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EXECUTIVE SUMMARY

Production of substantial volumes of oil within tectonically active areas such as Southern
California and Northern Italy has been ongoing since the early 20th century with no
documented instances of triggered seismicity. However, the recent increase in seismic
activity in more stable plate interior regions such as the central United States where new,
largely unconventional oil and gas resources are being developed, has caused concern that
human activity could trigger earthquakes. Although almost all documented cases of triggered
seismicity are associated with injection of large volumes of fluids, not net production, it is
natural and prudent to ask the question of the extent to which production of oil might trigger
earthquakes.

In particular, the occurrence of a sequence of highly damaging earthquakes during May, 2012,
near the Cavone oil field raised the question of whether these earthquakes might have been
triggered, or, if not, if future activities might trigger other damaging events. The purpose of
this report is to attempt to answer these questions given our current state of knowledge and
state-of-the-art techniques in seismology, structural geology, tectonic geodesy, reservoir flow
simulation, and geomechanics.

Because the likelihood of triggering earthquakes depends upon the current tectonic stress and
rate of loading by ongoing deformation of the crust, we begin our study by examining the
seismotectonic setting of the field. We analyze seismic data and previous studies to determine
the rate, pattern, and style of deformation recorded in the geological record of folding and
faulting. We also examine the rate of ongoing deformation observed using GPS, as well as
the historical rate at which earthquakes comparable to the damaging May 2012 sequence
occur. All three approaches give consistent results, showing deformation rates of ~ 1 mm/yr
over distances of tens of kilometers, elastic stress accumulation rates of order 0.02 bars/yr,
and the release of this accumulated elastic stress by earthquakes with typical rates of
occurrence of about one per century somewhere in the region for magnitude M,, = 6 events.

To compare the tectonic rates of stress accumulation to the loading rates from production of
oil and the associated lesser amount of injection of waste water in the Cavone field, we use
reservoir models that include not only the pressure changes associated with the flow of pore
fluids, but also the regional stress changes resulting from volumetric strain of the reservoir.
We also identify the geometry and tectonic style of potentially seismogenic faults.

There are good records of the volumes of oil and water produced from and injected into all of
the wells in the Cavone field since production began in 1980. In order to estimate the
resulting fluid pressure changes, along with the changes in stress on the faults in the region, it
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is necessary to determine the properties of the reservoir. Most important is the permeability
structure; the porosity structure and compressibility structure are also important. These
properties can be estimated from measurements on cores, from injection tests of wells, and
from the history of pressure variations in wells on time scales of weeks to decades. The
variation of these properties with position is more difficult to determine, making it necessary
to carry out model sensitivity studies.

Analysis of the injection and interference tests during May and June, 2014 at the Cavone 14
injector well provide constraints on the permeability structure of the reservoir. The tests
suggest that there are fractures that intersect the well, leading to high transmissivity within a
region of many tens of meters around the well (negative skin effect). At ranges up to several
hundred meters from the well, an average effective permeability of about 1.1 mD is
appropriate. At larger distances, there some obstruction to flow is evident, with the effective
permeability reduced to about 0.27 mD. There is also evidence from the temperature profile
in this well that the injected water is penetrating some distance below the well, with
communication to the aquifer below providing partial pressure support of the reservoir.

A simple analytical model that assumes that the injection and production occur at the top of a
uniform porous half-space, capped by an impermeable layer, matches the observed pressure
changes at the injector and producing wells. This simple model predicts that the fluid
pressure changes and resulting Coulomb failure stress changes on faults at the hypocenters of
the 20 May 2012 mainshock and 29 May aftershock are both negative, as well as being very
small. For the dynamical model, the changes in Coulomb stress in the region near the May
29th hypocenter on the Mirandola fault is very small (< 0.01 bar) suggesting no effect of
production and injection at the hypocenter. The May 20th hypocenter is on a different fault
and farther from the Cavone field, outside the domain of the geomechanical study, and for
which the pressure changes from reservoir operations is predicted to be zero in both dynamic
models.

In order to examine the stress variations within several kilometers of the wells, a fully coupled
fluid flow/poroelastic geomechanical model was developed. A mesh was constructed that
honored the major structures of the reservoir, as well as the Mirandola fault. Models were run
both without and with hydraulic support from the aquifer beneath the reservoir. An upper
bound permeability of 1 mD was used to place a conservative upper bound on the distance
that pressure changes could propagate and influence the state of stress. The model is driven
by the actual production and injection history of the wells in the Cavone field.

Except within a few hundred meters of injector well Cavone 14, the fluid pressure within the
reservoir is dominated by the net depletion of the field. Thus, beyond a few hundred meters
from the injection well the pressure drops substantially, decreasing the likelihood of tectonic
earthquakes occurring within the region in hydraulic communication with the reservoir.
Outside but within a few kilometers of the reservoir, the stresses resulting from contraction of
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the reservoir are in a sense to promote earthquake activity. However, the rate of increase of
Coulomb stress from both fluid pressure and poroelastic stress, < 0.02 bars/yr, is comparable
to the rate at which tectonic stress accumulates, and much less than the loading rates that have
increased rates of seismicity elsewhere. In addition, analysis of the locations of aftershocks of
the May 2012 sequence shows a lack of seismicity in the area where the stressing rates from
contraction of the reservoir are largest. This observed lack of seismic activity within 1 — 2 km
from the reservoir suggests that production of the Cavone field is not an important driver for
seismicity.

Also, because reduction of fluid pressure promotes fault stability, there is no physical reason
to suspect that pressure changes at their hypocenters associated with production or injection
activities at the Cavone field triggered the May, 2012 sequence.
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INTRODUCTION

Through the analysis of geological and geophysical data, and geomechanical modeling this
report examines seismicity in the Emilia-Romagna region of northern Italy, in the context of
oil production operations at the Cavone oil field.

The seismological literature commonly uses both the terms “induced” and “triggered” to
describe earthquakes in which human activities have played some role. In many publications
both terms are used interchangeably, while in others induced earthquakes are events where
human activities are responsible for nearly all of the crustal stresses relieved by the
earthquake — and in contrast, triggered earthquakes are events where the stress on a fault is
tectonic, but human activities slightly perturb the stress, or frictional strength of the fault,
allowing it to slip as an earthquake before this slip might have happened naturally. An
obvious difficulty with the latter usage of these terms is that many earthquakes in which
human activities played a role are neither purely induced nor purely triggered. Studies of
crustal stress generally find elevated stresses nearly everywhere, even in continental interiors
far from plate boundaries, and even where earthquakes are rare (Zoback and Zoback, 1980;
Barton et al., 1995; Zoback and Townend, 2001). Consequently, in many, and perhaps most
cases, tectonic stresses play an important role, even though human activities may have also
contributed significantly to both the occurrence of, and stresses released, in the earthquake.
Hence, for the purposes of this report we use the terms “induced” and “triggered”
interchangeably. Also, in accordance with common usage in the scientific literature we also
use the term triggered earthquake to denote purely tectonic earthquakes that occur in response
to naturally occurring stress perturbations such as seismic waves, tidal stressing (in the solid
earth or by ocean loading), and static Coulomb stress transfer from nearby earthquakes, which
generates aftershocks.

An assessment of the potential of induced seismicity necessarily involves a number of
components. These include

1) Characterization of the seismo-tectonic framework, including crustal deformation rates
and background seismic activity due to tectonic processes. These are needed to
provide a basis for evaluation observed seismic activity in the future. At Cavone, such
assessments will be complicated somewhat by continuing aftershocks to May 2012
earthquakes.

2) Structural characterization and evaluation of potential earthquake faults that could be
activated or affected by field operations.

3) Characterization of fluid pressures and poroelastic volume changes in, and around, the
field and their evolution time. This is needed to evaluate effects of human-caused
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stress changes on faults that may generate earthquakes. At Cavone an effort is
currently underway to develop a detailed reservoir model.

4) Implementation of conceptual and/or quantitative physics-based models of induced
seismicity to make projections of possible future activity under specific
injection/production scenarios, and to evaluate seismic activity that will be observed in
the future.

In this report:

Section 1 assembles and reviews available information on the tectonic framework of the
region including earthquake history, characterization of tectonic structures, and evidence of
recent and on-going tectonic deformation in and around the Cavone field.

Section 2 examines past seismicity including relevant technical details of the May 2012
earthquakes.

Section 3 reviews physical mechanisms for inducing earthquakes that have been proposed in
the scientific literature. This includes assessment of the possible relevance of those
mechanisms in the context of the conditions and structures in and around the Cavone field.

Section 4 describes the development ofmodels of pressure and stress changes associated with
production of hydrocarbons and injection of waste-water in the region of the Cavone
reservoir, , including constraints on reservoir properties from observed pressure changes
accompanying reservoir production.

