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ABSTRACT
Seismic events, with ongoing deformation along the main active geologic

faults , preceded by micro- fracturing processes are associated with radon and
other gas precursors (He , CH4 , NO ) anomalies in soil and groundwater.

This paper reports the results of Rn222 in soil investigations in seismic
active area Vrancea, Romania. Nuclear track detectors LR-115 and CN-85 at 50
cm in soil depth were exposed for 30 days .For three years observation period,
more than 50% of radon increases were correlated with microseismic events of 2-
4 M. Prior one month of stronger seismic events over 5 M was registered a clear
positive correlation of radon in soil.
Keywords : Earthquake precursors, radon, Vrancea ,seismic hazard.

INTRODUCTION

Earthquakes occur as a result of building up of pressure between colliding sections of
the Earth's crust. These sections, known as continental plates, meet at "fault lines". According
to classical earthquake theory, small earthquakes should continue to grow into large
earthquakes until they spread all along the fault line. The mechanical processes of earthquake
preparation are always accompanied by deformations, afterwards complex short- or long term
precursory phenomena can appear. Vrancea region is fitted such a model, while Tokyo and
San Francisco areas experience lots of small earthquakes that do not grow into large ones.
Geologists consider these regions in the fault line acting as barriers to the shock waves and
gradually damping down the earthquake. Earthquake generation processes could be described
quantitatively in terms of basic equations, which include a fault constitutive law under
realistic environmental conditions. Laboratory-based constitutive laws have been proposed,
and quantitative description of the entire processes of tectonic stress accumulation, quasi-
static rupture nucleation, and subsequent dynamic rupture propagation based on physical
principles is in sight. Quantification may be complicated by the mechanical and chemical
interaction of fluids with country rock. This research trend should be encouraged because of
its great potential for understanding earthquake generation and its consequences for
earthquake prediction. The interdisciplinary nature of the subject and the complexity of the
problems necessitate the integrated cooperation and discussion of scientists in relevant fields
such as seismology, geology, and rock physics to infer geomagnetic, geodetic, geochemical,
and laboratory data.
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RADON IN SOIL DIFFUSION MODELS

Sub-terrestrial gases in the geosphere have been studied in many fields of Earth
sciences, regarding both exploration and environmental geology as well as in seismo-tectonic
applications. Gas dynamics rules applied to the geological context, must consider that the $as
movement mechanism generally reflects the amount of gas in a given volume of rock (the
magnitude and rate of gas production and accumulation) and its chemical reactivity. Among
sub terrestrial gases there are some highly reactive species (CO2, H2S, NH3, H2, N2), less
reactive (CH4, and heavier hydrocarbons), and inert, noble gases (mainly He, Rn, Ar).

Above fault zones were measured unexpected high concentrations of Rn and CO2 in
soil greater than attributed values by 23SU disintegration [1].Principles of gas migration is
related with Earth out gassing and geodynamics. Gas migration is strictly correlated to the
existence of the gas source itself (fluid reservoirs such as hydrocarbon pools in sedimentary
basins, geothermal fluids in high heat flow regions or fluids linked to magmatic and
mctamorphic phenomena), and to the existence of preferential routes for degassing. In some
zones of enhanced permeability like for sand horizons within a clayey sequence migration is
mainly horizontal, and by tectonic discontinuities such as faults and fracture networks
migration is mainly vertical due to buoyancy. During gas ascent the nature of the driving
force can change, function of the physical-geological conditions that the gas encounters.
Sedimentary basins and their constituent rocks arc subject to basin loading, compaction,
extensional and compressional stresses, and other tectonic forces that change the driving
forces of the fluid flow. Finally, variations in temperature, pressure, mechanical stresses,
chemical reactions and mineral precipitation change the gas-bearing properties of geological
formations. The interaction of all these factors may lead to time-dependent fluid transport for
which gas releases from the Earth, at least on a geological time scale, may be quite variable

[2].
The radon concentration anomalies can be related to the expected changes of the

properties of the rocks along fault zones. The rocks are crushed during faulting process.
Therefore, faulting is usually accompanied with certain changes in its geological
characteristics, such as a large increase in the porosity and permeability of the deformed rocks
along these zones. Through this porous and permeable medium radon migrates upwards more
easily.

