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Abstract The 2012 Emilia earthquakes sequence is the first debated case in Italy of destructive event
possibly induced by anthropic activity. During this sequence, two main earthquakes occurred separated by
9 days on contiguous thrust faults. Scientific commissions engaged by the Italian government reported
complementary scenarios on the potential trigger mechanism ascribable to exploitation of a nearby oil field.
In this study, we combine a refined geodetic source model constrained by precise aftershock locations
and an improved tomographic model of the area to define the geometrical relation between the activated
faults and investigate possible triggering mechanisms. An aftershock decay rate that deviates from the
classical Omori-like pattern and Vp/Vs changes along the fault system suggests that natural pore pressure
pulse drove the space-time evolution of seismicity and the activation of the second main shock.

Plain Language Summary Induced seismicity has increasingly become a major topic among Earth
scientists. Concerns about a causative role played by the oil-gas extraction and/or the deep injection of
disposable water in triggering earthquakes have grown fast in recent years, with many implications for public
regulators and stakeholders. We present and discuss the 2012 Emilia (Italy) earthquakes sequence,
which is the first debated case in Italy of destructive events possibly induced by anthropic activity. We use
coseismic ground deformation measurements and seismic data to define the geometrical relation between
the activated faults and investigate possible triggering mechanisms. Our results indicate that fluid
pressure at the base of the systemwas responsible for triggering the two 2012main earthquakes and exclude
any anthropic trigger. Thus, cautious monitoring of seismicity, deformation, and pore pressure can recognize
active processes along active faults that can potentially cause earthquakes. Such monitoring should be
mandatory to conjugate exploitation activity in seismic active areas with safeness and sustainability.

1. Introduction

On 20 and 29 May 2012, two shocks (Mw 6.0 and Mw 5.8) struck the Emilia region in northern Italy (Govoni
et al., 2014), causing 28 victims and an economic loss of about 14 billion Euro, revealing once more how chal-
lenging the management of seismic risk is in intensely urbanized and highly productive areas. The possibility
that anthropic activity favored the earthquake occurrence rapidly created concerns in the population and
controversies for private and public stakeholders, which caused the temporary suspension of oil and gas
activities. Thus, the 2012 earthquakes are the first modern-time sequence in Italy that led a wide community
to face the problem of induced seismicity.

Earthquakes occurred in a relatively slowly deforming region, where the few mm/yr of compressional rate is
accommodated by the Apennines frontal thrust (Bennett et al., 2012). Seismicity spreads on a multibranched
system of fault segments, whose envelope forms an arc-like thrust front buried beneath the Po plain
(Figures 1a and 1b).

Coseismic slip developed on two patches of the parallel offset and blind Ferrara and Mirandola thrust faults
(Figure 1c) (Bonini et al., 2014; Chiarabba et al., 2014; Pezzo et al., 2013), uplifting a Mesozoic carbonate multi-
layer (Figure 1b). The Mirandola anticline, site of oil exploitation, is the bulge of this imbricated and buried
fault-and-fold system (Figures 1a and 1b). The Mirandola thrust slipped at 0.86 ± 0.38 mm/yr during the last
0.4 Myr (Maesano et al., 2015) and the anticline experienced an uplift of about 0.2 mm/yr during the past
0.1 kyr (Scrocca et al., 2007), while the net vertical balance of the area is negative for the large regional sub-
sidence. Vertical slip during the 2012 earthquakes is consistent with the growth rate of the anticline, suggest-
ing that the process remained stationary during the entire Holocene (Pezzo et al., 2013). Since the small
deformation rate, recurrence time between large earthquakes is on the order of thousand years (Rovida
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Figure 1. The 2012 Emilia earthquakes fault system. (a) Map showing the 2012 Emilia seismic sequence together with the main tectonic structures, namely, the
Ferrara and Mirandola thrust fronts. The black boxes are the surface projections of the modeled south dipping Ferrara and Mirandola faults, constrained by the
aftershock relocations. Earthquakes are sized by magnitude and color-coded by depth according to the scale on the top-left inset. The larger yellow stars are the two
main shocks (Mw 6.0 and Mw 5.8); the smaller purple stars are the largest aftershocks (ML ≥ 5.0). (b) Tomographic section (A-B trace in Figure 1a) across the
Mirandola fold and thrust structures showing P wave velocities together with the aftershock relocations. Figure 1b also shows a portion of the seismic section
highlighting the Mesozoic carbonatic core of the Mirandola anticline. (c) Top, east, west, and along dip views of the modeled Ferrara (gray) and Mirandola (beige)
faults. The 3-D views show as the modeled fault planes fit the 2012 hypocenters occurred before (purple) and after (green) the 29 May earthquake.
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et al., 2011). In such cases, transient changes in local stress, like those potentially related to anthropic activity
(McGarr et al., 2002), may have effects on the timing of failure (Ellsworth, 2013). In this study, we reanalyzed
the sequence trying to make inference on the triggering mechanisms that promoted the additional
activation of the Mirandola fault after the first 20 May main shock.

