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Abstract Seismicity induced by fluid injection and withdrawal has emerged as a central element of
the scientific discussion around subsurface technologies that tap into water and energy resources.
Here we present the application of coupled flow-geomechanics simulation technology to the post
mortem analysis of a sequence of damaging earthquakes (M,,=6.0 and 5.8) in May 2012 near the
Cavone oil field, in northern ltaly. This sequence raised the question of whether these earthquakes might
have been triggered by activities due to oil and gas production. Our analysis strongly suggests that the
combined effects of fluid production and injection from the Cavone field were not a driver for the
observed seismicity. More generally, our study illustrates that computational modeling of coupled flow
and geomechanics permits the integration of geologic, seismotectonic, well log, fluid pressure and flow
rate, and geodetic data and provides a promising approach for assessing and managing hazards
associated with induced seismicity.

1. Introduction

Earthquakes are a paradigmatic example of our limited ability to make predictions in the geosciences.
Despite their frequent occurrence and devastating consequences and the extensive body of knowledge
accumulated over time—both in terms of prevalent geologic settings and physical principles [e.g., Scholz,
2002; Kawamura et al., 2012]—natural earthquakes remain unpredictable.

The recent rise in seismicity in intraplate regions like the Continental United States, however, is associated
with anthropogenic activities. Much of the evidence of triggered or induced seismicity is related to subsur-
face disposal of wastewater from mature oil fields or caused as a result of unconventional oil and gas extrac-
tion and coproduced water reinjection [Frohlich, 2012; Ellsworth, 2013; Keranen et al., 2013, 2014; van der Elst
et al., 2013; Weingarten et al., 2015; Improta et al., 2015]. While the potential for subsurface fluid injection and
extraction to trigger earthquakes has long been recognized [e.g., Raleigh et al., 1976; Segall, 1989], the sharp
increase in the extent and vigor of induced seismicity calls for much deeper understanding than is currently
available [e.g., National Research Council, 2013; Guglielmi et al., 2015; Hornbach et al., 2015].

Here we contend that induced earthquakes may be better understood, modeled and forecast than natural
earthquakes, and—eventually—perhaps managed. The reason is twofold. First, it is possible to acquire a rela-
tively dense set of subsurface measurements that provide detailed knowledge of the geologic structure
before exploitation, and to deploy a monitoring program that quantifies changes within that structure,
including bottom hole pressures, water cuts and gas-oil ratios, surface deformation, and microseismicity.
Second, the injection and extraction of fluids are causally linked to changes in fluid pressures and in the ten-
sor stress state of the subsurface. This linkage can be quantified by mathematical models that describe the
coupling between flow through rocks and deformation of those rocks in the presence of fractures and faults.

We propose that geologically realistic computational models of coupled reservoir flow and geomechanics
permit the integration of seismic, well log, fluid pressure and flow rate, and other, e.g., geodetic, data in a
way that enables quantitative assessments of the likelihood of induced seismicity, strategies that prevent

JUANES ET AL.

MODELING THE MAY 2012 EMILIA EARTHQUAKES 6891


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2016GL069284
http://dx.doi.org/10.1002/2016GL069284
http://dx.doi.org/10.1002/2016GL069284
http://dx.doi.org/10.1002/2016GL069284
http://dx.doi.org/10.1002/2016GL069284
http://dx.doi.org/10.1002/2016GL069284
http://dx.doi.org/10.1002/2016GL069284
http://dx.doi.org/10.1002/2016GL069284
http://dx.doi.org/10.1002/2016GL069284
mailto:juanes@mit.edu

@AG U Geophysical Research Letters

10.1002/2016GL069284

1659000 170q000
B 2 .~ ) ) M2 3 4 56
Middle ‘ Cc00@®

.. . Ferrarafault < ¢ External

(western segment)

North erandola fault c .

