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‘skin’ effect concerns the spectral amplitudes of surface waves in layered media. A possible interpretation is 
that the presence of a sharp variation in the VS profile induces energy-trapping phenomena between the 
surface (where the noise originates) and the impedance contrast at depth, which result in high-pass filtering of 
the surface wavefield. In fact, since the penetration depth of surface waves depends on the frequency energy 
trapping in the shallowest part of the subsoil due to the presence of a sharp impedance contrast at the basis of 
soft sediments is expected to affect the surface wave spectrum by transferring energy from low-frequency 
(more depth-penetrating) to high-frequency (less depth-penetrating) components. The frequency boundary 
between the enhanced and damped spectral components is expected to correspond to the resonance 
frequency of the soft sedimentary layer that identifies the range of frequency involved in the energy-trapping 
process. Instead, the amount of the energy transfer is a function of the sharpness of the impedance contrast at 
the bottom of the low-velocity layer.

 SOFT SOIL
Recent sand-clay deposits
 0 - 10 m: VS = 80 ÷ 100 m/s
 10 m – valley floor: VS = 200 ÷ 400 m/s

~ 35 m

CESI VILLA

I » VII MCS
Minor damages

I » IX MCS
Severe damages

Collapses

CESI BASSA

Bedrock
VS = 1000 ÷ 2000 m/s

~ 60 m

~ 350 m

Accelerometric
station

Accelerometric
station

C e s i ( M C ) ( 1 9 9 7 
MW=6.0) - effect of 
s m a l l s c a l e l i t h o -
stratigraphic variations 

a)

© DPC



Wolfango Plastino - Underground site characterization for Einstein Telescope

April 11th 2019, Orosei - ITALY

The observed phenomena are the effect of the constructive   interference (resonance) of seismic 
waves (mainly S phases) trapped within geological bodies bounded by large seismic impedance 
contrasts (soft soil/bedrock, soil/free surface, etc.) irrespective to the absolute impedance values

Seismic impedance relative to any seismic phase is the product of the propagation velocity and bulk density 

Ambient vibrations (anthropic sources, meteoclimatic conditions, sea waves)  
exhibit an inherent stochastic nature showing large amplitude variations

a)
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b)
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A ground inversion develops when air is cooled by contact with a colder surface until it becomes cooler than 
the overlying atmosphere; this occurs most often on clear nights, when the ground cools off rapidly by radiation. 
If the temperature of surface air drops below its dew point, fog may result. Topography greatly affects the 
magnitude of ground inversions. If the land is rolling or hilly, the cold air formed on the higher land surfaces 
tends to drain into the hollows, producing a larger and thicker inversion above low ground and little or none 
above higher elevations.

A turbulence inversion often forms when quiescent air overlies turbulent air. Within the turbulent layer, vertical 
mixing carries heat downward and cools the upper part of the layer. The unmixed air above is not cooled and 
eventually is warmer than the air below; an inversion then exists.

A subsidence inversion develops when a widespread layer of air descends. The layer is compressed and 
heated by the resulting increase in atmospheric pressure, and as a result the lapse rate of temperature is 
reduced. If the air mass sinks low enough, the air at higher altitudes becomes warmer than at lower altitudes, 
producing a temperature inversion. Subsidence inversions are common over the northern continents in winter 
and over the subtropical oceans; these regions generally have subsiding air because they are located under 
large high-pressure centres.

A frontal inversion occurs when a cold air mass undercuts a warm air mass and lifts it aloft; the front between 
the two air masses then has warm air above and cold air below. This kind of inversion has considerable slope, 
whereas other inversions are nearly horizontal. In addition, humidity may be high, and clouds may be present 
immediately above it.

b)

© NOAA
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c)

Infrasonic waves can propagate thousands of kilometers due to low atmospheric absorption at low 
frequencies. Natural sources are severe weather, volcanoes, bolides, earthquakes, surf, mountain 
waves, open ocean wave-wave interactions. Man-made infrasound is associated with vehicles and 
aircraft, machinery, and the interactions of weather on buildings and other structures.

arrival. This work shows promise for infrasonic tornado
detection systems that could complement the existing
Doppler radar network.11

Measuring infrasound
Sound (and infrasound) waves are longitudinal air waves
of compression and expansion. Modern low-frequency
pressure sensors, called microbarographs or low-frequen-
cy microphones, can record pressure changes of less than
10–3 pascals, or 10–8 atmospheres. This is still 45 times
less sensitive than the human ear is at audio frequencies!
(The SI unit of pressure is the newton per square meter,
or pascal. One standard atmosphere is about 100 000 Pa.
The threshold of human hearing, which acousticians call
0 decibels, is about 20 micropascals.) One type of far-infra-
sound sensor uses a sensitive diaphragm open to the air
on one side and backed by a large, thermally insulated
reference volume on the other. A calibrated flow resistor,
or leak, across the diaphragm filters out very-low-fre-
quency barometric pressure changes.