Temporal variation of radon in soil or water could provide an evidence on relation
between its emanation and tectonic disturbances in the Earth is cmst [3]. Soil-gas observation
and radon anomalies could be used for earthquake prediction, though the radon changes are
also influenced by meteorological parameters such as atmospheric pressure, rainfall and soil
temperature [4]. More studies are needed to differentiate the changes due to tectonic
disturbances from other causes, and to reduce the effect of the meteorological parameters on
the measured radon concentration.

Temporal variations of radon concentration in soils or in groundwater might be used
for earthquake prediction .The radon concentration in soils could be also strongly disturbed by
environmental parameters, such as barometric pressure, soil temperature and precipitation.

In order to predict the size and shape of an earthquake, precursory phenomena have
been investigated, and the dilatancy-difusion (DD) model and crack-avalanche (CA) model
were developed [5,6]. According to the DD model, a porous cracked saturated rock
constitutes the initial medium. With the increase of the tectonic stresses the cracks extended
as well and disengagement cracks appear near the pores, the favorably oriented cracks being
opened. This results in a decrease of pore pressure in the total preparation zone and water
from the surrounding medium. The return of pore pressure and crack increase bring about a
main rupture at the end of the diffusion period. According to the CA model, the process is as
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follows: a cracked focal rock zone is formed by the increasing tectonic stresses. The shape
and volume of this focal zone change slowly with time.

After comparing both models, one can recognize a common principle: at a certain
preparation stage a region with many cracks is formed. The mechanical processes of
earthquake preparation are always accompanied by deformations, afterwards complex short-
or long-term precursory phenomena can appear. Anomalies of radon concentrations in soil
gas were registered a few weeks or months before several earthquakes [7, 3].

The precursory phenomena can be observed beyond the distance D (km), that is
roughly the radius of the effective precursory manifestation zone. The size of the
manifestation zone can be estimated approximately by using the following formula [8, 5] :

D = \0043M (1)

where M is the Guttenberg Richter magnitude of the earthquake. It means, for instance, that a
magnitude 5 earthquake may be detected by means of precursory phenomena at a distance
less than about 142 km from the epicenter.

Based on published data on pre-earthquake radon anomalies, was recognized that the
shape of the peak (and not only the amplitude) could be used as a diagnostic parameter for the
forthcoming seismic event. The relation between the amplitude and duration of the gaseous
anomaly and the magnitude of the expected earthquake has the following form:

M = k(Syn (2)

where k is a correction factor and S is the area of the detected peak anomaly.
To express the potential to detect a seismic event at a measurement site, one may use the
e parameter (earthquake effectiveness) as follows [8, 9] :

where R is the epicentral distance (km). In addition to the observation of the radon anomalies,
tectonic disturbances can be recorded by measuring anomalous changes of helium, hydrogen,
mercury, carbon dioxide and methane concentration in ground water (for example, thermal
springs) and also ionic concentration, the changes of ionic concentration, e.g. Na+, Cl" and the
soil gas emission. Layered neural network (LNN) are used to estimate the radon concentration
in soil related to the environmental parameters. This technique can find any functional
relationship between the radon concentration and the environmental parameters. Analysis of
the data obtained indicates that this approach is able to differentiate time variation of radon
concentration caused by environmental parameters from those arising by anomaly phenomena
in the earth (e.g. earthquake). Being compared with a linear computational technique based on
impulse responses from multivariable time series was indicated that this method can give a
better estimation of radon variations related to environmental parameters that may have a non-
linear effect on the radon concentration in soil, such as rainfall.

METHODOLOGY

Radon is an alpha-emitting radioactive gas. Has three isotopes 222Rn(Radon), 220Rn
(Thoron), 219Rn (Actinon). Only 222Rn known as radon gas is significant for seismo-tectonic
applications. 222Rn belongs to uranium (238U) chain and has half life time T1/2 =3.82 days. It is
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produced from his immediate parent radium (22b Ra) in rock grains that contains I) and its
daughters in secular equilibrium. There are known different techniques for Rn monitoring:
nuclear emulsion, adsorption, solid scintillation, liquid scintillation, gamma spectrometry,
beta monitoring, Solid state nuclear track detectors (SSNTD), ionization chambers, surface
barrier detectors, termoluminiscent detectors, electrets detectors, etc. Solid state nuclear track
detectors (SSNTD) measure the radon concentration by alpha tracks produced by
disintegration of it and its alpha active descendants. Concentration of radon in soil gas was
continuously measured with nuclear track detectors which were placed 0.5m deep in the soil
in drill hole. The radon detector was constructed of an exterior metallic cylinder and a plastic
vessel (cup) closed by a filter paper (Fig. 1).

