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Abstract

Since hydrofracking is used for shale gas production, human caused seismicity

have become a subject of increasing interest. Seismic monitoring is common

for earthquakes generated by human operations like mining, reservoir impound-

ments, hydrocarbon and geothermal production, as well as reinjection of fluids.

In Italy theMw 6.1 Reggio-Emilia earthquake of 20th May 2012 triggered partic-

ular interest in anthropogenic seismicity. It also raised the question of whether

hydrocarbon exploitation induced variations in crustal stress that influenced

the generation of these earthquakes. The Italian government commissioned a

technical report compiling cases of documented and hypothesized anthropogenic

seismicity. This paper reviews these cases, on the basis of previously published

works, and additional new analyses. Three cases of seismicity in Central Italy,

occurring close to anthropogenic activities, are: (i) extraction of carbon diox-

ide (CO2) from a borehole near Pieve Santo Stefano, (ii) the impoundment of

the Montedoglio reservoir and (iii) geothermal energy production at Mt. Ami-

ata. Since the sites are situated in the seismically active area of the Northern

Apennines, we illustrate both by standard seismological analysis as well as by

modeling to tackle the challenge of discriminating anthropogenic from natural

seismicity.

Keywords: triggered/induced seismicity, Italy, CO2 extraction, geothermal

exploitation, reservoir impoundment, Mt. Amiata, Upper Tiber Valley
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1. Anthropogenic seismicity: an overview

1.1. Definition of induced, triggered and natural seismicity

Earthquakes represent a sudden mechanical instability and failure of rocks,

releasing a part of the present internal shear stress. Almost all rocks carry

pre-existing shear stresses, which have been generated by tectonic forces and5

mass movements. Additionally, internal stresses may be affected by humans

and geotechnical operations. Therefore, under special conditions, earthquakes

may be influenced or even caused by humans, which is defined as anthropogenic

seismicity.

Almost all of the natural earthquake ruptures occur on pre-existing planes of10

weaknesses, i.e. geological faults. Pre-existing geological faults of different ori-

entations and depths are present in nearly all hard rock formations of age,

independent whether the region is far from or close to a plate boundary. How-

ever, only large fault systems are capable to develop earthquake ruptures large

enough to morph into a strong and damaging earthquake. The largest faults15

are known to occur at plate boundaries, where they may evolve into rupture

lengths of several hundreds or thousands of kilometers and rupture depths over

the full brittle regime. Therefore, the largest tectonic earthquakes occur at plate

boundaries, especially at subduction zones.

Except collapse earthquakes related to mining or subrosion sinkholes, anthro-20

pogenic earthquakes rupture in shear mode and release existing shear stress in

the rock. Most likely, pre-existing faults are preferred rupture planes, especially

if they are favorably oriented within the local stress field (e.g. Evans et al.,

2012; Ellsworth, 2013), although anthropogenic earthquakes may in principle

also rupture previously unbroken formations, e.g. within soft sediments. From25

a scientific viewpoint it is important to assess the maximum expected magnitude

(M) in order to distinguish between stress changes completely generated by hu-

man actions, and the pre-existing stress within the formation. If the pre-existing
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shear stress on a fault is close to its critical level to rupturing, a relatively small

portion of the fault affected by human-induced stress may lead to a large rupture30

plane, i.e. a large earthquake. Such an earthquake would be classified as trig-

gered, because a large portion of the rupture was driven by pre-existing stress

(e.g. McGarr et al., 2002; Dahm et al., 2013). On the other hand, if the pre-

existing stress is below the critical level, the size of the human affected area of

stress change constrains the size of the potentially generated earthquake, which35

is likely much smaller. Such an earthquake is termed induced, in the sense that

the rupture has been driven exclusively by human-induced stress (Dahm et al.,

2013).

Figure 1: Possible causes of anthropogenic seismicity (modified from Ellsworth, 2013; Grigoli

et al., 2017). Hydrocarbon exploitation comprises gas/oil production and wastewater injection;

geothermal energy production includes vapour/water extractions and cold water reinjection.

Fig. 1 gives an overview of human geotechnical operations that may influence

crustal stresses. They often deal with removal or injection of fluids at depth.40

This includes hydrocarbon exploitation, wastewater injection, fracking opera-

3
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tions for unconventionals, the preparatory phase of an enhanced geothermal

system, storage facilities for gas and oil, or groundwater withdrawal. Addition-

ally, reservoir impoundment or excavation mining may influence crustal stresses.

Earthquake rupture involves two physical processes: (i) the nucleation of the45

rupture process (trigger process) and (ii) the propagation of the rupture front

and the growth of slip on the fault (rupture growth). The rupture nucleation can

be influenced by pore pressure. Thus, if the pore pressure at depth is increased

during a geotechnical operation, e.g. by injecting fluids in the subsurface, earth-

quake rupture may be triggered.50

The rupture process (ii) defines the magnitude the earthquake may reach and

is much more difficult to describe. Controlling parameters are again the level of

dynamic Coulomb stress relative to the spatial distribution of the shear strength,

additional to fault heterogeneities, geometrical complexities and temperature.

Although it is still difficult to predict how large an earthquake rupture may grow55

after nucleation has occurred, the potential to grow into a large earthquake is

given if the shear stress on the fault has reached a critical level. Otherwise, the

rupture is arrested.

1.2. Types and examples of global anthropogenic seismicity

This section briefly reviews the relevance of anthropogenic seismicity world-60

wide in a context of the operations indicated in Fig. 1.

Mining activity may have generated seismic events already long before these

events could be instrumentally recorded, since seismology is a comparatively

recent field. The first monitoring network for mining induced seismicity was

installed in the beginning of the 20th century in the Ruhr district in Germany65

(Mintrop, 1909a,b; McGarr et al., 2002; Bischoff et al., 2010; Sen et al., 2013).

Deep excavation mining, as coal- and potash salt mining, generated significant

collapse earthquakes and rock bursts. Noteworthy are rock bursts, as e.g. the

ML 5.6 event with epicenter at Völkershausen (Germany), which was caused by

the collapse of a potash mine and was felt within a radius of 300 km (Leydecker70

et al., 1998). Gold and coal mining has led to similarly strong earthquakes in
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the gold mine Orange Free State in South Africa with mb 5.6, or coal mining

events in Newcastle (1989, Mw 5.6) and Ellalong (1994, ML 5.4), both in Aus-

tralia (e.g. Davies et al., 2013). In 2016, two significant earthquakes occurred

in a copper mine in Poland with magnitudes of ML 4.5 and 4.6 (Lizurek et al.,75

2015; Rudzinski et al., 2015). In general, M > 4 events are not unusual in this

mining district.

The first earthquake associated with reservoir impoundment was observed in

1932 at the Quedd Fodda Dam in Algeria. The first causal association be-

tween impoundment of a water reservoir and seismicity has been drawn during80

a study of Lake Mead in 1945 (Carder, 1945) and the first correlation between

water level variations and earthquake rate was reported in 1949 for the reser-

voir impounded by the Hoover dam. Since then, reservoir induced seismicity

has been observed at over seventy locations worldwide (Simpson, 1976, 1986;

Gupta, 1992). Fortunately, no dam ever broke because of induced earthquakes.85

Hydrocarbon production concerns the exploitation of gas and mineral oil, e.g.

the extraction of methane from shallow gas reservoirs. The strongest events

potentially related to long-term gas production were three M > 7 earth-

quakes at the Gazli gas field in Uzbekistan in 1976 and 1984 (e.g. McGarr

et al., 2002; Davies et al., 2013). Other large earthquakes that are discussed90

in connection with induced or triggered seismicity are Coalinga 1983 (M 6.2),

Kettleman North dome 1985 (M 6.1) and Whittier Narrows 1987 (M 6.0) (e.g.