The ability of pressure sensors to detect infrasonic
waves is usually limited not by their sensitivity, but by
local pressure fluctuations in the atmosphere that have
nothing to do with sound waves. These may be caused by
winds and turbulence near the sensor, or by weather-relat-
ed changes in barometric pressure. (The pressure amplitude
of a typical infrasound signal from a distant source is 0.1 Pa,
which is equivalent to the barometric pressure change due
to a one-centimeter change in altitude.)

A single pressure sensor often cannot tell the differ-
ence between the pressure fluctuations caused by a pass-
ing wave of infrasound and the non-acoustic pressure
changes. One way to weed out unwanted pressure fluctu-
ations is to apply filters that take advantage of the known
spatial and temporal characteristics of the infrasound, as
well as those of the unwanted “noise.” One property of
sound waves is that they travel at about 344 m/s, or
roughly 758 miles per hour. Another is that they possess a
certain amount of coherence in space and time; that is,
they maintain a similar wave-form when sampled by sen-
sors spaced a few wavelengths apart. A known property of
the nonacoustic pressure fluctuations is that they are less
coherent in space and increase in intensity at lower fre-
quencies. So it makes sense to design sensors that aver-
age incoherent pressure fluctuations over space and have
a high-pass frequency response.12

Attached to the pressure sensor shown in figure 5 are
12 radial arms with ports at one-foot intervals, covering
an area 50 feet in diameter. Waves of near-infrasound
(with wavelengths much larger than the array) produce a
coherent response over all the ports, while smaller-scale
pressure fluctuations are partially averaged out. Noise
reducers with dimensions greater than 1000 feet have

also been used.
A similar kind of spatial filter

consists of a larger spatial array of
such sensors to sample the wave-asso-
ciated pressure fluctuations at spaced
locations. Modern digital array-pro-
cessing algorithms13 then search in
“wavenumber space” for combinations
of time delays over the array that
match infrasound waves with differ-
ent speeds and that come from differ-
ent directions. The design of the spa-
tial filtering arrays is always a com-
promise between angular resolution
and spatial decorrelation.

Infrasound wavelengths are so long that most sensors
are deployed at ground level in two-dimensional arrays.
(The wavelength at a frequency of 1 Hz is 340 m; at 0.1
Hz, it is 3.4 km.) When only two-dimensional array pro-
cessing is practical, the elevation angle of arrival of a
wave must be inferred from the speed that it travels
across the array. For example, a wave traversing the
array at 340 m/s is arriving essentially along the ground;
a wave traversing the array at 480 m/s is interpreted as
arriving from about 45° above horizontal.

Generating infrasound
Historically, low-frequency sound propagation has been
studied using explosive sources,4 but this is practical only
in remote areas. To study infrasound and its propagation
through the atmosphere in a controlled and unobtrusive
way, or to measure the directional response of receiving
sensors, it would be useful to be able to generate coherent,
narrowband infrasound at will. Practical uses for such
sources would include inaudible probing of propagation
paths where noise pollution is a concern and assessing
atmospheric conditions (like temperature inversions)
where audible sound could be harmfully trapped or duct-
ed. But infrasound is difficult to generate artificially,
because sources of manageable size are small compared to
a wavelength and are thus very inefficient.

In 1988, we designed a 100 Hz audible sound source
for use with a radio acoustic sounding system in which
atmospheric temperature profiles are measured by track-
ing vertically traveling sound waves with radar. This
audio source required a 10-foot-diameter horn driven by
four 18-inch speakers using several thousand watts of
electrical power. Figure 1 shows the acoustic horn and
speakers mounted on a pickup truck. Sound waves from
this system reached a 20 km altitude, but infrasonic ver-
sions could approach ionospheric heights.

