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Abstract

Researchers world-wide have spent the last 60 years in trying to develop reliable systems
which might provide early warnings prior to the occurrence of earthquakes. Amongst the
techniques most studied have been variations in Radon concentration, as measured both in
the sub-soil and in ground water. In some cases major increases in Radon emissions,
followed by rapid decreases, were reported prior to major earthquakes; these gave very
successful predictions that earthquakes were forthcoming, the Haicheng (China)
earthquake of 1984 is a fine example of successful predictions. On other occasions
identical monitoring systems failed to provide reliable precursors, either false or even no
alarms at all were given, as in the Tangshan (China) earthquake of 1985. Poor results
continued in subsequent years. The L’Aquila earthquake of 2009 prompted us to report on
results of Italian studies on Radon gas variations as applied to exploration, neotectonics
and earthquake prediction. These studies are based on data stored from 1997 from two
arrays of twelve simultaneously recording Radon stations, one on the volcanic island of
Terceira, Azores, Portugal and the other on the Appenninic region of Northern Latium,
Italy. We show that it is not sufficient to study data from isolated recordings of variations in
Radon peak intensities. There is much more to be learned from multiple, long term data
analyses, these permit us to define the characteristic Radon “signals” in each area studied.
Unwanted interferences can then be removed from subsequent recordings. The residual
anomalies may be indicative of neotectonic activity in both time and space.

Introduction

A massive M=6.3 earthquake struck the town of L’Aquila in the Abruzzi
Region of Central Italy on 6™ April 2009, causing several hundred deaths.
The event initiated a series of heated debates, amongst these, the dubious
usefulness of Radon earthquake precursors was much discussed. Also under
fire came the advice given by Civil Protection in advising citizen to return to
the “safety” of their homes just hours before the main earthquake struck:
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authorities had completely disregarded the validity of anomalous Radon
emissions as possible seismic precursors. Indeed, Radon alone may not be
the answer to earthquake prediction; in the past it has given both
encouraging and false results; events in China in the late 90s were good
examples of unreliable precursors. But there is abundant evidence from
other past events to suggest that there may be some link between Radon,
active faults and telluric movements, sufficient to make it worthwhile to at
least take into consideration anomalous Radon emissions, especially when
combined with other possible precursors. Anomalous Radon signals had
been recorded at L’Aquila by Gianpaolo Giuliani from the Gran Sasso
laboratories, but these were not taken into consideration by Civil Protection.

Indeed, Giuliani was publicly derided by authorities, even to the point of

being accused of false alarmism. Senior Civil Protection staff were

subsequently charged with manslaughter for having completely disregarded

Giuliani’s evidence and incorrectly advising the population of L’Aquila on

that fateful night of 6™ April.

So, if Radon variations may at times be effective in the study of
earthquakes, to the extent that increases in levels of **’Rn were recognised
by TASPEI (IUGG Meeting, Perugia, 2007) as being possible earthquake
precursors, what stops the gas from giving a consistent, reliable early
warning signal? The situation is complicated by the very nature of Rn: a
radioactive, noble gas, with a very short half life, unable to combine with
other elements, but at the same time responsive to other natural
disturbances. When one measures the quantity of Radon gas being emitted
from below ground, one is in fact detecting the sum of a whole series of
factors affecting that emission before the gas reaches recording instruments.
This i1s true both for analyses integrated over time by passive SSNTD
detectors and for continuous real-time analyses as determined by electronic
instrumentation. Amongst those factors that play an important part in
affecting the gas flow, each of which must be accounted for, we find:

e The surrounding geology, its Radon-generating capability, and its
permeability (high for pyroclastics and low for clays, the latter having
effective sealant properties).

e Cyclic luni-solar effects (Radon “tides” produced by the gravitational
effects of the Moon and Sun), giving rise to two peak emissions every
24 hours (synchronous with marine and Earth tides). See Kiess et al.
1999; Aumento 2002.