McGarr et al., 2002). Recently discussed events were much smaller in mag-

nitude (e.g. Cesca et al., 2013b), as the M 4.8 earthquake 2011 near Fashing,

Texas (Ellsworth, 2013), or theML 4.5 earthquake 2004 in Rotenburg, Germany95

(Dahm et al., 2007), theM 4.4 earthquake at the Cogdell oil field Snyder, Texas

(Ellsworth, 2013), as well as the M 4.3 Ekofisk, North Sea event of 2001 (Cesca

et al., 2011; Dahm et al., 2015). On 16th August 2012, an Mw 3.6 earthquake

occurred in the Groningen field (Netherlands) causing considerable damages to

homes in the area due to its shallow hypocenter. Relatively strong earthquakes100

related to gas production in France are known at Lacq gas field, with more than

2000 located events from 1974 to 1997 with ML ≤ 4.2 (e.g. Bardainne et al.,

5
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2008).

The production of oil and gas is often accompanied by the extraction of sig-

nificant amounts of connate water. Mainly brines are trapped in sedimentary105

pore spaces and are brought to the surface while producing oil and gas. Since

the 1930’s much of this produced wastewater has been reinjected in disposal

wells back into the producing reservoir in order to enhance hydrocarbon recov-

ery by water-flooding operations. It is estimated that over 2 billion gallons of

brine are injected in the United States (U.S.) every day, using approximately110

20% of the 180,000 class II wells. Generally, reinjection into the sealed reser-

voir itself contributes to maintain reservoir pressure and to reduce reservoir

depletion. However, reinjection is partly also realized into deep, open aquifer

systems. There, fluid pressure may migrate over large lateral distances and

into deeper basement faults and trigger earthquakes far away from the injection115

wells. Ellsworth (2013) compiled a list of seismicity related to wastewater in-

jection in the U.S.; manifold are the cases of moderate earthquakes (M > 4),

most of them reported from the U.S. midcontinent.

In Italy, the volumes of reinjected of wastewater are negligible with respect to

the U.S.. The only noteworthy case is the Costa-Molina2-well in the Southern120

Apennines where maximum daily injection rates of 700 m3/d are reached, in-

ducing local seismic activity (Improta et al., 2015; Buttinelli et al., 2016, for

details see section 2.3).

Hydrofracturing for unconventional shale gas extraction uses the controlled high-

pressure injection of a fracking fluid (a mix of water, thicking agents, sand and125

other proppants) into a borehole to create tensile fractures that increase the per-

meability of the reservoir rock. This method is used since the 1950s to enhance

the production capacity of tight gas reservoirs. With respect to wastewater

injection, the involved fluid volumes during fracking are insignificantly small.

The instrumentally recorded microseismicity consists accordingly of very small130

magnitude events (M < 0) and is not felt by humans. On the other hand, if

the injected fluids lubricate an existing fault, higher magnitude events may be

triggered and, considering the shallow operation depth, may lead to damages at

6
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the surface. The largest documented seismic event associated to hydrofractur-

ing so far was the Mw 3.6 earthquake occurring 2009 in the Horn River Basin135

of British Columbia. Other more recent cases hypothesized to be related to

fracking are reported from the Fox Creek area, Alberta (Canada); the strongest

ones occurred on 25th August 2015 (M 4.6) and 12th January 2016 (M 4.8).

The only known case of seismicity in Europe related to fracking was reported

from Blackpool near Lancashire (United Kingdom) where fracking operations140

were stopped after a seismic M 2.3 event.

Hydrofracturing is also performed during operating Enhanced Geothermal Sys-

tems (EGS), formerly called Hot Dry Rock projects. To our knowledge, the

largest earthquakes occurring during geothermal exploitation so far featured

magnitudes below Mw 3.5, and have been observed in Switzerland in Basel145

(2006, Mw 3.4) and St. Gallen (2013, Mw 3.5), respectively (Deichmann and

Giardini, 2009; Deichmann et al., 2014).

In Iceland, all reinjection sites in the high and low temperature geothermal

fields are situated at plate boundaries and are characterized by an intense nat-

ural background seismicity. Any possibly induced earthquake vanishes in the150

high natural earthquake cloud and did therefore never alarm energy producers

or the public. An exception was the strong seismicity recorded after starting

voluminous reinjection at the power plant of Hellisheiði in 2011, causing in-

tensive induced seismicity up to M 3.9, clearly felt in the nearby village of

Hveragerði (Flovenz et al., 2015). Contrary to EGS, the operations performed155

during geothermal energy production usually involve only low pressures, with

exception of the pressurized reinjection of cold fluids into the geothermal reser-

voir (e.g. Zang et al., 2014). Seismic events reported from such geothermal

operations (e.g. California, Iceland, Australia, New Zealand; for more details

on geothermal operations in Italy, see section 2.2) possessed magnitudes below160

M 4.0, except theM 4.6 earthquake recorded 1972 at ”The Geysers” in the U.S..

Two other types of anthropogenic activity are continuous groundwater with-

drawal and gas storage. Gonzáles et al. (2012) suggested that the deadly M 5.1

earthquake occurring on 11th May 2011 at Lorca (Spain), could have been trig-

7
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gered by continuous groundwater withdrawal, unloading a crustal volume close165

to an active fault. Cases of seismicity related to CO2 storage are reported by

Nicol et al. (2011) (and references therein). Depleted oil and gas reservoirs lend

themselves both to capture and sequestration of CO2 - carbon capture and stor-

age (CCS) - as well as to seasonal storage of methane. In Europe, CCS is only

realized in the remotely situated Sleipner off-shore gas field (250 km west of170

Norway), with no reports of stronger seismic events so far. Seismic monitoring

near the CCS demonstration site in Illinois reveals occasional swarm-like micro-

seismicity with magnitudesM < 1.5 (Kaven et al., 2015). Temporary methane

storage at the CASTOR site (22 km off the coast of Spain) was suspected to

be responsible for a sustained seismic sequence, culminating in a M 4.3 earth-175

quake in October 2013 (Cesca et al., 2014; Gaite et al., 2016). From Italy, where

seasonal storage of methane is practiced since decades, no significant seismicity

was reported. An updated overview of anthropogenic seismicity in Europe, is

given by Cesca et al. (2013b) and Grigoli et al. (2017).

2. A review of anthropogenic seismicity in Italy180

In Italy, up to now the number of documented and hypothesized cases of

triggered and induced seismicity is relatively small (Tab. 1).

In 2014, the Superior Institute of Environmental Protection and Research (IS-

PRA, 2014) published a report on triggered or induced seismicity in Italy, dis-

tinguishing four main types of documented (doc) or hypothesized (hyp) cases:185

impoundment of reservoirs (res), geothermal exploitation (geo), hydrocarbon

extraction (ext), wastewater reinjection (rei) and mining (min).

8
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Figure 2: Seismicity in Italy related to anthropogenic activity: (1-16) treated in ISPRA (2014),

see Tab. 1; (i-iii) analyzed in this study, inside the rectangular area (see section 3).