10
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1 TECTONIC FRAMEWORK OF THE EMILIA-ROMAGNA
REGION

1.1 SEISMOTECTONIC SETTING

The May 2012 Northern Italy earthquake sequence occurred in the eastern Po Plain, a
tectonically active region situated between the Apennine mountains to the south and the Alps
to the north. Crustal shortening during the Miocene generated a series of fold-and-thrust belts
that border both the northern and southern Po Plain. Since the late Miocene, however,
deformation has been localized in the southern Po Plain, which represents the foreland of the
Apennine mountain belt (e.g., Pieri, 1983). The southern Po Plain contains three major
tectonic arcs, or salients that extend north from the Apennine range front. The Cavone field
and 2012 earthquake sequence are situated in the easternmost of these salients, known as the
Ferrarese-Romagnolo arc (Figure 1.1.1).

Ferrara fault Ferrara fault

N
Middle External

Mirandola fault

L Y

©®0/512 e.0
Cavong ok 29/5/12 M5.8

Ferrara

Reggio nell’Emilia o
Modena

Po Basin

Apennines

10 km

Figure 1.1.1: Regional map showing location of the Cavone oil field, epicenters of the two largest
2012 Emilia-Romagna earthquakes, and principal thrust faults.

Structures in the Ferrarese-Romagnolo arc are comprised of deep-seated reverse faults with
tip-line or fault-propagations folds developed in their hanging walls (e.g., Pieri, 1983; Ciaccio
and Chiarabba, 2002; Bonini, 2013). These structures involve a Triassic to Cretaceous
carbonate platform sequence, which provides the main petroleum reservoirs, overlain by a
Tertiary clastic section. Pliocene and younger syntectonic strata are locally up to 6 km thick,
and generally bury the fold and fault systems. As a result, the active reverse faults are

11



July, 2014

typically blind. Blind faults do not reach the surface but rather have displacements that
decrease upward into the cores of the overlying fault-related folds (e.g., Stein and Yeats,
1989; Shaw and Suppe, 1994). Folding of the overlying syntectonic strata record the Pliocene
and Quaternary activity of these reverse faults (Shaw and Suppe, 1994, 1996; Pratt et al.,
2002; Dolan et al., 2003).

The Po Plain, including the Ferrarese-Romagnolo arc, is seismically active. Within the arc,
historical sources report a series of events occurred near the city of Ferrara. The most
noteworthy earthquake sequence began early in the morning on 17 November 1570 and
caused the collapse of many balconies and chimneys. This initial event was followed by
several events that were felt strongly, with the largest occurring at approximately 19:10
(GMT) causing extensive damage to the buildings, churches and towers of Ferrara. Felt
reports of this larger earthquake, Me 5.5 (estimated magnitude), indicate that the epicenter
was at approximately 44.817 °N, 11.633 °E, (http://storing.ingv.it/cfti4med/). The extent of
the felt area of the 1570 Ferrara earthquake is similar to that reported by the U.S.G.S. for the
May 20", 2012 event.

1.1.1 HISTORICAL SEISMICITY IN THE EMILIA-ROMAGNA REGION

1.1.1.1 Summary of historical Activity

A search of the catalog of strong earthquakes in Italy (http://storing.ingv.it/cfti.4med/)
indicates that historically there have been 103 events felt in the city of Ferrara before 1997; 26
of those events have estimated magnitude Me >. 4.0 and are listed in the Table 1.1.1.

The largest historical event that occurred in the Emilia-Romagna region prior to the 2012
earthquake sequence was the 1570 Ferrara earthquake (Me 5.5). This was preceded by the
1411 (Me 5.1) and 1346 (Me 4.9) events, which are listed as occurring near the city of
Ferrara, as are all events that occurred prior to 1787. An event occurred on August 1, 1574
(Me 3.5) in a very similar location to the 9 January 1411 earthquake, Me 5.1, with its
epicenter near the city of Ferrara at approximately 44.833 °N, 11.617 °E.

Eastward of Ferrara in the Ferrarense region three events occurred, two in 1922 (Me 3.7, 2.9)
and one in 1931 (Me 4.8). To the west of Ferrara, i.e. toward the location of the Emilia-
Romagna May 2012 earthquake sequence, several earthquakes are reported: near the town of
Cento in 1916 (Me 3.7), and further west near Finale Emilia in 1908 (Me 4.3) and more
recently in 1963 (Me 4.1). These events occurred within 10 km of the M,, 6.0 May 20, 2012
epicenter. Earthquakes in 1910 (Me 3.9) and 1912 (Me 3.2) near Mirandola also occurred
within 10 km of the May 20 epicenter and within 5 km of the May 29, 2012 (My, 5.8). The
estimated magnitudes assigned to these historical earthquakes are greatly dependent on
population distribution, felt and damage reports.

12
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Table 1.1.1: Historical events with Me 2. 4.0, from http://storing.ingv.it/cfti.4med/

~ Date Time lat Lon Rel Io Imax Sites Me Location
1978 1230 10:38:46 44.867 1105 b 45 45 7 4 Bassa mantovana
1978 12 25 22:53:41 44,85 10983 b 5 5.5 28 45 Bassa mantovana
19701102 08:42:12 44,85 11167 b 45 55 3 41 Bassa modenese
1963 04 05 13:49:42 44,833 11.267 b 45 5.5 6 4,1  Finale Emilia (MO)
19310327 02:46:57 44.817 11.767 b 6 6 7 4.8 Ferrarese
19220525 04:23 44,867 11,517 b Jin: A5 5 3.7  Ferrarese
19220524 21:17:25 44,817 114 b 4 4,5 7 39  Ferrarese
1916 06 20 19:30 44,783 1145 b J5 4 2 3.7 Cento (FE)
19120224 09:30 44,883 11.067 b 25 25 12 3.2 Mirandola (MO)
191003 22  23:29 44817 11,167 b 5 Sia 15 43 Bassa modenese
19100322 23:32 44,833 11.133 b 4 4 1 3.9  San Felice sul Panaro (MO)
1908 0628 03:19:58 44.833 11333 b 5 6 15 4,3 Finale Emilia (MO)
1901 0120 06:34:20 44,883 11.083 5 5 12 4,2  Bassa modenese
19010120 06:30 44.9 11:1 4 4 10 4 Bassa modenese
17870726 07:15 44.833 11.617 b 6.5 6.5 1 4.9 Ferrara
178707 16 10:00 44,833 11.617 b 55 6.5 3 45  Ferrara
1678 07 15 - 44,833 11.617 b 5 5 1 43  Ferrara
1594 10 03 44,833 11.617 b 5 5 1 43  Ferrara
15740801 - 44,833 11.617 3 3 1 3.5  Ferrara
15701117 19:10 44.817 11.633 b 75 8 60 5.5 Ferrara
1561 1124 01:25 44,783 1145 b 55 6.5 5 4,5  Ferrara
14110109 02:00 44.833 11.617 b 7 7 1 5.1 Ferrara
140908 17 00:35 44,833 11.617 b 6 6 1 4,7  Ferrara
1409 08 14  08:45 44,833 11.617 b 4 4 1 39  Ferrara
13460222 11:00 44,833 11.617 b 6.5 7.5 5 4.9 Ferrara
13391116 14:10 44833 11617 b 6 6 1 4,7  Ferrara

Note that the epicenter of the 1970 event is located almost equidistant (~ 6 km) of the 20 and
29 May 2012 earthquakes. The historical seismicity in the surrounding region of the May
2012 earthquake sequence clearly indicates that this region is tectonically and seismically

active.

13
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Figure 1.1.2: Yellow stars show the location of the May 20 and 29, 2012 earthquakes and red stars the
location of events occurred before 1997 in the Emilia-Romagna region. The orange surface to the
north represents the Middle and External Ferrara faults and that to the south the Mirandola fault
(DISS, 2007).

A more detailed study of historical seismicity in the Emilia-Romagna region was done by
Castelli et al (2012) to ascertain the completeness of the Italian historical catalog from the
historical catalog in the Mirandola region, their preliminary conclusion was that in December
15, 1761 strong shaking was felt in Mirandola but there is no damage reported, however, this
event was felt in Carpi and Modena. No magnitude has been estimated for this event.

All events listed above and those shown in Figure 1.1.2 occurred before the establishment of
the Cavone oil field in 1982.