o

Ferrara fault

4980000

e
et ik

¢ .
¢
. <
bt G‘ ‘L“"t
t" L &

Middle External
¢ Ferrara fault Ferrara fault

., el North Mirandola faut « e~ ¥~y _|
. .« &Y TR . . k"\
¢ . . ‘3" ¢ e LR Mirandola fault C: &

Cavone field F
errara
4950000 -} A . ¢ * \

Reggio nell’Emilia

- Po Basin

Modena 10 km

Apennines

Figure 1. Main faults in the Cavone area and May 2012 earthquake hypocenters. Map showing location of the Cavone oil
field, epicenters with focal mechanisms of the two largest 2012 Emilia-Romagna earthquakes, epicenters from the INGV
earthquake catalog (January 2011 to February 2013), and principal thrust faults. Inset shows faults that comprise the
Ferrarese-Romagnolo arc in the Po basin.

it, or remediation programs that mitigate it. Naturally, this would have important social, economic, and
regulatory consequences.

We illustrate the potential of predictive computational models of likelihood of induced seismicity with a
detailed case study exploring potential connections between the May 2012 Emilia-Romagna sequence in
northern Italy and operations in the nearby Cavone oil field. Our analysis addresses the question of whether
this earthquake sequence might have been triggered by fluid extraction and injection and, if it is not, whether
it is plausible that future reservoir operations could trigger other seismic events.

2. Tectonic Framework

In Italy’s history there have been numerous damaging earthquakes, including events in 1857, 1908, and 1915
with 11,000; 72,000; and 32,000 fatalities, respectively. A notable feature of the region’s strong earthquakes is
that they are broadly distributed across a complex network of faults in Italy rather than concentrated along a
single well-developed fault zone. The May 2012 Emilia-Romagna earthquake sequence, which caused about
25 fatalities, occurred in the eastern Po Plain, a region situated between the Apennine mountains (to the
south) and the Alps (to the north) known to be seismically active [Burrato et al., 2003]. Historically, over
100 earthquakes have been felt in the city of Ferrara, with 26 of those events having estimated magnitude
M.>4.0 (Istituto Nazionale di Geofisica e Vulcanologia, 2016, http://storing.ingv.it/cfti.4med/(consulted
February 2, 2016)) and a largest recorded event prior to the May 2012 sequence—the 1570 Ferrara earth-
quake—having estimated magnitude M, 5.5.

The Cavone oil field is located in the Apennine foreland, in an area known as the Ferrarese-Romagnolo arc
(Figure 1a). Structures in this area are dominated by deep-seated reverse faults that are “blind,” that is, which
do not reach the surface and have displacements that decrease upward into the cores of the overlying fault-
related folds [Stein and Yeats, 1989; Shaw and Suppe, 1996; Ciaccio and Chiarabba, 2002; Bonini, 2013].
This structural style is manifest in the Cavone field, which consists of a north vergent fault-propagation
fold [Suppe and Medwedeff, 1990; Shaw et al., 2005] underlain by the steeply south dipping Mirandola
thrust (Figure 1b).
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Figure 2. Seismicity near the Cavone #14 water injection well. (a) Map of relocations for selected earthquakes (circles) around Cavone well #14 (yellow square). Green
circles: 28 events occurring 2001 to 2011; red circles: 41 events occurring May-June 2012. Plotted focal mechanism for 20 May 2012 earthquake is from the Global
GCMT catalog. Thick lines indicate orientations of cross sections. (b) West facing cross section for selected relocated earthquakes (circles) around Cavone well #14
(yellow square and blue line). Green circles: 28 events occurring 2001 to 2011; red circles: 41 events occurring May-June 2012. Note that hypocentral depths for both
groups range mostly between 5 km and 10 km. (c) Space-time plot of epicenters during May-June 2012 (circles; plot includes events with M < 2.5). Vertical axis shows
distance between epicenters and Cavone well #14; (top) earthquakes east of well; (bottom) earthquakes west of well. Colors/sizes indicate reported magnitudes;

white: M < 3; green: 3 <M < 4; yellow: 4 <M < 5; pink: M > 5; and red: 20 and 29 May 2012 earthquakes. Plotted epicenters are as reported by the International

Seismological Centre, which combines information reported by various organizations, including INGV. (d) Monthly injection volumes at the three water injectors in
the Cavone field, from February 1986 to December 2012. Injectors CA5 and CA11 were shut in October 1997. (e) Monthly count of earthquakes with M > 2.5 ata

distance <10 km from the Cavone #14 well, also during the period February 1986 through December 2012. The spike corresponds to the May-June 2012 seismicity.

