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ABSTRACT

Context. This research was initially started to investigate the real correlation between Radon emission from the Earth and the occur-
rence of strong earthquakes by using measurements of hourly Radon flow variation. During quiet seismogenic conditions, we observe
an unvarying level of Radon emission in the air. Before a strong earthquake, substantial variations of Radon (222Rn) concentration
have been observed in the air, probably because of the increase of thermodynamic energy inside the Earth.
Aims. The physical processes affecting earthquakes are still not fully understood; therefore, we are interested in investigating a wide
variety of signals observed before an earthquake, ranging from chemical, electric, and magnetic variations. The goal is to be able
to estimate the earthquake magnitude, timing also location in advance with a good approximation. The experimental observation
and research studies were carried out by G. Giuliani Permanent Foundation since 2002 in Abruzzo. The innovative methodology of
observations with Gamma detectors allowed us to reveal a close correlation between the different physical phenomena during the
preparation phase of strong earthquakes.
Methods. We master the methodology of measuring the hourly flow of 222Rn gas decay, which provides a good correlation with the
occurrence of strong earthquakes. To advance the reliability of our assessment, we added more parameters to our observations, such
as magnetic and RF. The joint analysis advances our understanding of the processes underlying the earthquake occurrence.
Results. The experimental observation of Radon has been tested for more than a decade in the Abruzzo region. The initial results
provided the baseline of reliable correlation between radon variations and earthquakes that could be used as an alert mechanism for
the forthcoming seismic evens.
Conclusions. The multiparametric approach of detecting pre-earthquakes signals provided the robustness in detecting the earthquake
preparation phase. There are no doubts that by expanding the network of gamma sensors, we achieve much better signal detection,
which is critical for the better spatial correlation of Radon variations with the earthquake processes.
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1. Introduction

There are multiple chemical-physical events before a strong
earthquake occurs, one of which is the increase of 222Rn in the
atmosphere. In situations of seismogenic calm, there is an al-
most constant flow of 222Rn. At the same time, when there is an
evident crustal dynamical activity, such as variations in pressure
accumulations of energy, etc., there is a non-trivial increase in
the emission of 222Rn.

Short, mid, and long-term Radon measurements can give in-
formation on the pattern with which the concentration varied
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throughout the measurement interval, taking in count the exter-
nal influences on 222Rn variations. [1, 2] Variations of the Rn
concentration in air is caused by changes of the Radon exhala-
tion rate from surfaces, which in turn can be caused by changes
of environmental parameters, e.g.: atmospheric pressure, tem-
perature, relative humidity, elevation, air drafts, gamma radia-
tion [3, 4, 5, 6, 7]. Radon concentration may be strongly affected
by seasonally effects, and several publications report long-term
measurements on Radon concentration, where the influence of
the seasonal and diurnal effects on the Radon concentration is
well studied [8, 9, 10, 6, 11]. We focused our attention on Rn
indoor variations, continuously monitored, that involve the auto-
matic taking of measurements at closely spaced time intervals,
over a long period. The most commonly used instruments for
continuous Rn monitoring, since the mid-1970’s till today, for
the characterization of the indoor Rn environment, consist of
scintillation cells, pulse and current ionization chambers, elec-
tret ionization chambers, alpha track detectors, and solid-state
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Fig. 1: Decay chain about Radon

alpha detectors [12, 13, 10]. The most typical disadvantages of
the measurement techniques cited above are due to improper cal-
ibration of the system, malfunction of the counting systems, non-
linear response, low detection limits, high costs of the appara-
tus. Without using a particular set-up, most of these techniques
detect alpha emitters without energy discrimination. Solid-state
detectors can yield information about the energy of individual
particles or photons of radiation [14, 15]. It is possible to de-
termine the Radon concentration by counting alpha and gamma
rays from Rn daughter decay using spectroscopic techniques.
Alpha, beta, and gamma radioactivities are the detectable phe-
nomena, either independently or simultaneously, and many re-
searchers accomplished more than one technique at the same
time, to have more reliable results [16, 17, 18].