In the following section, we revisit the examples given in Tab. 1 and discuss

their origin both based on previous studies (section 2), as well as on our own

work (section 3, Fig. 2).190

9
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n activity Lon◦(E) Lat◦(N) Mmax year IMCS Location

1 res doc 12.39 46.43 2.0 1964 Pieve di Cadore

2 res doc 12.33 46.27 1.9 1963 Vajont

3 res doc 16.52 39.10 2.5 Passante

4 res doc 11.91 43.83 2.9 1989 Ridracoli

5 res doc 15.98 40.28 2.7 2010 Pertusillo

6 res hyp 13.38 42.53 5.7 1950 8 Campotosto

7 geo hyp 10.89 43.24 3.2 1978 Larderello/Travale

8 geo hyp 11.69 42.83 4.5 2000 6 Amiata

9 geo hyp 3.5 1983 Amiata

10 geo doc 11.83 42.63 3.0 1984 Latera

11 geo doc 11.93 42.74 3.0 1977 3/4 Torre Alfina

12 geo doc 09.15 45.63 2.0 1978 Cesano

13 ext hyp 09.60 45.30 5.4 1951 6/7 Caviaga

14 ext hyp 11.20 44.92 5.9 2012 7/8 Cavone

15 rei hyp 15.99 40.29 1.7 2006 Montemurro

16 min hyp 13.57 46.44 n.d. 1965 5 Raibl/Cave Predil

Table 1: Suggested human-related earthquakes in Italy. Geographical coordinates, mag-

nitude, intensity Mercalli-Cancani-Sieberg scale (MCS), and location of human activities:

hypothesized and documented cases of triggered or induced seismicity related to reservoir

impoundment, geothermal exploitation, extraction and reinjection of hydrocarbons, mining

(after ISPRA, 2014).

2.1. Reservoir induced and triggered seismicity

The first researcher in Italy expressing the idea that seismic events can be

generated by human activity was Caloi (1970). From seismic observations of

only a single station installed on top of the Pieve di Cadore dam (Italian alps),

Caloi and Spadea (1966) reported the recording of tens of thousands of mi-195

croseismic events (M ≤ 2) during the first five years after construction and

proposed both seasonal and diurnal temperature variations as well as variations

10
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of the water load as potential causes.

A further example studied by Caloi (1966) was the Vajont dam (Italian alps), fa-

mous for the disastrous landslide of 9th October 1963 with at least 1910 victims.200

He reported a significant correlation between the rise of the water filling level

and the increase of seismic activity, both before and after the rockfall (Caloi,

1970). Even if the observations consisted solely of the recordings of a single

station, the observed S-P travel time differences allowed to deduce approximate

event locations.205

Giuseppetti et al. (1996) report a M 2.5 earthquake close to the Passante dam

in Calabria, but offer no record about potential damage.

Significant seismicity related to the filling of an artificial lake was reported from

of the Ridracoli reservoir (Northern Apennines). The area is characterized by

historic earthquake activity with intensities up to IMCS = IX − X (Mercalli-210

Cancani-Sieberg scale; Boccaletti et al., 1985). During the 1980s, a six-station

seismic network was installed and Piccinelli et al. (1995) report a significant

correlation between water level and seismicity rate (0.8 ≤ M ≤ 2.8) within a

distance range of 5 km from the dam, indicating a 60-day time lag between

maximum reservoir water level and occurrence of local microseismicity. This215

delayed or so-called drained response was interpreted to be generated by pore

pressure diffusion and water flux outside the basin coupled to the load, rather

than to pore pressure increase due to load variations.

A recently published example of reservoir induced/triggered seismicity concerns

the Val d’Agri extensional basin, an area with one of the highest seismogenic220

potentials in Italy (M 7.0 in 1857). Valoroso et al. (2009) analyzed about 2000

microearthquakes (−0.2 ≤ ML ≤ 2.7) recorded by a dense network during a

13-months-lasting seismic experiment. They found a temporal correlation be-

tween the intense microseismicity and the loading and unloading phases of the

Pertusillo dam situated nearby.225

After the Mw 6.3 L’Aquila earthquake in 2009, Mucciarelli (2013) called the

attention to a possible link between significant historical earthquakes occurring

nearby the artificial Campotosto lake, situated only 20 km to the northwest with

11
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respect to the epicenter of the 2009 main shock. Mucciarelli (2013) suggested

that damaging seismic events (IMCS > V I) during the last century located near230

the Campotosto lake (Locati et al., 2016) are concentrated temporally during

the fifties, reaching a maximum magnitude of M 5.7. Even if - due to the

sparseness of the former seismic monitoring network - the epicentral location

errors might amount to an order of tens of kilometers, it is noticeable that the

earthquakes occurred exactly during the period of construction and impounding235

of the reservoir. Mucciarelli (2013) proposed therefore to not exclude a priori

the possibility that the recent activity on the Campotosto fault could also be

influenced by anthropogenic activity.

2.2. Geothermal fields240

Apart from Iceland, the main high-temperature geothermal areas of Europe

are all situated in Central Italy. Located westwards of the high-angle normal

faults of the Central Apennines, the geothermal areas of Larderello, Mt. Ami-

ata, Latera, Torre Alfina, and Cesano are characterized by moderate seismicity

(Batini et al., 1980a,b, 1985, 1990; Evans et al., 2012; Moia et al., 1993; Muc-245

ciarelli et al., 2001).

Damaging earthquakes struck the geothermal areas in South Tuscany long be-

fore geothermal exploitation started in the 1950s (Braun et al., 2016). The

Parametric Catalog of Italian Earthquakes (CPTI) (Locati et al., 2016) reports

as highest magnitudes during the last century a Me 5.32 event in 1919 near250

Mt. Amiata and a Me 4.93 event in 1957 at Castel Giorgio. Both locations

as well as magnitude calculations are afflicted by large errors due to the sparse

configuration of the recording seismic monitoring network. Recently observed

seismic events, as the ML 4.1 seismic event occurring on 30th May 2016 near

the abandoned geothermal production field of Torre Alfina, give testimony of255

continuous natural stress relaxation by earthquakes (Braun et al., 2017).

The strongest earthquake in recent times occurred on 1st April 2000 and had

a magnitude of ML 3.9/Mw 4.5 (Castello et al., 2006), raising strong concern

12
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among the general public. Its shallow hypocentral depth was responsible for

generating a peak ground acceleration of 147 cm/s2, damaging more than 50260

buildings at Piancastagnaio, mostly old stone masonry houses with poor anti-

seismic behavior (Mucciarelli et al., 2001). The proximity of macroseismic epi-

center and geothermal power plant raised strong doubts about the natural origin

of this earthquake.

Due to the lack of adequate data, up to now a reliable hypocentral depth de-265

termination of this strongest earthquake ever recorded in an Italian geothermal

area, was not possible. In section 3.3, we present new analyses of the 1st April

2000 event, using for the first time data from a local seismic network operated

and made available by the national electricity producer ENEL-Greenpower.

2.3. Hydrocarbon extraction and reinjection of wastewater270

On 15th and 16th May 1951, two seismic events with magnitudes of Mw 5.4

and Mw 4.5 occurred about 40 km southeast of Milan North Italy close to

the location of Caviaga, an area that was formerly assumed to be aseismic. For

these earthquakes, Caloi et al. (1956) reported a hypocentral depth of 5 km, and

pointed out the possibility that they could have been related to well operations275

for gas withdrawal. Considering that in the 1950s, the national Italian seismic

monitoring network consisted of about 20 seismic stations and that at that time

neither a reliable velocity model was available nor any background knowledge

about regional historical seismicity, the Caviaga events where included in the

ISPRA-report as hypothetically induced (Tab. 1; ISPRA, 2014). Recently, Ca-280

ciagli et al. (2015) re-examined these events using historical macroseismic and

seismic data. Earthquake relocation, by using updated crustal velocity models

and location routines, revealed hypocentral sources at mid-crustal depths, much

deeper than the production level of the hydrocarbon exploitation. Consulting

the CPTI (Locati et al., 2016) allowed to identify significant historical seismicity285

in the area, both facts being strong indications for the natural tectonic rather

than anthropogenic origin of the 1951 earthquakes.