To generate still lower frequencies, we experimented
with a spherical Helmholtz resonator that was tunable
from 10 to 50 Hz and sealed with a rupture disk. When
pressurized to 1 atmosphere and ruptured, it emitted a
consistent pulse waveform that could be recognized more
than a kilometer away and detected at 30 kilometers. Fig-
ure 1 shows this resonator. The design of a practical
coherent source of infrasound remains elusive, but devices
such as very large organ pipes, strings, and drums have
been suggested. Such an “orchestra” would have dimen-
sions of hundreds of feet and require a huge amount of
huffing and puffing to produce a useful infrasound level,
which nevertheless would go unheard.

Acoustic-gravity waves
Far-infrasound behaves physically just like ordinary
sound until its wave period exceeds about 1 minute (0.017

36 MARCH 2000    PHYSICS TODAY
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FIGURE 4. COMPUTER RAY TRACE models how infrasound at a frequency of 1 Hz is
refracted and channeled over long distances by the temperature and wind structure of
the atmosphere. A 60 m/s jet of wind blowing to the right at 60 km altitude is simu-
lated to show the difference between upstream and downstream propagation. Rays
that end abruptly are absorbed by atmospheric viscosity and thermal conduction.

Computer ray trace models how infrasound at a frequency of 1 Hz is refracted and channeled over long 
distances by the temperature and wind structure of the atmosphere. A 60 m/s jet of wind blowing to the right 
at 60 km altitude is simulated to show the difference between upstream and downstream propagation. Rays 
that end abruptly are absorbed by atmospheric viscosity and thermal conduction. 

© NOAA



Wolfango Plastino - Underground site characterization for Einstein Telescope

April 11th 2019, Orosei - ITALY

c)

Infrasonic resonances in underground cavities have been detected due to the tunnel geometries 
are simple enough for direct application of the Helmholtz resonator theory. Spectral analysis 
indicates that subacoustic resonance is responsible for numerous reports of periodically 
fluctuating or reversing tunnel winds.



Wolfango Plastino - Underground site characterization for Einstein Telescope

April 11th 2019, Orosei - ITALY

Thermoelastic damping, which arises when a material is subjected to cyclic stress by heating and cooling. 
Thus, due to the resulting heat flux, energy is lost to bring about this damping. 
The magnitude of the energy loss depends on the vibrational frequency and the structure’s thermal 
relaxation time constant, which is the effective time that the material requires to relax after an applied 
constant stress or strain. Therefore, the effect of thermoelastic dissipation, and consequently the damping, 
is most pronounced when the vibration frequency is close to the thermal relaxation frequency. 

If the porous media is heterogenous on a scale larger than that of the porosity, there can be stress-
induced flow of fluid between regions in the material, analogous to the intercrystalline thermal currents 
associated with thermoelastic coupling.

d)

© doi:10.1002/2014JE004729 

snapshot of the temperature gradient within 
a standard microstructure at the time of 
peak tension. The microstructure has a 
domain of 5 mm and grain diameter of 360 
μm
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cord for this region is given by the weather station at
29Palms (Figure 1).
[23] For this region we assume that SDHL is located at

x = 0, since it has the largest north annual amplitude. The
topography here is oriented roughly NW-SE, so the x
position for the other four stations are taken as their
distance normal to this NW-SE axis. The thermoelastic
strains for the stations in the 29 Palms region are given
in Figures 6a–6e, with the plots ordered according to the
stations’ normal distance to the long axis of topography. We
fit the data for all five stations with l = 18 km and an upper
layer thickness of 70 cm, suggesting again that much of the
annual variations can be explained by thermoelastic strain.

3.3. Idyllwild

[24] For the Idyllwild region, we examine GPS time series
from three stations: AZRY, DSSC, and ROCH (Figure 1). As
with the 29 Palms region, we position the x axis perpendic-
ular to the roughly NW-SE axis of topography. Assuming
that ROCH is at x = 0, we fit the data with l = 22 km. For this
region, which is located on higher ground than Palmdale and
29 Palms, we obtain an upper layer of 40 cm, thinner than the
two previous regions. The computed thermoelastic strains
show, as in the other regions, good fit to the (scaled) GPS
time series (Figures 7a–7c).