2. Geometry of the Faults

Different interpretations of seismic profiles lead to contrasting fault models and ambiguity on the hydraulic
connectivity between faults and the oil reservoir (Astiz et al., 2014; Styles et al., 2014). Previously, seismic
source models based on geodetic data proposed planar (Bignami et al., 2012; Serpelloni et al., 2012) or listric
faults (Cheloni et al., 2016; Pezzo et al., 2013; Tizzani et al., 2013) for the 2012 events.

In this work we use the Pezzo et al. (2013) model, updating geometric parameters using accurate aftershock
locations, recomputed in this study with the new 3-D model, to obtain two planar faults corresponding to the
Middle Ferrara (east) and the Mirandola (west) thrusts (Figure 1c). Slips are updated reinverting coseismic SAR
(Figures 2a and 2b) and GPS ground displacements as shown by Pezzo et al. (2013), obtaining consistent slip
distributions. Refined parameters for 20 May (middle Ferrara thrust) and 29 May (Mirandola thrust) sources
are respectively as follows: length: 34.5 and 31.5 km; width 19.5 and 18 km; top depth 1 km, strike 95°, and
100°; dip 50°; rake 70° and 90°; and maximum slip 110 and 56 cm.

Hypocenters follow the slipping fault patches, and a transient aseismic slip along the second shock plane
corresponds to a secondary whisker-shaped ground deformation close to the main coseismic deformation
lobe of the first shock (Figures 2a and 2c; see also Pezzo et al., 2013). In the period between the two shocks,
seismicity jumps from the Ferrara to the Mirandola fault and no major seismic events are localized where the
aseismic slip occurred. Seismicity after the second 29 May main shock aligned along the south-dipping
Mirandola thrust, for an extent of 15 km.

3. Aftershock Decay

Aftershock rates that do not follow an Omori-like decay can be evidence for high fluid pressure (Lombardi
et al., 2010; Nur & Booker, 1972) or stressing on faults (Toda et al., 2002). To address whether transient effects
sustained the sequence, we compute the decay rate by considering time interval of progressively increasing