The seismic event that triggered the current interest in anthropogenic seismic-

13
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ity in Italy was the Mw 6.1 Reggio-Emilia earthquake on 20th May 2012, which

caused - together with the second Mw 5.9 main shock on 29th May 2012 - 27290

victims and rendered 1500 people homeless (Cesca et al., 2013a). Since the

area is subject to intensive hydrocarbon exploitation since the 1950s, the ques-

tion arose whether hydrocarbon exploitation at Cavone could have induced or

triggered the seismic sequence. An International Commission on Hydrocarbon

Exploration and Seismicity in the Emilia-Romagna region (ICHESE, 2014) was295

convoked to investigate a potential relationship between human activity and the

Emilia earthquakes. The ICHESE-commission reasoned that the Cavone oilfield

and the Casaglia geothermal field were the only possible areas of hypothetic an-

thropogenic activity, concluding that the anthropogenic stress change was most

likely too small to have induced a seismic event, but that a triggering cannot300

be excluded.

Several studies followed, using either field studies (e.g. the Cavone Monitoring

Lab) or numerical modelling (e.g. Astiz et al., 2014; Dahm et al., 2015).

Figure 3: Depth section of a hypothetic depleted hydrocarbon reservoir (gray horizontal bar)

situated at a depth of 4 km. Arrows indicate the main stress components and red beach balls

the corresponding double couple mechanisms. Normal faulting is expected at the depth level

of and sidewards from the reservoir, whereas thrust faulting is supposed to occur above and

below the reservoir.

14
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Dahm et al. (2015) found clear indications that the Emilia events in 2012

were neither induced nor triggered by depletion of the oil field, and that both305

earthquakes are exclusively of tectonic origin. Justifications for this conclusion

are the distance of about 20 km between main shock and Cavone oil field, the

minor pore pressure reduction during the lifetime of its exploitation as well as

the unfavorably oriented mechanism (Fig. 3).

The third example of hypothesized anthropogenic seismicity related to hydrocar-310

bon exploitation is a wastewater injection near the location of Montemurro (Val

d’Agri). The Val d’Agri basin is situated in the southern Apennines and hosts

the largest on-shore oil field in Europe. The largest earthquake ever recorded in

this area had a magnitude ofM 7.0 (1857) (Valoroso et al., 2009; Improta et al.,

2015), attesting the Val d’Agri a high seismic hazard. From 2006 on, wastew-315

ater extracted during hydrocarbon exploitation was continuously reinjected in

the Costa-Molina2 well into an unproductive marginal portion of the carbonate

reservoir at the well bottom at 3 km depth (Improta et al., 2015; Buttinelli

et al., 2016).

Seismicity related to the reinjection was first investigated by Valoroso et al.320

(2009) and Stabile et al. (2014). In a detailed analysis Improta et al. (2015)

reported that in June 2006 intense microseismicity (111 events with M ≤ 1.8)

was recorded 1 km below the well-bottom on a formerly inactive blind fault

three hours after the start of the injection of wastewater into a high rate well.

The rate of seismic event occurrence and the cumulative number of earthquakes325

strictly correlated with wellhead pressure and injection rate, reaching maximum

values of 13-14 MPa and 2800 - 3000 m3/d. High precision location of 219 events

(ML ≤ 2.2) occurring between 2006 and 2013 revealed both, a strong corre-

lation of the seismicity with short-term variations of the injection pressure, as

well as the concentration of hypocenters on the same newly activated blind fault330

(Improta et al., 2015).
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2.4. Mining

The last category of potential sources for anthropogenic seismicity mentioned

in the report by ISPRA (2014) is mining. Mucciarelli (2013) report only one

historical event, in the northeastern part of Italy exhibiting a maximal intensity335

of IMCS = V . In 1965, an earthquake occurred at the Raibl mine close to the

village Cave del Predil causing three deaths and four injuries among miners

and damages to the buildings. It was again Caloi (1970), who attributed this

event to human activity, leading to include this seismic event as hypothetically

induced in the report by ISPRA (2014).340

3. Three new case studies from the Apennines

Tuscany is the location of a series of interesting seismogenic phenomena (Fig.

4): the geothermal areas of Larderello and Mt. Amiata (Braun et al., 2016), a

large CO2 reservoir (Heinicke et al., 2006) and a huge reservoir impoundment

on top of the earthquake generating Alto Tiberina Fault (ATF) system (Braun345

et al., 2015). The ATF has also been suggested to experience aseismic creep as

well as episodes of non-volcanic tremor (Saccorotti et al., 2011). In the following

section, we present three new case studies of seismicity observed near anthropic

activities:
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Figure 4: Location of the areas investigated in the present contribution: Upper Tiber Valley

(NE) CO2 production (section 3.1; Fig. 5 and reservoir impoundment (section 3.2); Mt.

Amiata (SW) geothermal exploitation (section 3.3; Fig. 9). Main faults, Seismicity (1990 -

2016) and the seismic network of INGV are illustrated (see legend for symbols).
17
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i. the production of CO2 from the borehole near Pieve Santo Stefano (PSS)350

ii. the impoundment reservoir of Montedoglio (Upper Tiber Valley)

iii. geothermal energy production at Mt. Amiata.

Since all three examples are located in Tuscany, a short introduction about the

regional geology will precede the data analyses.

As a result of the extensive tectonic evolution, the Northern Apennines are355

divided into two domains with different geological and geophysical character-

istics: the Tyrrhenian (western) and Adriatic (eastern) domain (Barchi et al.,

2003). Recent analyses of GPS-data by Hreinsdóttir and Bennett (2009) show

that in the northern part of the Central Apennines both domains deflect rela-

tively by creeping (∼ 2 mm/a). The contact zone of the extensional regime falls360

close to the well-known structure of the seismically active ATF, a NNW-SSE

striking fault system composed of a ENE-dipping low-angle normal fault and

its antithetic WSW-dipping high-angle normal fault, both active since the Late

Pliocene (Boncio et al., 2000; Collettini and Barchi, 2003).

Focal solutions of the most important earthquakes occurring in the Central365

Apennines are predominately NNW-SSE-striking normal faults (Chiaraluce et al.,

2007). Analysis of seismic episodes, observed directly north of the CROP-03

profile (Fig. 5), as e.g. the seismic sequence following the M 4.4 event on 26th

November 2001, reveals however similar hypocentral distribution and a mainly

normal focal mechanism as for the ATF. These observations suggest that the370

ATF-system continues also N of the CROP-03 profile (Piccinini et al., 2009)

up to the Montedoglio reservoir and the area of CO2 degassing near the PSS-

borehole (Fig. 5).

3.1. Seismicity observed near a CO2 production site

The first case study concerns the industrial extraction of CO2 in the Up-375

per Tiber Valley (UTV). The area between Caprese Michelangelo and Pieve

Santo Stefano is characterized by several natural superficial cold CO2 springs

(mofettes), often accompanied by rain water emersion, resembling to mud volca-

noes (see Heinicke et al., 2006, and references therein). In Italy, such phenomena
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are widespread and have been extensively described by many studies. Chiodini380

et al. (2004) explain the occurrence of degassing by mantle uplift in the western

part of the Apennines; mantle fluids are rising into the ductile upper crust under

nearly lithostatic pressure and diffuse through the thrust faults, forming vents

and mofettes at the surface. They report that the western part of central and

southern Italy is covered by venting areas, most of them are of volcanic origin,385

but there are also geothermal areas and non-volcanic emissions. One of those

areas is called Fungaia, situated near Caprese Michelangelo. Beneath Fungaia,

a natural CO2 reservoir in 3.8 km depth has been identified (Anelli et al., 1994).