1.1.1.2 Felt reports from the 1570 earthquake near Ferrara, Italy.

The following description of the 1570 Ferrara earthquake was translated from:
http://storing.ingv.it/cfti4med/. “The sources agree in Ferrara that a long series of earthquakes
began in the early hours of 17 November and continued throughout the day. The time in
which the four strongest events happened is remembered with accuracy: the first occurred at
9:30 am Italian (1:40 GMT approximately), causing the collapse of many blackbirds,
balconies and chimneys, which damaged many roofs as they fell. Several aftershocks were
followed during the night and the following morning, among which were the strongest at 20
hours Italian time, (24:10 GMT), violently shaking houses, and slightly damaging walls, and
at about 24 hours Italian time (16:10 GMT), another event occurred, causing the collapse of
chimneys and eaves as well as serious injuries in the masonry. The main shock occurred at

14
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19:10 GMT approximately, shaking buildings that were already heavily damaged and uneven
causing even more serious damage. In Ferrara the medieval part of the city was especially
damaged, with some buildings collapsing completely and almost all the other structures had a
wall or part of the roof fall, or disconnecting walls, which made the city largely uninhabitable
as damage was extensive to both public buildings and private homes. The greatest damage
was done to the tall buildings: churches, bell towers, and buildings with vaulted ceilings. The
tremors destroyed all the buildings located near the corners of the street, as these buildings
were not supported by others. Private construction suffered damaged to about 40% of the
homes. Outside the city, there was considerable damage within a radius of about 15 - 20 km,
approximately 30 towns and villages of the countryside, documented damage to churches.
The earthquake was felt across a wide area including the main cities of Emilia, Milan, Padua
and Venice in the north and Pesaro to the south. The overall picture of the effect is cumulative
shock of 17 November. Numerous and frequent aftershocks were remembered and described
by sources until the first months of 1572, some tremors were felt as well in 1573 and in
1574.”

Italian version:

‘Le fonti ferraresi ricordano concordemente una lunga serie di scosse iniziata nelle prime ore
del 17 novembre e continuata per tutta la giornata. Le quattro piu forti sono ricordate con
precisione oraria: la prima avvenne alle ore 9:30 italiane (1:40 GMT ca.) e causo il crollo di
molti merli, terrazzini e comignoli, che cadendo danneggiarono molti tetti. Numerose repliche
si susseguirono durante la stessa notte e nella mattinata successiva, fra queste le piu forti
furono quella delle ore 20 italiane (12:10 GMT ca.), che scosse violentemente le case,
lesionando leggermente le murature, e quella delle ore 24 (16:10 GMT ca.), che causo il
crollo di comignoli e cornicioni e gravi lesioni nelle murature. La scossa principale avvenne
alle ore 3 (19:10 GMT ca.), colpi edifici gia notevolmente lesionati e sconnessi e causo i
danni piu gravi. A Ferrara fu danneggiata soprattutto la parte medievale della citta, dove
alcuni edifici crollarono totalmente e quasi tutti gli altri subirono caduta di muri e tetti,
lesioni e sconnessioni di pareti, che resero in gran parte inagibili sia gli edifici pubblici, sia
le abitazioni private. I danni maggiori riguardarono gli edifici sviluppati in altezza: chiese
campanili, palazzi con soffitti a volta. Le scosse colpirono soprattutto gli edifici posti
all’estremita delle vie, che non erano sostenuti da altre costruzioni. Diversi dettagli si hanno
anche sull’edilizia privata: risulta danneggiato circa il 40% delle abitazioni. Fuori dalla
citta, in un raggio di circa 15-20 km, notevoli danni subirono circa 30 paesi e villaggi della
campagna, dei quali sono documentati soprattutto i danni agli edifici religiosi. La scossa fu
sentita in una vasta area comprendente le principali citta emiliane, Milano, Padova e Venezia
a nord, Pesaro a sud. 1l quadro complessivo degli effetti ¢ cumulativo delle scosse del 17
novembre. Numerosissime e frequenti furono le repliche ricordate e descritte dalle fonti fino
ai primi mesi del 1572; qualche scossa fu avvertita anche nel 1573 e nel 1574.°
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Figure 1.1.3: The red circle shows the location of the 1570 Ferrara earthquake, the name of cities and
towns where earthquake damage was severe (I >5) are shown in orange, green labels show locations
where the earthquake was felt.

The USGS Shake Maps shown in Figures 1.1.4 and Figures 1.1.5 display the felt area of the
May 20 and 29, 2012 earthquakes which are similar to the pattern shown in Figure 1.1.3 from
the 1570 Ferrara earthquake, i.e. a concentrated damage area and an extensive felt region
indicating that this XVI century earthquake probably occurred in external blind thrust of the
Ferrarese-Romagnolo arc.
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Figure 1.1.4: ShakeMap for the 20 May 2012 (Mw 6.0) earthquake.
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Figure 1.1.5: ShakeMap for the 29 May 2012 (Mw 5.8) earthquake.
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1.2 CAVONE STRUCTURE

We investigated the geometry and tectonic activity of the Cavone structure and other thrust
sheets in the Ferrarese-Romagnolo arc using seismic reflection profiles and well data
provided by the operators of the Mirandola concession (Figure 1.2.1). These data were
evaluated in conjunction with earthquake focal mechanisms provided by INGV and the
U.S.G.S. (Table 2.2.1) to generate a series of cross sections and a 3D structural model that
define the location and geometry of the Cavone structure and other tectonic elements in the
region (Figure 1.2.2).

Cavone field

; Seismic profiles used in analysis / /

Figure 1.2.1: Basemap of the study area showing seismic reflection profile traces, wells from the
Cavone field, and the location and focal mechanisms of the 2012 M 6.0 and 5.8 earthquakes (INGV-
Table 2.2.1).
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Figure 1.2.2: Map showing location and geometry of the Mirandola fault and adjacent structures with
the 2012 Northern Italy (M 6.0 and M 5.8) earthquakes (INGV Table 2.2.1) and select relocated
aftershocks. Traces of seismic lines and cross sections in this report are shown.

The Cavone structure is representative of the deformational styles of the Ferrarese-
Romagnolo Arc, consisting of a north-vergent fault-propagation fold overlying a steeply
south-dipping reverse fault (Mirandola fault). Seismic reflection profiles provided by the
operators are of high quality on the western and eastern limits of the fold trend, and constrain
the fold geometry, fault location, and fault dip (Figure 1.2.3). The Cavone fold includes a
moderately dipping (= 45°) southern backlimb, and a steep (=60°) northern forelimb. Pliocene
syntectonic strata onlap the forelimb and thin onto the crest of the structure. These strata are
overlain by a Quaternary section that is gently warped over the fold crest. The Mirandola fault
underlies the forelimb of the fold, and based on reflection truncations dips to the south at
about 60° to depths below 10 km. There is a thickened section of Triassic strata in the hanging
wall of the Mirandola fault (Figure 1.2.4). This suggests that the Mirandola reverse fault
reactivated a Triassic-age normal fault, consistent with its steep dip. A series of fault splays
and backthrusts are present in the hanging wall of the Mirandola fault. These secondary faults
appear to merge with the main Mirandola fault at depths between 7 and 12 km.
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Figure 1.2.3: Migrated and depth converted seismic reflection profile C-C’ from the western part of
the Cavone structure, showing direct constraints on the location and dip of the Mirandola fault.
Seismic section was depth converted using velocity model derived from sonic logs in the oil field.
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Figure 1.2.4: Interpreted version of section C-C’ showing geometry of Mirandola fault and overlying
fault-propagation fold.

The amplitude of the fold grows toward the center of the Cavone trend forming the structural
trap for the oil field (Figure 1.2.5). Based on our interpretation, the fault has a curved shape,
concave to the south, and extends for about 30 km along strike (Figure 1.2.2). Three other
reverse faults (the Northern Mirandola, Middle Ferrara, and External Ferrara faults,
nomenclature after Pezzo et al., 2013) step to the northeast in the footwall of the Mirandola
fault in an en echelon pattern. All of the faults have overlying fault-propagation folds. The
Northern Mirandola may merge with the Mirandola fault at intermediate crustal depths (5-
10km), whereas the Middle and External Ferrara faults clearly extend to depth as distinct
structures.
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Figure 1.2.5: Migrated and depth converted interpretation of seismic profile B-B’ showing geometry
of the Mirandola fault and overlying Cavone fault-propagation fold. Seismic section was depth
converted using velocity model derived from sonic logs in the oil field.
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Figure 1.2.6: Base map showing locations and geometries of the major thrust systems in the study
area. Epicenters are shown from the local Ferrara Municipality network prior to and after the May 20
earthquake (March 2010 to September 2013).

