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a b s t r a c t

In order to adopt the best safety procedures, man-made earthquakes should be differentiated as a function
of their origin. At least four different types of settings can be recognized in which anthropogenic activities
may generate seismicity: (I) fluid removal from a stratigraphic reservoir in the underground can trigger the
compaction of the voids and the collapse of the overlying volume, i.e., graviquakes; the deeper the
reservoir, the bigger the volume and the earthquake magnitude; (II) wastewater or gas reinjection pro-
vides the reduction of friction in volumes and along fault planes, allowing creep or sudden activation of
tectonic discontinuities, i.e., reinjection quakes; (III) fluid injection at supra-lithostatic pressure generates
hydrofracturing and micro-seismicity, i.e., hydrofracturing quakes; (IV) fluid extraction or fluid injection,
filling or unfilling of artificial lakes modifies the lithostatic load, which is the maximum principal stress in
extensional tectonic settings, the minimum principal stress in contractional tectonic settings, and the
intermediate principal stress in strike-slip settings, i.e., load quakes; over given pressure values, the in-
crease of the lithostatic load may favour the activation of normal faults, whereas its decrease may favour
thrust faults. For example, the filling of an artificial lake may generate normal fault-related seismicity.
Therefore, each setting has its peculiarities and the knowledge of the different mechanismsmay contribute
to the adoption of the appropriate precautions in the various industrial activities.

� 2017, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Induced seismicity has become a relevant scientific and social
issue (Suckale, 2009; Grigoli et al., 2017). Even if the discrimination
for natural versus anthropogenic seismicity is not always straight-
forward (Dahm et al., 2015), seismicity induced by fluid injection
was definitely proven by Raleigh et al. (1976). Fluid injection into
the subsurface is associated with industrial operations, particularly
wastewater disposal, gas storage or geothermal exploitation (Healy
et al., 1968; Zoback, 2007; National Research Council, 2013). It has
also been demonstrated that human activities can determine the
magnitude of the events as a function of the volume and rate of
fluid injected (McGarr, 2014; Weingarten et al., 2015) and the fluid
pressure increase (Hsieh and Bredehoeft, 1981). Particularly in
Oklahoma, the rate of seismicity had a drastic increase due to
wastewater injection at depth (Ellsworth, 2013; Keranen et al.,
2014). Earthquakes were discovered to be also controlled by
loading effects on artificial lakes and quarry excavations (Simpson,
of Geosciences (Beijing).

eijing) and Peking University. Produ
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1976, 1986). It pointed out that industrial activities do not supply
energy to the geological phenomena, but they only accelerate them
in lowering the friction on tectonic structures already at a critical
state of stress failure when fluids increase the pore pressure (Walsh
and Zoback, 2015).

Evidence of seismicity induced by injecting wastewater fluid in
depleted oil reservoirs are well established (Valoroso et al., 2009;
Shapiro et al., 2011; Stabile et al., 2014; Improta et al., 2015;
Buttinelli et al., 2016), but also for gas storage (Ruiz-Barajas et al.,
2017 and references therein). Therefore, a scientifically grounded
policy on induced seismicity is required (Giardini, 2009; McGarr
et al., 2015; Langenbruch and Zoback, 2016). For this reason, the
Ministry of Industry of the Italian Government introduced guide-
lines for future subsurface industrial activities (MISE-CIRM
Working Group, 2014). Based on a review of the existing different
geological settings, this paper proposes a classification of different
types of induced seismicity in order to discriminate among the
several tectonic environments and the effects of the anthropogenic
perturbations. A number of useful classifications have already been
proposed, but this paper addresses rises on the relationship of
induced seismicity with respect to the hydrostatic and lithostatic
pressures, respectively. The hydrostatic pressure rises on average
ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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10 MPa/km. The lithostatic pressure is s1, s3, s2 in extensional,
contractional and strike-slip tectonic settings respectively. The
lithostatic load (rgz, where r is the rock density, g is the gravity
acceleration and z is the depth) increases with depth in general
between 23 and 27MPa/km, assuming a density of 2.3 or 2.7 g/cm3.
The ratio between pore pressure and lithostatic load (Hubbert and
Rubey, 1959) is on average 0.35 in the shallow upper crust but it
tends to increase close to lithostatic (e.g., 0.9) with depth (Sibson,
1992). Static friction (m) values in the upper crust are on average
<0.6 (Zoback and Townend, 2001). Tiny variations of these values
can modify the deviatoric stress in a given region and induce
seismicity. Chemical and temperature variations in rock and fluid
composition may significantly affect the average values (e.g.,
Fossen, 2010).
Figure 1. Type I induced seismicity or graviquakes. The fluid removal (either gas, oil or wa
condition and the gradual or instantaneous collapse of the overlying rock volume, causing
by the weight of the overlying volume, lowering the failure Coulomb criterium. Moreover, i
the ratio between fluid pressure and lithostatic pressure. The deeper the depleted layer, the l
of gravitational potential, we may consider these events as graviquakes.
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2. Types of seismicity associated with human activities