It is possible to distinguish Rn itself or the daughter con-
centrations by discriminating between the energy of the parti-
cles emitted. Alpha spectroscopy is used to detect Rn itself and
one of its daughters, 218Po. 222Rn decays by emitting an alpha
particle of 5.49MeV to give 218Po that, in turn, decays to 214Pb
by emitting an alpha particle of 6.00MeV (see Fig. 1). Gamma
spectroscopy is used for the indirect Rn determination. Radon
decay-product concentrations were determined as the weighted
values from 295keV and 352keV for 214Pb and 609, 1120 and
1764keV for 214Bi (see Fig. 1) photopeaks. Plastic scintillators
are the most common systems used for gamma counting [19].

Gamma detectors most often have upper and lower energy
discriminator circuits and, when used correctly as single-channel
analyzers, can provide information on the gamma energy and
identify the radioactive material. Experimental research con-
ducted in Abruzzo from 2002 to 2009, through gamma-type de-
tectors (PM-4 and PM-2), allowed to acquire important infor-
mation on 222Rn anomalies in correlation with the occurrence
of earthquakes. In recent years, the search for new correlations
that would prove the data already obtained, through gamma-
type detectors, has expanded to the field of electromagnetism
and radio frequency, with the help of Radio Direction Finding
(RDF)sensors.

2. New Gamma Detectors

2.1. Description

We describe a new Radon sensor, based on gamma detection
of Radon decay products. Our device is divided into three sec-

tions: a gamma detector, an amplifier system and an analyzer
one. The gamma detector (Fig. 2) is a plastic scintillator, NE110
or NE102 with a total volume of 800 or 600cm3. The character-
istics of the commercial scintillator used in the equipment are a
time of response of 2.4ns, and light emission at 423nm, which
lies at the lower end of the violet. The response to light is 65%,
compared to anthracene. It is an organic crystal, which has the
characteristic of having the highest response among all the or-
ganic scintillators. The plastic scintillator is housed into a con-
tainer made of solid lead (i.e.: not radioactive), as shown in Fig.
3, of 7 cm thickness. The container is covered with a thin layer
of Mylar (4µm), in order to reduce or eliminate the presence of
characteristic fluorescence X − rays from the lead shield. The
plastic scintillator is coupled with four or two photomultipliers
(Photonis XP3462b). They are placed on opposite walls of the
lead box, with a specific gain, given from suppliers of ≈ 2x106.

Fig. 3: PM-4 detector section scheme

The photomultiplier glass lens is an ultraviolet shield. The
photocathode is shielded with a µ − metal cylinder of = 7.8cm
diameter. The detectors were called PM-4 or PM-2, depending
on the number of photomultipliers (PMs) used. The photomulti-
pliers convert the pulse of light coming from the scintillator to an
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Fig. 2: Block diagram of the instrument

Fig. 4: Electronic section

electrical signal. The signal cables are connected to a multiplexer
that reissues the sum of the input signals as a single amplified
one. The amplified signal is sent to an attenuator and then goes
in a double threshold discriminator that performs two cuts to se-
lect the interest energy window. The received analogical signal
is converted to a digital one by the discriminator. Then sent to
an adapter board (NIM-TTL-NIM) that forwards it to the acqui-
sition system, which consists of a scaler board interfaced with
a computer, that acquires the output in real-time (Fig. 4). The
222Rn decays emitting an alpha particle of 5.49MeV , and gener-
ating the "Radon progeny" that consists in 218Po (alpha decay,
the half-life of 3.11 min), 214Pb (beta decay, the half-life of 26.8
min), 214Bi (beta decay, the half-life of 19.9 min), and 214Po that
continues the decay chain. The 214Pb and 214Bi beta decays are
followed by a typical gamma emission at 351KeV and 609KeV ,
respectively (see Fig.1). In our methodology, we consider the
gamma rays activity that follows the decay of 222Rn progeny,
and we limit our energy window of analysis within the range
of 250 − 700KeV , which includes the response of gamma rays
photo peaks for 214Pb and 214Bi. The gamma system utilized in
this investigation was calibrated for performing readings, cutting
off the signals due to higher energy particles, which could affect
the measurement. The output signals are counts per second, and
the acquisition time of 600 seconds is chosen. Readout units are
counts per 7200 sec (2 hours), or Counting Rate, calculated on
the counts average any two hours. During the first phase of our
research we tested the instrument gain adjustment by using a
γ − ray emitting reference source of 58Co with an energy peak
of 0.321MeV (from CAEN). The photomultiplier’s signal was
analyzed by an ADC (Analog to Digital Converter) that gives
back the energy spectrum. In Fig.5 it is shown the differential
spectrum obtained with the AD Converter, reporting the gamma
flashes (N) per second as a function of the energy. The spectrum
evidences the characteristic peak due to gamma emission of the
reference element at 0.321MeV .