4. Discussion

[25] We analyze the annual variations in the north-south
component of motion in three clusters of GPS stations in

southern California using a simple thermoelastic strain
model and local atmospheric temperature. Our simple
model considers strain in only one dimension, assumes a
simple crustal structure, and a one-dimensional temperature
field. With our simplified model, we can effectively model
only a single component of deformation. We choose to
concentrate on the N-S component of seasonal deformation
based on the following: (1) The annual signals are larger in
the north component (although not much larger than the east
component). (2) The annual variation in the north compo-
nent is the largest of all periods. (3) The long axis of
topography is oriented generally in the E-W direction, with
N-S facing slopes. (4) The north annual signals vary
spatially on the scale of the topography wavelength,
whereas the east and semiannual components seem to
reflect larger-scale phenomena. (5) The phase delays corre-
spond to reasonable soil layer thicknesses. (6) The wave-
lengths of the temperature field correspond to the local
topography. These considerations, combined, lead us to
expect that the N-S component is most likely to exhibit
effects due to thermoelastic strain.
[26] Our simplifications are validated by the model’s

ability to explain the first-order annual signals for clusters
of GPS stations. We note that the model calculates thermo-
elastic strain for a range of spectral components excited by
the temperature data for shorter periods. However, with the
level of noise present in the GPS data it is difficult to judge
the goodness of fit to periods shorter than the annual.
Nevertheless, previous application of the model to strain-
meter data in a tunnel demonstrated that the model explains

Figure 5. Predicted thermoelastic strain (solid line) and scaled GPS positions (dots) for stations in
Palmdale region: (a) LLAS, (b) RSTP, (c) CHMS, (d) LL01, (e) PHLB, and (f) QHTP.
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by the temperature variations at the base of the decoupled
surface layer, is calculated with the analytic solution of
Berger [1975] for thermoelastic strain in a homogeneous
half-space.
[4] The model is simple but it appears to capture the key

first-order ingredients that determine the thermoelastic
strain in a given area. Ben-Zion and Leary [1986] showed
that strains computed with the model, using local measure-
ments of atmospheric temperature combined with a single
mode (standing wave) description of the spatial variation of
the field, were in good agreement with strainmeter records
at the San Gabriel Mountains. Tiampo et al. [2004] pre-
sented initial application of the same model to data of one
SCIGN station. In this work we use the model of Ben-Zion
and Leary [1986] to compute thermoelastic strains for a
considerably larger data set associated with clusters of GPS
stations in three regions of southern California.
[5] The use of a model with a small number of free

parameters (thickness of the unconsolidated layer and
dominant wavelength of the temperature field) and a kernel
given by an analytical solution allows us to effectively
compute general expected properties of thermoelastic strain
and compare the results to GPS position time series. The
results provide useful information on observed seasonal
variations of crustal deformation. However, the simple
standing wave description of the source field limits the
utility of the model to calculations of a single component of
deformation. Improved analysis with additional information
on the source temperature field and multiple components of
deformation may be used to construct physics-based filters
for removing the thermoelastic strain from GPS data. This
would increase the signal-to-noise ratio in position time

series. The results can also be useful for future selection of
sites.

2. Thermoelastic Strain in the Composite Model

[6] Berger [1975] solved the problem of thermoelastic
strain induced in an infinite homogeneous half-space by a

Figure 1. Location map of studied area in southern California. Three separate regions considered in this
study are delineated by the boxes. Diamonds denote SCIGN stations, and triangles denote temperature
stations.

Figure 2. A composite model for thermoelastic strain in a
half-space covered by a layer of loose material (soil). The
strain source is a stationary temperature wave shown
schematically at the top. Modified from Ben-Zion and
Leary [1986].
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The predicted thermoelastic strain from the observed local atmospheric temperature record assuming 
an elastically decoupled layer over a uniform elastic half-space and compare the seasonal variations in 
thermoelastic strain to the horizontal GPS position time series. The temperature time series is used to 
compute thermoelastic strain at each station on the basis of its relative location in the temperature field, 
and assuming a wavelength for the temperature field that is related to the local topography. The depth 
of the decoupled layer is inferred from the phase delay between the temperature record and the GPS 
time series.
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e)

Darcy’s law allows us to obtain the flux directly from the pressure gradient. Variable permeability 
caused by differing amounts of fluid passing through the pores implies the presence of ‘memory’ 
in the matrix or in the fluid. In practice, this variation in permeability may occur in geothermal 
areas where crystals formed during expansion of the fluid obstruct the path of incoming fluid, 
chemical reaction of the fluid with the matrix may modify the pores. It is clear that in these cases 
the variation in permeability depends on the amount of fluid passed through the matrix, which 
implies a system ‘memory’.