The 2012 Emilia-Romagna earthquake sequence comprised two main events: the 20 May 2012 M,, 6.0, and 29
May M,, 5.8 events. There are clear indications—based on its hypocentral depth and aftershock distribution—
that the 20 May earthquake sourced on the western segment of the Middle Ferrara fault [Pezzo et al., 2013]
and that the 29 May earthquake occurred about 10 km to the southwest of the 20 May event. Our locations of
the 29 May earthquake and its aftershocks, in agreement with those reported by the Istituto Nazionale di
Geofisica e Vulcanologia (INGV) [Scognamiglio et al., 2012], suggest it was sourced by the Mirandola fault,
which bounds the Cavone field from the north (Figure 1b). Thus, we conclude that the 20 and 29 May earth-
quakes occurred on separate, en echelon blind thrust faults.

3. Seismotectonic Analysis

To investigate the apparent relation between earthquake activity and oil field reservoir operations, we ana-
lyze regional seismicity before and after the May 2012 earthquakes, with an emphasis on activity near the
Cavone well #14, which has been injecting water into the subsurface since 1986. We relocated a select group
of events near Cavone well #14 occurring between 2001 and June 2012, which have been particularly well
recorded by a network of seismograph stations managed by the Operator (see supporting information).
The 28 relocated hypocenters that occurred years prior to the 2012 sequence (green circles in Figure 2a) have
focal depths between 4.6 km and 10.3 km and are located along a southward-dipping plane approximately
coincident with one nodal plane of the 20 May 2012 earthquake (Figure 2b).

The Emilia-Romagna earthquake sequence has properties of a cascading series of foreshocks and aftershocks
common with tectonic earthquakes (Figure 2¢) (see supporting information). Taken together, seismological
[Cesca et al., 2013; Ganas et al., 2012; Piccinini et al., 2012] and geodetic [Pezzo et al., 2013] analyses of the
coseismic and immediate postseismic displacements from the principal events indicate a complex source
for the 20 May earthquake, and likely static triggering of the 29 May event [Cesca et al., 2013; Pezzo et al.,
2013]. However, and despite a lack of correlation between water injection and seismicity (Figures 2d and
2e), the location of Cavone well #14 in the vicinity of the 29 May earthquake rupture and aftershock zone
highlights the need for a mechanistic analysis that evaluates the potential link between pressure variations
from fluid injection and production and stressing of the Mirandola fault.
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Figure 3. Structural model and coupled flow-geomechanics model. (a) Perspective view of the extended Cavone reservoir
model, showing the upper and lower reservoir horizons and the Mirandola fault. (b) Geomechanics grid constructed using
the top and bottom reservoir surfaces and the Mirandola fault. Red color indicates the hanging wall and light color the foot
wall. The coordinate system is such that the x axis is easting, the y axis is northing, and the z axis is elevation in meters.

4. Results From Coupled Flow and Geomechanics Modeling

To address this question, we developed a new reservoir model that combines an accurate representation of
the geology with fidelity in the description of the coupled multiphysics at play. We include the major strati-
graphic and structural elements in the region, with particular emphasis on the precise structural relationships
between the Mirandola fault and the reservoir units. In this way, we are able to examine, via coupling of flow
and geomechanics modeling, how fluid pressure changes from reservoir operations affects stresses acting on
the fault. Fault and stratigraphic horizons were mapped using a regional grid of migrated seismic reflection
profiles and well tops from the Cavone field. Seismic reflection data were converted to depth using a velocity
model developed from sonic logs. Stratigraphic horizons and faults are first represented as triangulated sur-
faces (Figure 3a), and these representations serve as the basis for developing a computational mesh of hex-
ahedral elements (Figure 3b) (see supporting information).