e Content and microstructural location of Radon’s generator (Radium);
Radium residing deep within crystal lattices will generate Radon which
will remain trapped there and never reach the surface.
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e The tectonic stability of the area; small seismic shocks, even the transit
of heavy vehicles will dilate or tighten existing conduits (fractures,
hairline cracks, continuous porosity), which facilitate the migration of
Radon.

e The proximity to superficial aquifers; underground water flows tend to
pick up Radon in solution and transport it to sites of lower
concentrations.

e Similarly, air currents along faults and fractures will pick up and
transport Radon.

e The ambient humidity, rainfall, atmospheric pressure, winds, and
temperature.

e And finally, the telluric signals we are hoping to detect.

A single measurement of the Radon outflow at a particular site will
have been subjected to all these disturbances; this makes it difficult to pick
out the influence of a specific effect, including that due to tectonic activity.

Tectonic mapping

Time-integrated spot measurements, using nuclear track films (SSNTDs
such as LR-115, CN-85 and others), screened against humidity and buried to
standard depths for periods of up to one month have been used as survey
tools since the early ‘70s. At first they were used to detect buried Radon-
emitting ore bodies (U and Th deposits in particular). Subsequently in the
‘80s it was found that Radon mapping could be used to distinguish between
open/active faults/fractures from those which were sealed and inactive, even
when the latter still retained good morphological features.

In Northern Latium, from Lake Bolsena (a collapsed caldera) through
Viterbo (extinct Cimini volcanoes) to Lake Bracciano (extinct Sabatini
volcanoes to the South), nuclear track measurements below ground began in
1983. These were commissioned by an AGIP-ENEL Joint Venture intent in
finding geothermal activity, the fluids of which were thought to transport
Radon gas from thermal sources at depth to surface emissions. The project
was extended by the Italian National Research Council in its study of deeply
buried, open fractures, again as possible conduits for deep geothermal
fluids. After some 3,000 measurements, spread over several years, covering
the area (from 1 to 15 measurements per square kilometre), very few Radon
emissions were detected either along those faults of regional geological
significance (Appenninic trending faults, NW-SE) or those due to the
Bolsena caldera collapse. Both these systems appeared to be sealed and
inactive; but Radon emanations showed that they had been replaced by new
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systems of faults: active and open anti-Appenninic faults, trending NE-SW;
examples include the Celleno and Bagnoregio faults: see map of Figure 1
(Aumento & Cherubini, 2008).

The latter system is
particularly interesting
because, although
topographically featureless,
the Bagnoregio fault trends
from Lake Bolsena (E-NE),
- past the extreme eastern end
' of the town of Civita di
|7~ Bagnoregio and on to the
seismically unstable Umbria
Region to the East. Radon
emissions along this fault
line are commonly above
8,000 Bg/m?, and have
reached 40,000 Bg/m® in
places.

Figure 1. Lake Bolsena, Upper
Latium, tectonic map.

(The thick dark lines are active
faults/ fractures which are currently
leaking Radon. Inactive faults and
other tectonic lincaments are
represented by thin lines.)

This fault has often moved in the recent past; the last major
movements occurred in the 1670’s, when tuffs making up an upper section
of the town collapsed into the valley below.

Similar survey techniques were later used in geothermal exploration
campaigns in Mexico in 1979-1980 (Gutierrez Negrin & Aumento 1982), in
Zambia (Lake Tanganyika) in 1985-1987, on the island of Terceira in 1992-
1994 (Aumento 1994), and then over the Mojave desert, in California and
Nevada (1992-2000), again for geothermal exploration purposes. The
“anomaly” maps so generated provided useful indications as to where to
continue exploration, and where geothermal activity was no longer active
(Figure 2).
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Figure 2. Ground Radon concentrations measured around Pico Alto, Terceira. The
map was generated by contouring over 1000 integrative SSNTD stations.

