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[1] Radon anomalies are commonly observed prior to
dynamic failure in the crust and are interpreted as cracking
of the medium, thus attracting considerable attention in
understanding the precursory phenomena of earthquakes
and volcanic activity. In this study we have compared the
starting radon emissions from low porosity crystalline lava
(phonolite) samples with those from damaged and failed
samples. The damaged sample was loaded up to just beyond
the end of the linear elastic phase, as evidenced by the out-
put of AE energy, the increase in total porosity and a
decrease in P-wave and S-wave velocity relative to the
intact sample. Whereas, the failed sample showed deforma-
tion behaviour characteristically brittle with increasing
values of AE output and porosity as the sample approached
macroscopic failure. Radon measurements have evidenced
that dilatational microcracking of deformed sample pro-
duced no significant variation in radon emanation with
respect to the intact sample. In contrast, after macroscopic
failure, radon emanation drastically increased. Therefore,
major finding from this study is that, in the case of low
porosity and relatively high strength crystalline lavas, the
development of a macroscopic fracture provides new large
exhaling surface resulting in a substantial increase in radon
emission rate. Citation: Mollo, S., P. Tuccimei, M. J. Heap,
S. Vinciguerra, M. Soligo, M. Castelluccio, P. Scarlato, and D. B.
Dingwell (2011), Increase in radon emission due to rock failure:
An experimental study, Geophys. Res. Lett., 38, L14304,
doi:10.1029/2011GL047962.

1. Introduction

[2] The discovery that positive radon anomalies in soil-
gas and ground-water are commonly observed prior to earth-
quake rupture has attracted considerable attention in studies
monitoring the precursory phenomena of earthquakes and
volcanic activity [Cox et al., 1980; King et al., 1995; Linde
and Sacks, 1998; Roeloffs, 1999; Trique et al., 1999]. How-
ever, this simplified picture has been contradicted by the
lack of significant anomalies recorded before an earthquake
[Kerr, 1978; King, 1981; Tsunogai and Wakita, 1995;
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Steinitz et al., 2003]. Further, sometimes negative anomalies
are measured at the seismic source [Hauksson, 1981; Kuo
et al., 2006], while contemporaneous positive anomalies are
inexplicably recorded at monitoring stations located hundreds
of kilometres away [Kerr, 1978, 1981]. Alternating increa-
ses and decreases have also been recorded prior to earth-
quake [Wakita et al., 1980; Igarashi et al., 1995]. Hence, in
many cases, the simple measurement of radon emanation
does not appear to be useful as a warning signal and several
questions remain unresolved. Why are some earthquakes
preceded by radon anomalies and others not? Why are radon
anomalies recorded at scattered places far away from the site
of the largest earthquake? If anomalies are site dependent,
what factors may distinguish a good site from a bad one?

[3] Although numerous investigators have monitored field
radon emanation from rocks under natural stress conditions,
very few experimental studies have attempted to relate rock
deformation with radon emission rate changes [Holub and
Brady, 1981; Tuccimei et al., 2010]. Here we take the posi-
tion that in order to fully unravel the relationship between
deformation style, increasing damage and radon emission
rate, experiments on contrasting rock types, representative
of the wide variability we see in nature, must be undertaken
and their results evaluated. To this end, here we present new
experimental data for radon measurements performed on
intact, damaged and failed samples of a low porosity (3.6%)
and relatively high strength crystalline lava (phonolite) from
the Colli Albani volcanic district (Latium, Italy). Results are
discussed in comparison with those recently reported for a
loosely consolidated and highly porous (47%) tuff from the
same region [Tuccimei et al., 2010].

2. Materials and Methods

[4] The deformation experiments were performed on
53.7 mm diameter and 112 mm length cylindrical samples
at a constant strain rate of 10> s~ using a uniaxial press
at the Technische Universitdt Miinchen (TUM), Munich,
Germany. A first sample was loaded up to the failure, while
a second was unloaded at a point just beyond the elastic
phase, in order to impart a degree of irreversible micro-
crack damage. Output of acoustic emission (AE) energy was
recorded by a PCI-2 MISTRAS AE system via a piezo-
electric transducer strapped to the bottom loading anvil. The
transducer has a high response band over the range from
100 kHz—1 MHz and data were recorded at a sampling rate
of 10 MHz. The amplitude threshold, to exclude background
noise, was kept at a constant 40 dB.

[5] Rock physical properties and microstructural analysis
were performed at the HP-HT Laboratory of the Istituto
Nazionale di Geofisica e Vulcanologia (INGV), Roma, Italy.
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Figure 1. (a) Uniaxial stress-strain curves for lava sam-
ples taken to failure and (b) related FESEM map of the
macroscopic fault. (¢) Uniaxial stress-strain curves for lava
samples taken to just beyond linear-elasticity. Changes in
porosity and acoustic emission (AE) energy during the
experiments are also shown on Figures la and 1lc.

