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S U M M A R Y
Thermal gradients due to magma dynamics in active volcanic areas may affect the emanating
power of the substrate and the background level of radon signal. This is particularly effective
in subvolcanic substrates where intense hydrothermal alteration and/or weathering processes
generally form hydrous minerals, such as zeolites able to store and release great amounts of
H2O (up to ∼25 wt.%) at relative low temperatures. To better understand the role played by
thermally induced devolatilization reactions on the radon signal, a new experimental setup has
been developed for measuring in real time the radon emission from a zeolitized volcanic tuff.
Progressive dehydration phenomena with increasing temperature produce radon emissions two
orders of magnitude higher than those measured during rock deformation, microfracturing and
failure. In this framework, mineral devolatilization reactions can contribute significantly to
produce radon emissions spatially heterogeneous and non-stationary in time, resulting in a
transient state dictated by temperature gradients and the carrier effects of subsurface gases.
Results from these experiments can be extrapolated to the temporal and spatial scales of
magmatic processes, where the ascent of small magma batches from depth causes volatile
release due to dehydration phenomena that increase the radon signal from the degassing host
rock material.

Key words: Heat flow; Hydrothermal systems; Magma chamber processes; Volcanic gases;
Volcanic hazards and risks.

1 I N T RO D U C T I O N

Radon is one of the most monitored gases on Earth as precursor of
earthquakes (Hauksson 1981; Roeloffs 1988; Toutain & Baubron
1999; Hartmann & Levy 2005; Cicerone et al. 2009; Woith 2015;
Martinelli & Dadomo 2017). In this framework, Woith (2015) re-
viewed more than 100 of studies dealing with fluid-related radon
anomalies measured before earthquakes, concluding that radon
anomalies of non-tectonic origin can be very similar to those of
seismotectonic origin. As a consequence, only a fraction of ob-
served radon precursors are physically related to crust deforma-
tions and earthquake events. More recently, Martinelli & Dadomo
(2017) reappraised the possible favourable and unfavourable geo-
physical conditions to generate fluid-related earthquake precursory
signals, evidencing that they occur in particular areas of the world
where strong crustal deformative processes, high heat flow values
and shallow seismicity are recognized.

One of the possible mechanisms to explain anomalous increase
of radon signal in soil and groundwater is rock fracturing at depth
under variable tectonic regimes (Thomas 1988). In this context, a
number of experimental studies were conducted to decipher the re-
lationship between radon emission and rock deformation (Holub &
Brady 1981; Tuccimei et al. 2010, 2015; Mollo et al. 2011; Scarlato
et al. 2013; Nicolas et al. 2014; Koike et al. 2015; Zhang et al. 2016).
Nonetheless, the marked increase of radon emission in a monitored
area is not unequivocally related to rupture episodes in the Earth’s
crust (Kerr 1978; King 1981; Tsunogai & Wakita 1995; Steinitz
et al. 2003). There are many physicochemical phenomena that de-
velop between radon escaping from a volcanic rock in the ground
and the radon measurement at ground surface. For example, ther-
mal gradients at subvolcanic conditions (Scarlato et al. 2013) and
in geothermal areas (Finizola et al. 2010; Ricci et al. 2015) may
affect the emanating power of the substrate and the background
level of geochemical signals. Most of the monitored and active
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volcanoes around the world are characterized by continuous injec-
tions of magma that stall at very shallow levels or feed complex dyke
networks, even at a few metres from the ground surface. The con-
ductive heat flow may produce thermal gradients in the host rocks
from 1100 ◦C at the contact to 200 ◦C at a distance of thousands
of metres, incorporating several cubic kilometres of the substrate
(Bonaccorso et al. 2010; Mollo et al. 2012; Heap et al. 2013). The
radon emission from the warm host rock is expected to be con-
trolled by the dependency of the gas diffusion coefficient on tem-
perature (Beckman & Balek 2002; Voltaggio et al. 2006). However,
poorly consolidated and highly porous volcanic rocks (i.e. pyroclas-
tic flow deposits) are accompanied by intense alteration processes
due to hydrothermal phenomena (Merle et al. 2010), but most fre-
quently chemical weathering caused by temperature changes and
rainfalls over geological times (Passaglia et al. 1990). These pro-
cesses lead to the formation of amorphous glass, silica polymorph,
clay and zeolite. The cages and channels within the zeolite frame-
work have the capability of adsorbing or rejecting H2O molecules
via repeated hydration and dehydration reactions due to temperature
changes. Although natural zeolite minerals show low radon adsorp-
tion capability (Bikit et al. 2015), the abundant H2O release (up
to ∼25 wt.%) under subvolcanic temperatures may act as a carrier
for radon by electrical forces (Shuleikin 2015) and advective gas
transport (Baskaran 2016), especially in geomaterials with a high
macroporosity (Etiope & Martinelli 2002). In contrast, the excess
of H2O in porous rocks may produce isolation phenomena ham-
pering radon transport due to adsorption of H2O molecules on the
porous surfaces and subsequent saturation of the medium via H2O
condensation mechanisms (Fernandez-Cortes et al. 2013).

During long intereruptive periods of hundreds to thousands of
years, a volcano passes through different stages of activity in which
a variety of meteoric, hydrothermal, metamorphic and igneous pro-
cesses are recognized as sources of H2O vapour and other degassing
phenomena (Oppenheimer 2003). Generally, due to its low solubil-
ity in ascending magmas, CO2 is the most important carrier gas
for radon, being also used to map subvolcanic faults and fractures
(Giammanco et al. 2007). However, increasing radon emissions
are not necessary related to carrier gases of magmatic origin and,
consequently, a decoupled spatial and temporal behaviour can be
observed during eruptive and seismic activities (Heiligmann et al.
1997). Moreover, in volcanic areas, the radon signal may be spa-
tially heterogeneous and non-stationary in time (Kotsarenko et al.
2016; Neri et al. 2016). Understanding the different gas sources is
important to correctly interpret the radon behaviour and its rela-
tionship to degassing processes. To investigate this relationship, a
novel experimental setup has been designed for measuring in real
time the radon emission from a zeolitized volcanic tuff undergoing
dehydration and rehydration cycles. Results from these experiments
evidence that the behaviour of radon in volcanic settings is more
complex than so far assumed. In addition to carrier effects due to
magmatic gas fluxes, thermally induced devolatilization reactions
of H2O-bearing minerals in rocks exposed to subvolcanic tempera-
tures may substantially increase or decrease the radon emission.