The terms induced and triggered seismicity are used to differ-
entiate seismicity generated by industrial operations and natural
seismicity catalysed and anticipated by human activities
(Hornbach et al., 2015). The transition among the two types of
seismicity is subtle because the crust is widely at a critical state of
stress and very often the induced seismicity can be considered as
triggered. Here, for sake of simplicity, we consider all anthropo-
genic seismicity as induced, implying a potential activation of faults
ready to move, regardless of their regional tectonic significance.
The basic rationale is to analyse the different human activities with
respect to deviations from the hydrostatic and lithostatic natural
pressures.
ter) from a layer with intergranular primary porosity may generate a sub-hydrostatic
earthquakes and subsidence. The depletion generates a vacuum that may be closed

t may increase the normal stress since it decreases the pore pressure and it diminishes
arger is the volume and the earthquake. Since this seismicity is controlled by the release
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2.1. The removal of gas or oil from a stratigraphic interval can
trigger the compaction of the voids and the collapse of the over-
lying volume, provoking seismicity and subsidence. An example is
the Groningen field in Holland (Van Thienen-Visser and Breunese,
2015), in which the gas reservoir is located at about 3 km deep in
the porous eolian-fluvial sandstones Permian Rotliegend Forma-
tion. Focal mechanisms of the induced seismicity generated by the
gas field are indicating normal faulting. It has been shown that
normal faults-related earthquakes are the dissipation of stored
gravitational energy and the depth of the activated seismic volume
is about one third of the length of the collapsing hanging wall (i.e.,
the graviquakes, Doglioni et al., 2015). It implies that the deeper the
reservoir, the bigger the volume and the earthquake magnitude. In
the Groningen example, the fluid removal from the voids of the
sandstone could allow the collapse of the overlying thickness of the
Figure 2. Type II induced seismicity or reinjection quakes. Fluid injection is possibly the m
pore pressure, moving into the supra-hydrostatic condition, the system may become insta
creases the normal stresses and it increases the ratio between fluid pressure and lithostati
permeable rocks and usually generating microseismicity within a sort of half-moon, apart w
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stratigraphic sequence. As the reservoir is at 3 km deep, the
maximumvolume that could bemobilized is around 40 km3, which
would correspond to an energy dissipation of an earthquake of
about M 3.5e4, being M 3.6 the largest magnitude recorded in the
gas field (Van Wees et al., 2014). To support the simple interpre-
tation of compaction and creeping and the coseismic collapse, the
gas field exploitation has generated a subsidence of about
20e30 cm (Van Thienen-Visser and Breunese, 2015). According to
Zoback and Zinke (2002), poroelastic stress changes may explain
fault reactivations by fluid depletion during production. However,
the removal of oil from the Valhall and Ekofisk reservoirs in the
North Sea has generated normal faulting-related seismicity, which
can alternatively be interpreted as the gravitational fall of the
overlying rocks. This is type I induced seismicity in Fig. 1, i.e.,
graviquakes.
ost common mechanism of induced seismicity. If fluid injection overtakes the natural
ble approaching the envelope of the critical failure. The increase of pore pressure de-
c pressure. The fluids permeate a volume at the well bottom, migrating into the more
hen natural discontinuities occur, hence focussing the seismicity along fault surfaces.