© doi:10.1111/j.1365-246X.2004.02290.x
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Long-term strains (June.- Sep. 2017)

-Theoretical tides were 
calculated and removed

-Averaged for every 10 min.

Response to rain fall
…. due to change in 

water load ?

… Baseline change (7x10-8

->200um for a 3km arm) within
a few days will occur when it
rains heavily.

5

1 month
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f) Potential differences, partly constant/partly fluctuating, are associated with electric currents in 
the ground. Self-potentials main mechanism have been identified: 1.Electrofiltration; 2.Diffusion; 
3.Adsorption; 4.Mineral potentials.

1. An electric potential difference is developed between the ends of a capillary tube through 
which an electrolyte is flowing. Field is in same direction as pressure gradient, opposite to 
direction of electrolyte flow. Can be found associated with the flow of water through sand, 
porous rocks.

2. Differences in concentration of electrolytes in the ground from place to place produce electric 
potential differences works like a battery.

3. Adsorption of positive and negative ions on surface of veins (quartz, pegmatite).
4. Also called ‘sulphide potentials’, observed on electronically conducting materials (e.g. pyrite 

has one of highest potentials).

© H. Saibi
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f)

© doi:10.1088/1742-6596/716/1/012020

Schumann resonance is a standing wave of electromagnetic field, which occurs when a space 
between the surface of the Earth and the ionosphere makes a resonant cavity for 
electromagnetic waves. Schumann resonance is excited by lightnings that can be seen almost 
all over the world, and thus Schumann resonance can be seen any time from any direction.

The coherence between the 
signals inside and outside 
K a m i o k a . S c h u m a n n 
resonance comes from a 
corresponding direction, 
which is determined by the 
direction of the location of 
t h e l i g h t n i n g . H i g h 
coherence indicates that the 
same Schumann resonance 
is observed both inside and 
outside the mine.
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Radioactivity maps of 
t h e M o l i s e r e g i o n 
s h o w i n g m a s s i c 
activities (in Bq kg-1) of 
40K, Ueq (represented 
by 226Ra), Theq, and 
the total dose rate due 
to natural radioactivity 
and cosmic radiation (in 
nGy h-1).

© doi:10.1007/s10967-012-2353-2
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g)

Carlo Erba! Reagenti), ultra-pure water (produced by Millipore MilliQ!-Element),
plastic containers and ancillary equipment were used during preparation of water
samples because long-lived U radioisotopes at trace levels had to be measured. The
ICP-MS measurements were carried out using a quadrupole mass spectrometer from
Agilent! Technologies, model 7500a. The tuning of the instrument was optimized in
order to reach high sensitivity, stable signal, and low background. A Babbington
nebulizer was installed as well. The concentration values were determined in
quantitative mode using an external calibration curve, because the matrix effect of
the ten times diluted groundwater samples is negligible. During the measurements,
a multi-element solution was used as internal standard to correct for possible
instability and drift of the ICP-MS device. This solution was added on line using the
third line of the peristaltic pump. The calibration curve of U response was corrected
using 209Bi. The accuracy reached in this way generally was better than 5%, which is
reasonable for the ICP-MS technique.

3. Results and discussion

The area was under investigation from November 2008 to May
2009, a time marked by a seismic swarm with the main shock
occurring at 01:33 UT on April 6th, 2009 (moment magnitude,
Mw¼ 6.3), located about 18 km far from LNGS-INFN (Fig. 3). In the
period 2002–2007, the local seismicity was widespread in the NW
sector of the epicentral area of the L’Aquila earthquake with depths
ranging from 10 to 20 km and magnitudes from 0.8 to 3.5. The
L’Aquila sequence started in November 2008 close to the location of
the main event of 6th April, 2009. The depths were between 8 and
12 km and the magnitudes were up to 4.1 (less than 2000 events).
After 6th April, 2009, the seismicity continued, migrating to the SE
and North sectors with 2 aftershocks of Mw¼ 5.6 (7th April, 2009)
and Mw¼ 5.4 (9th April, 2009). Until 31st May 2009 more than
6500 events with magnitudes greater than 1.0 with depths
between 6 and 20 km were recorded in the region of 42.00–42.75 N
and 12.75–13.75 E.