Figure 2. Coseismic displacements. Maps of the (a) 20 and (b) 29 May earthquakes computed by Pezzo et al. (2013), used
for the new inversion. Displacements are in line of sight (LoS): positive values (blue) are approaching the sensor, and
vice versa for the negative ones (red). The black boxes represent the surface projections of the modeled faults, and the
green lines are the upper tips. Seismicity (the stars areMw ≥ 5.0) that occurred during the two time periods is also reported;
the purple lines represent the surface projections of the main buried thrusts. Coseismic slip distribution of the (c) 20
and (d) 29 May shocks, respectively, obtained by inverting InSAR and GPS data. Note in Figure 2c the aseismic slip patches
on the eastern border of the Mirandola fault corresponding to the whisker-shaped ground deformation observable
close to the main lobe in Figure 2a.
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duration from 6 h to about 29 days. The duration of the first interval has been chosen after a thorough
completeness analysis of the seismic catalog (ML 2.2 from 6 h after the shock onward). Uncertainties on the
rates were calculated by bootstrapping the data sets with 100 realizations. We fit the aftershocks/day rates
with (a) a single-slope Omori-figure like model (dashed line in Figure 3a) and (b) a two-line decay model
(continuous line in Figure 3b), where the first part was forced to be diffusion-like (power law exponent of the
Omori law p ≈ 0.5), whereas the slope of the second part and its intersection with the first one were free to
vary (Malagnini et al., 2012). The corrected Akaike criterion indicates that, with 99% likelihood, the two-slope
model fits the aftershock decay rate significantly better, in a statistical sense, than a single-slope Omori
model. The change in the decay rate occurs on the time of second main shock (vertical bar in Figure 3b).

The slope of the aftershock decay during the period preceding the second main shock is flatter (power law
exponent of the Omori law p ≈ 0.5) than that predicted by the Omori law (power law exponent of the
Omori law p ≈ 1), and the rate has decay consistent with high fluid pressure or stressing on the fault system.

4. Tomographic Models

To look for transient processes, we compute Vp/Vs models of the fault system by using standard inversion
techniques (Eberhart-Phillips & Reyners, 1997) and a huge set of P and S wave arrival time data collected
at a dense temporary network (Chiarabba et al., 2014) and at the Cavone oil field network. We use the 1-D
Vp starting model of Chiarabba et al. (2014); starting Vp/Vs has been chosen according to the computed
Wadati (1933) diagram, as detailed in the supporting information (Eberhart-Phillips & Michael, 1998;
Haslinger, 1998; Thurber, 1983; Toomey & Foulger, 1989).

Time lapse imaging is computed for the entire period (20 May to 30 June) and for the two epochs before and
after the second main shock (Epoch A: 20–29 May and Epoch B: 29 May to 30 June) following either a direct
approach or that proposed by Foulger et al. (2003) and Patanè et al. (2006).

The inversion of the entire data set, which consists of 23,270 P and 15,654 S-P arrival times at 49 stations from
1,799 earthquakes, has final RMS of 0.24 s, with a variance improvement equal to 75%. The inversion for the
first epoch subset (Epoch A), which consists of 8,734 P and 5,835 S-P arrival times at 49 stations from 752
earthquakes, has final RMS of 0.23 s, with a variance improvement equal to 71%. The inversion for the second
epoch subset (Epoch B) consists of 14,536 and 9,819 P and S-P arrival times at 48 stations from 1,054
earthquakes and has final RMS of 0.24 s, with a variance improvement equal to 78% (a full description of
the tomographic inversion results is reported in Figures S1–S4 in the supporting information).

Figure 3. Aftershock decay rate. (a) Number of aftershocks/day as a function of the time elapsed from the 20 May main
shock for a 2.2 completeness magnitude threshold. The green vertical bar represents the time of occurrence of the
second main shock. The red vertical bars on each point represent uncertainties of the computed rates. The dashed black
line represents a single-slope Omori-like decay. The continuous black line represents a two-line decaymodel where the first
part was forced to be diffusion-like (see text for details). (b) Misfit functions for the two-line fit. The vertical bar through
panels indicates the time of the minimum misfit, at the intersection of the two continuous line segments in Figure 3a.
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Figure 4. Vp/Vs models. (a–f) Vp/Vs distribution along the Ferrara and Mirandola thrust fault system in downdip view (Figures 4a, 4c, and 4e) and in map view at
seismogenic depth (Figures 4b, 4d, and 4f) for the Epoch A (20–29 May), the Epoch B (29 May to 30 June), and the entire period (20 May to 30 June), respectively.
Coseismic slips of the two main shocks (green contour, dashed outside the associated epoch) and of the aseismic slip (yellow contour) are shown with aftershocks
that occurred during the three distinct epochs (gray circles). Slip contours are from the ground displacement inversion (Figure 2). The two main shock hypo-
centers (yellow stars) are shown, along with theML ≥ 4.0 earthquakes (purple stars) occurring in each epoch in the map view (Figures 4b, 4d, and 4f); the gray circles
are the aftershocks that occurred during the three distinct epochs in the depth range 6–9 km. Nodes in the inverted models are also shown (crosses). The white
elliptical line highlights the volume of rock between the two main shock hypocenters, where the larger changes in the Vp/Vs ratio are found through the epochs.
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In the second approach, designed to mitigate artifacts caused by difference of data coverage, the entire per-
iod model is used as the starting model for the inversion of subepochs. We obtain final RMSs of 0.22 s and
0.24 s and variance improvements of 30% and 36%, for the inversion of Epoch A and Epoch B, respectively.
The full description of the results obtained for Epoch A is shown in Figure S5.

