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ABSTRACT The seismic hazard resulting from seismicity induced by human activity is not yet
regulated in Italy. The presence of a significant natural seismicity complicates the
differentiation of events possibly induced by human activity from ordinary natural
seismicity, while it stimulates a comparison between the ground motion that can be
expected due to tectonic events and the shaking caused by man-induced events. The
problem is complicated by the fact that it is not possible to compare homogeneous
hazard estimates for the two classes of seismicity, since it is difficult to define the
induced seismicity in terms of probabilities for a given return time. This paper
provides an example of how the problem was first tackled in an Environmental Impact
Assessment (EIA) procedure, and then attempts a nationwide extension of the results.
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1. Introduction

Italy is a country rich in hydropower reservoirs, geothermal wells, and fields of
hydrocarbons extraction. However, from 1964 to 2012, only two papers were published on the
problem of seismicity induced by the injection of fluids and three on the seismicity induced
by dams. The historical reason for this lack of interest in the problem of induced seismicity is
discussed in Mucciarelli (2013). Things changed after the Emilia 2012 earthquake sequence.
The governor of the Emilia-Romagna Region appointed an international commission (ICHESE,
2014) to investigate the relationship between human activity and Emilia earthquakes. The
commission concluded that it was not possible to exclude that the oil operation at Cavone
could have triggered the mainshock of the Emilia seismic sequence, and suggested that further
investigation had to be carried out at the site. Thus, an experiment aimed at evaluating the
diffusion of the pressure field due to water injection was set up at Cavone in the following
months, the so-called Cavone Monitoring Laboratory (CavoneLab). The experiment ended in
mid June 2014, while at the same time a second group of experts (Astiz et al., 2014) developed
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DOCUMENTED/ | LOCAL MONITORING
ey <lhukz oL HYPOTHESISED START/END
Pieve di Cadore BL D 1949/1952
Vajont BL D 1962/1968
Reservoir Ridracoli FC D 1981/1989
Passante cz D 1981/1996
Campotosto AQ H n.d.
Pertusillo PZ D 2005/2012
Larderello / Travale Pl H 1978/1982
Amiata GR/SI H 1982/1992
Geothermal Latera VT D 1978/1982
Torre Alfina VT D 197871982
Cesano RM D 1978/1982
Caviaga LO H* n.d.
Hydrocarbons Cavone MO H n.d.
Montemurro PZ D* 2006/2014
Mining Raibl / Cave Predil ub H n.d.

Table 1 - List of Italian earthquakes related to human activities. If there are available production data correlated with
seismic events, the case is considered documented. Otherwise, it is considered only hypothesised [modified from
ISPRA (2014), where all the relevant references can be found except that for D*, updated as documented following
Stabile et al. (2014), and H* that is a tectonic event according to Caciagli ez al. (2015)].

a geodynamical model and performed numerical simulation of pressure propagation and
interferences among the wells: they concluded that there was no causal relationship between
fluid extraction/reinjection at Cavone and the Emilia earthquakes. After these events, the Italian
government appointed two groups of scientists with two tasks: 1) to provide a “white paper”
about the state of the art of induced seismicity studies in Italy, and 2) to provide guidelines for
the monitoring of seismicity, ground deformation, and pore pressure for human activities that
involve fluid extraction/injection deep in the ground.

Fulfilling the request of point 1, the report by the working group coordinated by the Institute
for Environmental Protection and Research (ISPRA, 2014) on the level of knowledge of
induced/triggered seismicity in Italy listed the cases of earthquakes attributed with more or less
certainty to anthropogenic causes. In total, 15 seismic events are known, some documented
and some hypothesized (Table 1). The same report also describes a few instances of publicly
available monitoring data associated with documented cases of human activity that did not
cause any induced seismicity.

The guidelines for monitoring (UNMIG, 2014) are focused on the actions to be taken in
accordance with the changes of monitored parameters, defining a general scheme that works for
subsequent levels of activation. Also, based on the experience and legislation of other countries,
it is proposed to manage the reinjection activities, taking into account the possible secondary
effects, such as induced seismicity, on an experimental basis, with a decision model based on
pre-established thresholds also called a “traffic light system”.