2 M E T H O D S

2.1 Starting material

The starting material used for the experiments is the so-called ‘Tufo
Rosso a Scorie Nere’ (hereafter named TRSN), a tuff from an
ignimbrite deposit of the Vico volcanic apparatus (Latium, Italy;

Palladino et al. 2014), extending over an area of 1200 km2. TRSN
is a well-characterized product (Passaglia et al. 1990; Giampaolo
et al. 2008; Tuccimei et al. 2010, 2015; Mollo et al. 2011; Scarlato
et al. 2013; see also mineral textures and compositions reported in
the Supporting Information) consisting of phenocrysts of magmatic
origin (clinopyroxene + K-feldspar + plagioclase), clay (ilmenite
+ kaolinite) and zeolite (chabazite) minerals due to hydrothermal
alteration, a fine cineritic matrix (residual glass), and millimetre- to
centimetre-sized vesicles (∼47% of total porosity). TRSN has a high
radium activity (226Ra = 254 Bq kg−1) and high uranium (21.2 ppm)
and thorium (52.3 ppm) contents, translating to natural 222Rn and
220Rn exhalation rates of 7.9 and 314 Bq kg−1 h−1, respectively
(e.g. Tuccimei et al. 2010). The original 220Rn activity of TRSN
measured at 25 ◦C corresponds to 990 ± 30 Bq m−3, as reported in
Tuccimei et al. (2015).

2.2 Experiments

For the purpose of this study, two cylindrical rock samples (i.e.
TRSN1 and TRSN2; 60 mm in diameter and 140 mm in length)
were cored from the same block and then used for the following
radon experiments:

(1) Dehydration EXP1. TRSN1 was heated in eight steps of 100,
200, 300, 400, 500, 600, 700 and 800 ◦C and then cooled in seven
steps of 700, 600, 500, 400, 300, 200 and 100 ◦C,

(2) Dehydration EXP2. TRSN2 was heated in four steps of 100,
170, 230 and 450 ◦C.

(3) Dehydration/dehydration EXP3. TRSN2 was rehydrated and
then reheated at the same conditions of EXP2 by including further
step at 800 ◦C.

(4) Dehydration/dehydration EXP4. TRSN2 was rehydrated and
then reheated at the same conditions of EXP3.

The rehydration of TRSN2 was obtained by immersion in deion-
ized water for 3 min and then exposure to ambient conditions over
3 d (Shim et al. 1999). The time duration of heating/cooling ramps
and the acquisition time of a single 220Rn measurement cycle were
30 min. To ensure (1) thermal homogenization of the sample, (2)
complete release of volatile at each specific experimental tempera-
ture and (3) a low analytical uncertainty, four cycles were acquired
for each radon measurement over a total time duration of 120 min
(Table 1). Therefore, 220Rn activity discussed in this study is the
average of four measurement cycles. The only exception are the
modelling data reported in Table 2 that come from a replicated ex-
periment where TRSN was heated in seven steps of 100, 200, 300,
400, 500, 600 and 700 ◦C using 10 acquisition cycles for a longer
time duration of 300 min. This allows us to model the variation of
radon signal over temporal and spatial scales comparable to those
observed in subvolcanic environments where heat flow is released
from the hot magma toward the cold host rock (see discussion be-
low). The influence of other parameters on radon emission (i.e.
the air relative humidity and detection temperature in the closed-
loop configuration) has been already discussed in previous studies
(Tuccimei et al. 2009, 2011; De Simone et al. 2016).

2.3 Radon correction method

Radon gas emitted from rock samples was delivered to a contin-
uous Radon Monitor (RAD7, Durridge Company), equipped with
a solid-state silicon alpha detector, and counted before being re-
leased from the outlet of the instrument. 220Rn, rather than 222Rn,
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Table 1. Radon emissions measured during the experiments as a function of temperature changes.

Experimental Experimental Air Relative Correction gH2O 220Rn 2σ 220Rn 2σ

time temperature temperature humidity factor raw data error corrected data error
(min) (◦C) (◦C) (%) D (g) (Bq m−3) (Bq m−3) (Bq m−3) (Bq m−3)

EXP1
30 100 30.1 6 0.310 0.002 5050 540 16 477 1762
60 100 30.4 6 0.310 0.002 5290 560 17 266 1828
90 100 30.4 6 0.310 0.002 5300 560 17 299 1828
120 100 30.4 6 0.310 0.002 5160 550 16 842 1795
30 200 30.4 6 0.310 0.002 9660 700 31 529 2285
60 200 30.4 5 0.310 0.001 10 500 800 34 137 2601
90 200 30.4 5 0.310 0.001 9670 700 31 439 2276
120 200 30.1 5 0.310 0.001 7900 700 25 676 2275
30 300 29.8 5 0.310 0.001 7800 700 25 343 2274
60 300 29.8 5 0.310 0.001 8420 700 27 358 2274
90 300 29.8 5 0.310 0.001 6950 600 22 582 1949
120 300 29.8 6 0.310 0.002 5660 570 18 460 1859
30 400 30.1 37 0.310 0.010 4250 500 19 738 2322
60 400 30.1 38 0.310 0.010 4220 500 20 004 2370
90 400 28.6 34 0.310 0.008 4730 530 19 718 2209
120 400 28.3 28 0.310 0.007 5350 560 20 141 2108
30 500 28.3 25 0.310 0.006 7390 700 26 644 2524
60 500 28.9 27 0.310 0.007 6850 600 25 748 2255
90 500 29.2 29 0.310 0.007 6780 600 26 483 2344
120 500 29.5 31 0.310 0.008 6370 600 25 928 2442
30 600 29.8 38 0.310 0.010 7650 700 35 811 3277
60 600 29.8 39 0.310 0.010 7480 700 35 733 3344
90 600 29.8 40 0.310 0.010 7330 700 35 750 3414
120 600 29.8 41 0.310 0.011 7280 600 36 267 2989
30 700 29.8 43 0.310 0.011 7440 700 39 150 3684
60 700 29.8 43 0.310 0.011 7380 700 38 835 3684
90 700 29.5 44 0.310 0.011 7510 700 39 692 3700
120 700 29.8 44 0.310 0.012 7340 700 39 209 3739
30 800 29.2 4 0.189 0.001 1750 330 9275 1749
60 800 29.2 4 0.189 0.001 1500 310 7950 1643
90 800 29.2 4 0.189 0.001 1780 330 9434 1749
120 800 29.2 4 0.189 0.001 1350 290 7155 1537
30 700 29.2 3 0.189 0.001 841 240 4447 1269
60 700 28.9 3 0.189 0.001 863 240 4563 1269
90 700 28.9 3 0.189 0.001 829 240 4384 1269
120 700 29.2 3 0.189 0.001 814 230 4304 1216
30 600 28.9 3 0.189 0.001 580 200 3067 1058
60 600 29.2 3 0.189 0.001 607 210 3210 1110
90 600 30.1 3 0.189 0.001 594 200 3141 1058
120 600 30.4 3 0.189 0.001 738 220 3902 1163
30 500 30.7 3 0.189 0.001 529 190 2797 1005
60 500 30.7 4 0.189 0.001 478 190 2537 1008
90 500 30.7 3 0.189 0.001 517 190 2734 1005
120 500 30.7 3 0.189 0.001 480 190 2538 1005
30 400 30.7 3 0.189 0.001 441 180 2332 952
60 400 30.4 3 0.189 0.001 389 170 2057 899
90 400 30.4 3 0.189 0.001 427 180 2258 952
120 400 30.7 3 0.189 0.001 375 170 1983 899
30 300 29.8 3 0.189 0.001 297 150 1570 793
60 300 29.8 3 0.189 0.001 400 170 2115 899
90 300 29.5 3 0.189 0.001 297 150 1570 793
120 300 29.5 3 0.189 0.001 412 170 2179 899
30 200 29.2 3 0.189 0.001 219 140 1158 740
60 200 28.9 3 0.189 0.001 244 140 1290 740
90 200 28.9 3 0.189 0.001 258 140 1364 740
120 200 28.9 3 0.189 0.001 231 140 1221 740
30 100 29.2 3 0.189 0.001 155 120 820 635
60 100 29.5 3 0.189 0.001 181 130 957 687
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Table 1 – continued