Ultrasonic (P- and S-wave) velocities were measured on both
intact and damaged samples using a high voltage (1000V)
pulse generator and a Tektronix DPO4032 oscilloscope and
two piezoelectric transducer crystals (100 kHz to 1 MHz
frequency). The porosity was determined using a helium
pycnometer (AccuPyc II 1340). Measurements were firstly
performed on the intact phonolite and then on compacted
and failed samples by cutting three cubes (2.5 cm/side) of
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material from the upper, central and lower portion of each
sample in order to calculate a representative average poros-
ity; in the case of the failed sample, cubes were cut in order
to include the fracture surface. Microstructural analysis was
carried out using a Jeol-JSM6500F Field Emission Gun-
Scanning Electron Microscope (FE-SEM).

[6] Radon analysis was performed at the “Environmental
and Isotope Geochemistry” laboratory of “Roma Tre” Uni-
versity (Roma) using a continuous Radon Gas Monitor
(RAD7, Durridge Company) equipped with a solid state
alpha detector and a gas-drying unit to prevent moisture
in the system. Samples were dried in an oven at 110°C for
24 hours and then placed inside an accumulation chamber
kept at a constant temperature of 60°C, with the aim to
enhance radon atoms mobility and, thus gas exhalation from
rocks [see also Tuccimei et al., 2009, 2011]. Radon emis-
sion rate was measured for intact, damaged and failed sam-
ples using the alpha spectrometer technique. Analyses were
repeated six times in order to verify their reproducibility.
The method allows the simultaneous measurements of radon
and thoron using only the *'*Po peak for **Rn and *'°Po
peak for ?°Rn, obtaining a rapid equilibrium between polo-
nium and radon nuclei. Since radon is essentially chemi-
cally inert, its transport behaviour in rocks is dominated by
migration through connected pores and cracks (either pre-
existing or stress-induced). Radon has a short recoil length
(3 x 10"® cm) and, consequently, its lifetime diffusion dis-
tance is very limited. Therefore, only atoms produced at the
surface of grains, trapped within the space of pores and/or
adsorbed by the free inner surface of microcracks can be
released from rock to the surrounding medium. Thus, the
behaviour of radon emanation from a rock under a com-
pressive stress is primarily dependent on the increase in the
surface area within rock by whatever mechanism (e.g.,
changes in grain size, dilatant microcracking, compactive
pore collapse, etc.).

3. Results

[7] Figure la shows the stress-strain curve of the first lava
sample uniaxially loaded up to failure. Acoustic emission
(AE) output and total porosity (P) values are also shown,
and are used as a proxy measure for microcrack damage.
The failure occurred at 0.63% strain yielding an unconfined
compressive strength (UCS) of 240 MPa (Figure 1a). Defor-
mation behaviour was seen to be characteristically brittle and
we observed minor deviation from linear elastic deforma-
tion behaviour until immediately prior to failure, where a
small degree of strain hardening was observed. AE output
increased exponentially as the sample approached macro-
scopic failure (Figure 1a). The dilatant nature of the defor-
mation was highlighted by an increase in total porosity from
3.6% in the intact sample to 9.5% in the failed sample
(Figure 1a). Figure 1b reports an FESEM map of the mac-
roscopic fault. The map shows that the macroscopic fracture
formed parallel to the direction of the maximum principal
stress (i.e., axial splitting) and that it represents a continuous,
open conduit for the emanation of radon. We also observed
that the deformation is, in general, fairly localised to the
fault plane (see the insets of Figure 1b). Failure of this type
has been previously observed for low porosity basalts [Heap
et al., 2009, 2011].
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Figure 2. Comparison of *°Rn emission, porosity data
and microscopy analysis for the both tuff and lava samples.

[8] The second sample (hereinafter referred to as the ‘dam-
aged’ sample) was loaded up to just beyond the end of the
linear elastic phase (0.53% of strain and 200 MPa), where
it was unloaded at the same rate (Figure 1c). Although the
rock did not macroscopically fail, it nevertheless contained a
greater level of irreversible microcrack damage, as evidenced
by the output of AE energy, the increase in total porosity
(Figure 1c) and a decrease in P-wave and S-wave velocity
relative to the intact samPle, from 5.51 to 5.09 km s~ ! and
from 3.84 to 3.39 km s, respectively. We must note that
the output of AE energy at low strains was greater for this
sample as compared to the sample taken to failure; however,
we suggest that this merely reflects slight sample variability.