Within the framework of the INFN scientific program ERMES
(Environmental Radioactivity Monitoring for Earth Sciences), radon
(Plastino and Bella, 2001; Plastino, 2006), radiocarbon (Plastino
et al., 2001) and tritium (Plastino et al., 2007) were monitored in
groundwater inside the LNGS-INFN, showing different chemical,
physical and fluid-dynamic characteristics of groundwater. The U
groundwater monitoring was carried out from June 2008 with the
aim to better define the radon groundwater transport processes
through the overthrust fault (Plastino and Bella, 2001; Plastino,
2006), as well as to check its contribution to the neutron back-
ground at the LNGS-INFN (Plastino et al., 2009). The U groundwater
results obtained between June 2008 and May 2009 (Fig. 4) showed
two different water groups, which were also supported by stable
isotope (d2H, d18O), 14C and 3H analyses (Rozanski, private
communication). While the second group (sites E3 and E3dx, Fig. 2)
showed clear U variations (correlated at both sites) with slightly
depleted stable isotopes in water (about 0.25& in d18O and 2.1& in
d2H), the first group (sites E1 and E4, Fig. 2) showed much lower U
levels, with a weaker correlation between the sites (Table 1). This
indicates that the U groundwater changes strongly depended on
the position of monitoring stations and the overthrust fault (Fig. 2).

The highest 14C concentration was found at site E4 (71.7 pMC
(percent modern carbon)) and the lowest at site E3 (57.1 pMC),
documenting a longer groundwater–rock interaction time in the
latter case. Tritium levels were in the range between 6 and 13 TU
(Tritium Unit), higher than the current tritium content in rainfall of
the Gran Sasso region, indicating transit times of groundwater of
the order of some decades.

The observed U variations (Fig. 4) were indicative of a seasonal
trend of the water table in the Gran Sasso aquifer due to its recharge
modulated by percolation effect related to snow melting during
summer period, and some spike-like anomalies not related to
hydrological pattern. These U anomalies in groundwater were
detected until beginning of March, 2009 about one month before
the L’Aquila earthquake of 6th April, 2009. However, during the
main shock and aftershocks the variations in the U content were
small. Groundwater pH (Fig. 5), ORP (Fig. 6), and electrical
conductivity (Fig. 7) did not support the observed U anomalies
(Langmuir, 1980; Murphy and Shock, 1999).

The flow rate observed at the Traforo spring located in the
tunnel close to the monitoring area (Fig. 8), which collected
percolation water from the LNGS-INFN and the highway tunnel,
showed a seasonal trend due to snow melting during summer
period. This trend was modified, however, from November 2008
with starting of the seismic swarm located about 20 km far from
the spring, and drastically during the main shock on 6th April, 2009
with a jump-like anomaly of about 120 L/s. This behaviour
emphasized hydrological links between the Gran Sasso aquifer and
seismic activities before, during and after the main shock.

The U anomalies observed at site E4 could be explained with the
seismic swarm activities, which trigger diffusion processes through
the overthrust fault (Plastino, 2006). A correlation between the
shear strain in cataclastic rocks and the U content of groundwater
was investigated, suggesting a progressive increase in U enrich-
ment with deformation (McCaig, 1989). This behaviour was
detected in thermal waters and environments characterized by U

Table 1
Mean values of U, tritium, radiocarbon, d13C, d2H, d18O, pH, ORP, and EC (electrical conductivity) of groundwater sampled at E1, E3, E3dx, and E4 from June 2008 to May 2009.

U 10"9 g/g 3H TU 14C pMC d13C & d2H & d18O & pH ORP/mV EC mS/cm

E1 0.29# 0.01 6.6# 0.4 59.5# 1.0 "9.64 "72.2 "10.93 8.2# 0.1 231# 22 255.4# 3.0
E3 1.79# 0.02 8.8# 0.5 57.1# 1.0 "6.68 "74.6 "11.28 8.2# 0.1 232# 22 169.3# 2.0
E3dx 1.47# 0.02 11.2# 0.6 "74.4 "11.22 8.3# 0.1 228# 22 169.1# 2.0
E4 0.54# 0.01 10.1# 0.6 71.7# 1.0 "5.74 "72.6 "11.07 8.2# 0.1 240# 22 159.1# 2.0