1.3 GEOLOGIC EVIDENCE FOR TECTONIC ACTIVITY OF STRUCTURES IN THE
FERRARESE-ROMAGNOLO ARC

Given that faults in the Ferrarese-Romagnolo arc are generally blind, traditional
paleoseismologic methods of trenching across fault scarps cannot resolve the fault activity.
Rather, deformation and uplift of syntectonic strata above the folds that lie in the hanging
walls of these thrust sheets record the fault activity and slip rate. These syntectonic strata
indicate that the Mirandola-Cavone structure grew in two distinct phases of deformation
(Figure 1.2.4 and Figure 1.2.5). The initial period of tectonic activity (G1) occurred in the
Pliocene, as evidenced by the onlap of folded Pliocene strata onto the forelimb and backlimb
of the structure. These Pliocene strata reach thicknesses of more than 5km to the north and
south of the structure, but are completely absent on much of the fold crest. The Pliocene and
older strata are unconformably overlain by Quaternary sediments, which extend across the
fold crest and bury the structure. The lowermost Quaternary sediments also onlap the fold
crest. In contrast, the overlying Quaternary strata appear to maintain their thickness as they
extend across the fold crest. This implies a period of reduced activity or tectonic quiescence
on the Mirandola fault. The entire Quaternary section is, however, deformed along the
syncline pinned to the tip of the Mirandola fault and is warped above the crest of the fold.
This implies a second phase of activity on the Mirandola fault and the Cavone fold (G2) in the
mid- to late Quaternary.

This second, recent phase of tectonic activity is consistent with the study of Scrocca et al.
(2007), which used patterns of deformed growth strata to define the Late Quaternary activity
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of the Mirandola fault (Figure 1.3.1). This study accounted for sedimentary compaction of
growth strata (a process that can produce structural relief of sedimentary horizons in the
absence of tectonic activity), and defined uplift rates of 0.16 to 0.53 mm/year over the past 1.4
Ma. Moreover, other studies in the region have inferred the tectonic activity of blind thrust
faults in the southern Po Plain. Burrato et al. (2003) identified several anomalous stream
patterns in the Ferrarese-Romagnolo arc that were interpreted to reflect active uplift of
anticlines in the hanging walls of blind faults. Three of the anomalous river profiles occurred
above the Mirandola, Middle Ferrara, and External Ferrara fault systems, suggesting late
Quaternary tectonic activity of these structures. Thus, both the patterns of deformed growth
strata and drainage patterns provide geologic evidence of recent tectonic activity on thrust
faults in the Ferrarese-Romagnolo arc.

SSwW NNE ¢ 100
0 Ma

0.125 Ma [

0.4 Ma =

0.65 Ma

10 kmy

Mirandola
154, —oap R L

B Siliciclastic deposits E Mainly carbonates

Figure 1.3.1: Cross sections across the Mirandola structure, which lies to the east of the Mirandola
fault in the Ferrarese-Romagnolo arc. Structural relief of Late Quaternary strata above the crest of
the fold define its recent activity, and were used to constrain fault slip rates. From Scrocca et al.
(2007).

Based on our seismic mapping and velocity analysis, the Cavone structure exhibits more than
500 meters of structural relief for the base of the Quaternary section. Assuming a maximum
age for the Quaternary section of 2.6 Ma, and given the fault dip of 60°, the slip rate of the
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underlying Mirandola fault can be calculated using a simple rigid block translation model.
With this approach, 500 m of structural relief for the base Quaternary section implies an uplift
rate of 0.2 mm/yr on the Mirandola fault, within the range of uplift rates determined by
Scrocca et al. (2007).

In summary, we suggest that the patterns of syntectonic growth strata define the Late
Quaternary tectonic activity of the Mirandola fault, which is in agreement with previous
analysis of other structures in the region. Late Quaternary activity of faults in the Ferrarese-
Romagnolo arc is also consistent with the occurrence of historic earthquakes in this region
that pre-date the advent of modern drilling activities (DISS, 2007).

1.4 SEISMOTECTONIC ANALYSIS

The location of the May 29, 2012 M,, 5.8 Northern Italy earthquake and aftershocks relocated
as part of this study suggest that the event was sourced by the Mirandola fault (Figure 1.2.2).
The relocated aftershocks are clustered between 5 to 10 km along the up-dip extent of the
Mirandola fault, its splays, and backthrusts (Figure 1.4.1). The spatial correlation between the
earthquakes and the Mirandola fault system is present for hypocenters relocated using both
the velocity model provided by the operator of the Mirandola concession and one that we
developed from well log data in the oil field. The May 29, 2012 M 5.8 hypocenter located by
INGV occurs within about 2 km south of the Mirandola fault when projected into section B-
B’. Given the uncertainties in this event location, it seems likely that the mainshock occurred
on the Mirandola fault. Moreover, the strike and steep south dip of one of the nodal planes of
the INGV focal mechanism is generally consistent with the dip and orientation of the
Mirandola fault. Taken together, the general location of the M 5.8 event and its aftershocks, as
well as the focal mechanism characteristics, imply that the May 29, 2012 M,, 5.8 earthquake
occurred on the Mirandola fault.
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Figure 1.4.1: Geologic section B-B’ with location and focal mechanism of the May 29, 2012 M 5.8
earthquake (INGV) and select aftershocks relocated as part of this study
(Cavone.0l. ENIWVENI.DD.egs).

The May 20, 2012 M 6.0 Northern Italy earthquake occurred about 10 km to the northeast of
the May 29 M 5.8 event (Figure 1.2.2). Based on the event location and mapped fault
geometries, it is clear that the M 6.0 event did not occur on the Mirandola fault. Rather, the
earthquake appears to have occurred on the western segment of the Middle Ferrara fault
(Pezzo et al., 2013), based on its hypocentral depth and aftershock distribution (Figure 1.4.2).
The strike and steeply south-dipping nodal plane of the M 6.0 event is also compatible with
mapped geometry of the Middle Ferrara fault (Figure 1.3.2). Thus, we conclude that the May
20,2012 M 6.0 and May 29 M 5.8 events occurred on separate, en echelon blind-thrust faults.
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Figure 1.4.2: Migrated and depth converted seismic section F-F’ showing locations and focal
mechanisms of the 2012 May 20 M 6.0 and May 29 M5.8 earthquakes (INGV).

We analyzed the spatial association of the seismicity recorded by the local Ferrara
Municipality network (March 2010 to September 2013) and the major fault systems. Notably,
there were no events recorded by the local network prior to the May 20, 2012 (M,, 6.0)
earthquake that are located within the Middle Ferrara thrust sheet. After the May 20
earthquake, there is a distribution of events within the Middle Ferrara thrust sheet that extends
along strike from the mainshock (Figure 1.2.6). The seismicity data provided by INGV
(Cavone.00.ISCall.eqs, January 2011 to February 2013) suggest that the aftershocks of the
May 20, 2012 (M, 6.0) earthquake occur along the entire extent of the western segment of the
Middle Ferrara fault. The eastern limit of this aftershock cluster is coincident with the
geometric segment boundary of the Middle Ferrara fault that we have identified in our
mapping (Figure 1.4.3). This suggests that the May 20, 2012 (My, 6.0) earthquake and its
aftershocks ruptured the western segment of this fault, and that the geometric segment
boundary limited the eastern extent of the rupture.
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Figure 1.4.3: Base map showing epicenters from the INGV earthquake catalog (Cavone.00.I1SCall.egs,
January 2011 to February 2013) relative to the major fault systems in the study area.

The 1570 Ferrara earthquake appears to have ruptured the eastern extent of the Middle Ferrara
fault or the External Ferrara fault, based on the hypocentral source region defined by DISS
(2007) (Figure 1.2.2). The structure in this region is also imaged by seismic reflection profiles
provided by the operators of the Mirandola concession, and consists of a steeply south dipping
reverse fault overlain by a north vergent fault-propagation fold (Figure 1.4.4). Similar to the
Cavone-Mirandola structure, the Ferrara structure shows evidence for two phases of tectonic
activity, one in the Pliocene and a second in the Late Quaternary, based on patterns of
syntectonic growth strata. Thus, the structural style of the source regions for the 1570 Ferrara
and 2012 Emilia earthquakes are similar (Section 1.1.1). Taken together, these events
represent the westward propagation of rupture on a tectonically active, en echelon blind
reverse fault system (Figure 1.2.2).
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Figure 1.4.4: (left) Migrated and depth converted section B-B’ showing source location of the May 29,
2012 M 5.8 earthquake (INGYV) (right) Migrated and depth converted section E-E’ showing source
location of the 1570 Ferrara earthquake inferred by DISS (2007).

1.5 GPS CONSTRAINTS ON TECTONICS — PRE-EARTHQUAKE REGIONAL
DEFORMATION RATES

Deformation of the Emilia-Romagna region has been measured using a combination of
continuous and campaign GPS since 1991. Serpelloni et al. (2006) analyzed a combination of
continuous and campaign data spanning 1991 — 2002 and estimated that there is < 1 mm/yr
convergence across the region. Devoti et al. (2011) present a somewhat higher quality
velocity field from over 300 continuous GPS stations in Italy for the time interval 1998-2009.
Of particular relevance, they present both GPS velocity vectors and velocity magnitudes
projected along a cross section just east of the earthquake sequence (Figure 1.5.1), showing
about 1 mm/yr convergence within ~50 km of the epicentral region. Figure 1.5.1 shows that
the area is undergoing deformation consistent with the entire regional pattern, with no
anomalous features localized to the epicentral region.
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Figure 1.5.1: (Figure 6 of Devoti et al., 2011): Velocity field in northern Italy expressed with respect
to a non moving Adriatic microplate defined by sites located in the Po plain (black arrows). Velocity

ellipses represent 1-sigma confidence errors. The dashed lines show the traces of the velocity profiles
reported on the lower panels.