Time-consistent resolution for the inversions has been verified with full resolution analysis and several syn-
thetic tests, reported in Figures S2, S4, and S6–S9. We also verified the performance of the two approaches
in time-lapse imaging with specific test (see Figures S10–S12).

5. Vp/Vs Changes Before the Second Main Shock (20–29 May)

The distribution of the Vp/Vs ratio varies consistently along the fault system before and after the second
shock, especially in the rock volume between the two main shock hypocenters (Figure 4). The interpretation
of the subsurface geological model is in accordance with Chiarabba et al. (2014) and constrained by seismic
profiles (Astiz et al., 2014).

Many different factors can contribute to change the elastic properties of rocks—thus their seismic velocity,
such as temperature, pressure, fracturing, and fluid saturation. After an earthquake struck, sudden changes
of these physical quantities may cause short-term variation of seismic velocities. However, the Vp/Vs ratio
appears to be more sensitive to the presence of fluid but less sensitive to changes in temperature and pres-
sure (Christensen, 1996). This, along with the aftershock decay rate observed before the second main shock
(Figure 3), led us to interpret the large Vp/Vs changes observed (Figure 4) in terms of fluid saturation and
diffusion processes.

We focus on three main features:

1. High Vp/Vs anomaly on the Mirandola fault (Figure 4a), in the volume where aseismic deformation
occurred and in the segment where the seismicity jumped after the first main shock (eastern yellow star
in Figures 4a–4f). This anomaly could be generated by pressurized fluids within the water-saturated car-
bonate multilayer, with lowering of shear wave velocity because cracks are forced to remain opened
(O’Connell & Budiansky, 1974). The high Vp/Vs pressurized volume is well evident in the Epoch A, that
is, in the 9 days before the second main shock (western yellow star in Figures 4a–4f) between the two
hypocenters (Figures 4a and 4b), while a decrease of Vp/Vs and of fluid pressure after the second event
(Epoch B) is observed along the ruptured fault (Figures 4c and 4d).

2. Expanding low Vp/Vs anomalies at the base of the carbonate multilayer from Epoch A to Epoch B
(Figures 4a, 4c, and 4e). We interpret the low Vp/Vs anomaly as generated by fluid depressurization
within the Triassic evaporitic layer after the main shocks (Mavko & Vanorio, 2010; Nur, 1972; O’Connell
& Budiansky, 1974).

3. Coincidence between high Vp/Vs, that is, high fluid pressure, coseismic, and aseismic slip before
(Figure 4a), and seismicity after, the second shock on the Mirandola fault (Figure 4c).

Vp/Vs changes before the second main shock are highlighted by the difference between Epoch A and the
entire period, computed following the second approach. High Vp/Vs anomaly along the slip patch of the
Mirandola fault (Figure 5a) and close to the two main shock hypocenters (Figure 5b) along with clustering
of aftershocks on the slipped fault patches (Figure 5a) suggest deep fluids repressurized of the fault.