A possible relation of CO2 degassing and the occurrence of earthquakes in re-

gional distance was proposed by Heinicke et al. (2006).390

In order to monitor the microseismic activity connected to the anthropogenic

activity of CO2 production from the Fungaia reservoir, we deployed a seismic

array near the small town of Caprese Michelangelo (CAMI, Fig.5) in 2010, as

integration of the already existing seismic network (Braun et al., 2004). Main

objective was to discriminate natural from anthropogenic seismicity possibly395

generated by the industrial operations. The CO2 reservoir beneath Fungaia,

already explored in the 1980s by drilling the 5 km deep PSS-borehole (Fig. 5),

was scheduled to be industrially exploited after 2011. Since it could be expected

that the production would cause a slow depletion of the reservoir, the resulting

pore pressure change might influence the seismicity rate. To study in detail400

the characteristics of the local seismicity before, during and after the industrial

activity a small aperture seismic array was installed already one year prior to

the beginning of the exploitation. The only noteworthy seismic activity was

recorded during August 2010, one year before the flush production. The seismic

sequence comprised 34 events, the strongest reaching ML 3.2. The hypocenters405

cluster few kilometers inside the reservoir along its northeastern external bor-

der.

Our analysis focused on two small earthquake swarms recorded (a) during Au-

gust 2010 and (b) between July and September 2011. In a first approach,

the overall 151 events were located employing the location routine HYPOSAT410
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(Schweitzer, 2001) using the best regional minimum 1D velocity model proposed

by Piccinini et al. (2009) (Fig. 5). To improve hypocentral locations, the events

were relocated with the HypoDD-code, based on the double-difference earth-

quake location algorithm (Waldhauser, 2001; Waldhauser and Ellsworth, 2000).

A notable alignment of the relocated cluster in apenninic direction (NW-SE) is415

obvious (Fig. 5). Although the relocation was very addicted to single events

due to their relative dependency, resulting in horizontal shifting of the cluster

from the absolute location, both routines resulted in the same depth level of

about 5 km, both below the reservoir as well as below the ATF, the re-located

cluster appears to be situated closer to the ATF’s eastern descending border.420

Concerning the second swarm (b) occurring between July and September 2011,

the magnitudes of the recorded events were too small to be recorded by seismic

stations outside the array.

Two of the clusters occurred at similar depth as the August 2010 earthquake

swarm, while the third one was located in a deeper range of 12 - 14 km, which425

is quite interesting, since there are no known faults or sources in these depths.

The focal mechanisms for the strongest events of August 2010 (ML 3.2, ML 3.0,

ML 2.9) were calculated both using P-polarities, as well as by fitting full wave-

form amplitude spectra according to Cesca et al. (2010). Unexpectedly, all three

focal mechanisms, located in 6 - 7 km depth along the NW-border of the reser-430

voir (Fig. 5), show thrust faulting mechanism with an Apenninic strike, in an

area where normal faulting is predominant (Fig. 5).
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Figure 5: (Up:) Overview of the working area near the CO2 reservoir (yellow area): the blue

diamond indicates the PSS-well, brown and inverted triangles represent the location of the

seismic stations and the CAMI-array, respectively. Circles depict the absolute earthquake

locations (cyan) and the HypoDD solutions (magenta) of the August 2010 earthquake swarm;

the three strongest events 2.9 ≤M ≤ 3.2 are plotted as yellow stars. Moment tensor solutions

resulting from the present study are: (i) upper mantle thrust fault mechanisms (M > 3 in

blue), (ii) upper crustal events (green), three thrust solutions 2.9 ≤ML ≤ 3.2 and one normal

fault (08/01/2011) (section 3.2); typical upper-crustal normal fault mechanisms of the UTV

(M > 3 in black, Piccinini et al., 2009) ). (Down:) Depth projection on the anti-apenninic

depth profiles P1 of the HypoDD relocations (left) and the absolute locations (right).
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Accidentally, our attention turned to two deep-focus earthquakes, reported

in the ISIDe bulletin at depths of z> 50 km. We relocated these formerly never

analyzed earthquakes, i.e. (i) the ML 3.1 event of 21st March 2011 and (ii) the435

ML 3.7 earthquake of 11th June 2012, and calculated the corresponding moment

tensors using the routine by Cesca et al. (2010). We confirm that both events

are located in the upper mantle at hypocentral depths of (i) z = 55 km and

(ii) z = 68 km, respectively, and find that both show a clear thrust component,

being probably related to the slab (Fig. 5).440

The location of the ML 3.2 event at the border of the reservoir and its inverse

mechanism, leads us to the following conclusions:

• The events beneath the CO2 reservoir did not exceed M 3.2 prior to

production.

• The three main events with 2.9 ≤ML ≤ 3.2 indicate reverse faulting in an445

area which has been classified by extensional tectonics and the occurrence

of normal-faults.

• A direct relation of the seismicity and the gas extraction could not be

found. The events occurred before starting the extraction activity. Fur-

thermore, we find unusual source mechanism for the events. These points450

lead to the assumption that the August 2010 events occurred under com-

pressional stress, indicating a possible rotation of stress axes beneath the

ATF, which possibly serves as a stress decoupling zone. Elsewhere, a stress

decoupling has been observed for weak layers (e.g. salt) in sedimentary

basins, or at creeping fault zones.455

We conclude that the stress conditions of the reservoir at depth are likely

decoupled from stress in the shallower layers. The internal conditions of over-

pressure in the gas reservoir may play an additional role to change effective

stresses. The fact that these earthquakes occurred before starting the CO2

production excludes any anthropogenic influence. However, if this ”natural”460

seismicity would have taken place some months later, they probably would have
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been interpreted as ”induced” or ”triggered”.

3.2. Seismicity near the Montedoglio reservoir

The second case study investigates a potential relation between water level

changes in the Montedoglio reservoir located at the northern boundary of the465

Tiber basin very close to the ATF and the local seismicity. Fig. 4 (Upper

Tiber Valley zoom area) shows that most of the seismicity since 1983 close to

the Montedoglio reservoir occur at shallow depth of less than 10 km on or in

the hanging wall of the ATF, where the Montedoglio reservoir is located as

well. Since both tectonic processes at the ATF and water level changes in the470

reservoir may influence the local stress field, it is challenging to discriminate

reservoir induced from reservoir triggered or tectonic events.

The strongest events (M > 4) potentially associated with the changes in the

water reservoir occurred on the 2nd Oct 1997 and the 26th Nov 2001, respec-

tively. Their normal faulting focal mechanisms obtained from P-wave polarities475

are depicted in black in Fig. 5 (Piccinini et al., 2009). Further, focal mechanisms

are shown for events on the 8th January 2011 and the 21st March 2011 (plotted

in green and blue). These events follow a failure of the dam crest on the evening

of the 29th December 2010 (Fig. 6).

An initial outflow of 700 m3/s was recorded, which reduced the water volume480

in the reservoir by 40%, corresponding to a volume loss of 55 Mio m3. As il-

lustrated in Fig. 6, the failure of the dam crest caused a water level drop of

14 m within eight days (corresponding to a pressure drop of 1.4 bar), regorging

enormous water masses towards the valley. During the following three months

two earthquakes occurred in direct vicinity of the Montedoglio reservoir: on the485

8th January 2011, a M 2.3 event was recorded at a depth of 8 km and a lateral

distance of 7.5 km southeast of the dam (occurring within a sequence of seven

events) and on the 21st March 2011, a M 3.1 event occurred close to the dam,

but at a depth of 55 km.

However, the 8th January 2011 event features a normal faulting mechanism490

typical for the ATF, with a strike direction matching the Apennines (Fig. 5).
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The large hypocentral depth together with the strong thrust component of the

21st March 2011 event indicates an activation of a deeper structure that is inde-

pendent from the ATF (Fig. 5). Since their relatively large hypocentral distance

to the reservoir renders triggering by the volume variation of the Montedoglio495

reservoir unlikely, both 2011 events are disregarded in the following discussion.

Figure 6: Temporal variations of the water level (blue line) compared with the cumulative

seismic moment (green dots) recorded for events occurring inside the specified 20 km x 20 km

area. Orange symbols represent the 16 largest events occurring in 1990 (squares), 1997 (cir-

cles), 2001 (diamonds), 2009 (triangles), 2011 (hexagons) and 2014 (inverted triangles); (inset)

photograph of the rupture of the dam crest in the evening of the 29th December 2010.