The ~1 mm/yr deformation measured using GPS over the decadal time scale and the
deformation recorded in the geologic record over the 1 Ma time scale are comparable. As
discussed in Section 1.3, the geologic (~1 Ma) estimate of the uplift rate on the Cavone
structure alone is 0.2 mm/yr, but this is only one of 3 closely spaced structures. The seismic
activity shows that at least two, and perhaps all three of these structures are active. Similarly,
Scrocca et al. (2007) estimate uplift rates of 0.16 — 0.53 mm/yr on the Mirandola structure.

It is of interest to calculate the rate of seismicity that would be required if all of this
convergence were accommodated by earthquakes of the size of the largest events in the

31



July, 2014

Emilia-Romagna sequence. Estimates of source properties from geodetic data by Pezzo et al.
(2013) lead to average coseismic displacements of 340 mm for the 20 May event, and 180
mm for the 29 May events. Maximum displacements are 1280 mm and 550 mm, respectively.
Assuming that typical large earthquakes in the region have M,, ~ 6, and dividing these
displacements by a displacement rate of 1 mm/yr leads to the estimate that, at any given
longitude, the average recurrence interval should be hundreds of years. These estimates are
commensurate with the historically determined rate of earthquake occurrence in the region.

1.6 CONCLUSIONS OF SEISMOTECTONIC AND GEODETIC ANALYSES

e Based on the consistency of the mainshock hypocenter, focal mechanism, aftershock
distribution, and mapped fault geometry, we conclude that the western segment of the
Middle Ferrara fault sourced the May 20, 2012 (M,, 6.0) earthquake. This earthquake is
located approximately 20 km from the Cavone wells. Moreover, the May 20 earthquake is
separated from the Cavone well by two thrust sheets.

® Based on the aftershock distribution, it appears that the eastern limit of rupture for the May
20, 2012 (M,, 6.0) earthquake was controlled by a segment boundary in the Middle Ferrara
fault.

o The Mirandola fault sourced the May 29, 2012 M 5.8 earthquake. Thus, the May 20 M,, 6.0
and May 29 M 5.8 events occurred on different faults.

e The Mirandola fault and adjacent structures show evidence of late Quaternary tectonic
activity based on growth strata and deflected stream patterns. Based on patterns of
Quaternary growth strata, the Mirandola fault has been active for at least the past 650 ka
Scrocca et al. (2007). If all of the structural relief of the Quaternary horizons across the
Cavone fold occurred in M 6.0 events, it would require that several thousand such events
occurred on the Mirandola fault over the past 650 ka.

o The ~1 mm/yr convergence measured using GPS over the decadal time scale and the
convergence recorded in the geologic record over the 1 Ma time scale summed across
structures are comparable. This agreement suggests that the rate of earthquake activity in
this region has been comparable to the current rate for ~ 10° years.

o The 1570 Ferrara, 2012 Mw 6.0, and 2012 Mw 5.8 earthquakes represent a westward
propagating rupture sequence on three distinct, en echelon blind reverse faults in the
Ferrarese-Romagnolo arc.

o The rate of earthquake activity calculated, given the convergence rate observed with GPS,
and assuming that the fault slip and area of the Mw~ 6 events in the May 2012 sequence are
typical, is comparable to the historical rate.
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2.SEISMICITY IN THE EMILIA-ROMAGNA REGION AND THE PO
VALLEY

This section summarizes instrumentally-recorded regional seismicity prior to and following
the Emilia-Romagna 2012 earthquakes, focusing on activity occurring in the neighborhood of
the Cavone well #14, which has been injecting water into the subsurface since 1993. To a
certain extent this summary duplicates already-published investigations (e.g., Lavecchia et al.,
2012; Scognamiglio et al., 2012). However, the present study also evaluated seismic records
and locations using phases recorded at nearby stations operated by the operators in the
Cavone oil field, information that has not been published previously.

An important issue concerns the maximum distance from an injection well where it is
plausible that earthquake triggering might occur. In the literature describing induced/triggered
earthquakes the vast majority are reported at distances less than 5 km from the injection
location. However, a few unusual sequences have events located at greater distances; e.g.,
cross sections in Hsieh and Bredehoeft (1981) and Herrmann et al. (1981) show some Rocky
Mountain Arsenal earthquakes at 7 km distance. In Paradox Valley, Colorado, U.S.A.,
apparently-triggered earthquakes with magnitudes up to M4.4 are situated at distances up to
17 km from the injection well (Ake et al., 2005; Block et al, 2014). In Paradox Valley,
injection began in 1991, triggering earthquakes near the well almost immediately.
Subsequently there has been a progression of earthquakes at progressively greater distances
from the well; in 1995 they occurred at distances as great as 4 km; then 8 km distance by
1998, 12 km by 2001; 16 km by 2002, and 17 km by 2007. Near Jones, Oklahoma, U.S.A., a
series of earthquakes 2008-2013 includes events situated at distances as great as 35 km from
injection wells (Keranen et al., 2013, 2014). However, the Oklahoma situation is unusual
because injection volumes are extraordinarily high, averaging ~500,000 m*/mo since 2009.
Although injection volumes at Cavone #14 have not exceeded 18,000 m’/mo, and triggering
at distances beyond a few km seems highly unlikely, for completeness in this section we will
consider seismicity at distances up to 40 km from the injection well.

A second important issue concerns the accuracy of locations reported in catalogs. For
background information about regional seismicity since 1964 and the Emilia-Romagna 2012
sequence, we rely on epicenters reported by the International Seismological Centre (ISC). The
ISC combines information reported by various different organizations, including INGV,
concerning seismicity. Thus for most regions the ISC catalogs and epicenters are as complete
and accurate as any source, unless a focused investigation has been undertaken well after
events have occurred.

However, often for many events reported in catalogs, both reported focal depths and the
locations of events relative to one another are unreliable. Relative locations among clusters of
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events are most accurate when events are relocated using a common set of nearby stations
surrounding the cluster. Focal depths are most accurate for events where well-recorded
readings for both P and S phases are available at stations with a few km of the epicenter. In
most regions station coverage varies from year to year and the data quality differs among
events.

For these reasons, we have relocated selected earthquakes near Cavone #14 occurring
between 2001 and June 2012; these are especially well-recorded events, many recorded by
seismograph stations managed by the Operator providing data not available to the ISC. For
these events we augmented phases reported by the ISC with data recorded by local stations,
when these data were available. For these relocated hypocenters we have credible information
about focal depths. In contrast, a significant fraction of the hypocenters reported in the ISC
Catalog have depths fixed arbitrarily at zero, 5 km, or 10 km, and there is considerable scatter
among the remainder (see Figure 2.1.1).

In addition, we evaluate earthquakes occurring between August 2013 and June 2014 that were
recorded by the Operator’s network, near or within this network, and located by their
seismologists (see Section 2.3). Nearly all of these events had magnitudes of M2.0 or smaller
and were not reported by the ISC; however, the epicenters and focal depths obtained by
seismologists are credible because these events occurred near and within the local network.

A description of the co-seismic and post-seismic displacements in the region is included in
this Section, as well as modeling of the static Coulomb stress changes from the May 20
earthquake to understand its role in triggering the May 29 event.

2.1  REGIONAL SEISMIC ACTIVITY PRIOR TO MAY 2012

Section 1.1 1 described the seismic history of the Po Plain and Emilia-Romagna region, where
the most noteworthy earthquake was felt early in the morning on 17 November 1570 causing
the collapse of many balconies and chimneys in Ferrara with an estimated magnitude Me 5.5.
The extent of the felt area for this event is similar to that reported for the May 20", 2012
earthquake (see Figures 1.1.3 and 1.1.4).

Other regional historical events include earthquakes in 1411 (Me 5.1) and 1346 (Me 4.9), also
listed as occurring near the city of Ferrara. Eastward of Ferrara three earthquakes occurred,
two in 1922 (Me 3.7, 2.9) and the 1931 (Me 4.8) in the Ferrarense region. To the west of
Ferrara, i.e. toward the location of the Emilia-Romagna May 2012 earthquake sequence,
several earthquakes are reported: near the town of Cento in 1916 (Me 3.7), further west near
Finale Emilia two events in 1908 (Me 4.3) and more recently in 1963 (Me 4.1) occurring
within 10 km of the M, 6.0 May 20, 2012 epicenter. Earthquakes in 1910 (Me 3.9) and 1912
(Me 3.2) near Mirandola occurred within 10 km of the May 20 and within 5 km of the May
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29, 2012 epicenters. In addition, a review of the historical seismicity in the region by Castelli
et al. (2012) identified an event occurred near the town of Mirandola in 1761 for which no
estimated magnitude is given.