Earthquake monitoring and prediction

Based on long-term studies world-wide since the early 1960’s, some
earthquake precursors had been tentatively identified (e.g., changes in ion
concentrations in water, variation in He, Ne, Ar, Rn and N, in the
environment, the abnormal behaviour of some animals, series of milder
foreshocks before major earthquakes, sudden water-level change in wells,
ground deformation, stress build-up in the country rocks (which may in turn
alter electric and electromagnetic properties of rocks). The problem with
these precursors is that they do not behave consistently: in China, for
example, a 1975 early warning and evacuation based on Radon and other
parameters saved 150,000 lives when a M=7.3 earthquake struck the
Haicheng area (Fu & Tatsuoka, 1984); similar detection techniques did not
save some 655,000 souls killed in Tangshan, China, later that year when a
7.8 quake struck unexpectedly; this was reportedly the second largest
earthquake ever recorded to have affected human lives: no precursors had
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been detected on that occasion (Geotimes, 2005). More effective was the
1995 Kobe (Japan) warning provided by groundwater Radon in wells:
concentrations in water started gradually increasing several years before the
earthquake, from an original 20 Bg/l, to 60 Bq/l, to a maximum of 250 Bq/1
just before the earthquake struck and Rn concentrations dropped back to 30
Bg/l (Igarashi, 1995). It seems that these early warnings are subject to so
many different influences that, when taken individually, they behave
erratically; they have therefore been discarded and considered unreliable by
many researchers. This makes earthquake prediction a controversial issue.

Nevertheless, as shown above for catastrophic events, major changes
in Radon concentration have been observed in several earthquake-prone
zones a few months/days/hours before, during and after large earthquakes
(Martinelli, 1999, Papastefanou et al., 1999, Coutinho et al., 2001, amongst
several others). Such behaviour was observed in deep mines, cellars and
wells where Radon concentration fluctuations due to disturbing environ-
mental factors could virtually be ruled out. Therefore, it is tempting to
consider a sudden erratic fluctuation in Radon concentration, particularly in
deep wells in an earthquake-prone zone, as a potential omen for an
earthquake (see for example Zhang Zhaocheng and Zhang Wei, 1999).
Again, this relationship is not valid consistently.

Because of the short half-lives of Rn isotopes, it is generally and
incorrectly believed that most of the naturally occurring Rn in the
environment is made up of the longer-lived ***Rn isotope (3.8 days half life)
generated only a few tens of metres in depth in the Earth’s crust. In effect,
fluid transport and open fractures/conduits can very efficiently carry both
*22Rn and the shorter-lived **’Rn isotope (Thoron, 52 seconds half-life) from
greater depths and over greater distances during their life times (Fleischer
and Mogro-Campero, 1978), especially when, in some volcanic rocks,
Thoron sometimes occurs as the predominant isotope. We have seen these
effects in action over geothermal fields, where fluids transport Radon both
vertically and laterally over several tens of kilometres.

A standard argument for explaining the variation in Radon
concentration in faults and water wells before, during and after an
earthquake is the variation in release of the gases entrapped in crustal rocks
due to pore collapse and/or opening of micro-fractures caused by stress
variations (Hushinuma et al., 1999; Tuccimei et al., 2010). Being an inert
gas, variations in Radon concentration cannot be due to chemical reactions
with other substances exposed by crack build-up in the rocks.

One major problem in using Radon as an earthquake precursor is in
the inability to identify the origin of Radon pulses recorded. Major Rn peaks
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are not necessarily due to telluric activity. We have recorded numerous
strong peaks without associated seismicity, at Vetralla (nr Viterbo, Northern
Latium), for example (Figure 3).
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Figure 3. Radon emission concentrations measured continuously during the month of
December 2006 in a deep cave at Vetralla, Upper Latium. (The large peaks
registered had no associated seismic signals. The small peaks in between
are the standard, daily luni-solar controlled Radon emissions.)

It is therefore of primary importance to be able to sort out and identify
tectonically induced Radon peaks from other possible causes.