Fig. 5: Test on detector and amplifier sections of the device

The detector has a resolution (FWHM) of 460keV for the
321keV reported on Fig. 6, by using our experimental set-up,
where it is possible to evidence the peaks due to Radon daughters
(214Pb and 214Bi) coming from Rn decays, in typical energy of
351 and 609KeV , respectively. The muon peak at specific energy
of 20MeV may act as a reference for the energy calibration of the
system.
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Fig. 6: Energy spectrum obtained from the device

On Fig.7 it is shown the integral spectra simultaneously ob-
tained by PM-2 and PM-4, reporting the integral counts per
second of the shielded detector, in the energy range of 0, 13 −
24MeV; the difference in counting rate is due to the use of 2 or
4 photomultipliers coupled to the plastic scintillator. The inte-
gral counting rate of the shielded detector, in the energy range of
0, 13 − 24MeV , is 0, 62c/s, which is a good value for a passive
shield.

Fig. 7: Integral spectra for PM-4 and PM-2

As we can see, the system shows a linear response of PMs
in the range chosen, but for PM-4 the variations are more pro-
nounced than for PM-2, allowing us to perform our measure-
ments with better sensitivity on counting rate response

2.2. Effect of the lead shield

Particular care was paid to our γ − ray apparatus to avoid exter-
nal influences on Radon emanation. The device was installed in
a closed room 3meters under the ground level and 10cm above
the floor. In indoor Rn measures, concentration and rate of prop-
agation are affected by changes in atmospheric temperature and
pressure. In order to have better data, it is fundamental to mon-
itor weather conditions, i.e.: relative humidity and temperature
of the ambient, that may influence the rate of Radon flux. The

presence of ventilation systems should cause a drastic variation
of Radon concentration [20], so the instrument has to be iso-
lated from the outside. Thus, involves ensuring that windows and
external doors are kept closed for the duration of the measure-
ments, external-internal air exchange systems and air condition-
ing systems, that recycle interior air, are not operated. Cosmic-
rays prouce a natural background in the detector, but their nucle-
onic component is reduced to a negligible level already with a
few m w.e., while the much more penetrating cosmic-ray muon
part needs much larger overburdens for a substantial reduction.
The cosmic ray-induced background was reduced by installing
the detector in an underground laboratory, where the concrete
floors should shield as much as possible from cosmic rays, even
if the muons penetrate the lead shield producing background in
the detector [21, 22, 23, 24]. We measured the integral spec-
trum obtained with a different thickness shield of lead chosen
to verify the shielding effect on our measurements and in order
to minimize the natural radioactivity coming from the environ-
ment [22]. The integral background counting rate from 0, 13 to
24MeV is plotted in Fig. 8.

Fig. 8: Effect of lead thickness on Rn measurements

We made measurements with different lead box thickness:
noPb, 4mm, 40mm and 50mm thickness. By looking at the Fig.8
we noticed that by putting the lead thickness we register a pro-
nounced decreasing in counting rate, and enhancing the thick-
ness to 40mm, and over, the difference is undetectable (the two
spectra with 40 and 50 mm of lead are overlapped, the red line
hides the blue one). The integral background is reduced from
3.63c/s to 0.62c/s in the 0, 13−24MeV energy range; this means
that the lead shield thickness of about 7cm is suitable for reduc-
ing the gamma background by a factor of about 6, in the interest
energy window. The lead box with 7cm thick walls is the ideal
compromise to get inside the gamma rays with still considerable
energy and, at the same time, to shield the entire environmen-
tal radiation (due to other decays) that would make a significant
mistake, all without having to let in air.