Instrumentally recorded earthquakes in the region surrounding Cavone well #14 are also
numerous; between 1964 and April 2012 the International Seismological Centre (ISC) reports
more than 1200 epicenters having magnitudes M 2.5 or greater within the region mapped in
Figure 2.1.1. Most of the events within 40 km of Cavone well #14 (Figure 2.1.2) are
aftershocks of two events. One was the M4.7 2 May 1987 earthquake, which occurred well
before injection commenced at Cavone well #14; the other was the M5.3 15 October 1996
earthquake; one occurred about 30 km southeast, and other 20 km southwest, of Cavone well
#14. The 1987 earthquake had no foreshocks reported in the month prior to its occurrence;
none of its aftershocks were closer than 7 km from Cavone well #14. Similarly, the 1996
earthquake did not have foreshocks, and only a few small aftershocks were located within 10
km distance.
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Figure 2.1.1: Map and east-west cross section of earthquakes (circles) having magnitudes of M2.5
and larger occurring between 1964 and June 2014 as reported by the International Seismological
Centre (ISC). White circles: earthquakes 1964 — April 2012, red circles: earthquakes May-June 2012;
green circles: earthquakes July 2012 — June 2014. Yellow square is Cavone well #14. Rectangle
indicates area included in Figure 4.2.1. Cross section only includes locations between 44.7°N and
45.1°N.

The number of seismograph stations near Cavone well #14 has changed considerably between
1964 and the present time. The lack of nearby stations undoubtedly explains why there are
almost no catalogued earthquakes having M<4 reported prior to 1976. Subsequently in the
1980’s, regional stations were installed; in 2005 INGV made modifications to the regional
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network, and undoubtedly many earthquakes having magnitudes of M2.5 and smaller have
been detected and catalogued, whereas many similar events would not have been reported
previously.

In addition, there have been seismographs operating near the Cavone field, although not
continuously, beginning as early as 1980. Between 2000 and June 2012 several seismic
stations were in operation at various locations within the Cavone oil field. Numerous events
have been located, often supplementing field dedicated-station data with seismograms from
regional INGV stations. There were network problems following the 2012 earthquakes and no
useful data is available between mid-June 2012 and July 2013. Between August 2013 and the
present there have been four local seismograph stations recording earthquakes occurring near
Cavone well #14; we discuss locations determined using these data in Section 2.3.

37



July, 2014

distance from Well

IISC 1?64——;[Tune <014 M>=2.5
Ll

O

Illl IIII[I [I»l

i

a

I e ol
- 7
[

O
|IIIIII.I|]III|

1965

o &
||l]|||lkl/||||||]ll|||l|||||

1280 1985 1990

1970 1975

1895 2000 2005 2010

@)

(

@)

West

O

Figure 2.1.2: Space-time plot of ISC-reported epicenters (circles, earthquakes with magnitudes of 2.5
and larger as in Figure 2.1.1) occurring between 1964 - June 2014. Vertical axis shows distance
between epicenters and Cavone well #14; upper part of plot shows earthquakes east of well; lower
part shows earthquakes west of well. Colors/sizes indicate reported magnitudes, white: M<3; green: 3
<M < 4; yellow: 4<M<35; pink: M>5; red: 20 May and 29 May 2012 largest earthquakes.
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The number of ISC-catalogued earthquakes having M<3 in this region increased significantly
in the 1980’s, reflecting the installations of regional network stations by INGV. Inspection of
the ISC-reported phase arrivals for earthquakes reported within 10 km of Cavone well #14
(including some with M < 2.5; see Figure 2.1.3) indicates that many do not have well-
determined epicenters and most have unreliable focal depths (i.e. their locations were
determined using phase arrival information from two or fewer stations within a distance of
100 km).

Because the routine locations reported by the ISC and INGV are sometimes unreliable, we
have relocated a select group of events near Cavone well #14 (Figures 2.1.4 and 2.1.5). The
phase data used for these relocations are a combination of P and S arrivals reported by the
ISC, supplemented by P and S arrivals recorded at four stations (station codes ROCE, SGIA,
ROVE and CORR) operated privately in the Cavone area. The Operator provided phase
arrivals for 126 earthquakes occurring 2000-2012; of these 67 occurred between 2001 and
2011, and 59 occurred in May or June 2012 during the Emilia-Romagna sequence. Of the
2001-2011 earthquakes, 28 satisfied the requirement that the largest epicenter-to-station
azimuthal gap among the recording stations was 200° or less. Essentially, these requirements
constrain the location process, minimize systematic errors caused by incorrect assumptions
about heterogeneities in the regional crustal structure, and make it possible to obtain credible
epicenters and focal depths. . To determine the relocated epicenters we used the so-called
double-difference location method (Waldhauser and Ellsworth, 2000). The double-difference
method is designed to obtain very accurate relative locations among a group of events from a
restricted geographical area. By comparing the relative arrival times at individual stations for
nearby events, it is able to minimize problems caused by errors or blunders in phase readings,
and by the absence of readings at particular stations, even if the assumed crustal velocity
model is inaccurate or if crustal velocity is heterogeneous. The resolution of the resulting
locations generally is superior for identifying clusters, lineations or planar groups of
earthquakes.

The majority of the 28 relocated hypocenters (green circles in Figures 2.1.4 and 2.1.5) that
occurred years prior to the Emilia-Romagna 2012 sequence are within about 8 km of Cavone
well #14. The proximity to the well is unsurprising since the selection procedure (i.e.,
selecting events recorded by local stations) favors activity in or near the Cavone field. The
focal depths range between 4.6 km and 10.3 km. In the approximately west-facing cross
section (Figure 2.1.5 bottom), they appear situated along a southward-dipping plane that is
roughly coincident with one nodal plane of the 20 May 2012 earthquake. All but two of the
relocated earthquakes occurred in the years 2004-2009.
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Figure 2.1.3: Space-time plot of all ISC-reported epicenters (circles; plot includes events with M <
2.5) occurring between 2000 and June 2014. Vertical axis shows distance between epicenters and
Cavone well #14; upper part of plot shows earthquakes east of well; lower part shows earthquakes
west of well. Colors/sizes indicate reported magnitudes; white: M<3; green: 3 < M < 4; yellow:
4<M<5; pink: M>5; red: 20 May and 29 May 2012 largest earthquakes.
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Table 2.1.1: ISC locations for significant earthquakes discussed in this report occurring prior to and
during the 2012 Emilia-Romagna sequence.

Date Origin | Latitude Longitude Depth Magnitude | Distance Agency
time . . from
N E (km) Cavone#14
02 May 1987 | 2042 44.8082 10.7124 14.1 m,4.7 22 km ISC
15 Oct 1996 095 44.7740 10.7811 6.7 my5.3 19 km ISC
18 May 2012 | 1940 44.9027 11.2094 - m,2.9 19 km ISC
19 May 2012 | 1709 44.8946 11.2215 - my2.5 20 km ISC
19 May 2012 | 2313 44.9054 11.2046 - my4.2 19km ISC
19 May 2012 | 2342 44,9014 11.2271 - my2.2 21 km ISC
20 May 2012 | 0203 | 44.9000 11.2400 10.0 My6.0 22 km ISC
29 May 2012 | 0700 44,851 11.086 10.2 My5.8 10 km ISC
10.85 10.90 10.95 11100 11.05 11.10 11.15
| I | | I I I
|
44 95 H 44.95
44.90H H 44.90
44.85+ H 44.85
44.80H H 44.80
4475 H 44.75
I | I 1 I 1 I

10.85
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10.85

11.00

11.05

11.10

11.15

Relocations: 2001-2011; May—Jun 2012

Figure 2.1.4: 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 theGlobal GCMT catalog. Thick
crossed lines indicate orientations of cross sections shown in Figures 2.1.5. Thick lines forming a
rectangle indicates the region mapped in Figure 4.2.1.
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Figure 2.1.5. Cross sections for selected relocated earthquakes (circles) around Cavone well #14
(vellow 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.
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2.2 THE MAY 2012 EMILIA-ROMAGNA SEQUENCE: ISC LOCATIONS

The Emilia-Romagna earthquake sequence has properties of a cascading series of foreshocks
and aftershocks common with tectonic earthquakes. It began with a m, 2.9 event on May 18.
This event was followed on May 19 by three earthquakes with m, of 2.5, 4.2, and 2.2
respectively. The two principal events in the May 2012 Emilia-Romagna sequence had
magnitudes My of 6.0 and 5.8 respectively, and occurred 20 May 2012 and 29 May 2012
(Table 2.1.1). Source modeling of the May 20 and 29 events by Cesca et al., (2012) and
Piccinini et al., (2012) indicate a complex source for the May 20 earthquake and possible
static triggering of the May 29 event (Ganas et al., 2012,).