We have used results from two Radon networks, each consisting of up
to twelve multiple, synchronous underground monitoring stations (in
Terceira, Azores, Portugal and in Upper Latium, Italy: Aumento et al. 2002;
Aumento and Cherubini, 2008; Aumento, Cristaldi and Zucchetti,
2009).The distribution, timing, size and structure of the Radon pulses
recorded by the networks were analysed in detail and shown only in some
cases to be related to telluric modifications of the otherwise systematic luni-
solar tidal control; the latter is one of the main controlling factors in Radon
emissions, both as far as pulse time and strength are concerned (Figure 4).
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Figure 4. Radon emissions at Pico Alto integrated monthly during one calendar year
showing the relationship between Radon maxima, marine tides and phases of the
Moon.

Before selecting a site for the installation of continuous monitoring
equipment, data from ground-Radon surveys were used in Latium (Figure 1)
and Terceira (Figure 2) to chose the locations of active faults which might
possibly permit Radon fluxes to reach the surface unhindered. For the
Radon data to be useful, several monitoring sites must be operational in
each region so as to produce a well-spaced array capable of indicating the
timing, provenance and subsequent direction of Radon pulses. Each site
must be subject to a minimum of disturbances from external influences, as
discussed above. Deep, locked cellars or natural caves usually made the best
sites. Since one factor controlling Radon emissions is that of luni-solar
gravitational effects, Radon emission intensities recorded on a 60 second
basis by the instrumentation were subsequently re-plotted as a function of
lunar days/months and not calendar months. When there were no major
external secondary disturbances, emission intensities, plotted month after
lunar month, showed coincident peaks twice a day, morning and evening
directly related to sunrise and sunset times. A typical systematic graph was
then generated integrating several lunar months at a time, from which very
clear repetitive, monthly patterns emerged (Figure 5).
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Figure 5. Radon emissions for the first six lunar days of each month showing their
repetitive, synchronous pattern when undisturbed by tectonic or other influences.

If a major seismic event occurred during a particular recording period,
the new trace no longer coincided with those of previous months; the event
will be visible as a sudden, strong disturbance, in terms of both time and
intensity, and, given the availability of multiply deployed stations, will be
seen to come and leave from a particular direction. Such events have been
recorded on Terceira (Figure 6) and at Civita di Bagnoregio: these stations,
placed deep in caves, where there are few outside disturbances, have shown
the arrival of sudden Radon surges, with emissions ranging from
background values of 3,000 to 4,000 Bg/m*® to over 35,000 Bg/m?® in a
matter of minutes. Simultaneous, detailed recording of all meteorological
data by local authorities showed that these surges were in no way related to
atmospheric influences.

In the Upper Latium region of Italy, continuous monitoring
commenced on 10" October 1997 soon after the Assisi earthquake struck
(on 26™ September 1997). Recordings were interrupted only by instrumental
damage due to excessively humid conditions. Major Radon flux variations
were detected by our arrays from remarkably distant sources: in coincidence
with the aftershocks of the 1997 Assisi earthquake (10" October to 6™
December 1997), some 80 km away, and recently (2009) from the more
distant one at L’Aquila, 120 km away. In the case of these major
earthquakes, large, broad Radon peaks developed at each of the component
stations, with maxima exceeding 35,000 Bg/m?; peaks then lost intensities
within a few days (Figure 7). However, on several other occasions Radon
emissions recorded in Latium peaked repeatedly beyond 20,000 Bg/m?
(Figure 8), without accompanying telluric events. These may possibly have
been due to some very local events which had passed undetected.
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Figure 6. Tectonic map of the NE slopes of Pico Alto Volcano, showing active faults

and Radon flow patterns along these lineaments from their origin to sea level. Small
grey dots are Rn stations.
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Figure 8. Radon emanations recorded in a deep cellar at San Martino nel Cimino, near
Viterbo, Upper Latium. The vicinity to the Cimini hills (extinct volcanoes) aside, no
direct relatlonsh|E was found between these Radon pulses, tectonics or marine tides.
(12" Dec. 2009-7" Feb. 2010).
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Figure 9. Radon emanations from near the summit of Pico Alto, at Agualva caldera.
(Nov. - Dec. 1997)