3. Data

We started measuring Radon variations, continuously moni-
tored, over a medium-long period. Continuous sampling was
performed by two detectors located in the Abruzzo Region. The
two devices are placed one in Coppito (Lat. + 42◦22′NLong. +
13◦20′E; 650ma.s.l.), a small village 8km far from L’Aquila
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Fig. 9: Raw data from Coppito and Avezzano stations (March-June 2004)

Fig. 10: Counting Rate Variation (March-June 2004)

city, the second one in Avezzano (Lat. + 42◦03′24′′N; Long. +
13◦24′12′′E; 700ma.s.l.) about 42km far from Coppito. The
graph in Fig. 9 shows the raw data from the gamma detectors
in the two different stations, collected in a four months period
(March-June 2004). The maximum instrumental error is 2000
Counting Rate any 7200sec, due to electronic noise, while the
signal collected ranges between a minimum of 110000 and a
maximum of 180000 counting rate for PM-4, so the maximum
statistical error is

√
180000 = 424 counting rate, that is 0, 2%.

The two stations are located in environments that are different
for external factors such as soil moisture and humidity, while for
atmospheric pressure and temperature variations the influence is
quite similar. Despite the different environments that may pro-
duce severe influences, the recorded raw data from the two sta-
tions show a decreasing trend from March to June, as expected
when the temperature increase for seasonal variations. There are
differences in the absolute value of the two signals because in
Coppito, a PM-4 is working with four photomultipliers, while
in Avezzano, a PM-2 is running with only two photomultipli-
ers, but we can consider the relative variations from averages
(Fig.10). The relative counting rate variations were calculated by
the formula (X− < X >)/σ where < X > is the mobile average
calculated on the day, and σ is the standard deviation calculated
over a week. For both plots there are some missing data caused
by external supply interruptions, followed by a recalibration of
the system. During our tests, we operated the measurements by
fluxing air into the instrument box, and we observed an increase

in the counting rate. In Fig.11 it is shown the counting rate in the
presence of air flux, measured from PM-4 device located in Cop-
pito, in the period of July-December 2004, where we observed a
counting rate increasing of ∼ 1.5 times when we flux air in (as
shown in the zoom-in section of Fig.12). The external air flux en-
hances the natural background component due to all the Radon
in the environment (that is the only gaseous radioactive element)
a dirtier signal with higher error. Thus confirms that our exper-
imental set-up is fit to obtain useful information from the envi-
ronment, not affected by natural radioactivity background. We
also show the data collected in 2006 from two stations (the sec-
ond one was placed in the Gran Sasso National Laboratory,20km
east to Coppito, 900 m a.s.l.) for a long period (1 year). The
relative counting rate variations were calculated by the formula
(X− < X >)/σ where < X > is the mobile average calculated on
the day and σ is the standard deviation calculated over a week.
Typical seasonal variation of Rn and its variation with ambient
temperature and rain precipitations are reported in Fig. 12; the
second plot shows the temperature variations for 2006, the Tmin,
and T max trends in L’Aquila, while the third plot shows the
monthly rain precipitations (font: http://cetemps.aquila.infn.it).
As expected, an increase of temperature leads to a minimum of
Radon emanation, as the counting rate variation is in inverse re-
lation with ambient temperature. Precipitations do not seem to
play an important role [26].
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Fig. 11: Test with air flux (July-December 2004)

4. Conclusions

In conclusion, we present an overview of gamma sensors for
indirect Rn measurements, continuously monitored in closed
spaces located underground, without ventilation. The device is
characterized in reliability by comparing it with a commercial
instrument (Rad7). The experimental set-up and local conditions
of measurement provide minimization of the natural background
radioactivity. The information obtained from Radon emissions is
interesting from the point of view of observing Radon anoma-
lies, not affected by environmental radioactivity. As shown for
long-period measurements, it is fundamental to monitor climate
conditions that have a severe influence on Radon emanation.
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Fig. 12: Data collected in 2006 from Coppito and Gran Sasso stations
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