We simulate the interplay between fluid flow and geomechanics in faulted reservoirs by coupling a
multiphase-flow simulator with a mechanics simulator. This two-way coupling is implemented using a fully
nonlinear multiphase geomechanics formulation and an unconditionally stable iterative scheme that permits
solving the flow and mechanics subproblems sequentially at each time step [Kim et al., 2011, 2013; Jha and
Juanes, 2014] (see supporting information). A fundamental aspect of our approach is modeling faults as sur-
faces of discontinuity using interface elements [Aagaard et al., 2013], which permits reproducing pressure
jumps across faults, as is typical of geologic faults that provide reservoir compartmentalization. This pressure
jump leads to a discontinuity in the effective stress across the fault—with important consequences on fore-
casts of fault stability [Jha and Juanes, 2014].

We perform a dynamic simulation of the Cavone field from 1 March 1980 to 31 December 2012, imposing the
historical fluid extraction and injection rates in a total of 19 wells within their actual completion intervals. We
conduct the coupled simulation over the entire computational domain—even though the wells are com-
pleted within the reservoir layer (Figure 3a)—to resolve the stresses inside and outside the reservoir, and
therefore account for the impact of pressure and effective stress discontinuities on the stability of the
Mirandola fault. We replicate reverse faulting conditions by imposing a north-south compression as the max-
imum principal stress, equal to twice the lithostatic overburden stress. The Mirandola fault is assumed to act
as an impermeable barrier to flow. While we cannot categorically rule out additional flow pathways, the data
available show that there is no indication of flow across or along the Mirandola fault even at geologic time
scales, as the fault serves as a bounding seal for the hydrocarbon reservoir. We consider a two-phase
black-oil system and linear poroelastic behavior, with rock-fluid parameters that are consistent with values
inferred from dedicated injection/interference well tests performed in May-June 2014, and that allow for a
reasonably good history match in terms of pressure depletion and buildup (see supporting information).
The reservoir pressure changes from fluid production and injection propagate down into the underlying
aquifer, but the relatively small magnitude of the pressure variations is an indication of strong aquifer support
(Figure 4a) (see supporting information).
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Figure 4. Results from the coupled flow-geomechanics dynamic model. (a) Pressure variation (in bar) at the hanging wall side of the Mirandola fault at the end of the
simulation (31 December 2012). Red color indicates pressure buildup as a result of injection in the Cavone #14 well. Blue color indicates pressure decline as a result of
fluid extraction, which extends into the underlying aquifer. The 29 May 2012 hypocenter location is shown with a circle. See Movie S1 in the supporting information
for a video of the pressure-change evolution. (b) Changes in the Coulomb stress ACFF on the Mirandola fault (in bar) at the end of the simulation (31 December 2012).
The change in the effective normal traction is positive near producers and negative near injectors because pressure depletion leads to contraction of the reservoir
and pressure increase leads to increased compression on the fault. The white cross mark on the ACFF plot denotes the hypocenter location of the 29 May 2012
earthquake. See Movie S2 for a video of the ACFF evolution. (¢, d) Time evolution of changes in pressure and Coulomb stress (respectively) at the 29 May 2012

hypocenter location.

Because we do not know how close a given fault segment is to failure, we cannot predict how large a stress
perturbation is required to trigger an earthquake. However, we can assess the likelihood of triggering by eval-
uating the change in Coulomb stress, or Coulomb Failure Function, ACFF, on the fault as a result of changes in
pressure and stress [Reasenberg and Simpson, 1992; Jha and Juanes, 2014]:

ACFF = At + usAc’y,

where Az is the change in the updip shear traction, us=0.6 is the fault friction coefficient, and Ac’, is the
change in effective normal traction on the fault. Because we employ the sign convention that tension is posi-
tive and compression is negative, a positive ACFF indicates a destabilizing effect on the fault. The region of
increased instability on the (reverse) Mirandola fault is limited in spatial extent (Figure 4b), with ACFF < 0.5
bars for reverse slip. Up to year 1994, the simulated pressure at the hypocenter of the 29 May earthquake
does not change appreciably while—as a result of poroelastic expansion—the effective normal traction
and the Coulomb stress both decrease. In 1995, the pressure starts to decrease, indicating that the pressure
depletion front has reached the hypocenter location. Because of contraction of the aquifer from depletion,
the compressive effective normal traction at the outside face of the fault starts to decrease, and, as a result,
ACFF increases (Figures 4c and 4d).

The results from our coupled flow and geomechanics dynamic modeling shed light on possible causal
mechanisms of the recorded seismicity near the Cavone oil field. Concerning the 20 May M,, 6.0 earthquake,
this earthquake sourced in the Middle Ferrara fault, which is located ~20 km from the Cavone wells and sepa-
rated from the Cavone field by two thrust sheets. Concerning the 29 May M,, 5.8 earthquake, which sourced
in the Mirandola fault bounding the Cavone reservoir, a key finding from our computational modeling is that
—in contrast with what is commonly observed in scenarios of induced seismicity—water injection at the
Cavone #14 well tends to stabilize the fault. The explanation hinges on the coupled nature of fluid pressure
and reservoir deformation. For a bounding (nonconductive) fault like the Mirandola fault, net production
leads to contraction of the reservoir. This, in turn, is responsible for two kinds of stress changes. On one hand,
it leads to shear stress changes in the form of downdip tractions above the reservoir and updip tractions
below. On the other hand, it leads to normal stress changes: a reduction in compressive effective stress on
the outside face of the Mirandola fault below the reservoir and an increase above the reservoir. The result
of these effects from fluid extraction is a destabilizing stress change on the fault (ACFF > 0) within and below
the reservoir interval, an effect that is mitigated by injection that counterbalances net depletion (Figure 4b).

5. Conclusions

The results from our computational modeling study provide important elements for the interpretation of the
potential role of reservoir operations on the observed seismicity in May 2012. First, the region of destabilizing

JUANES ET AL.

MODELING THE MAY 2012 EMILIA EARTHQUAKES 6895



@AG U Geophysical Research Letters 10.1002/2016GL069284

Acknowledgments

We thank Assomineraria for permission
to publish this paper. We thank Daniele
Susanni, Luca Magagnini, and Fabio
Colombo of Ramboll Environ Italy for
facilitating data and for useful discus-
sions. Data can be obtained from the
corresponding author.

stress changes on the Mirandola fault as a result of production/injection is limited to a region that has not
experienced increased seismicity during over 20 years of operation. Second, the changes in Coulomb stress
in the region near the 29 May hypocenter on the Mirandola fault are, although in a sense to be destabilizing,
very small (<0.02 bar), i.e., less than typical daily variations in earth tidal stresses [e.g., Vidale et al., 1998] and
much less than both the ~ 0.1 bar threshold for observable increased seismicity [Hardebeck et al., 1998], and
the estimated Coulomb stress increases of 0.2-5 bars from the 20 May event [Cesca et al., 2013; Pezzo et al.,
2013], demonstrating very minor if any effects of production and injection at the hypocenter. The 20 May
hypocenter is on a different fault and farther from the Cavone field, outside the domain of the geomechanics
study, and for which the pressure changes from reservoir operations is predicted to be zero in our model.
Taken together, these observations strongly suggest that the combined effects of fluid production and injec-
tion from the Cavone field were not a driver for the observed seismicity.

More generally, our study indicates that—when constrained by seismic measurements, realistic geologic
representations, detailed subsurface pressure data, and other available data—computational models of
coupled flow and geomechanics can inform about the origin of seismicity (whether it is induced or
tectonic) and possibly help design reservoir operations that mitigate it, including, for example, injection of
water to maintain mass balance.
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