[9] The changes in radon emission rate of the phonolite
samples are reported in Figure 2. The ‘damaged’ sample did
not show any significant variation in radon emission rate
(21 £ 6 Bq kg ' h™") with respect to the intact sample (21 +
4 Bq kg'! h™!). This suggests that the level of microcrack
damage imparted on the sample was not sufficient to drive
changes in radon emanation (Figure 2). In contrast, post-
failure, the phonolite sample showed a substantial increase
in radon emission rate of 105 + 13 Bq kg ' h™' due to the
occurrence of a large exhaling surface, in the form of a
macroscopic fault (Figure 1b).

4. Discussion

[10] The major finding from this study is that, in the case
of low porosity (3.6%) and relatively high strength (UCS
of 240 MPa) crystalline phonolite, the development of a
macroscopic fracture (Figure 1b) provides new large exhal-
ing surface that results in a substantial increase in radon
emission rate (Figure 2). In contrast, radon emission rate
measured from our ‘damaged’ sample did not show any
significant variation with respect to that from the intact
sample (Figure 2). Notably, previous studies on low porosity
basalts have demonstrated that a significant portion of the
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damage required for failure is produced immediately prior to
macroscopic sample rupture [Heap et al., 2011] and that
significant changes in permeability are only seen after the
formation of a large macroscopic fault [Fortin et al., 2011].
Consequently, it is likely that, although new emanation sur-
faces were created in the ‘damaged’ sample (see deformed
lava in Figure 2), most are trapped within the material and
the radon cannot escape.

[11] In Figure 2, we also report results from a previous
study dealing with highly porous tuffs [Tuccimei et al.,
2010]. These data show that, with respect to the intact
sample, the deformation of tuff resulted in pervasive pore
collapse that acted to reduce total porosity from 47.0% to
40.1% and thus decrease radon emission rate from 314 + 18
to 257 + 19 Bq kg ' h™', respectively (Figure 2). Pore
closure not only drastically reduced the rock surface area
responsible for the radon emission, but is also likely to have
significantly reduced permeability in highly porous rock
[Zhu and Wong, 1997]. Upon failure, the tuff displayed a
further decrease in porosity up to 35.3% (Figure 2); how-
ever, and similarly to that observed for the low porosity
crystalline phonolite, the resulting macroscopic fault acted
as a large exhaling surface that, consequently, resulted in a
high radon emission rate of 391 + 27 Bq kg ' h™' (Figure 2).

[12] These data have important ramifications for the use of
radon emissions as a predictive tool. Namely, they go some
way in providing an explanation for the seemingly confus-
ing array of radon anomalies seen prior to earthquakes in
nature. Our experiments evidence that negative radon anoma-
lies can be explained by the deformation of loosely con-
solidated and/or highly porous rocks (Figure 2); in contrast,
a lack of significant variation in radon emanation can be due
to the presence of low porosity crystalline materials. The
latter suggests that the presence of low porosity materials
could drastically reduce the prediction potential of radon
monitoring. However, after macroscopic failure (e.g., in the
form of an earthquake) has occurred, a significant increase
in radon is observed. Thus, to use radon emissions success-
fully as a predictive tool, it is paramount to comprehend the
underlying geology surrounding a fault or volcano within
the range of all monitoring stations. The future application
of high-resolution (spatial resolution of 10 m at a distance
of 1 km) cosmic-ray muon tomography in volcanic systems
and fault zones may provide us with the needed capability of
estimating regional porosity via density variations [Tanaka
et al., 2007a, 2007b].

5. Conclusions

[13] We present new experimental data for radon mea-
surements performed on intact, ‘damaged’ and failed sam-
ples of a low porosity and relatively high strength crystalline
lava (phonolite). The following major conclusions can be
drawn: (i) radon emission rate measured from a ‘damaged’
(deformed, but not taken to failure) lava sample will not
show any significant variation relative to that measured from
the intact sample; (ii) the development of a macroscopic
fracture due to sample failure provides a new large exhaling
surface leading to a substantial increase in radon emission
rate.

[14] Our experimental investigation has the potential to shed
light on several apparently contradictory signals recorded by
radon monitoring stations near active faults and volcanoes.
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Previous radon measurements on highly porous tuffs have
shown that radon emission rate from a ‘damaged’ tuff
sample decreased relative to that from the intact sample; this
was found to be due to pore closure. The data from the tuff
samples differs with the observation from point (i) of this
study because of the different rock characteristics, such as
porosity and strength. However, after failure, radon emis-
sion rate from the failed tuff sample increased accounting
for the formation of a large exhaling surface in agreement
with our observation from point (ii).

[15] Further studies on the relationship between radon emis-
sions and rock properties (e.g., porosity) are necessary for a
realistic interpretation of radon signals from geochemical
monitoring stations in seismic and volcanic areas.
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