The 20 May My 6.0 event occurred at 0203 with an epicentral distance less than 3 km from
the 19 May my 4.2 foreshock and about 22 km from Cavone well #14. This event triggered a
vigorous aftershock sequence (Figure 2.3.1) with numerous epicenters clustered east of the
well at distances of ~8-25 km (Figure 2.3.2). During the 20-28 May time period virtually all
the activity remained more than 8 km from the well.

The second My 5.8 earthquake sequence occurred at 0700 29 May 2012 (Figures 2.2.1 and
2.2.2), beginning about 10 km east of well #14. The ISC-reported aftershock locations
included numerous events near Cavone well #14. There were also numerous events towards
the east that appear to be continuing aftershocks of the 20 May event. After 29 May
aftershocks extended westward up to 10-15 km from the well. In addition, there were several
earthquakes with magnitudes between 3 and 4 at distances 15-30 km west of the well.

As discussed in Section 2.1, to obtain accurate locations and credible (i.e. reliable) focal
depths, we relocated 41 selected earthquakes in the May-June 2012 sequence (red circles in
Figures 2.1.4 and 2.1.5). The phase data used for these are a combination of P and S arrivals
reported by the ISC, supplemented by data recorded at the four localCavone stations. The
selected events all were recorded by stations surrounding their epicenters such that no
azimuthal gaps exceeded 120°. The relocated hypocenters occupy an approximately 15-km
long planar east-west region situated beneath Cavone well #14. Focal depths ranged from 4.8
to 9.6 km.

Table 2.2.1 lists all earthquakes with M > 4.0 that occurred during May and June of 2012 in
the Emilia-Romagna region. Locations and magnitude estimates, given by different agencies
are listed in this table. For events with several locations or magnitude estimates our preferred
solution has been indicated with bold italic font. For moderate size events such as these,
moment tensor solutions from regional recordings (rCMT) provide better centroid depth
estimates than those obtained with recordings from stations located around the globe (gCMT).
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Figure 2.2.1. Maps with epicenters and aftershocks of large earthquakes occurring 20-28 May 2012
0203 (top: red circles) and 29 May-30 June 2012 (bottom: green circles). Plotted epicenters have
magnitudes of M2.5 and larger and are as reported by the ISC. Yellow square is Cavone well #14.
Triangles are seismograph stations. Rectangle indicates region of the geomechanical model shown in
Figure 4.2.1. Plotted focal mechanisms for both events are from the Global GCMT catalog.
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Figure 2.2.2: Space-time plot of ISC-reported epicenters (circles; plot includes events with M < 2.5)
in May-June 2012. Vertical axis shows distance between epicenters and Cavone well #14; upper part
of plot shows earthquakes east of well; lower part shows earthquakes west of well. Colors/sizes
indicate reported magnitudes; white: M<3; green: 3 < M < 4; yellow: 4<M<5; pink: M>5; red: 20
May and 29 May 2012 largest earthquakes.
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Table 2.2.1: Earthquakes with M >4 occurred in the Emilia-Romagna region during May-June 2012

Location (hypocenter / centroid) Moment Tensor Solution
Magnitudes Nodal Plane 1 | Nodal Plane2 Author
2017 | HHMMS | LatN | LonE | Deph | Ml | M Mw | StikeDipRa | Stike/Dip/Rake
M/D | S best/ ke
Mw
0U/2% | 08:06:3709 | 44871 10510 290 50 INGV-bollsi
30 491 76/ 63120 307/ 4046 (CMIINGV
080636 4854 10538 | 260 481 /804118 3353020 (CMISLU
0519 | 23132700 | 44838 | 11258 62 41 INGV-sisbas
40 38 | WMB 280/ 47/101 (CMIINGV
50 3% | 10004090 280/ 50/90 1CMT-SLU
0520 | 02035200 | 44839 11228 63 59 ROM
50 585 | 103/46/93 209/45/87 (CMIINGV
50 60 594 | 10545 95 278/45/ 85 (CMT- SLU
0203562 489 1144 120-fix 61 88/35 60 304/61/109 2CMT-usgs
0520 | 0206:3000 | 448%6 11189 7 48 INGV-sidhes
0520 | 0207:3100 | 44833 | 11370 50 51 INGV-sisbas
0520 | 03025000 | 44830 110% 100 49 INGV-sishes
50 48 485 83/27/81 299 495 ICMIINGV
50 42 | 10540100 225U 1CMI- SLU
0342511 495 1132 120—fix 51 W2/ 49 316/ 105 2CMT g
05720 1318:0200 | 44831 11490 47 51 INGV-sisbas
50 50 50 4% | 111/41/9 200/ 530 85 ICMTINGV
50 497 | 18/40% 200/ 50/ 85 ICMI- SLU
1318041 481 1149 120-fix 51 100/32 66 308/61/104 2CMT-usgs
(0374] 21:41:1800 | 44868 1251 48 43 INGV -sishes
60 39 388 | U4 244D (CMTINGV

46



July, 2014

60 32 | 97499 270/45/85 1OMT- SLU

0529 07:00:0300 24851 11086 102 58 58 INGV -sisbes
0700069 49 1115 120—fix 59 912972 291639 2CMT g

0529 07:09:5400 44926 11036 104 41 INGV -sisbes
0529 | 08255100 | 44901 10943 32 45 INGV -sishes
0529 08:27:2300 244854 11106 100 47 INGV -sises
0529 08:40:5800 44892 10962 53 42 INGV -sisbas
0529 | 09:30:2000 | 44892 11053 12 42 INGV -sishes
0529 10:55:5700 44838 11008 68 53 54 INGV -sisbes
1055588 490 1102 1204ix 55 91/ 2972 291/ 63/9 2CMT g

0529 11:00:0200 44873 10950 110 49 INGV -sisbes
0529 11:00:2500 4487 10947 54 52 INGV -sisbas
1100267 M4 1095 1204 49 49 oCMT-usgs

0531 19:04:0400 | 4481 10980 | 87 42 INGV -sishes
06103 19:20:4300 4489 10943 92 51 INGV -sisbes
1920477 4512 1095 120—fix 50 50 1071199 2R3 2CMT g

06104 06:55:4900 | 44926 10980 50 40 INGV -sisbes
062 | 01483600 | 4480 10888 108 43 INGV -sishes

INGYV - Instituto National Geophysics and Volcanology, Italy;

USGS - United States Geological Survey;
SLU — Saint Louis University, Missouri;

sisbas — Sienna Seismological Institute
bolsi — Bologna Seismological Institute

gCMT - Global Cetroid Moment Tensor

rCMT- Regional Centroid Moment Tensor
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2.3  REGIONAL SEISMIC ACTIVITY JUNE 2012 — JUNE 2014

Since May 2012 aftershocks of the 20 May and 29 May 2012 earthquakes have continued into
2013 and 2014 (Figure 2.3.1). The frequency of reported earthquakes between June 2012 and
June 2013 was significantly higher than between 2005 and 2011 (Figure 2.1.3). However, as
is typical of aftershock sequences, the rates of seismic activity have been declining since June
2012 (e.g. Figure 2.5.5). The duration of an aftershock sequences is controlled by tectonic
stressing rates (Dieterich 1994, Toda et al., 2002), wherein lower stressing rates result in
longer duration aftershock sequences. Based on a plausible recurrence time of ~1000 years for
large thrust events at any given longitude along the Ferrarese-Romagnolo arc (Section 1.5)
and the aftershock duration relation of Dieterich (1994), the aftershocks to the May 2012
earthquake are expected to continue for several decades,, but at greatly decreased rates. As
aftershock rate decreases, so too does the probability of large aftershocks. However, there is a
small, but finite, possibility of large aftershocks. In 2013 and 2014 none of the ISC-reported
events within 20 km of well had magnitudes larger than M3, and since July 2013 no ISC-
reported events occurred within 10 km of Cavone well #14.

For the time period between August 2013 and June 2014, the best information about
seismicity near the Cavone well comes from locations by Operator’s seismologists using data
collected by the field-operated network (Figures 2.3.4, 2.3.5, 2.3.6 and 2.3.7). Between July
2012 and July 2013 the Cavone network did not collect useful data , but the network was
repaired and has been operating since August 2013.