Reservoir induced seismicity is supposed to result both from the instanta-

neous effect due to the elastic and undrained response to loading (or unloading)

as well as the delayed effect due to the drained response and pore pressure

changes by diffusion (Talwani, 1997). In the following, we will discuss both500

mechanisms on the basis of the Montedoglio reservoir.

For our analysis, we defined an area of 20 km x 20 km surrounding the Monte-

doglio reservoir. Fig. 6 illustrates a comparison between the cumulative seismic

moment, the 16 largest events within that region and the water level changes
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from the start of impoundment in 1990 to 2014. Locations and origin times of505

these events are given in the electronic supplement (ES) Tab. 3. The harmonic

oscillations of the water level are due to seasonal changes (high water level in

winter, low water level in summer). Apart from seasonal variations, fig. 6 shows

six significant water level changes:

• the beginning of impoundment in 1990,510

• a strong increase in autumn 1997,

• a significant filling rate decrease at the end of spring 2001,

• a stronger increase of the water level than during the previous years during

the winter season 2008/2009,

• a sudden decrease caused by the failure of the dam crest in Dec. 2010,515

• and a sudden decrease of the water level in 2014.

It is easily visible that the occurrence of the largest events fits these changes in

water level. Five important seismic sequences have been recorded shortly after

these major impoundment changes took place: (a) in May 1990 (maximum ob-

served magnitude M 3.2), (b) in October 1997 (maximum observed magnitude520

M 4.2), (c) in November 2001 (maximum observed magnitude M 4.3), (d) in

February 2009 (maximum observed magnitude M 3.0), and (e) in December

2014 (maximum observed magnitude M 3.6). The progression of earthquakes

in the ES-Tab. 3 indicates an apparent increase in magnitude of events close to

the reservoir between 1990 and 2001 (M 3.2 on 8th/9th May 1990, M 4.2 on 2nd
525

October 1997, M 4.3 on 26th November 2001) potentially correlating with the

long-term increase of the reservoir’s water level. However, the trend in magni-

tude evolution is not very strong and there are exceptions. An expected pattern

for reservoir induced earthquakes is that seismicity occurs only after previous

pressure levels have been significantly exceeded. This can be explained by the530

so-called Kaiser-effect or stress shadow effect (Kaiser, 1950). Such a pattern

may be present in the Montedoglio sequence for larger magnitude earthquakes.
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To test this hypothesis, we will analyze the time delay between the exceedance

of the stress shadow of the previous loading and the occurrence of the events.

Figure 7: a) Stress distribution in the subsurface due to the pressure resulting from a homoge-

nous (left) and triangular (right) static load P0 (water column height) at the free surface. The

arrows and contour lines display the direction and normalized magnitude of σ1 (maximum

compression). Vertical (z) and horizontal (x) dimensions are normalized relative to (b) - the

reservoir dimension. b) Comparison of earthquake characteristic and hydraulic parameters;

left: hypocentral distance of earthquakes to lake shore over time, middle: seismic hydraulic

diffusivity compared to filling height of reservoir, right: seismic hydraulic diffusivity with

distance to reservoir; circles colored according to seismic hydraulic diffusivity.

But first, in order to understand the elastic and undrained response, we535

modeled the crustal stress variations expected from the static load of the water

column and compared it to the local seismicity. We use analytical 2D stress

field solutions of a uniform and a pyramid-shaped strip load acting on an elastic
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half-space. The solutions are based on Flamant’s problem for a line load on an

elastic half space (e.g. Davis and Selvadurai, 1996; Dahm, 2000, in appendix A).540

Fig. 7 shows the normalized stress as a function of distance and depth from the

center of the reservoir load at the surface.

For instance, a level change of 10 m generates a pressure change at the surface of

about P0 = 0.1MPa. Assuming a lake width of 3 km, the maximum compressive

stress has already decreased to 0.025 MPa (to P0/4) at a depth of 3.75 km be-545

neath the reservoir or in a horizontal distance of 2.25 km from the center of the

reservoir for the pyramid-shaped strip load. For a uniform loading pressure over

the entire width of the reservoir, the estimated attenuation depth and distance

increase to 7.5 km and 4 km, respectively. We conclude that lake level variations

of 10 m induce rather small instantaneous stress changes at the distances of oc-550

currence of the larger earthquakes. In addition, the time lag between significant

water level changes and the occurrence of larger magnitude earthquakes hints

to the importance of pore pressure changes due to fluid diffusion as triggering

mechanism.

In order to study the influence of pore pressure diffusion, we estimated the seis-555

mic hydraulic diffusivity αS according to αS = L2/t (Talwani and Acree, 1985)

from the origin time and location of the events. As distance measure L, we

employed the hypocentral distance of events to the lake shore. In most cases,

we measured the time t as period between the day, where the previous maxi-

mum filling level of the reservoir was exceeded and the occurrence time of the560

events. However, we allow for the following exceptions: in 1990, we assumed

t as the time between the start of impoundment and the occurrence of events.

Since in 2007, the water level decreased to the lowest level since the year 2000,

we compute the time t as days between the exceedance of the highest water

level in 2008 and the occurrence of events in 2009. The results are listed in the565

ES-Tab. 4.

Hydraulic diffusivity values for this region given in literature differ widely. An-

tonioli et al. (2005) extract hydraulic diffusivity values of 22 - 90 m2/s from

the temporal evolution of the 1997 Umbria-Marche seismic sequence with an
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anisotropic diffusivity of 250 m2/s along faults. Heinicke et al. (2006), ana-570

lyzing the connection between temporal variations in fluid expulsions at the

mofettes of Caprese Michelangelo and the reactivation of a fault section at the

northern part of the Alto Tiberina fault, compute a hydraulic diffusivity of

0.25 m2/s. Talwani and Acree (1985) found characteristic hydraulic diffusivities

of 0.1-10 m2/s from 22 case studies worldwide, most estimates clustered around575

5 m2/s. The values given in the ES-Tab. 4 can thus be considered reasonable,

which strengthens the hypothesis that these earthquakes might have been trig-

gered by pore pressure diffusion.

In order to shed light on the nature of the relation between water level changes

of the Montedoglio reservoir and occurrence of earthquakes, we compare earth-580

quake characteristics with hydraulic parameters (Fig. 7). We assume the loca-

tion error to be 2 km and and employ it to compute potential errors in hydraulic

diffusivity (shown as error bars).

From Fig. 7 (left), it is easily visible that there is no simple relationship

between hypocentral distance of earthquakes to the reservoir and time of oc-585

currence, as could be expected in case of earthquakes being triggered by pore

pressure diffusion in a homogeneous medium. However, it is not possible to

infer if this behavior is due to another triggering mechanism involved or the

inhomogeneity of crustal properties, e.g. the presence of pathways with higher

diffusivity, e.g. preexisting faults.590

In (Fig. 7 (middle), there is no simple relationship between hydraulic diffusivity

and filling height of the reservoir and, since apart from the seasonal changes,

the filling height increases almost monotonously with time, there is no easily

recognizable temporal pattern to the hydraulic diffusivity. This may be due to

the fact that in our analysis, we do not account for the coupling between elastic595

response of the subsurface due to loading of the reservoir and pore pressure

diffusion. Loading of the reservoir results in stress changes in the subsurface,

which may influence the hydraulic diffusivity. A stress-dependency of hydraulic

diffusivity has for instance been observed from repeated injection-flow experi-

ments in mines (G. Manthei, pers. commun.).600
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The change of hydraulic diffusivity with distance (Fig. 7, right) is interesting,

though. Whereas at distances between 2 - 4 km, hydraulic diffusivity is small

(0.3 - 1 m2/s), it shows slightly higher values at distances from 6 - 10 km (2.3

- 4 m2/s). Especially, there is a group of events at 5 km distance that show

significantly higher values of hydraulic diffusivity (7.3 - 8.5 m2/s), which could605

hint to a high-permeability connection between reservoir and hypocenters (Fig.