Experimental Experimental Air Relative Correction gH2O 220Rn 2σ 220Rn 2σ

time temperature temperature humidity factor raw data error corrected data error
(min) (◦C) (◦C) (%) D (g) (Bq m−3) (Bq m−3) (Bq m−3) (Bq m−3)

90 100 30.1 3 0.189 0.001 167 120 883 635
120 100 30.4 3 0.189 0.001 169 120 894 635
EXP2
30 100 25.8 7 0.094 0.001 4650 500 25 572 2668
60 100 28.3 6 0.094 0.001 2260 360 24 954 3857
90 100 28 6 0.094 0.001 2350 360 25 913 3856
120 100 27.1 6 0.094 0.001 2130 350 23 397 3745
30 170 26.8 5 0.094 0.001 2850 400 30 903 4265
60 170 26.4 6 0.094 0.001 3820 450 41 839 4812
90 170 26.4 6 0.094 0.001 3740 450 40 963 4812
120 170 26.1 5 0.094 0.001 3710 450 40 134 4796
30 230 25.2 5 0.094 0.001 2500 370 26 967 3940
60 230 25.2 5 0.094 0.001 2140 350 23 084 3727
90 230 25.5 5 0.094 0.001 2160 350 23 321 3728
120 230 25.5 5 0.094 0.001 2060 340 22 242 3621
30 450 26.8 5 0.094 0.001 3330 430 36 108 4585
60 450 26.4 5 0.094 0.001 3120 410 33 785 4370
90 450 26.1 5 0.094 0.001 3230 420 34 942 4476
120 450 26.1 5 0.094 0.001 3180 420 34 401 4476
EXP3
30 100 26.8 6 0.094 0.001 1870 320 20 004 3423
60 100 26.4 6 0.094 0.001 1890 330 20 209 3529
90 100 26.4 6 0.094 0.001 1830 320 19 568 3422
120 100 25.8 5 0.094 0.001 1840 320 19 603 3409
30 170 25.5 5 0.094 0.001 2250 350 23 965 3728
60 170 25.5 5 0.094 0.001 2250 350 23 965 3728
90 170 25.5 5 0.094 0.001 2010 340 21 409 3621
120 170 25.5 5 0.094 0.001 2170 350 23 113 3728
30 230 24.6 5 0.094 0.001 1390 280 14 795 2980
60 230 24.6 5 0.094 0.001 1370 280 14 582 2980
90 230 24.6 5 0.094 0.001 1290 270 13 730 2874
120 230 24.6 5 0.094 0.001 1060 250 11 282 2661
30 450 26.1 5 0.094 0.001 2230 350 23 764 3730
60 450 25.8 5 0.094 0.001 2160 350 23 013 3729
90 450 25.8 5 0.094 0.001 2250 350 23 971 3729
120 450 25.8 5 0.094 0.001 2240 350 23 865 3729
30 800 24.3 5 0.094 0.001 1010 250 10 747 2660
60 800 24.6 5 0.094 0.001 985 240 10 484 2554
90 800 24.3 5 0.094 0.001 939 240 9992 2554
120 800 24.3 5 0.094 0.001 1070 250 11 386 2660
EXP4
30 100 23.7 4 0.094 0.001 334 160 3548 1700
60 100 24.3 5 0.094 0.001 332 160 3533 1703
90 100 24 5 0.094 0.001 381 160 4053 1702
120 100 23.1 5 0.094 0.001 360 160 3827 1701
30 170 22.8 4 0.094 0.001 197 130 2093 1381
60 170 22.8 5 0.094 0.001 210 130 2231 1381
90 170 22.8 4 0.094 0.001 221 130 2348 1381
120 170 22.5 4 0.094 0.001 271 140 2879 1487
30 230 22.5 4 0.094 0.001 206 130 2188 1381
60 230 22.5 4 0.094 0.001 222 130 2358 1381
90 230 22.8 4 0.094 0.001 207 130 2199 1381
120 230 24.3 4 0.094 0.001 210 130 2231 1381
30 450 24.3 4 0.094 0.001 369 160 3920 1700
60 450 24 4 0.094 0.001 382 160 4058 1700
90 450 23.7 4 0.094 0.001 369 160 3920 1700
120 450 23.4 4 0.094 0.001 383 170 4069 1806
30 800 23.4 4 0.094 0.001 788 220 8371 2337
60 800 23.7 4 0.094 0.001 879 240 9338 2550
90 800 24 4 0.094 0.001 777 220 8254 2337
120 800 24.3 4 0.094 0.001 816 230 8669 2443
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Table 2. Modelling data measured from a replicated experiment where TRSN was heated in seven steps of 100, 200, 300, 400, 500, 600 and 700 ◦C using 10
acquisition cycles for a longer time duration of 300 min.

Experimental Experimental Air Relative Correction gH2O 220Rn 2σ 220Rn 2σ

time temperature temperature humidity factor raw data error corrected data error
(min) (◦C) (◦C) (%) D (g) (Bq m−3) (Bq m−3) (Bq m−3) (Bq m−3)