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2.2. Saltwater or gas reinjection in the subsurface above the natural
threshold provides the increase of pore pressure and the reduction
of friction in volumes and along fault planes, allowing creep or
sudden activation of tectonic discontinuities. This phenomenon has
been demonstrated with any type of fluid injected in geothermal
fields (e.g., the Geysers geothermal field in Northern California,
Eberhart Phillips and Oppenheimer, 1984, or the Basel power plant
in Switzerland, Kraft et al., 2009), in wastewater injection such as
the Arbuckle Formation in the Oklahoma oil field (Keranen et al.,
2013) or the Zigong reservoir in the southwest Sichuan Basin in
China (Lei et al., 2013), and in methane or CO2 gas storage as for the
Castor field offshore eastern Spain (Zoback and Gorelick, 2012; Del
Potro and Diez, 2015; White and Foxall, 2016). The crust has been
demonstrated to be at a critical state of stress, close to failure, and
small perturbations of the pore pressure may determine the
Figure 3. Type III induced seismicity or hydrofracturing quakes. The fluid injection at su
phenomenon occurs also naturally during the coseismic stage. The increase of pore pressur
pressure larger than 1.
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activation of rock rupture of sliding along well-oriented fault
planes with respect to the regional stress field (e.g., Alt and Zoback,
2017). Therefore, the increase of the pore pressure to values larger
than those naturally occurring in a crustal volume may determine
the activation of faults, regardless the tectonic setting. However, it
is important to distinguish between fluid injection disposal and
stimulation that generates large perturbation of pore pressure. The
maximum magnitude reported for this type of induced/triggered
seismicity in Oklahoma is the Pawnee M 5.8 at 2016 event
(Langenbruch and Zoback, 2016). Far-field pressurization may
occur to generate seismicity even at several km distance with
respect to the injection wells (Yeck et al., 2016). The time depen-
dence of the associated seismicity depends on the distance, pres-
sure gradient introduced and permeability (e.g., Juanes et al., 2016;
Albano et al., 2017 and references therein). Lithologies and their
pra-lithostatic pressure may induce hydro-fracturing, commonly called fracking. This
e above the normal stresses determines a ratio between fluid pressure and lithostatic
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related porosity can highly focus induced seismicity; e.g., diffused
porosity may buffer higher pore pressure than concentrated
porosity (Shah and Keller, 2017). In the Zigong reservoir, between
early 2009 andmid-2011, more than 120,000m3 of wastewater was
pumped under a wellhead pressure of up to 6.2 MPa into carbon-
ates at 2.5 km deep. This generated 7000 earthquakes, being two of
ML 4e4.4. Seismicity was mostly concentrated between 2.5 and
4 km, beneath the well bottom, showing a half-moon distribution,
but locally concentrated along pre-existing fractures and faults (Lei
et al., 2013). Induced seismicity has been detected within a radius
of 4e12 km from the injection point, as a function of the fluid
volume (McGarr, 2014). Hydraulic diffusivity of the fluid in the rock
volume around the well bottom has been computed up to 0.1 m2/s
Figure 4. Type IV induced seismicity or load quakes. The loading or unloading of the crust c
refilling of deep geological reservoirs. The modification generates increase or decrease of the
of load favours the activation of normal faults (rising s1), whereas the decrease of load vic
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(e.g., Lei et al., 2013). This is type II induced seismicity in Fig. 2, i.e.,
reinjection quakes.