To this purpose, the guidelines define the criteria that fix, case by case, the thresholds of the
different levels of attention for the monitored parameters, as well as some analyses that should
be done at the same time in order to confirm the cause-effect correlation [the guidelines, in
Italian, can be downloaded from the following link: http://unmig.sviluppoeconomico.gov.it/
unmig/agenda/upload/85_238.pdf (UNMIG, 2014)].

To respond to the interest and concern that the phenomenon of induced seismicity generates
among the inhabitants of areas with a significant seismogenic potential where underground
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human activities are carried out, it is necessary to move from a simple description and
cataloguing of events, to a hazard assessment comparable with those provided by anti-seismic
codes. At present, in fact, the seismic hazard resulting from induced seismicity is not regulated
in Italy. Paradoxically, the need for a good hazard assessment for induced seismicity is much
more felt and clearly faced in industrial countries where natural seismicity (tectonic and/or
volcanic) is moderate or almost absent, the reason being that there is no doubt that most, if
not all, seismic events can be attributed to human industrial activities. In this respect, northern
European countries are the most responsive, since they have both the above conditions, i.e.,
low seismicity and high human activity. Unlike other areas where the problem of induced
seismicity recently came to the attention of the public and researchers, such as the central
U.S.A. (Ellsworth, 2013) or northern Netherlands (van Eck et al., 2006), Italy is a highly
seismic country. The presence of significant natural seismicity complicates the differentiation of
events possibly induced by human activity from ordinary natural seismicity, while it stimulates
a comparison between the ground motion that can be expected due to tectonic events and the
shaking caused by man-induced events.

2. Comparison between tectonic and induced seismicity hazard

The comparison between tectonic and induced seismicity hazard has became an institutional
issue, probably for the first time in Italy, thanks to the Emilia-Romagna Region (RER). During
the Environmental Impact Assessment (EIA) procedures for a geothermal plant at Pontegradella
site in the municipality of Ferrara, RER asked the proponents to define the relationship between
the hazard estimate according to Italian code provisions and known induced seismicity events,
in terms of peak ground acceleration and spectral acceleration. This was asked in order to
test whether the parameters adopted for the design of the proposed plant would include any
phenomena of induced seismicity. The problem is complicated by the fact that it is not possible
to compare homogeneous hazard estimates for the two kinds of seismicity, since it is difficult to
define probabilities of occurrence of the induced seismicity in a given return time. In the absence
of human activities, the probability of induced seismicity is obviously zero, something that never
occurs for the natural seismicity. The time scales are not comparable, either, since many known
cases of induced seismicity occurred immediately after the beginning of operations, while code
hazard is estimated over long return periods (475 years or more). Finally, it is possible in many
cases to control the evolution of induced seismicity before it gets to potentially damaging events
through a careful management of systems, if properly monitored [see: Batini et al. (1985); as an
example of what was done for geothermal activities in Italy].

To answer the question posed by the RER, we considered a severe-case scenario by
comparing the expected values of acceleration predicted by the national code [NTCO08, derived
from the hazard map MPS04 described in Stucchi et al. (2011)] with the spectra of two induced
events, supposing that in a short time after the start of the operations, without proper monitoring
and management, a damaging induced earthquake may occur.

The first event that was considered comes from The Netherlands, where the extraction and
re-injection of natural gas caused numerous induced seismic events, the strongest being the
magnitude 3.5 event in Roswinkel, which caused non-structural damage to some houses in
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Fig. 1 - Comparison between the Dutch
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the vicinity of the epicentre. More information is given in van Eck et al. (2006), where at the
conclusion of their study, they propose a spectral shape for the near-field-induced events to
be accounted for in Anti-Seismic Design (ASD). It is necessary to explain why an earthquake
of such a small magnitude may cause building damage: a typical characteristic of induced
seismicity is a higher probability that events are shallower than with tectonic earthquakes. The
reduced depth of the hypocentre produces higher acceleration (and macroseismic intensity)
in the immediate vicinity of the focus and greater ground-motion attenuation away from the
epicentre. A similar behaviour is found in nature with volcano-tectonic earthquakes, so in Italy
the probabilistic estimates for these events use a ground motion prediction equation and an
intensity-magnitude conversion different from the standard ones [see an example for the Etna
volcano in Panzera et al. (2011)]. Also, its should not be forgotten that in areas without natural
seismicity, there is usually no code requiring the construction of ASD buildings.