150 100 29.8 6 0.310 0.001 5000 510 16 307 1663
180 100 30.1 6 0.310 0.001 5050 540 16 477 1762
210 100 30.4 6 0.310 0.001 5190 560 16 940 1828
240 100 30.4 6 0.310 0.001 5100 560 16 646 1828
270 100 30.4 6 0.310 0.001 4910 530 16 026 1730
300 100 30.7 6 0.310 0.001 4950 530 16 163 1731
330 100 30.4 6 0.310 0.001 5160 550 16 842 1795
360 100 30.4 6 0.310 0.001 4900 520 15 993 1697
390 100 30.4 6 0.310 0.001 5050 540 16 483 1763
420 100 30.4 6 0.310 0.001 4940 520 16 124 1697
450 200 30.4 6 0.310 0.001 9460 700 30 877 2285
480 200 30.4 5 0.310 0.001 9250 800 30 073 2601
510 200 30.4 5 0.310 0.001 9370 700 30 463 2276
540 200 30.1 5 0.310 0.001 9500 700 30 876 2275
570 200 30.4 5 0.310 0.001 9560 600 31 081 1951
600 200 30.1 5 0.310 0.001 9590 580 31 169 1885
630 200 30.1 5 0.310 0.001 9330 550 30 324 1788
660 200 30.1 5 0.310 0.001 9381 530 30 490 1723
690 200 30.1 5 0.310 0.001 9260 500 30 096 1625
720 200 30.1 5 0.310 0.001 9470 510 30 779 1658
750 300 29.8 5 0.310 0.001 7200 700 23 394 2274
780 300 29.8 5 0.310 0.001 7320 700 23 784 2274
810 300 29.8 5 0.310 0.001 7250 600 23 556 1949
840 300 29.8 6 0.310 0.001 7060 570 23 026 1859
870 300 29.8 12 0.310 0.003 6960 550 23 229 1836
900 300 29.8 19 0.310 0.004 6810 500 23 126 1698
930 300 29.5 25 0.310 0.006 6320 450 23 340 1662
960 300 29.5 30 0.310 0.007 5840 430 23 372 1721
990 300 29.5 33 0.310 0.008 5670 400 23 895 1686
1020 300 29.8 35 0.310 0.008 5410 420 23 888 1855
1050 400 30.1 37 0.310 0.009 4250 500 19 738 2322
1080 400 30.1 38 0.310 0.009 4320 500 20 478 2370
1110 400 29.5 37 0.310 0.009 4270 490 19 369 2223
1140 400 29.2 36 0.310 0.008 4540 510 19 991 2246
1170 400 28.9 36 0.310 0.008 4570 510 19 912 2222
1200 400 28.6 34 0.310 0.007 4630 530 19 301 2209
1230 400 28.6 32 0.310 0.007 4940 520 19 929 2098
1260 400 28.6 30 0.310 0.007 5120 520 20 011 2032
1290 400 28.3 28 0.310 0.006 5350 560 20 141 2108
1320 400 28.3 27 0.310 0.006 5310 530 19 700 1966
1350 500 27.7 24 0.310 0.005 7500 600 26 382 2111
1380 500 27.7 24 0.310 0.005 7530 600 26 487 2111
1410 500 28.3 25 0.310 0.005 7390 700 26 644 2524
1440 500 28.9 27 0.310 0.006 6950 600 26 124 2255
1470 500 29.2 29 0.310 0.007 6780 600 26 483 2344
1500 500 29.5 31 0.310 0.007 6570 600 26 742 2442
1530 500 29.5 33 0.310 0.008 6230 600 26 255 2529
1560 500 29.8 34 0.310 0.008 6060 600 26 262 2600
1590 500 29.8 35 0.310 0.008 6050 590 26 714 2605
1620 500 29.8 37 0.310 0.009 5720 600 26 250 2753
1650 600 29.8 38 0.310 0.009 7650 700 35 811 3277
1680 600 29.8 39 0.310 0.009 7480 700 35 733 3344
1710 600 29.8 40 0.310 0.009 7330 700 35 750 3414
1740 600 29.8 40 0.310 0.009 7300 600 35 604 2926
1770 600 29.8 41 0.310 0.010 7080 600 35 271 2989
1800 600 29.8 41 0.310 0.010 7210 600 35 918 2989
1830 600 29.8 42 0.310 0.010 6940 600 35 330 3054
1860 600 29.5 42 0.310 0.010 7200 600 36 120 3010
1890 600 29.8 42 0.310 0.010 6920 600 35 229 3054
1920 600 29.5 43 0.310 0.010 7080 600 36 289 3075
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Table 2 – continued

Experimental Experimental Air Relative Correction gH2O 220Rn 2σ 220Rn 2σ

time temperature temperature humidity factor raw data error corrected data error
(min) (◦C) (◦C) (%) D (g) (Bq m−3) (Bq m−3) (Bq m−3) (Bq m−3)

1950 700 29.8 43 0.310 0.010 7440 700 39 150 3684
1980 700 29.8 43 0.310 0.010 7580 700 39 887 3684
2010 700 29.5 44 0.310 0.010 7510 700 39 692 3700
2040 700 29.8 44 0.310 0.010 7340 700 39 209 3739
2070 700 29.5 44 0.310 0.010 7390 600 39 058 3171
2100 700 29.5 44 0.310 0.010 7410 600 39 164 3171
2130 700 29.5 45 0.310 0.010 7390 600 39 643 3219
2160 700 29.5 45 0.310 0.010 7370 600 39 536 3219
2190 700 29.5 45 0.310 0.010 7310 600 39 214 3219
2220 700 29.5 45 0.310 0.010 7330 600 39 321 3219

characterized by a higher activity and a shorter half-life (56 s com-
pared to 3.82 d) was used (Tables 1 and 2). This allowed to reach
rapidly the equilibrium activity and to respond quickly to any change
of experimental condition affecting thoron emission rate. Measured
thoron values (220RnM) were corrected for the decay (D) occurred
during gas transport through the circuit and for the effect of high
absolute humidity onto the efficiency of the silicon detector (AH),
according to the following equation:

220Rn = 220RnM/D × AH (1)

The correction for D was obtained from the value of the air flow rate
through the circuit (0.7 l min−1), directly measured using a flowme-
ter, the volume of the experimental circuit placed upstream of the
radon monitor (from 1.43 to 2.53 l, depending on the volume of
the gas-drying unit) and the internal hose (0.05 l) and filter volumes
inside RAD7 (0.8 l), taking into consideration the thoron decay con-
stant (0.756 min−1). The correction factor D equals to 0.094. The
further correction accounts for the reduced efficiency (i.e. reduced
electrostatic collection) of the silicon detector employed by RAD7,
due to the neutralization of radon daughters (218Po ions) induced by
water molecules which are present in the inner volume of RAD7.
The corrective factor (AH) depends on the amount of water in the
detection volume and the length of interaction of polonium atoms
with water molecules, which impacts on the size of 218Po clusters
and thus on the neutralization process. Specific corrections have
been developed for the radon monitor employed in these experi-
ments (De Simone et al. 2016) and properly applied on the basis of
the mass of water molecules in RAD7 inner volume (gH2O). The
general form of this correction is:

AH = −m × gH2O + c (2)

Where m and c are respectively the slope and the intercept of linear
regression fit of efficiency data plotted versus gH2O (De Simone
et al. 2016).