2.3. The fluid injection at supra-lithostatic pressure determines
hydro-fracturing and micro-seismicity; this is known as fracking
(King and Willis, 1972; Schultz, 2013), but this type of operational
techniques are more frequently used at shallow depth and there-
fore are usually associated only with superficial microseismicity,
which may be felt due to low depth. Fracking has been shown to
generate earthquakes at least up toM 3.9. Larger magnitude can be
expected only if pre-existing faults are reactivated. Hydro-
fracturing is also a well known natural phenomenon (e.g., Sibson,
1981), since the rock record shows the effects of deformation by
an be generated by the filling or depletion of a hydroelectric lake or by the removal or
total weight, i.e., the lithostatic load, hence providing potential seismicity. The increase
e-versa may trigger the activation of thrusts (decreasing s3).

ced seismicity, Geoscience Frontiers (2017), https://doi.org/10.1016/
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fluid over-pressure possibly associated with coseismic phenomena
(Doglioni et al., 2014). This is type III induced seismicity in Fig. 3,
i.e., hydrofracturing quakes.

2.4. The fluid extraction or fluid injection in the underground, or
the filling or unfilling of artificial lakes modifies the lithostatic load,
which is the maximum principal stress in extensional tectonic
settings, the minimum principal stress in contractional tectonic
settings, and the intermediate principal stress in strike-slip set-
tings. In fact, natural normal fault-related seismicity occurs in areas
of larger lithostatic load and higher topography, whereas thrust-
related seismicity is more frequent in geological settings of low
topography (Carminati et al., 2004). Over given pressure values, the
increase of the lithostatic load may favour the activation of normal
faults, whereas its decrease may favour thrust faults. For example,
the filling of an artificial lake may generate normal fault-related
seismicity. The maximum magnitude inferred for this type of
induced/triggered seismicity isM 6.5 at Koyna Reservoir in India in
1967 (Gupta and Rastogi, 1976; Gupta, 2002). Fluids may also
penetrate the underground contributing to decrease friction. This is
type IV induced seismicity in Fig. 4, i.e., load quakes.

3. Concluding remarks

Each geological setting is characterized by peculiar stratigraphy,
porosity, permeability, lithostatic pressure, pore pressure, temper-
ature, friction, etc. Therefore each area has its own peculiar pa-
rameters that may determine the amount and rate of induced
seismicity in case of anthropogenic perturbation. From the afore-
mentioned discussion, there are at least four different types of
induced or triggered seismicity that can be classified as a function of
the tectonic setting, the fluids volume and pressure variations
Figure 5. Illustration of the four main types of anthropogenic seismicity described in
the text. MPa, Mega Pascal.
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relative to the hydrostatic and lithostatic trends (Fig. 5). Each type is
characterized by its values of maximum magnitude, but it depends
on the pressure gradient introduced with respect to the original
natural parameters. Modelling is required for each geological
setting in order to adopt the safety pressures in each reservoir
preventing induced seismicity with damaging magnitude by in-
dustrial activities (e.g.,Majer and Peterson, 2007; Juanes et al., 2016;
Albano et al., 2017; Mukuhira et al., 2017 and references therein).
Acknowledgments

Discussions with Franco Terlizzese, Eugenio Carminati, Claudio
Chiarabba, Daniela Di Bucci, Luigi Improta, Riccardo Lanari, Liliana
Panei, Giuseppe Pezzo, Enrico Priolo and Aldo Zollo were very
fruitful. The comments by an anonymous reviewer and the Asso-
ciate Editor Masaki Yoshida have been highly useful. The research
was supported by the Italian Ministry of Industry.
References

Albano, M., Barba, S., Tarabusi, G., Saroli, M., Stramondo, S., 2017. Discriminating
between natural and anthropogenic earthquakes: insights from the Emilia
Romagna (Italy) 2012 seismic sequence. Scientific Reports 7, 282. https://
doi.org/10.1038/s41598-017-00379-2.

Alt, R.C., Zoback, M.D., 2017. In situ stress and active faulting in Oklahoma. Bulletin
of the Seismological Society of America 107, 1. https://doi.org/10.1785/
0120160156.

Buttinelli, M., Improta, L., Bagh, S., Chiarabba, C., 2016. Inversion of inherited thrusts
by wastewater injection induced seismicity at the Val d’Agri oilfield (Italy).
Scientific Reports 6, 37165. https://doi.org/10.1038/srep37165.

Carminati, E., Doglioni, C., Barba, S., 2004. Reverse migration of seismicity on thrusts
and normal faults. Earth-Science Reviews 65, 195e222.