The second case is the earthquake that struck some localities of Mount Amiata in Tuscany
on April 1, 2000. The event was recorded by the accelerometric station in Piancastagnaio and
the magnitude assigned by Istituto Nazionale di Geofisica e Vulcanologia (INGV) shows a
considerable discrepancy between the local magnitude (M;=3.9) and the moment magnitude
(My=4.5). This difference can be attributed to the extremely limited depth of the event (2 km),
and leads to the hypothesis that it is an earthquake linked to the exploitation of the geothermal
field. More information about the structural damage caused by the event and the map of ground
motion are provided in the paper by Mucciarelli et al. (2001).

The spectra of the two considered events were compared with those provided by the Italian
seismic code for Ferrara (at Pontegradella site) for the Life Saving Level (SLV) spectrum (Fig. 1),
corresponding to the widely accepted standard of a 475-year return period. It has to be noted
that the Ferrara spectrum includes the aggravation factor from rock to soil class C, according to
Eurocode 8. The recording station for the Amiata event (Piancastagnaio) is located on B* soil,
according to the ITalian ACcelerometric Archive (ITACA, 2014), the superscript meaning that
no Vs profile is available and the class is assigned using geological maps. Van Eck et al. (2006)
do not differentiate their study of Dutch events by soil classes, since all the stations in The
Netherlands are located on soft soil.

It can be noted that the spectrum proposed by Dutch legislation (from Roswinkel events)
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Fig. 2 - Comparison of the spectra corresponding to the Dutch legislation for induced seismicity (bottom, labelled as
Roswinkel) and the earthquake of Monte Amiata 2000 (top), respectively, with the spectra with 10% probability of
occurrence in 50 years for the whole Italian territory, referred as MPS04. Colours represent the value of the ratio of
MPS04 to that of the two induced events, respectively. The Mount Amiata location is shown by a black triangle.

has a prevailing content at short periods and that, although it starts from a peak ground
acceleration (PGA) anchor value slightly higher than that of the SLV spectrum, it remains far
below SLV for all periods. For the Monte Amiata event, despite a richer spectrum, the recorded
accelerations remain well below the SLV spectrum for all periods.

At this point, if we assume that the two considered induced events may be representative
enough of induced seismicity, it makes sense to extend this approach to the entire national
territory and compare the two spectral shapes with the expected values of the accelerations
provided by MPS04. The first comparison was made with 10% exceedance probability in
50 years, that is, with a 475-year return period. Fig. 2 shows the ratio between the values of
MPS04 divided from those from induced seismicity.

It can be seen that the Netherlands code spectra largely exceed the values of MPS04 in
terms of PGA, but already for a 0.2 s period, MPS04 provides higher values over the entire
national territory. This survey was not extended to periods longer than 0.5 s for two reasons:
1) even for this period only a very limited portion of the Piedmont Region in northern Italy
shows a ratio around 1, and 2) the range up to 0.5 s comprises the fundamental period of
Italian building up to 30 m (10 storeys), which are the vast majority of the national building
stock (Gallipoli et al., 2008). For the Amiata earthquake the case is different. The maximum
extension of the territory where the spectrum of the earthquake exceeds the one expected by
MPSO04 is obtained for a 0.2 s period, while the extension is lower for PGA and decreases
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Fig. 3 - Comparison between the Monte Amiata earthquake of 2000 and the spectra with 2%, 5% and 10% probability
of exccedance in 50 years for the whole Italian territory. Other details as in Fig. 2.

sharply for 0.5 s. For locations along the Apennines and in the foothills of the central and
eastern Alps, natural seismicity is always prevalent. It is interesting how in Tuscany, where the
earthquake occurred in 2000, the spectral ordinates are always higher than the expected values
on rock along the coast and in the piedmont interior.