2.4 Temperature dependence of radon emission rate

The process of radon emission from rock is complex and depends
on the physicochemical characteristics of radon and its surround-
ing (e.g. mineral composition, crystal structure, specific surface
area, temperature, moisture and water content) including the ra-
dium source, radon emanation and radon migration (Tuccimei et al.
2011). The radon emission of rock is determined by the fraction
atoms that escapes from the rock itself because most of these atoms
produced by decay radium are stopped in the rock. When a radon
atom escapes into the pore space of the material its migration is

controlled by the flow properties of the pore fluid. Radon is chem-
ically inert and its transport behaviour in the rock is dominated
by migration through connected pores and cracks. Its short recoil
length (3 × 10−8 cm), due to a short lifetime diffusion distance,
implies that only atoms produced at the surface of grains, trapped
within the space of pores and/or adsorbed by the free inner sur-
face of microcracks can be released from rock to the surrounding
medium. However, in a closed-loop experimental setup, changes
in radon emission result in a new value of equilibrium activity as
the temperature of the system increases or decreases. In particular,
with increasing temperature, the number of effective collision of
radon atoms with other molecules and grain boundaries is enhanced
favouring the diffusion of radon through the pores of the material
(Tuccimei et al. 2015). Since radioactive decay is essentially in-
dependent of temperature, the recoil process is weakly affected by
temperature changes. On the other hand, as the diffusion coefficient
is a function of temperature, the diffusion process is controlled by
temperature changes. In this view, the temperature-dependent dif-
fusion coefficient D(T) (in cm2 s−1) can be described empirically
by an equation with a non-linear Arrhenius behaviour (Glasstone
et al. 1941; Shewmon 1963):

D(T ) = D0 exp

(
− Q

RT

)
(3)

where D0 (cm2 s−1) is the empirical constant (i.e. pre-exponential
factor) which depends on the number of diffusion paths and their
availability for radon atom migration, Q (J mol−1) is the activation
energy of diffusion and comprises the activation energy of the escape
of radon atoms from the solid sample and the activation energy of
the migration along diffusion paths in the solid, R (8.314 J mol−1

K−1) is the gas constant and T (K) is the temperature of the system.
In the simplification that all situations considered for a single radon
emission measurement are stationary (i.e. isothermal and isobaric),
the overall material is homogeneous, and adsorption of radon to
solid surfaces is negligible, the change in radon emission rate (E in
arbitrary units) is expressed as the result of changes due to diffusion
and obeys to the formulation (Megumi & Mamuro 1973):

E = k
√

D0 exp − Q

2RT
(4)

where k is described by the relationship (Flugge & Zimens 1939):

k = 3

√
1

λr 2
(5)

where λ is the decay constant of radon (2.1 × 10−6 and 11.3 × 10−2

s−1 for 222Rn and 220Rn, respectively) and r is the radius (cm) of an
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Figure 1. Schematic view of the experimental setup. A high temperature (up to 1800 ◦C) vertical furnace is equipped with a gas-impermeable alumina tube,
gas tight flanges with a water-cooling system, digitally controlled MoSi2 heating elements and a Type S thermocouple. The cylindrical rock sample is suspended
into the alumina tube through a platinum sample holder. A Teflon tube connects, in a closed-loop configuration, the alumina tube to a gas-drying unit filled
with a desiccant and to a RAD7 radon monitor (Durridge Company Inc.).

hypothetical radioactive grain of the rock sample. Eqs (3) and (4)
can be combined to obtain:

E = k D′
0 exp

(
− Q ′

RT

)
(6)

where D′
0 = k

√
D0 and Q′ = Q/2 (i.e. the experimental activa-

tion energy). This two parameters may be obtained experimentally
from the plot ln E versus 1/T. The linear equation is expressed as
(Beckman & Balek 2002):

ln E = ln D′
0 − Q ′

RT
(7)

The value of ln D′
0 is derived as the intercept at 1/T = 0 and the

slope of the linear fit is given by:

d ln E

d 1
T

= − Q ′

R
(8)

The values of ln D′
0 and Q′ are calculated from the intercept and

slope of the linear fit so that the diffusion coefficient D(T) can be
estimated as a function of temperature.

Eq. (7) has been experimentally derived by the regression anal-
ysis of 220Rn data obtained after complete dehydration of TRSN1
at the target temperature of 800 ◦C (Table 1). In particular, the
lack of mineral devolatilization reactions during cooling of TRSN1
from 800 to 100 ◦C and the weak porosity change (∼47–51%) sug-
gest that the migration of radon atoms into the pore space of the
material is controlled only by the effect of temperature on the num-
ber of effective collision of radon atoms with other molecules. In
this framework, eq. (7) is described by the following regression fit
(R2 = 0.962):

ln E220Rn = 9.16 − 922.6

T
(9)

where ln D′
0 = 9.16 and Q′ = 922.6.

2.5 Mineralogical and chemical analyses

A detailed description of the methods used to perform mineralog-
ical and chemical analyses of TRSN is reported in the Supporting
Information. Overall, these analyses were conducted with an elec-
tron probe microanalyzer, a field emission gun-scanning electron
microscopy, the X-ray powder diffraction (XRPD) technique, and
thermogravimetric (TG), differential thermogravimetric (DTG) and
differential scanning calorimetric (DSC) methods.

3 A N OV E L E X P E R I M E N TA L S E T U P
F O R R A D O N M E A S U R E M E N T S

The experimental setup presented in this study has been devel-
oped at the HPHT Laboratory of Experimental Volcanology and
Geophysics of the Istituto Nazionale di Geofisica e Vulcanologia
(INGV) in Rome (Italy) and consists of a high temperature (up to
1800 ◦C) vertical furnace equipped with a gas-impermeable alu-
mina tube (Fig. 1). A cylindrical rock sample is suspended into
the alumina tube through a platinum sample holder. Digitally con-
trolled MoSi2 heating elements ensure a homogeneous hot zone
along the entire length of the sample. The temperature is moni-
tored by a factory-calibrated Type S (Pt90Rh10-Pt) thermocouple
with uncertainty ± 3 ◦C. Upper and lower gas tight flanges with a
water-cooling system seal the alumina, preventing gas leakage. A
Teflon tube (inserted into the upper flange) connects, in a closed-
loop configuration, the alumina tube to a gas-drying unit filled with
a desiccant (CaSO4 with 3% CoCl2, as indicator) and to a RAD7
radon monitor (Durridge Company Inc.). A recirculating pump in
the RAD7 moves the gas from the alumina tube through both the
desiccant and inlet filter to a solid-state detector for alpha counting
of radon and thoron progeny. The gas is recirculating continuously
through the system and no fresh ambient air is pulled into the exper-
imental setup. The electrostatic detector collects the charged ions
and discriminates the electrical pulses generated by their alpha par-
ticles. This allows selecting only the short-lived 218Po and 216Po
counting for a rapid determination of 222Rn and 220Rn, respectively.
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Figure 2. (a) Changes in the abundance of mineral phases, matrix glass and volatile release as a function of temperature. (b) X-ray powder diffraction (XRPD)
data showing the stability of mineral phases with temperature. (c) Thermogravimetric (TG), differential thermogravimetric (DTG) and differential scanning
calorimetric (DSC) data evidencing multiple dehydration events as the devolatilization reactions proceed.

