagblzp;n‘; ‘i’:t;graten;eiirzlectrgﬁ?gpkfonaigtss
In the table 2 and the fig. 6 the radon amount in groundwater (Bq/L) of |jterature data. Data from Adinolfi Falcone et al. (2008; 2012); Barberio ' ' ] e 2ITh 999 P SR - . e '
the main springs of Gran Sasso and Sirente aquifers, considered the o . ) 5 6.8 8.06 219 0.80 2001-2007 (pre-09AQE) with data acquisition and transmission managed by a Raspberry
representative ones of Abruzzo region, and of Tempera-’Capovera springs et al. (2018)f Barblerl. et al. (2005?; Boni et al. (.1.986); Conti et al. 6.1 8.00 179 1.54 Sept 2009 (post-09AQE) Pi processor (Kumar et al., 2025). Communication is established
are illustrated (fig. 1, tab. 1). The TerT;pera-Capovera springs, within the (2005); Nanni and Rusi (2003); Plastino (2006); Tallini et al. (2013) and 3 7.7 8.03 217 0.97 2001-2007 (pre-09AQE) either via LAN/ethernet or mobile networks (3G/4G), allowing for
e . ) ’ from the Abruzzo Water Companies (ACA, CAM) and the Abruzzo 6.4 6.78 232 1.44 April 2009 (post-09AQE) continuous remote data collection.
purpose of the ArtEmis project, are worthy of consideration because they _ _ _ , 4 6.0 791 268 ] May 2023 Followi l lab lidati H

are placed along the Paganica seismogenic fault accountable for the April EnV|r(?nm-enta|.Protect|on Agency (ARTA). '.I'he.5|te c.odes are in table 1. 5 6.0 7'70 290 i Aoril 2023 oTowing Sl.JCC.eSS ul laboratory validation, : three sensor
I : Preseismic period (pre-09AQE) and postseismic period (post-09AQE) of : : P prototypes within the Gran Sasso carbonate aquifer (n. 2 and 3,

6, 2009 Mw 6.3 L'Aquila earthquake (fig. 1). 6 8.0 7.70 256 - May 2023 in tab. 1) and the Sul lai 8 in tab. 1). Real-time d
Groundwaters were acquired before (preseismic period) and after the April 6, 2009 Mw 6.3 LAquila earthquake. (+) average and st. dev. 7 7.0 7.65 316 _ April 2023 in tab. 1) and the Himona piain (n. 8, in tab. 1). Real-time data
' ' P from these sensors is transmitted to a central database at KTH

(postseismic period) the occurrence of April 6, 2009 Mw 6.3 L'Aquila of EC without the outlayer n. 22; (*) average and st. dev. of Rn without

earthquake (data from Adinolfi Falcone et al., 2008; 2012; Tallini et al., the outlayer n. 8.

8 8.5 7.90 311 21.61 T, pH, EC: May 2023 Rn: April-Oct 2017 Stockholm, where it is processed using machine learning
9 algorithms to optimize signal analysis. Upgrades made in late

2013). These data were used within the ArtEmis project to obtain an order 14.2 7.54 415 - 1996-1999 :

. . 120 % 2024 and early 2025 improved power management and
of magnitude of the radon value in groundwater of the most A 10 10.9 7.65 408 2.47 2001-2007 icati tabilit q " ] .
representative carbonate aquifers of Abruzzo and to select the most 100 1 11.1 7.57 396 4.52 2001-2007 (pre-09AQE) communica .|on >tabliity, ahd a new generation of Sensors 15
significant sites within the Abruzzo aquifers where to install the sensors. 21% 10.4 7.24 423 5.06 April 2009 (post-09AQE) currently being deployed.
About 20 to 50 groundwater sites were sampled. They refer to the % 12 4.6 8.10 130 2.20 1996-1999
principal springs of Gran Sasso and Sirente aquifers, but also groundwater o 60 32% o, 14% 15% 13 6.3 7.93 186 1.21 2001-2007 (pre-09AQE)
drained by the Gran Sasso highway tunnels. The spot sampling frequency £ - 8.85 126 2.00 Jan 2015 (post-09AQE)
was monthly for the preseismic period (2002-2007) and monthly, weekly * 15% 14 10.3 8.02 444 - 2003-2009
or daily for the postseismic period (April 2009-May 2010). Groundwaters 20 IW 15 11.1 7.35 475 1.65 200_1'2007 (pre-09AQE)
were sampled in the field and the samples were taken to the laboratory as ) I I I - ) 10.6 /.76 465 1.33 April 2009 (post-09AQE)
quickly as possible, where the analyses were carried out. The radon 1 9 5 6 7 8 9 10 11 12 13 14 16 8.0 8.05 277 0.38 200_1'2007 (pre-09AQE)

. . . 7.4 8.07 283 3.02 April 2009 (post-09AQE)
amount in groundwater were measured in laboratory using an alpha Rn-222 (Bq/L)
scintillation counter and a Lucas detection cell (the RDA-200 Portable m2002-2007 M April 2009-May 2010 17 58 77 289 124 200.1_2007 (pre-09AQE)

i . 9.3 8.10 308 1.56 April 2009 (post-09AQE)
Rador.1 De.tector prosjuced. F)y Scintrex, Ontario, Canada). The used 18 115 3.09 299 ] May 2023
technique is reported in Tallini et al. (2013). 2%  24% B 19 70 2 89 789 _ April 2023
During the seismic sequence of 2009 L'Aquila earthquake, the average 10 22% 20 3.0 7 65 314 i May 2023
radon value in groundwater in the preseismic period was almost half that 40% 6.2 7.94 333 3.63 2001-2007 (pre-09AQE)
of the postseismic one, both for all the sampled springs at regional scale ¢ 21 5.7 6.28 278 6.65 April 2009 (post-09AQE)
and for the springs placed along the seismogenic Paganica fault at a local 22 18.0 6.60 1971 - May 2005
scale (tab. 2). - 25% average 8.7 7.73 303 (+) 2.32 (%) -
Furthermore, for the Gran Sasso and Sirente springs, approximately more f:’ 10% st. dev. 2.9 0.50 97 (+) 1.66 (*) -
than 60% of the data shows radon values between 3 and 7 Bg/L and % 15% 7%
between 0 and 2 Bg/L in the postseismic and preseismic periods, 10% 10%
respectively (fig. 6, tab. 2). 2% 2% MAIN REFERENCES
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