Since the occurrence of an event similar to Amiata 2000 brings to the exceedance of the
design values for ordinary structures in a significant portion of the less seismic areas in the
country, it was decided to consider two other values of interest, i.e., the 975-year return period
(used for dams) and the 2475-year one (used for strategic structures). The comparison is shown
in Fig. 3: the area where the values of MPS04 are higher than those expected for induced
events is significantly reduced for longer return periods.

The last comparison considers the problem of protection deficit for older buildings. All the
previous analyses refer to buildings designed since 2009. For older buildings, it has to be taken
into account that the last Italian hazard map raised the number of classified municipalities, and
thus many buildings were constructed without ASD in areas that now are considered seismic.
Fig. 4 reports the comparison in terms of PGA between the Monte Amiata event and three
periods of building construction: before1984, from 1984 to 2003, and after 2004 (actually,
from 2003 to 2009 it was possible to use either new or older construction rules). It can be
noted that for older buildings with a protection deficit problem, an event similar to Amiata
2000 could largely exceed any design values.

524



Seismic hazard from natural and induced seismicity: a comparison for Italy Boll. Geof. Teor. Appl., 56, 519-526

PGA (MLP 1984) PGA OPCM (3274/2003) PGA MPS04 -T 475y

g T 7 =
1A B Sl
(/\I "\ |
& o {
*¥&/‘ R b
PGA \) 7
0.00-005 | A °
0.06-0.15 )0
0.16-0.25 % A
%
I 0.26 - 0.35 (1’%‘
- %
L {
L
“gm/“j

PGA MLP 1984/Amiata

P
&

® <010

® 011-025
0.26 - 0.50
051-075
076 - 0.90
091-1.10
111-1.25
1.26-1.50

® 151-175

® 176-1.90

® >191

A Mount Amiata

Fig. 4 - Comparison between the Monte Amiata earthquake of 2000 and the code PGA for the whole Italian territory, in
three different periods: before1984, from 1984 to 2003, and after 2004 (left to right). Other details as in Fig. 2.

3. Conclusions

In this study, although preliminary, we suggest an approach that should be used within EIA
for structures, i.e., activities that might potentially be capable of generating induced seismicity.
This approach assumes that the national seismic code spectrum is compared to those of some
maximum induced events. Our study shows that, in a large portion of the Italian territory,
for buildings designed before 1984, an induced event may well exceed the building design
acceleration limit, if any was mandatory at the time of construction.

Some suggestions can also be drawn for further development or more-in-depth analyses. For
instance, we mention the special case of Sardinia, which was never classified before NTC08
and, being excluded from MPS04 calculation, is now assigned a uniform expected PGA equal
to 0.05 g all over the island. Mulargia and Castellaro (2004), combining the data of seismic
hazard with the distribution of geothermal resources in Italy, concluded that “the area in
which the exploitation of a geothermal hot dry rock system is viable is located in Sardinia, in
Campidano, where temperatures at 1,000-metre depth are over 100 degrees and seismicity is
virtually absent”. This is correct with regard to strong events triggered by human activity, but
we must consider that stimulated geothermal energy [Enhanced Geothermal Systems (EGS)]
is much more likely to cause induced seismicity than the techniques involving circulation
of fluids at low and medium enthalpy, as shown by the cases that occurred in Switzerland at

525



Boll. Geof. Teor. Appl., 56, 519-526 Mucciarelli et al.

Basel (Deichmann and Giardini, 2009) and at Sankt Gallen (Moeck et al., 2015). An induced
event, even of small magnitude, in Sardinia could cause accelerations high enough to damage
buildings that were never designed to withstand earthquakes.
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