The radioactive equilibrium between 218Po and 222Rn is achieved in
∼15 min (i.e. ∼5 times the half-life of 218Po), whereas the equi-
librium between 216Po and 220Rn occurs in a few seconds due to
the very short half-life of 216Po (0.15 s). Therefore, the activity of
220Rn has been monitored during the experiments considering that
the behaviour of this signal is comparable with the activity of 222Rn
due to the lack of isotopic fractionation between heavy radon and
thoron isotopes (i.e. low-mass difference of 0.01%).

4 T R A C K I N G T H E D E V O L AT I L I Z AT I O N
R E A C T I O N S

Chabazite (35 wt.%) is the most abundant mineral phase of the start-
ing material (Fig. 2a), followed by clay minerals (14 wt.%) and ig-
neous phenocrysts (8 wt.%) dispersed in the matrix glass (43 wt.%).
As the temperature increases, the abundance of mineral phases de-
creases counterbalanced by an increasing glass content and volatile
release due to progressive dehydration phenomena (Fig. 2a).

XRPD analysis shows that the crystalline structure of illite is
dissolved early at T > 400 ◦C (Fig. 2b), responding to the low-
temperature decomposition of mineral (Araújo et al. 2004). At
T = 700 ◦C, the crystalline structures of kaolinite and chabazite
are still resolved (see XRPD data reported in the Supporting In-
formation). At T = 800, XRPD patterns show the occurrence of
non-crystalline material (amorphous glass) accompanied by faint

and broad Bragg reflections indicative of the total dissolution of
H2O-bearing minerals (Fig. 2b).

TG analysis of the powdered starting material indicates that, as
all the devolatilization reactions cease at T = 800 ◦C, the total
amount of volatile released is ∼15 wt.% (blue curve in Fig. 2c).
DTG and DSC curves evidence, by a single peak at T = 95 ◦C, the
effect of moisture adsorbed on the powder grains (2.9 wt.% H2O)
during exposure to atmospheric humidity (Fig. 2c). This is also
confirmed by the recurrence of the same moisture peak after com-
plete dehydration of the rock powder at T = 800 ◦C (red curve in
Fig. 2c). However, the intensity of this peak is low (0.3 wt.% H2O)
due to the total dissolution of chabazite that, at T < 100 ◦C, exhibits
a high adsorption/desorption capacity wherein the crystal lattice
undergoes no changes (Simonot-Grange 1979). The total moisture
release occurs in ∼10 min (see TG data in the Supporting Infor-
mation) that is one order of magnitude lower than that (120 min)
selected for radon measurements, in order to ensure total removal of
atmospheric humidity from the rock sample. As the temperature in-
creases, multiple devolatilization events for chabazite are identified
as endothermic peaks at T = 170, 230 and 450 ◦C, wherein the crys-
tal lattice undergoes reversible and irreversible changes (Barrer &
Langley 1958; Passaglia et al. 1990; Neuhoff & Wang 2007) during
intracrystalline H2O release of 4.1, 5.7 and 1.8 wt.%, respectively
(Fig. 2c). Due to the low modal content of clay minerals (Fig. 2a), the
endothermic escape of interlayer H2O is not resolved at T = 140–
200 ◦C (Araújo et al. 2004) and T = 540 ◦C (Brindley et al. 1967)
for illite and kaolinite, respectively (Fig. 2c). The glass transition
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Figure 3. Results from EXP1 plotted in a temperature versus 220Rn diagram.
Dehydration EXP1 consists of TRSN1 sample heated in eight steps of 100,
200, 300, 400, 500, 600, 700 and 800 ◦C and then cooled in seven steps of
700, 600, 500, 400, 300, 200 and 100 ◦C. Dehydration EXP2 consists of
TRSN2 heated in four steps of 100, 170, 230 and 450 ◦C. 220Rn activity
is the average of four measurement cycles for each temperature reported in
Table 1.

region of phonolitic melts is generally encountered at T = 450–
650 ◦C (Giordano et al. 2008) but, within this temperature range,
TG data indicate a minimum volatile release of ∼0.5 wt.% H2O
(Fig. 2c). Therefore, with the exception of the adsorbed moisture,
both the matrix glass and clay minerals do not contribute signif-
icantly to the overall H2O release that, in turn, is almost entirely
controlled by the thermal dissolution of chabazite (Fig. 2c).

5 R E S U LT S A N D D I S C U S S I O N

The dehydration EXP1 consisted of an heating stage from 100 to
800 ◦C and a subsequent cooling stage down to 100 ◦C (Fig. 3). At
the beginning of the heating stage, the radon emission from TRSN1
is mostly dependent on the moisture adsorbed by chabazite during
exposure to the atmospheric humidity. At T = 100 ◦C, the outgassing
of moisture increases the radon signal of one order of magnitude
with respect to the anhydrous material (Fig. 3). After the release of
moisture, radon emission remains relatively high due to the onset of
mineral devolatilization reactions. Two radon peaks are observed at
T = 200 and 700 ◦C (Fig. 3), being separated by a moderate decrease
of radon emission at T = 400 ◦C and an abrupt drop at T = 800 ◦C. A
direct consequence of the multiple dehydration events of chabazite
(Fig 2c) is that the radon signal does not monotonically increases
with temperature (Fig. 3). Consequently, the radon emission rate
cannot be interpreted and modelled in the frame of a temperature-
dependent diffusion model (Beckman & Balek 2002; Voltaggio et al.
2006). In contrast, as TRSN 1 is cooled from 800 to 100 ◦C, the
radon emission monotonically decreases with temperature (Fig. 3)
due to the total dissolution of H2O-bearing minerals (Fig. 2a) and the
completion of all devolatilization reactions (Fig. 2b). Importantly,
the regression analysis of these anhydrous data (red dashed line
in Fig. 3) indicates that changes in radon emission rate E220Rn are

Figure 4. Results from EXP3 and EXP4 plotted in a temperature versus
220Rn diagram. Hydration/dehydration EXP3 consists of the rehydrated
TRSN2 sample that is reheated at the same conditions of EXP2 with a
further step at 800 ◦C. Hydration/dehydration EXP4 consists of the rehy-
drated TRSN2 sample that is rehydrated at the same conditions of EXP3.
220Rn activity is the average of four measurement cycles for each tempera-
ture reported in Table 1.

proportional to the dependence of radon diffusion coefficient D(T)
on the experimental temperature (Scarlato et al. 2013).