On Terceira, although there were several instances of coincidences
between local, anomalous Radon emissions and a large number of M<2
earthquakes, statistical correlations between these small events and Radon
did not produce a convincing story. On the contrary, when more significant
events occurred, Radon stations could be seen to respond either to the stress
system of the regional Azores/Gibraltar tectonic regime (NW-SE) or to the
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more local NE-SW Pico Alto volcanic regime (Figure 6). Peak intensities
were seen to shift from one system to another as different tectonic regimes
came into play. For example, immediately after a major earthquake on the
adjacent island of Faial in July 1998, caused by movement on the regional
NW-SE system, Radon intensities measured over said system were observed
to drop steadily for several weeks. Subsequently, as underwater eruptions
from the nearshore Serreta volcano picked up in intensity, with activity
associated with the younger NE-W system, Radon stations over these
lineaments showed marked increases in emissions.

Radon emanating from the geothermal field beneath the eastern flanks
of Pico Alto volcano flows along open vertical faults/fractures, reaching the
surface and then flowing down slope to the sea (Figure 6). Each day, the
characteristic twin Radon peaks are first detected at the station nearest the
source, i.e., at Agualva Caldera (550 m elevation); these peaks are very
sharp and intense, and occur close to sunrise/sunset times (Figure 9),
unaffected by marine tide times. Subsequently, as Radon migrates along
interconnecting open fractures/faults, the Radon pulses are recorded
sequentially, with ever increasing delay, at the down-slope stations: at
Agualva Pump Station, then Pico dos Loiros and Rabbit Warren Stations.
By this time peaks are not quite as intense, or as sharp, because Radon has
travelled further, following a more complex set of fractures. Finally, the last
appearances of the Radon pulses appear at sea level over faults at the two
Farroco stations (Figure 6). By carefully synchronising the recordings at
these different stations, one can follow the movements of Radon as it flows
along faults/fractures down to the sea, picking up time delay and gradually
losing intensity as it travels away from the source.

Furthermore, tectonics can open/close different conduits, modifying
travel paths; travel pattern may become more complicated, and more
variable. Indeed, Radon emanation graphs recorded at Farroco (Figure 10)
were shown to be very variable, more complex, different from month to
month. Not only did the shapes of the peaks vary, but peak times changed as
travel paths became longer or shorter (Figure 11). In addition, sometimes
more than the two peaks a day (am and pm) were recorded: a small
percentage of the Radon may have found other conduits along which to
travel, giving another set of smaller, systematic peaks, indicative of the
arrival of a smaller fraction of the gas.

A particularly striking example of these time/path shifts was detected
at the Farroco station during three years of study: Radon was twice delayed
by several hours along its flow from source to sea (Figure 11), at first
gradually between July 1997 and April 1998, and again from May 1998 to
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May 1999, and then very rapidly to June 1999. These time shifts were seen
to be quite independent of marine tide times, the Radon emissions not
following the daily tidal delay progressions. Similar shifts were detected at
Farroco and at other sea level stations on several other occasions.

For lack of data transmission capabilities in real time, all foregoing
observations were performed in retrospect, in the laboratory, working on
previously recorded data. The system works well for Radon mapping, but it
is not suitable as an earthquake precursor in the short term. A central control
station needs to be set up for each network to receive signals from all
stations; data would be evaluated there in real time by experienced staff,
who would issue early warnings as necessary. In the volcanic regions
studied above, this is not quite so easy to accomplish: stations are often
lacking electric power supplies, and are deeply buried in tuffs and lava
flows, lithologies which shield all radio transmissions.

| O

Figure 10. Radon emissions recorded at the Farroco Station from July 1997 to June
1998 showing the variable patterns at that site.
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Figure 11. Radon emission times recorded at Farroco over a three year period for its
main peak, showing both gradual and sudden time shifts due to the opening/closing

of the faults/fractures available to the gas for its migration down to the sea. (July
1997-September 2000).
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