Dahm, T., Cesca, S., Hainzl, S., Braun, T., Krüger, F., 2015. Discrimination between
induced, triggered, and natural earthquakes close to hydrocarbon reservoirs: a
probabilistic approach based on the modeling of depletion-induced stress
changes and seismological source parameters. Journal of Geophysical Research
Solid Earth 120. https://doi.org/10.1002/2014JB011778.

Del Potro, R., Diez, M., 2015. Induced Seismicity in Underground Gas Storage e The
Case of Castor, Offshore NE Spain, 77th EAGE Conference. https://doi.org/
10.3997/2214-4609.201413522.

Doglioni, C., Barba, S., Carminati, E., Riguzzi, F., 2014. Fault on-off versus coseismic
fluids reaction. Geoscience Frontiers 5 (6), 767e780. https://doi.org/10.1016/
j.gsf.2013.08.004.

Doglioni, C., Carminati, E., Petricca, P., Riguzzi, F., 2015. Normal fault earthquakes or
graviquakes. Scientific Reports 5, 12110. https://doi.org/10.1038/srep12110.

Eberhart Phillips, D., Oppenheimer, D.H., 1984. Induced seismicity in the Geysers
geothermal area, California. Journal of Geophysical Research Solid Earth 89 (B2),
1191e1207.

Ellsworth, W.L., 2013. Injection-induced earthquakes. Science 341 (6142), 7. https://
doi.org/10.1126/science.1225942.

Fossen, H., 2010. Structural Geology. Cambridge University Press. ISBN-13 978-0-
521-51664-8.

Giardini, D., 2009. Geothermal quake risk must be faced. Nature 462, 848e849.
Grigoli, F., Cesca, S., Priolo, E., Rinaldi, A.P., Clinton, J.F., Stabile, T.A., Dost, B.,

Fernandez, M.G., Wiemer, S., Dahm, T., 2017. Current challenges in monitoring,
discrimination, and management of induced seismicity related to underground
industrial activities: a European perspective. Reviews of Geophysics 55 (2),
310e340.

Gupta, H.K., 2002. A review of recent studies of triggered earthquakes by artificial
water reservoirs with special emphasis on earthquakes in Koyna, India. Earth-
Science Reviews 58, 279e310.

Gupta, H.K., Rastogi, B.K., 1976. Dams and Earthquakes. Elsevier Amsterdam,
pp. 1e229.

Healy, J.H., Rubey, W.W., Griggs, D.T., Raleigh, C.B., 1968. The Denver earthquakes.
Science 161, 1301e1310.

Hornbach, M.J., DeShon, H.R., Ellsworth, W.L., Stump, B.W., Hayward, C., Frohlich, C.,
Oldham, H.R., Olson, J.E., Magnani, M.B., CaseyBrokaw, C., Luetgert, J.H., 2015.
Causal factors for seismicity near Azle, Texas. Nature Communications 6, 6728.
https://doi.org/10.1038/ncomms7728.

Hsieh, P.A., Bredehoeft, J.D., 1981. A reservoir analysis of the Denver earthquakes: a
case of induced seismicity. Journal of Geophysical Research 86, 903e920.

Hubbert, M.K., Rubey, W.W., 1959. Role of fluid pressure in the mechanics of
overthrust faulting. Bulletin of the Geological Society of America 70, 115e205.

Improta, L., Valoroso, L., Piccinini, D., Chiarabba, C., 2015. A detailed analysis of
wastewater-induced seismicity in the Val d’Agri oilfield, Italy. Geophysical
Research Letters 42, 2682e2690.