The dehydration EXP2 was designed to investigate the multiple
dehydration events of chabazite evidenced by DTG and DSC curves
(Fig. 2c). Coherently with the mineral devolatilization products,
high radon emissions are measured for TRSN2, in correspondence
of two chabazite endothermic peaks at T = 170 and 450 ◦C (Fig. 4).
Surprisingly, when the maximum dehydration peak of chabazite in
encountered at T = 230 ◦C (Fig. 2c), a decrease in radon signal
is measured (Fig. 4). An almost identical trend is found for the
replicated EXP3 in which TRSN2 was rehydrated before heating
(Fig. 2c). Note that the overall radon signal measured for EXP3 is
lower than that observed for EXP2 (Fig. 2c), reflecting the reduced
H2O sorption capacity of chabazite caused by structural changes
at T > 175 ◦C (Fialips et al. 2005; Neuhoff & Wang 2007). Dur-
ing EXP3, the temperature was also increased up to 800 ◦C in
order to achieve complete rock dehydration. The total dissolution
of chabazite caused that TRSN2 rehydration was minimum and lim-
ited to weak moisture adsorption on the pore surfaces. This almost
anhydrous material was reheated during EXP4. Radon measure-
ments evidence as the signal monotonically increases with increas-
ing temperature, resembling the trend observed for EXP1 (Fig. 2c)
and according to the regression model E220Rn ∼ D(T).

It is worth noting that TG, DTG and DSC curves (Fig 2c) reflect
the release of H2O from the powdered starting material in which
the dehydration of chabazite occurs rapidly due to the high reaction
rate of its small particles. Conversely, adsorption phenomena take
place through the solid rock samples (i.e. TRSN1 and TRSN2),
causing that volatiles cannot rapidly escape through the intercon-
nected pores of the medium (Fig. 4). The grain surfaces serve as
traps for gas molecules by adsorbing a fraction of their kinetic
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energy and by retaining a part of them in the pore space (Beckman
& Balek 2002). The molecules may escape from the traps only when
the temperature of the system exceeds greatly the activation energy
of diffusion favouring gas mobility (Balek & Beckman 2005). The
time lag between the early chabazite devolatilization and subsequent
gas release through the interconnected pores of the rock implies that
the radon signal cannot be univocally associated to the endother-
mic peaks of chabazite. First, a fairly positive correlation is found
between the enhanced radon emission (Fig. 4) and the dehydration
events at T = 170 and 450 ◦C (Fig. 2c). Second, the most ener-
getic H2O dehydration peak of chabazite at T = 230 ◦C (Fig. 2c)
corresponds to a moderate drop of the radon signal (Fig. 4). For a
minor part, this different behaviour can be addressed to annealing
effects at T > 200 ◦C that lower the level of natural radiation dam-
age in mineral grains (Barretto 1975). Thermally induced structural
reorganizations may gradually suppress the structural defects of the
crystal lattice, thus reducing the overall radon emanation of the rock
(Beirau et al. 2012, 2016). However, most of the radon decrease is
caused by adsorption phenomena taking place when H2O molecules
in excess start to fill the interconnected pores of the medium, lim-
iting significantly the radon transport (Megumi & Mamuro 1974).
In correspondence of the maximum dehydration peak of chabazite
(Fig. 2c), a fraction of H2O is adsorbed on the interstitial surface of
the rock and condensed by capillary force in the pore space (Tanner
1978; Shweikani et al. 1995). This is also qualitatively evidenced
by the onset of H2O condensation in the Teflon tube and gas-drying
unit of the experimental setup. Notably, the mean vapour-adsorption
curve obtained for tuff rocks indicates that the amount of adsorbed
H2O increases significantly at a relative humidity of about 70–75%
(Benavente et al. 2009). The exponential growth rate of vapour ad-
sorption is related to an increase in H2O film on the surface layer
of rock pores and the beginning of capillarity H2O condensation
(Papachristodoulou et al. 2007; Prasad et al. 2012; Fernandez-
Cortes et al. 2013). As a result, condensed H2O obstructs the direct
passage of radon, hampering its diffusivity in the medium (Etiope
& Martinelli 2002). Since the starting material is prevalently com-
posed of a silica-rich glass matrix (Fig. 2a; see also microprobe data
reported in the Supporting Information), OH groups produced by
chabazite dehydration can be readily bounded with Si atoms on the
glass surface (i.e. hydroxyl coverage, Zhuravlev 2000). These OH
groups attach on the glassy grains and act as centres of molecular
adsorption (Tomozawa 1985). The temperature range for remov-
ing physically the adsorbed H2O is 450–700◦ C and the maximum
desorption peak is centred at T = 700 ◦C (Frisch & Giess 1990).
Coherently with the removal of hydroxyl groups from the matrix
glass, EXP1 shows a net increase in the radon signal at T > 400 ◦C
with a maximum value at T = 700 ◦C (Fig. 3).

Positive radon anomalies are frequently addressed to repeated
cycles of stress due to volcano inflation/deflation and increasing
magmatic pressures leading to the opening or reactivation of frac-
tures (La Delfa et al. 2012; Neri et al. 2006). Uniaxial deformation
experiments conducted by previous studies (Tuccimei et al. 2010,
2015; Scarlato et al. 2013) on the same TRSN material indicate
that, when the stress condition increases up to rock failure, new
emanation surfaces are created in the form of macroscopic faults.
Under such circumstances, most of the gas trapped within the ma-
terial escapes and the radon emission increase up to 72% of the
initial value measured for the intact rock. On the other hand, lava
flowing onto the surface or dyke intruding within the volcanic edi-
fice may release heat to the surrounding country rocks and produce
thermal gradients of several hundreds of Celsius degrees (Mollo
et al. 2012; Vetere et al. 2015). At T = 100 ◦C, the outgassing of

moisture adsorbed on the chabazite grains causes that the radon
signal increases by ∼1600% (i.e. from ∼1000 to ∼17 000 Bq m−3;
see Exp1 in Fig. 3) with respect to the anhydrous material. When the
temperature increases, the radon emission further increases due the
onset of mineral devolatilization reactions. The early dehydration
event of chabazite at 170 ◦C causes that the radon signal increases
by ∼1800% (i.e. from ∼2000 to ∼38 000 Bq m−3; see Exp2 in
Fig. 4) with respect to the anhydrous condition. The overall dehydra-
tion phenomena produce radon emissions two orders of magnitude
higher than those measured during rock deformation, microfractur-
ing and failure. In this view, any potential deformation-dependent
radon emission at the ground surface can be overprinted by the ef-
fect of devolatilization reactions in the ground due to temperature
changes.

There is general consensus that radon measurements at active
volcanoes environments are related to changes in the local structure
of the substrate, especially in areas characterized by dyke com-
plexes, active conduits and fracture zones (Giammanco et al. 2007;
Neri et al. 2016). In these scenarios, the radon signal is subjected to
a wide spectrum of perturbation phenomena, such as deposition of
radioactive elements, soil penetrability, meteorological conditions,
tectonic structures, thermal gradients, fumarolic activities and CO2

fluxes (Roca et al. 2004; Banerjee et al. 2011; Schubert & Paschke
2015). The experiments presented in this study evidence as ther-
mally induced devolatilization reactions act as a complementary
perturbation mechanism to increase remarkably the radon activ-
ity. Mineral dehydration events in volcanic areas produce radon
anomalies in the background signal, consistently with the notion
that the radon emission is strictly related to an increased degassing
or thermally induced advection (Gervino et al. 2004). Indeed, high
radon values are frequently modelled in terms of enhanced heat
flow and related stream discharge or stress-induced microfractur-
ing giving rise to anomalies in surface radon emissions (Gervino
et al. 2004). In this framework, mineral devolatilization reactions
will contribute significantly to produce radon emissions spatially
heterogeneous and non-stationary in time, resulting in a transient
state dictated by temperature gradients and the carrier effects of
subsurface gases (Heiligmann et al. 1997; Kotsarenko et al. 2016;
Neri et al. 2016).