SQOhim

-Fig. 1. Radon detector, C- cylinder, D-detector film, V- cup,F - filter

Sample films ( 2 x 3 cm2) of (LR-115 and CN 85) nuclear track detector (produced by
Kodak-Pathe) were placed inside the cup. The detectors were exposed for 1 month.
Subsequently, the detector films were etched in 10% NaOH aqueous solution at 60 °C (333 K)
for 120 min and alpha tracks counted visually using an optical microscope with the 10 x 16
magnification.

The detectors were calibrated with a Radium source and the calibration factor or the
sensitivity coefficient of the detector was found to be 20.22 Bq m"3 d/tr.cm2. The background
track density was of 68 tr.cm"2. The low level detection of the track etching method is of 3.18
Bq m"3.

As in general, helium is emanated from deeper layers of the crust than radon in the
earthquake active zone, helium is considered a better precursor than radon. A He/Rn ratio
model is very well suited for deeper earthquakes.

Temporal variations of radon in soil or water, can be correlated with tectonic
disturbances.

Rn passive detectors (nuclear track detectors LR-115 and CN-85) were exposed for 30
days period at 50 cm depth in active seismic zone Vrancea, in Vrancioaia test area. The
earthquake data were collected from Bucharest Central Seismological Station, Institute of
Earth Physics. The majority of the earthquakes were either of a too small magnitude or too far
away from radon-monitoring site and they should not have a direct contribution for the radon
concentration in the area of observation.

Time series radon data in soil-gas during over 3 years long observation period after
strong earthquake of 1977 have shown that more than 50% of radon concentration increases
were correlated with microseismic events of 2-4 M on Guttenberg-Richter scale. It was done
the assumption of a Rn anomaly - when its concentration X is statisfying the following
relationship:

X > Xmediu +2s (4)
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where s is standard deviation. The standard deviation of the radon measurements was about
10% of the average radon concentration.

RESULTS

For some of the recorded earthquakes that occurred during the observation period, soil
radon anomalies one month before the quakes for M>5 were registered. It was revealed prior
quake increase and post quake reduction of 222Rn. In figure 2 is presented average radon
concentration in soil in Vrancioaia test area during period: March 1977 till October 1980. For
six seismic events of magnitude greater than 5 M was observed a clear prior quake increase of
radon in soil concentration, followed by a post quake decrease. For the main seismic event of
March 1977 were not available in soil radon data.
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Fig. 2. Measured radon concentrations in soil by SSNTD (LR 115 and CN 85) m
Vrancea area.

For Bucharest Magurele area, placed at a distant of about 140 km of Vrancea, radon in
air data above the ground at the height between lm and 8m, stressed a high concentration of
radon gas ten times greater than normal just some hours after the strong seismic event of 7.4
M [10]. In order to differentiate the changes due to tectonic disturbances and that of
meteorological parameters, barometric pressure, precipitation and temperature were
measured. Negative correlation between radon concentration in soil and meteorological
parameters (atmospheric pressure, rainfall and soil temperature) was found.
To predict a future earthquake, all precursory phenomena must be investigated.
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CONCLUSION

Radon signal must be correlated with different other information regarding seismo-
tectonic activity. To predict the size and shape of an earthquake, precursory phenomena must
be investigated based on dilatancy-diffusion (DD) models and crack-avalanche (CA) models.

Interdisciplinary nature of earthquake prediction and complexity of the problems
needs the integrated cooperation in fields of seismology, geology, and rock physics to infer
geomagnetic and electromagnetic, geodetic, geochemical, and laboratory data.

Future trends must consider neutron flashes which are able to forecast earthquakes
[11]. Earthquakes may be heralded by bursts of neutrons from the Earth's surface and could
even be linked to the lunar cycle. Flow of neutrons from the Earth's crust increased sharply
during the new moon and the full moon, when tidal forces acting on the Earth are at their
strongest, which could trigger seismic activity which means the basis of a new system for
forecasting earthquakes. It seems that tidal stress on the Earth's crust opens up fissures
through which radioactive gases and particles can escape. The radioactive material (like radon
gas) quickly decays, emitting alpha particles that contain neutrons.
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