Fig. 4. U concentration of groundwater sampled at E1, E3, E3dx and E4 sites from June
2008 to May 2009, and the cumulative seismic moment from January 2008 to May
2009 in the region of 42.00–42.75 N and 12.75–13.75 E (see Fig. 3a and b). The
cumulative seismic moment has been estimated from Italian Seismicity Catalogue (CSI)
(Chiarabba et al., 2005; Del Pinto, 2005): lnM0¼ 1.85 Mlþ 27.2, where M0 is the seismic
moment and Ml is the local magnitude. The jump-like in the cumulative seismic
moment indicates the main shock on 6th April, 2009. The seismic data are from the
Italian Seismic Bulletin, Istituto Nazionale di Geofisica e Vulcanologia.

W. Plastino et al. / Journal of Environmental Radioactivity 101 (2010) 45–5048

evaluations. Important issues are the stability and reliability of the
monitoring system which should be checked continuously during
the measurement time (Plastino and Bella, 2001) or the develop-
ment of new detectors independent of environmental noise

parameters such as temperature, acid concentrations, humidity,
and air pressure (Plastino et al., 2002).

Therefore, uranium (U) groundwater monitoring was planned
and performed at Gran Sasso National Laboratory of the National

Fig. 1. The Gran Sasso massif: a – geological cross-section. b – hydrogeological cross-section. The location of the LNGS-INFN is also shown.

W. Plastino et al. / Journal of Environmental Radioactivity 101 (2010) 45–5046

© doi:10.1016/j.jenvrad.2009.08.009

Institute of Nuclear Physics (LNGS-INFN), Italy, to study the possible
pattern for radon sources in groundwater, because anomalies were
detected during the Umbria-Marche (Italy) seismic sequence in
1997, located about 80 km from the laboratory (Plastino, 2006). The
aim was to test U as a potential strain indicator of geodynamic
processes occurring before an earthquake, rather than the consol-
idated scheme for radon release due to stress–strain processes in
the rock.

Although, in order to assess the utility of U isotopes as fluid
phase earthquake precursors, U concentrations and 234U/238U
activity ratios have been monitored in thermal waters (Gorbushina
et al., 1973; Kuleff et al., 1980; Finkel, 1981), this monitoring at
LNGS-INFN was performed in a shallow aquifer with a high
dynamic behaviour due to high permeability of the cretaceous
limestones that form part of the Gran Sasso massif (Plastino and
Bella, 2001). Moreover, these measurements were performed to
test a possible contribution to the variation of the neutron flux
background (Plastino et al., 2009), because it plays a key-role in
several research activities for Neutrino Physics and Dark Matter
detection in the underground environment.

The concentration of U in groundwater is usually in the range
0.1–50 mg L!1 (Giammar, 2001). In groundwaters, the weathering of
U-bearing rocks and minerals is the source of dissolved U, which is
most concentrated in sedimentary rocks, particularly organic
shales, and is also found in significant amounts in metamorphic and
igneous rocks, with higher concentrations in granites than in
basalts (Gascoyne, 1992). Uranium solubility in aqueous systems is
predominantly controlled by three factors: Oxidation-Reduction
Potential (ORP), pH, and dissolved carbonate (Langmuir, 1980;
Murphy and Shock, 1999). In aqueous solution U can exist in
oxidation states of þIII, þIV, þV, and þVI; however, under envi-
ronmental conditions only the tetravalent and hexavalent states are
stable. Clay minerals have high specific surface areas and reactive
surface groups for binding metals and radionuclides through two
different mechanisms: sorption can occur either in the interlayer
space (fixed-charge sites) between sheets by an ion-exchange
mechanism, or at the edges of the sheets through specific coordi-
nation (Zachara and McKinley, 1993; McKinley et al., 1995; Turner
et al., 1996). At low ionic strength, significant sorption occurred at
fixed-charge interlayer sites even at low pH, but at higher ionic
strength U sorption decreases because sodium and calcium ions
occupy the fixed-charge sites (Giammar, 2001).