In order to evidence to what extent laboratory experiments from
this study are representative for thermal gradients operating in in-
trusive magma bodies, numerical simulations of heat flows in and
around magmatic intrusions have been performed. When an intru-
sive body cools, the total enthalpy of the melt is released to the
surrounding host rock in a regular continuum of heat loss described
by the heat equation (Blundy et al. 2006; Whittington et al. 2009).
The conductive cooling and heating conditions of a cylindrical rock
volume are calculated through 2-D numerical simulations based on
an explicit finite-difference scheme where the thermal path (TP)
is determined by the variation of thermal gradient with time and
the variation of thermal diffusivity with temperature (cf. Wohletz
et al. 1999, and references therein). These computations focus on
small magmatic intrusions (0.0003–0.1 km3), as typically observed
when magmas rising from depth interact with the subvolcanic rocks
at very shallow levels (<1 km) or, alternatively, inject within the
volcanic edifice possibly feeding eruptions (Mordret et al. 2010;
Coppola et al. 2017). The following boundary conditions were used
for the calculations: (i) the size and volume of the intrusion and host
rock are 16 m (width) × 24 m (height) and 0.0048 km3, and 36 m
(width) × 36 m (height) and 0.0037 km3, respectively (ii) an initial
temperature, bulk density, specific heat and thermal conductivity of
1180 ◦C, 2700 kg m−3, 1150 J kg−1 K and 30 ◦C, 1.8 W mK−1 and
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Figure 5. Thermal effect of an intruding magma on the surrounding rock. (a) Thermal gradient profiles from data modelling evidence that variable cool-
ing/heating paths are encountered as a function of both the time of the intrusion and the distance from the magma/host rock interface. (b) The temperature
distribution corresponding to the final simulation is showed for the intrusion and the country rock. (c) Experimental radon data from Table 2 are compared
with the thermal paths (TP) obtained at distances of 2–4 (TP2), 4–8 (TP4) and 8 (TP8) m from the intruding magma (c).

of 2300, 1150 J kg−1 K and 3 Wm−1 K for the intruding magma
and host rock, respectively (data from Lange & Carmichael 1987;
Wohletz et al. 1999; Mollo et al. 2015) and (iii) a negligible value
for the latent heat of crystallization and heat convective transfer
(see also Wohletz et al. 1999 for further details). Fig. 5(a) shows
that the temperature variation of the system is determined by the
progressive cooling of the intruding magma counterbalanced by the
increasing temperature of the surrounding rock. Thermal gradient
profiles plotted in Fig. 5(b) evidence that variable cooling/heating
paths are encountered as a function of both the time of the intru-
sion and the distance from the magma/host rock interface. The heat
dissipation proceeds over time from the hot magma toward the cold
host rock, producing distinct TP. Intuitively, as the distance from
the magma/host rock increases, the volume of the host rock is pro-
gressively heated at lower rates. In Fig. 5(c), experimental radon
data from Table 2 are compared with the TP obtained at distances

of 2–4 (TP2), 4–8 (TP4) and 8 (TP8) m from the intruding magma.
TP2, TP4 and TP8 correspond to the conductive heat propagating
in host rock volumes of 0.0027, 0.0033 and 0.0084 km3, respec-
tively. With respect to the total volume of 0.0037 km3, TP2, TP4
and TP8 progressively heat the host rock for 7, 9 and 23% in vol-
ume. Fig. 5(c) shows that, after a certain time, each TP trajectory
intercepts the experimental temperature at which the radon signal
was measured in laboratory. For example, after ∼2 h, TP2 intercepts
the experimental temperature of 100 ◦C (Fig. 5c), corresponding to
radon signal of ∼17 000 Bq m−3. Similarly, after ∼4 h, both TP4
and TP8 encounter the same experimental temperature of 100 ◦C
(Fig. 5c). Extrapolating these data over the temporal and spatial
scales of magmatic processes, it can be concluded that, in less than
40 h, at least 39% of the host rock volume is exposed to T > 200 ◦C.
This thermal condition causes volatile release due to dehydration
phenomena that increase the radon signal of one order of magnitude
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relative to the radon activity measured at 25 ◦C from the undegassed
material (Fig. 5c).

6 C O N C LU S I O N S

Anomalous radon emissions in active volcanic areas can reflect
complex physicochemical changes of rocks and their constituents
as a function of temperature. Thermally induced devolatilization
reactions of common zeolite minerals produce a non-equilibrium
condition for the activity of radon. The release of H2O during zeolite
dehydration contributes significantly in enhancing the radon signal.
This holds below a dehydration threshold value corresponding to
the maximum rate of the mineral thermal decomposition. Above this
threshold, H2O molecules in excess are adsorbed on the interstitial
surface of the rock, by decreasing the radon emanation power of the
medium. Thermally induced devolatilization reactions may act as
perturbation mechanisms that may contribute significantly to pro-
duce radon emissions spatially heterogeneous and non-stationary in
time. This process is particularly effective during ascent of small
magma batches from depth that, at very shallow levels, interact with
the subvolcanic rocks.
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Supplementary data are available at GJI online.

Figure S1. (a) Photomicrograph of the cylindrical rock sample used
for the experiments. (b) Photomicrograph of the cineritic matrix
and centimetre-sized vesicles from an optical microscope using
reflected light. (c) Backscattered electron (BSE) image showing
clinopyroxene and feldspar of magmatic origin. (d) BSE image
showing the zeolitization process of the cineritic matrix. (e) BSE
image showing tabular and elongated clay minerals in the rock
matrix. (f) BSE image of Sample1 showing the amorphous glass
that is produced by heating the system up to 800 ◦C (EXP1). (g)
BSE image of Sample1 showing the devolatilization of chabazite
resulting from the dehydration process at 800 ◦C (EXP1).
Table S1. Microprobe analyses of minerals and glasses. H2O has
been calculated by the ‘difference from 100’ method (i.e. based on
the difference to 100% of the total obtained by EMP analyses, with
accuracy of ca. 0.5 wt.% H2O).
Table S2. Thermogravimetric (TG), differential thermogravimetric
(DTG) and differential scanning calorimetric (DSC).
Table S3. X-ray powder diffraction (XRPD) data.
Table S4. Le Bail and Rietveld refinements of X-ray powder diffrac-
tion (XRPD) data.
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