Juanes, R., Jha, B., Hager, B.H., Shaw, J.H., Plesch, A., Astiz, L., Dieterich, J.H.,
Frohlich, C., 2016. Were the May 2012 Emilia Romagna earthquakes induced? A
ced seismicity, Geoscience Frontiers (2017), https://doi.org/10.1016/

https://doi.org/10.1038/s41598-017-00379-2
https://doi.org/10.1038/s41598-017-00379-2
https://doi.org/10.1785/0120160156
https://doi.org/10.1785/0120160156
https://doi.org/10.1038/srep37165
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref4
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref4
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref4
https://doi.org/10.1002/2014JB011778
https://doi.org/10.3997/2214-4609.201413522
https://doi.org/10.3997/2214-4609.201413522
https://doi.org/10.1016/j.gsf.2013.08.004
https://doi.org/10.1016/j.gsf.2013.08.004
https://doi.org/10.1038/srep12110
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref9
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref9
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref9
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref9
https://doi.org/10.1126/science.1225942
https://doi.org/10.1126/science.1225942
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref11
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref11
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref12
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref12
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref55
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref55
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref55
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref55
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref55
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref55
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref13
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref13
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref13
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref13
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref14
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref14
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref14
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref15
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref15
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref15
https://doi.org/10.1038/ncomms7728
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref17
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref17
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref17
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref18
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref18
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref18
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref19
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref19
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref19
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref19
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref20
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref20


C. Doglioni / Geoscience Frontiers xxx (2017) 7
coupled flow-geomechanics modeling assessment. Geophysical Research Let-
ters 43 (13), 6891e6897.

Keranen, K.M., Savage, H.M., Abers, G.A., Cochran, E.S., 2013. Potentially induced
earthquakes in Oklahoma, USA: links between wastewater injection and the
2011 Mw 5.7 earthquake sequence. Geology 2011e2014, G34045. https://
doi.org/10.1130/G34045.1.

Keranen, K.M., Weingarten, M., Abers, G.A., Bekins, B.A., Ge, S., 2014. Sharp increase
in central Oklahoma seismicity since 2008 induced by massive wastewater
injection. Science 345 (6195), 448e451. https://doi.org/10.1126/science.
1255802. PMID 24993347.

King, H.M., Willis, D.G., 1972. Mechanics of Hydraulic Fracturing. American Asso-
ciation of Petroleum Geologists Memoir, pp. 239e257.

Kraft, T., Mai, P.M., Wiemer, S., Deichmann, N., Ripperger, J., Kästli, P., Bachmann, C.,
Fäh, D., Wössner, J., Giardini, D., 2009. Enhanced geothermal systems: miti-
gating risk in urban areas. Eos Transactions American Geophysical Union 90
(32), 273e274.

Langenbruch, C., Zoback, M.D., 2016. How will induced seismicity in Oklahoma
respond to decreased saltwater injection rates? Science Advances 2 (11),
e1601542. https://doi.org/10.1126/sciadv.1601542.

Lei, X., Ma, S., Chen, W., Pang, C., Zeng, J., Jiang, B., 2013. A detailed view of the
injection-induced seismicity in a natural gas reservoir in Zigong, southwestern
Sichuan Basin, China. Journal of Geophysical Research Solid Earth 118,
4296e4311. https://doi.org/10.1002/jgrb.50310.

Majer, E.L., Peterson, J.E., 2007. The impact of injection on seismicity at the Geysers,
California Geothermal Field. International Journal of Rock Mechanics and
Mining Sciences 44 (8), 1079e1090.

McGarr, A., 2014. Maximum magnitude earthquakes induced by fluid injection.
Journal of Geophysical Research Solid Earth 119, 1008e1019. https://doi.org/
10.1002/2013JB010597.

McGarr, A., Bekins, B., Burkardt, N., Dewey, J., Earle, P., Ellsworth, W., Ge, S.,
Hickman, S., Holland, A., Majer, E., Rubinstein, J., Sheehan, A., 2015. Coping with
earthquakes induced by fluid injection. Science 347 (6224), 830e831. https://
doi.org/10.1126/science.aaa0494.

MISE-CIRM Working Group, 2014. Microseismic Monitoring Guidance Document.
http://unmig.sviluppoeconomico.gov.it/unmig/agenda/upload/151_238.pdf.

Mukuhira, Y., Moriya, H., Ito, T., Asanuma, H., Häring, M., 2017. Pore pressure
migration during hydraulic stimulation due to permeability enhancement by
low-pressure subcritical fracture slip. Geophysical Research Letters 44 (7),
3109e3118.