8). However, if the spatial distribution of earthquakes is taken into account,

these events do not cluster as closely as expected and are distributed rather

parallel to the lake shore, which makes a hydraulic connection unlikely.

On the other hand, these earthquakes occurred within a few hours of each610

other. Since they have similar magnitudes, they rather constitute a swarm than

a shock-aftershock sequence, so their relatively large scatter in space might be

questionable. Depending on the actual location error, the hypocentral distri-

bution of these earthquakes could change. For example, the close-by Umbria-

Marche fault system could represent a hydraulic connection. However, without615

relocation of events, such an interpretation remains highly speculative.
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Figure 8: Spatial distribution of seismic hydraulic diffusivity values; stars: distribution of

larger magnitude earthquakes, for which hydraulic diffusivity has been computed (for values

see the ES-Tab. 4, color scale is identical to Fig. 7). Background: light gray circles: lo-

cal seismicity recorded since 1983; dark gray circles: local seismicity located within defined

20 km x 20 km area; dash-dotted black line: symmetry axis of 20 km x 20 km area through

the Montedoglio reservoir; black triangle: mid-point.

We conclude that diffusion of pore pressure changes resulting from changes

of the reservoir water level are likely, but such a simple analysis is not definitive.

Instead, future modeling of time-dependent pore pressure, preferably including

the coupling between diffusion and deformation processes (e.g. Wang and Küm-620

pel, 2003), will help to assess the potential triggering mechanism.
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3.3. Historical seismicity at the geothermal field of Mt. Amiata

In Italy, geothermal exploitation is realized in the Central Italy (Tuscany)

at the geothermal fields of Larderello, where the magmatic intrusion became

arrested in the crust, and the volcano of Mt. Amiata, where during the su-625

perior Pleistocene (400 - 200 ky ago) eruptive activity formed a volcanic ed-

ifice with an altitude of 1738 m. Here the formerly governmental enterprise

ENEL-Greenpower produces respectively 1.5% of the national energy demand

and 23.5% of the energy consumed in Tuscany (Braun et al., 2016).

Figure 9: ENEL-seismic network (brown triangles), geothermal power plants (red points),

instrumental seismicity reported by ISIDe (yellow dots), historical earthquakes from CPTI

(green stars) and epicenters of the 1st April 2000 event reported by (Castello et al., 2006)

(purple star) and calculated in the present study (blue star), with corresponding focal mech-

anism.
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Compared to the Apennines, the microseismicity recorded by the INGV-630

seismic network in the Tuscan geothermal areas is rather low. The yellow dots

plotted in Figure 1 represent the only 140 micro-earthquakes with M ≥ 1.5

reported by (ISIDe - working group, 2016) during the last 25 years, inside a

radius of 15 km around Piancastagnaio (PIAN in Fig. 9).

The local seismic network installed in 1982 on Mt. Amiata (by ISMES) - and635

taken over 10 years later by ENEL-Greenpower (Fig. 9) - recorded 2600 local

events in the same time period; 2461 events of those had a magnitude ofML < 2

and were below the level of human perception. This large difference of located

earthquakes (factor > 15 - 20) is due to the sparse station density of the INGV-

network in the area and was experienced also with a local seismic network in a640

nearby geothermal area (Braun et al., 2017).

Concerning the microseismicity occurring beneath Mt. Amiata, Mazzoldi et al.

(2015) reported that mainly two types of seismic waveforms are observed:

A) the majority of recorded seismic events are local tectonic events, character-

ized by an impulsive arrival of P- and S-waves, Ts−p travel time differences645

of 0.6 - 2.0 s (corresponding to an epicentral distance of less than 20 km)

and a relatively wide spectral range (2 - 20 Hz) (Fig. 10);

B) 5% of the recorded waveforms have been classified as hydrofracture events,

characterized by a longer duration (20 - 40 s), an incipient 3 - 5 s long high-

frequency phase (15 - 20 Hz), followed by a harmonic oscillation of longer650

duration (25 - 30 s) interpreted as hybrid events (Fig. 10).

The distinction of tectonic- and hybrid or low-frequency events recalls the

A-type and B-type classification of volcano-seismic events by Minakami (1960).

For the present contribution, ENEL-Greenpower made available the seismo-

grams of the same events analyzed by Mazzoldi et al. (2015) that allowed us to655

recalculate the respective hypocenters and magnitudes. Fig. 10 show seismic

traces and corresponding spectrograms of the B-type and A-type event with the

same time scale.

The two event types (B, A) confirm the spectral characteristics described by
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Mazzoldi et al. (2015), but both their hypocenters, as well as their magnitude660

differ fundamentally. The high-frequency event (A) has a much lower magnitude

(M 1.3) than the hybrid event (M 2.5), and the corresponding source depths

for the A and B event are 3.2 km and 12.6 km, respectively.

Figure 10: Seismic events recorded by station SARA of the ENEL-network: (top) 29th Novem-

ber 2000, 06:55 UTC: (A-type/tectonic event, after Mazzoldi et al., 2015)M 1.3, Z = 3.2 km;

(bottom) 10th December 2000, 01:40 UTC: (B-type/ hybrid event, after Mazzoldi et al., 2015),

M 2.5, Z = 12.6 km.

Since the so-called hybrid event (B) is located much deeper than the geother-

mal production level of 3500 m, any relation with geothermal production seems665
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to be unlikely. Hydrofracking as source for the hybrid event-type (B) can be

excluded because it is not applied by ENEL; the upper crust is extensively

fractured and characterized by high porosity and permeability, such that the

reinjected fluids sink already by gravity (Braun et al., 2016).

For seismic events with shallow hypocenters - as e.g. the tectonic event of Fig.670

10, located close to the geothermal production locations - it is difficult to de-

termine whether the earthquake source is natural or anthropogenic. Generally,

fluid depletion from the reservoir may induce elastic stresses in surrounding rock

(Dahm et al., 2015), whereas vaporization and reinjection with cold water may

lead to thermal stressing of rocks that may also trigger microseismicity (Braun675

et al., 2016).

Concerning damaging earthquakes striking the Tuscan geothermal areas in the

past, the CPTI (Locati et al., 2016) reports some moderate seismic events

(M ≤ 5.3) occurring near Mt. Amiata already before geothermal energy

production started (Fig. 9, ES-Tab. 5) underlining that the area is still seismo-680

tectonically active.

After the beginning of geothermal exploitation, the strongest earthquake of the

last 60 years (ML 3.9/Mw 4.5) in an Italian geothermal area struck the small

town of Piancastagnaio on 1st April 2000 (PIAN in Fig. 9), damaging about 50

buildings. Due to the poor available seismic data, only a few publications treat685

this important seismic event.

Mucciarelli et al. (2001) reported an eccentric damage pattern (towards E) with

respect to the reported epicenter, and hypothesized that either the instrumental

location was erroneous (reported error 2 - 3 km), a strong rupture directivity,

an asymmetric distribution of vulnerable buildings or site effects could be re-690

sponsible for this observation.

For the present case study ENEL-Greenpower provided a refined 1D velocity

model (see ES-Tab.6) - based on seismic prospection data from the geother-

mal area - in order to relocate the 1st April 2000 earthquake and determine its

magnitude. ML calculated from the ENEL-data and regional broadband data695

resultedML 3.9 andMw 4.5, respectively, confirming thus the formerly reported

34



Page 35 of 51

Acc
ep

te
d 

M
an

us
cr

ip
t

values (see Tab. 2). Due to the strong heterogeneity of the crustal velocities

beneath the Tuscan geothermal areas and the very limited areal validity of the

1D model of the ES-Tab. 6, the hypocenter location of the 1st April 2000 event

was based on P- and S-phases exclusively picked from the ENEL-Amiata seismic700

network. With respect to the INGV-location (Castello et al., 2006), the new

epicenter based on data of the local network is shifted 1.6 km in NW-direction,

while depth is well constrained at 3.93 ± 0.64 km.