6. Discussion

According to the small tectonic rate and the long time passed since the last event (>700 years), a signif-
icant amount of slip was accumulated on the Ferrara thrust front, which was reasonably not far to rup-
ture. Either anthropic or natural processes might have altered this low-rate tectonic loading, triggering
the events.

Aftershock rate suggests that a transient effect was superposed to the normal decay that is consistent with
fluid overpressure along the fault system, well defined by high Vp/Vs anomalies (Figures 4a and 4b and 5).
A suprahydrostatic regime acting on the 29 May rupture plane, which could have promoted the activation
of the thrust fault, is also inferred by Volpe and Piersanti (2016).
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In the assumption that transient Vp/Vs changes are related to fluid pressure variation, the observed high
Vp/Vs in Epoch A (Figures 4a and 4b) with a positive anomaly at least 4% higher (Figure 5) qualitatively sug-
gests a pressure increase in the order of several MPa (Dvorkin et al., 1999; Trippetta et al., 2010; Wang, 1997).

The pressure change seems much higher than both the static stress load on the fault (0.4 and 0.6 MPa,
calculated by Nespoli et al. (2017) and Pezzo et al. (2013), respectively); the poroelastic stress change
(Albano et al., 2017) and the stress changes generated by depletion of the reservoir or fluid reinjection at
the Cavone disposing well, which are in the order of a few bars (Juanes et al., 2016). Consistent with our
interpretation, model of depletion-induced stress shows a negligible trigger potential at the hypocenters
of the two main shocks (Dahm et al., 2015).

In our interpretation, high-amplitude pressure pulse (Koerner et al., 2004) propagated through a highly
permeable fracture system generated after the first shock and confined in the Mesozoic carbonate layer
(Figure 5a). The high pore pressure pulse at the base of the carbonate multilayer (Figures 4a and 5a) first
induced the aseismic slip on the Mirandola fault and then triggered the second main shock. This is the first
observational evidence for a triggering mechanism similar to that proposed for the 1997 Colfiorito earth-
quakes (Miller et al., 2004). The rupturing of relatively high angle thrust faults, interpreted as inverted nor-
mal faults (Chiarabba et al., 2014), is favored by high fluid pressure pulse, as observed by Sibson (2009).
Our results sustain that fault reactivation and multiple main shock sequences, which seem to be common
to other seismogenic structures in the Apennines (Malagnini et al., 2012, and references therein), may be
driven by fluid overpressure pulse at the base of the fault system. Following our interpretation, stress
changes caused by Cavone field exploitation are poorly significant in the triggering of the second main

Figure 5. Vp/Vs differences. (a) Downdip view of the Vp/Vs difference between the Epoch A (20–29 May) model inverted
from the 3-D starting model (see text for details) and the entire period, plotted on the contiguous Ferrara and Mirandola
thrust faults (see the top panel for geometry at surface). The inset panel on the left shows a seismic profile across the
Mirandola fault (modified from the Cavone report). Earthquakes on the downdip sections are those occurred in the Epoch
A. The symbols not expressly indicated are the same as those in Figure 4. The continuity of the main horizons indepen-
dently extracted by tomography and seismic modeling are evidenced on the top view of the fault. The high Vp/Vs transient
anomaly, which we interpret as a pressurized patch on the Mirandola fault, extends from the area between the two
main shock hypocenters (yellow stars) to that of high coseismic slip on the Mirandola fault. Note that the high-pressure
region on theMirandola fault is in continuity with that of the Ferrara fault ruptured during the first main shock. (b) Map view
of the Vp/Vs difference at seismogenic depth. The symbols are the same as those in previous figures/panels.

Geophysical Research Letters 10.1002/2017GL076110

PEZZO ET AL. 688



shock. Dense seismic networks and sophisticated analyses, like those recently suggested by the Ministry
for the Economic Development, are necessary to address the potential of anthropic activity to trigger large
destructive earthquake.
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