2. Experimental

The mountain chain of Gran Sasso is formed by carbonatic rocks of marine origin
settled during the long period of time going from the upper Trias and the upper
Miocene. A series of tectonic events going from the end of the upper Miocene until
the Pleistocene produced the complex structure of the present chain characterized
by an anticline-syncline structure with its outmost side upturned. The main
structure evolved during the first tectonic phase in a sort of break thrust and
successively in an over-thrusted structure. The great overthrust event pushed the
dolomitic limestone (the southern block) on top of a marly limestone formation (the
northern block), representing the main syncline component (Fig. 1a) (Catalano et al.,
1986). Within the massif the circulation of the great water mass permeating from
the surface is greatest at the uppermost creek level, along a wide karstic zone sit-
uated between 1700 and 1600 m above sea level. The creek waters partially flow in
NE direction toward the spilling springs at the contact between the marls and the
limestones, and partially in SE direction, parallel to the main tectonic discontinuities
oriented NW-SE (Fig. 1b) (Plastino, 2006).

The LNGS-INFN is located in the Gran Sasso massif (central Apennines, Italy) with
rock overburden of 1400 m (4000 m of water equivalent), which efficiently shields
cosmic rays (Fig. 2). This results in ultra low-levels of background radiation, ideal for
Neutrino Physics and Dark Matter experiments. The natural radioactivity of rock and
materials used for the internal structures of the LNGS-INFN has been studied in detail
(Esposito and Pelliccioni,1985), and activities of natural radionuclides are well known
for the characterization of neutron background (Wulandari et al., 2004). The
LNGS-INFN is located inside the largest aquifer of central Italy, within the limestone
formation of the upturned syncline, near the main overthrust fault. This separates
water masses belonging to two distinct flowpaths (Figs.1b and 2): the first one, where

the main laboratories are excavated, flows in well drained cretaceous formations,
while the latter is within not drained and poorly permeable dolomitic formations
(Plastino, 2006).

2.1. Sampling and chemical analysis

The water samples were collected weekly in three sites located inside the LNGS-
INFN underground laboratories (Fig. 2). Each sample was 1 L, and was stored in
cleaned and rinsed polyethylene bottles after five minutes of water flushing at
maximum flow.

The pH measurements were performed by an electrometric method using
a traditional glass electrode. The instrument used was the Accumet! pH meter 50 by
Fisher Scientific with accuracy of #0.1 pH units. The potentiometric determination
of electron activity was carried out with an inert indicator electrode and a reference
electrode. The ORP measurements were performed using the Accumet! pH meter 50
by Fisher Scientific with precision of #22 mV (one standard deviation) in a closed
flow cell. The conductivity of the water samples was measured with a conductivity
meter MC 226 from Mettler Toledo! with a relative accuracy of 1%.

The flow rate measurements of the Traforo spring, located under the tunnel
close to the monitoring area, and which collects percolation water from the LNGS-
INFN and the highway tunnel (Fig. 1b and 2), were performed by a Venturi flow
meter with precision of #30 L/s (one standard deviation). This monitoring is
managed by Ruzzo Waterwork Society.

2.2. Sample treatment and multi-element determination by ICP-MS

The water samples were diluted 10 times and acidified with 2.5% of nitric acid to
stabilize traces in the sample. Reagents of trace analysis grade (HNO3 super pure by

Fig. 2. Schematic view of the LNGS-INFN. The overthrust fault (red line) and moni-
toring sites (E1, E3 and E4) are also shown. At site E3 there are two sampling points: E3
which is parallel to the overthrust fault in the North direction; and E3dx which is
orthogonal to the fault in the E4 direction into the cataclastic rocks.

Fig. 3. a – Seismic activity from the main shock on 6th April, 2009 to 31st May, 2009.
The focal mechanism of the main shock and the two strongest aftershocks of Mw¼ 5.6
(7th April, 2009) and Mw¼ 5.4 (9th April, 2009) are shown. b – Seismic activity from
1st January 2008 to 5th April 2009. The seismic data are from the Italian Seismic
Bulletin, Istituto Nazionale di Geofisica e Vulcanologia.
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Conclusions

- For site selection it is necessary to plan monitoring activities including all possible 
environmental noises on surface as well as in underground, and considering their 
coupling effect too.

- For site characterization it is necessary to perform the same monitoring activities during 
the realization of underground infrastructures, for studying the environmental 
assessment of ET vs time.

- For safety issues it is necessary to plan and realize an environmental monitoring 
network underground.

- For all environmental parameters it is necessary a robust time series analysis based on 
adaptive methodologies.