Origin time Latitude Longitude Depth Magnitude

18:08:04.328 42.842◦N 11.678◦E 3.93 km ML 3.9, Mw4.5 [*]

18:08:04.000 42.831◦N 11.691◦E 2.00 km ML 3.9, Mw4.5

18:08:05.160 42.939◦N 11.733◦E 7.50 km MD 4.0

Table 2: Hypocentral parameters determined of the 1st April 2000 earthquake after [* this

study], by using the seismic data from the ENEL-network and former studies (Castello et al.,

2006; Rovida et al., 2016; ISIDe - working group, 2016).

To better constrain the focal mechanism, we included all available P-phase

polarities, also those from the other ENEL-networks installed at Mt. Amiata,705

Latera and Larderello. The obtained focal mechanism shows predominantly

normal faulting behavior (Fig. 9). The strike directions of the fault planes

result in WNW-ENE and W-E directions, but obviously, main rupture plane

and the auxiliary plane cannot be assigned.

In order to control the focal depth, we used an alternative method and an710

independent dataset from the German seismic array GERESS and compared

the synthetic array beam with the beam of the recorded array data. For this

purpose, we calculated - for the given epicenter and the focal solution reported

in Fig. 9 - synthetic GERESS array-beams for different depths ranging from

1 - 9 km. Fig. 11 shows that the array beam (blue trace) fits the black colored715

synthetic traces best at a depth of 4.5 km, a value that confirms the result

obtained by classical hypocentral location.
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Figure 11: Comparison between observed and predicted waveforms for the GERESS-array

(Germany). P and pP phases of the array beam (blue) of the GERESS-Array fitted in the

synthetic beams calculated for a depth range of 1 − 9 km, assuming the focal parameters

obtained from the former analysis.

4. Discussion and Conclusion

Many papers have addressed anthropogenic activities and their potential re-

lations with seismicity observed in adjacent areas. The present contribution720

is, however, a first review of these topics for Italy. Generally, on a short-term

time scale, fluid injection rather than by extraction predominantly triggered

and induced seismicity. Large fluid volumes introduced in the upper crust as

in the case of reservoir impoundment or deep wastewater injection increase the

pore pressure lowering the normal stress on the fault. A general question arises725

about the maximum hypocentral distances that can be ascribed to the influence

of such human operations. What is the potential distance range that may be

influenced by anthropogenic stress changes? Regarding small volume injections,
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like fracking or EGS, the link between injection rate or pressure and seismic-

ity is much more direct and immediate such that the installation of a traffic730

light system has been proven as an efficient monitoring and alert tool. Since

small pore pressure perturbations are directly affecting fault stability, they may

trigger earthquakes when fracking is applied near active or preexisting faults.

The shallow operation depth of human activity implicates that also small and

moderate earthquakes (M > 3) can inflict damages on surface structures. For735

the sparsely populated U.S. midcontinent anthropogenic seismicity caused by

as wastewater injection, hydrocarbon recovery or geothermal energy production

represents only a minor problem, whereas in most densely populated European

countries, similar operations can have a significant impact and may raise strong

public concerns. So far, only first steps have been drafted to discriminate in-740

duced and triggered from natural seismicity (Dahm et al., 2015).

Hopefully new projects in progress - as the installation of a combination of seis-

mic array and network (Braun et al., 2016) - will shed light on the question of

how to discriminate anthropogenic from natural seismicity.
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7. Electronic supplements (ES)

ID Date Time Mag. Latitude Longitude Depth (km)

1 1990-05-08 19:58:28.95 3.3 43.55800 12.15300 5.0

2 1990-05-08 22:33:17.44 3.2 43.60100 12.11000 5.0

3 1990-05-08 22:37:24.18 3.0 43.61600 12.14600 5.0

4 1990-05-08 22:38:33.84 3.2 43.58400 12.14600 5.0

5 1990-05-09 01:23:51.80 3.0 43.59900 12.14000 5.0

6 1997-10-02 19:38:02.25 4.2 43.62970 12.17927 5.4

7 1997-10-02 21:38:42.68 4.1 43.62329 12.16614 6.2

8 1997-10-04 03:28:09.74 3.7 43.63236 12.18612 7.0

9 1997-10-05 10:22:12.77 3.5 43.63802 12.17768 2.9

10 1997-10-10 06:44:31.82 3.3 43.62150 12.18949 2.5

11 2001-11-26 00:56:55.66 4.3 43.60739 12.11385 2.8

12 2001-11-26 12:34:13.48 3.8 43.61306 12.11124 2.9

13 2009-02-13 06:39:13.94 3.0 43.64100 12.08200 4.8

14 2011-01-08 20:16:42.37 2.3 43.54500 12.13200 8.1

15 2011-03-21 16:58:36.44 3.1 43.58000 12.07800 55.1

14 2014-12-21 15:15:28.85 3.6 43.53400 12.13200 8.5

Table 3: (ES): Location and origin time for the largest 16 events since starting the impound-

ment of the MR
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event ID time hypocentr. dist.) hydraul. diff. fill height

(days) (km) (m2/s) (m)

1 43 5.6 8.44 9.86

2 43 5.2 7.28 9.86

3 43 5.5 8.14 9.86

4 43 5.5 8.14 9.86

5 44 5.4 7.67 9.97

6 190 6.1 2.27 11.07

7 190 6.7 2.73 11.07

8 192 7.6 3.48 11.07

9 193 4.1 1.01 11.07

10 198 3.9 0.89 11.07

11 363 3.2 0.33 29.84

12 363 3.3 0.35 29.84

13 61 4.9 4.56 39.17

16 231 8.9 3.97 35.05

Table 4: (ES): Hydraulic diffusivity estimated for the largest seismic events.
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1287 42.880 11.678 VI-VII 4.93 Abbadia

05/10/1777 15:45 42.880 11.757 VII 5.04 Radicofani

17/06/1868 01:50 42.870 11.538 V-VI 4.51 Arcidosso

17/12/1902 05:21 42.839 11.602 VI-VII 4.86 S.Fiora

07/09/1904 11:30 42.883 11.550 V-VI 4.51 Arcidosso

12/02/1905 08:28 42.862 11.558 VI 4.66 S.Fiora

10/09/1919 16:57:20 42.793 11.788 VII-VIII 5.32 Piancastagnaio

03/09/1925 18:55 42.850 11.600 V-VI 4.51 Abbadia

08/01/1926 09:14 42.852 11.631 VII 4.90 Abbadia

04/02/1940 19:25 42.883 11.617 VI – Abbadia

19/06/1940 14:10:09 42.850 11.716 VI 4.77 Radicofani

16/10/1940 13:17:35 42.885 11.867 VII-VIII 5.26 Radicofani

03/11/1948 11:40 42.861 11.563 VI 4.76 M.Amiata

30/05/1958 06:26 42.896 11.769 V 4.28 Radicofani

01/04/2000 18:08:04 42.831 11.691 V-VI 4.57 M.Amiata

Table 5: (ES): Historical earthquakes from CPTI (Locati et al., 2016).

depth (km) vp (km/s) vs (km/s)

0.000 3.200 1.882

0.300 5.500 3.180

0.500 5.800 3.412

0.800 5.800 3.412

1.000 5.200 3.059

5.500 6.200 3.647

24.000 6.400 3.765

24.000 7.800 4.588

Table 6: (ES): Seismic velocity model (1D) of the crust beneath Mt. Amiata
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