National Research Council, 2013. Committee on Induced Seismicity Potential in
Energy Technologies. Induced Seismicity Potential in Energy Technologies.
National Academic Press, Washington, DC.

Raleigh, C.B., Healy, J.H., Bredehoeft, J.D., 1976. An experiment in earthquake control
at Rangely, Colorado. Science 191 (4233), 1230e1237.

Ruiz-Barajas, S., Sharma, N., Convertito, V., Zollo, A., Benito, B., 2017. Temporal evo-
lution of a seismic sequence induced by a gas injection in the Eastern coast of
Spain. Scientific Reports 7, 2901. https://doi.org/10.1038/s41598-017-02773-2.

Schultz, C., 2013. Marcellus Shale fracking waste caused earthquakes in Ohio. Eos
Transactions American Geophysical Union 94 (33), 296e296.

Shah, A.K., Keller, G.R., 2017. Geologic influence on induced seismicity: constraints
from potential field data in Oklahoma. Geophysical Research Letters 44,
152e161. https://doi.org/10.1002/2016GL071808.
Please cite this article in press as: Doglioni, C., A classification of indu
j.gsf.2017.11.015
Shapiro, S.A., Kruger, O.S., Dinske, C., Langenbruch, C., 2011. Magnitudes of induced
earthquakes and geometric scales of fluid stimulated rock volumes. Geophysics
76, WC55eWC63. https://doi.org/10.1190/GEO2010-0349.1.

Sibson, R.H., 1981. Controls on low-stress hydro-fracture dilatancy in thrust, wrench
and normal fault terrains. Nature 289 (5799), 665e667.

Sibson, R., 1992. Fault-valve behaviour and the hydrostatic-lithostatic fluid pressure
interface. Earth-Science Reviews 32, 141e144.

Simpson, D.W., 1976. Seismicity changes associated with reservoir loading. In:
Milne, W.G. (Ed.), Induced Seismicity. Engineering Geology 10 (2e4),
123e150.

Simpson, D.W., 1986. Triggered earthquakes. Annual Review of Earth and Planetary
Sciences 14, 21e42.

Stabile, T.A., Giocoli, A., Perrone, A., Piscitelli, S., Lapenna, V., 2014. Fluid injection
induced seismicity reveals a NE dipping fault in the southeastern sector of the
High Agri Valley, southern Italy. Geophysical Research Letters 41, 5847e5854.

Suckale, J., 2009. Induced seismicity in hydrocarbon fields. Advances in Geophysics
51, 55e106. https://doi.org/10.1016/S0065-2687(09)05107-3.

Valoroso, L., Improta, L., Chiaraluce, L., Di Stefano, R., Ferranti, L., Govoni, A.,
Chiarabba, C., 2009. Active faults and induced seismicity in the Val d’Agri area
(Southern Apennines, Italy). Geophysical Journal International 178 (1),
488e502.

Van Thienen-Visser, K., Breunese, J.N., 2015. Induced seismicity of the Groningen
gas field: history and recent developments. The Leading Edge 34 (6),
664e671.

Van Wees, J.D., Buijze, L., Van Thienen-Visser, K., Nepveu, M., Wassing, B.B.T.,
Orlic, B., Fokker, P.A., 2014. Geomechanics response and induced seismicity
during gas field depletion in The Netherlands. Geothermics 52, 206e219.

Walsh, F.R.I., Zoback, M.D., 2015. Oklahoma’s recent earthquakes and saltwater
disposal. Science Advances 1 (5), e1500195. https://doi.org/10.1126/
sciadv.1500195.

Weingarten, M., Ge, S., Godt, J.W., Bekins, B.A., Rubinstein, J.L., 2015. High-rate in-
jection is associated with the increase in U.S. mid-continent seismicity. Science
348 (6241), 1336e1340. https://doi.org/10.1126/science.aab1345.

White, J.A., Foxall, W., 2016. Assessing induced seismicity risk at CO2 storage pro-
jects: recent progress and remaining challenges. International Journal of
Greenhouse Gas Control 49, 413e424. https://doi.org/10.1016/j.ijggc.2016.
03.021.

Yeck, W.L., Weingarten, M., Benz, H.M., McNamara, D.E., Bergman, E.A.,
Herrmann, R.B., Rubinstein, J.L., Earle, P.S., 2016. Far-field pressurization likely
caused one of the largest injection induced earthquakes by reactivating a large
preexisting basement fault structure. Geophysical Research Letters 43,
10.198e10.207. https://doi.org/10.1002/2016GL070861.

Zoback, M.D., 2007. Reservoir Geomechanics. Cambridge University Press, ISBN 978-
0-521-77069-9, pp. 1e449.

Zoback, M.D., Gorelick, S.M., 2012. Earthquake triggering and large-scale geologic
storage of carbon dioxide. Proceedings of the National Academy of Sciences 109
(26), 10164e10168. https://doi.org/10.1073/pnas.1202473109.

Zoback, M.D., Townend, J., 2001. Implications of hydrostatic pore pressures and high
crustal strength for the deformation of intraplate lithosphere. Tectonophysics
336, 19e30.

Zoback, M.D., Zinke, J.C., 2002. Production-induced normal faulting in the Valhall
and Ekofisk oil fields. Pure and Applied Geophysics 159, 403e420.
ced seismicity, Geoscience Frontiers (2017), https://doi.org/10.1016/

http://refhub.elsevier.com/S1674-9871(17)30210-4/sref20
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref20
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref20
https://doi.org/10.1130/G34045.1
https://doi.org/10.1130/G34045.1
https://doi.org/10.1126/science.<?show [?tjl=20mm]&tjlpc;[?tjl]?>1255802
https://doi.org/10.1126/science.<?show [?tjl=20mm]&tjlpc;[?tjl]?>1255802
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref23
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref23
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref23
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref24
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref24
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref24
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref24
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref24
https://doi.org/10.1126/sciadv.1601542
https://doi.org/10.1002/jgrb.50310
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref27
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref27
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref27
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref27
https://doi.org/10.1002/2013JB010597
https://doi.org/10.1002/2013JB010597
https://doi.org/10.1126/science.aaa0494
https://doi.org/10.1126/science.aaa0494
http://unmig.sviluppoeconomico.gov.it/unmig/agenda/upload/151_238.pdf
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref31
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref31
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref31
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref31
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref31
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref32
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref32
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref32
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref33
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref33
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref33
https://doi.org/10.1038/s41598-017-02773-2
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref35
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref35
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref35
https://doi.org/10.1002/2016GL071808
https://doi.org/10.1190/GEO2010-0349.1
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref38
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref38
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref38
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref39
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref39
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref39
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref40
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref40
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref40
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref40
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref40
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref41
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref41
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref41
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref42
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref42
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref42
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref42
https://doi.org/10.1016/S0065-2687(09)05107-3
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref44
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref44
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref44
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref44
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref44
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref45
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref45
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref45
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref45
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref46
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref46
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref46
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref46
https://doi.org/10.1126/sciadv.1500195
https://doi.org/10.1126/sciadv.1500195
https://doi.org/10.1126/science.aab1345
https://doi.org/10.1016/j.ijggc.2016.<?show [?tjl=20mm]&tjlpc;[?tjl]?>03.021
https://doi.org/10.1016/j.ijggc.2016.<?show [?tjl=20mm]&tjlpc;[?tjl]?>03.021
https://doi.org/10.1002/2016GL070861
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref51
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref51
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref51
https://doi.org/10.1073/pnas.1202473109
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref53
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref53
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref53
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref53
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref54
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref54
http://refhub.elsevier.com/S1674-9871(17)30210-4/sref54

	A classification of induced seismicity
	1. Introduction
	2. Types of seismicity associated with human activities
	3. Concluding remarks
	Acknowledgments
	References