Between 10 August 2013 and 20 June 2014, 75 hypocenters have been located using the
local-network data. All but nine of these earthquakes had magnitudes of M2 or smaller; all but
one had magnitudes smaller than M2.6. The exception was an earthquake occurring 19 June
2014 and assigned M3.4 by Operator’s seismologists (44.8702°N, 11.0247°E, 14 km depth);
although the ISC has reported a preliminary location for this event (44.92°N, 11.28°E, no
depth assigned), the ISC location was ~20 km east of the Operator’s location, well outside of
the boundaries mapped in Figure 2.3.4.

The majority of the local network reported hypocenters had focal depths between about 4 km
and 10 km, and most form an elongated cluster (Figure 2.3.5, bottom) that is roughly
coincident with the planar structure visible in the relocated hypocenters occurring between
2001 and June 2012 (Figure 2.1.5, bottom). Over time the events show no evident relationship
with Cavone well #14 (Figure 2.3.7), i.e. there is no evidence that they move closer to, or
further away from, the well.

During August 2013-June 2014 time period, both the ISC catalog and INGV reported
hypocenters within the area mapped in Figure 2.3.4 (ISC: 3 earthquakes; INGV: 45
earthquakes). These included events not located by the Operator (one ISC event and 38 INGV
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events). Only one of the INGV-reported events had a magnitude exceeding M3 (4 September
0703 M3.3).

However, several kinds of evidence suggest that the local network reported locations are
reliable. There are fewer outliers among the local-based location than those reported by INGV
and, the Operator did locate two of the three earthquakes reported by the ISC— in both cases
the local network-based and ISC locations differed by ~8 km, but the local one are likely to be
superior because the Cavone stations were closer to the epicenters. Finally, as mentioned
previously, the local network-based locations occupy a region that is similar to that of the
2001-June 2012 relocated events (compare Figures 2.1.5 and 2.3.5).
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Figure 2.3.1: Space-time plot of ISC-reported epicenters (circles, plot includes events with M < 2.5)
in May 2012-June 2014. Vertical axis shows distance between epicenters and Cavone well #14; upper
part of plot shows earthquakes east of well; lower part shows earthquakes west of well. Colors/sizes
indicate reported magnitudes; white: M<3; green: 3 < M < 4, yellow: 4<M<5; pink: M>5; red: 20
May and 29 May 2012 largest events.
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Figure 2.3.2. Map of epicenters (circles) located near Cavone well #14 (yellow square) between
August 2013 and June 2014. Green circles: locations from local-operated seismic network; white
circles: locations from INGV temporary survey, red circles: two events reported by the ISC and also

located by the field Operator. Triangles are seismic stations. Plotted focal mechanism is from the
Global GCMT catalog for the 29 May 2012 earthquake.
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Figure 2.3.3. Cross sections for events mapped in Figure 2.3.4.. Green circles: locations from local-
operated seismic network; white circles: locations from INGV temporary survey, red circles: two
events reported by the ISC and also located by the Operator. Triangles are seismic stations. Yellow
square and blue line are Cavone well #14.
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Figure 2.3.4. Magnitude-time plot for locations of events recorded by the local network and mapped in
Figure 2.32. Green circle is earthquake occurring 19 June 2014 22:43 and assigned M3.4 by the
Operator’s seismologists.
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Figure 2.3.5: Space-time plot of earthquakes recorded by the local network and mapped in Figure
2.3.2. Green circle is earthquake occurring 19 June 2014 22:43 and assigned M3.4 by the Operator’s
seismologists.

2.4 COSEISMIC DEFORMATION AND ESTIMATES OF EARTHQUAKE SOURCE
PROPERTIES

Pezzo et al. (2013) have published a detailed study of the coseismic deformation for the
Emilia-Romagna earthquakes, including GPS data, and InSAR observations from both
Radarsat-1 and COSMO-SkyMed. They also estimated source properties by inverting the
geodetic data using the Okada (1985) expressions for deformation from dislocations in a
uniform elastic halfspace. Geodetic coverage for these events was very good, as described by
Serpelloni et al. (2012), and Pezzo et al (2013) were able to determine relatively detailed
source models.

Figure 2.4.1 provides a good summary of their InNSAR observations of deformation, the
predicted deformation from their models, and the residual deformation not predicted by the
models. Repeat observations by COSMO Sky-Med (top row) between 19 May 2012 and 23
May 2012 provide excellent constraints on the deformation on the eastern edge of the 20 May
rupture zone, showing a range in change of line-of-site (LOS) of up to 14 cm. Similarly,
repeat observations by COSMO Sky-Med (bottom row) between 27 May 2012 and 04 June
2012 provide excellent constraints on the deformation over the entire rupture zone of the 29
May events, showing a range in change of line-of-site (LOS) of up to 22 cm. Finally, by
subtracting these from Radarsat-1 repeat observations on 12 May 2012 and 04 June 2012,
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they were able to put together an estimate of the deformation over the entire rupture zone for
the 20 May earthquake (middle row). They also obtained estimates of the coseismic
deformation at up to 13 GPS sites (third column).

Profiles of observed and modeled changes in LOS along the profiles indicated in Figure 2.4.1
are shown in Figure 2.4.2 along with the projections of the model fault planes. The overall fit
of models to data in these two figures is very good. The main discrepancy is that the models
are somewhat smoother than the data. This discrepancy may be the result of assuming a
uniform elastic halfspace, rather than a more realistic elastic model that is better tied to the
geology and seismology. But, for the purposes of this study, these models are probably
sufficient.
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Figure 2.4.1: (Figure 3 of Pezzo et al., 2013) (a, d, g) Observed, (b, e, h) modeled, and (c, f, i)
residual displacement maps of two unwrapped COSMO-SkyMed interferograms and one Radarsat
minus COSMO-SkyMed map relating to the 20 May (a-f) and 29 May (g-i) earthquakes. Satellite paths
and line-of-sight (LOS) directions are shown in (a, d, g); black boxes, surface projections of the
modeled faults; black dashed lines, traces of the profiles shown in Figure 2.4.2. In (f, i) we show the
GPS (red) modeled and (black) observed displacements for the 20 and 29 May events, respectively.
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Figure 2.4.1: (Figure 5 of Pezzo et al., 2013) Gray (observed) and black (modeled) displacement
profiles (a-d) for the 20 May and (e and f) 29 May seismic events. A mean error bar of 1.5 cm is
associated with the SAR data. Black dashed lines illustrate the modeled fault planes. The profile traces
are shown in Figure 2.4.1¢,h.

The earthquake source models of Pezzo et al. (2013) were estimated using a two-step
approach. First, the nonlinear problem of estimating fault location, extent, and orientation was
solved using one single dislocation with uniform slip for each of the two events. Second, for
each event, the fault was parameterized to conform to the geologic structure, using a more
steeply dipping shallow fault and a more gently dipping deeper fault (see Figure 2.4.2). Each
of these faults was discretized into 1.5 x 1.5 km squares, with the (assumed smooth) slip
distribution estimated using a damped linear inversion. A perspective view of their preferred
solutions is shown in Figure 2.4.3. The eastern plane corresponds to the main rupture plane of
the 20 May event, while the western plane corresponds to the main rupture plane of the 29
May events. Note, however, that slip (perhaps aseismic) is inferred to have occurred of the
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western plane at some time before 27 May in response to the 20 May event but preceding the
29 May events.

(@) (b)

e

o “?“‘

" .““ “‘.
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Figure 2.4.2: (From Figure 6 of Pezzo et al., 2013) (a) and (b) The slip distribution (1:5 X
1:5kmpatches) along the 20 and 29 May sources, respectively. Purple spheres represent the
hypocenters (http://iside.rm.ingv.it; ML > 2 during the following time spans: (a) 17-28 May 2012 and
(b) 29 May- 11 June 2012.

For the 20 May event, the maximum displacement (~ 1,200 mm) occurs at 5 km depth on the
northeast fault (Ferrara thrust). There is also some slip on the inferred fault plane of the 29
May event. For the 29 May event, the slip model shows two main peaks. The maximum slip
(540 mm) occurs in the central part of the fault at a depth of ~ 6 km. There is a secondary
maximum (~300 mm) on the western side at ~ 5 km depth.

The 5 km depth where maximum slip is estimated to have occurred is comparable to the 6 km
hypocentral depth for the 20 May event inferred from seismology. However, the 5-6 km depth
where maximum slip is estimated to have occurred for the 29 May event substantially
shallower than the ~ 10 km hypocentral depth inferred from seismology. This might indicate
that this rupture grew in magnitude as it propagated upward from depth. Alternatively, the
geodetic estimates may be too shallow because of the assumption of a uniform elastic
halfspace in the model used to produce them.

2.5 COULOMB STRESS CHANGES AND TRIGGERED EARTHQUAKES

One of the most important discoveries in the study of naturally occurring (tectonic)
earthquakes is the realization that a substantial fraction of earthquakes are triggered not just
by the slow buildup of tectonic stresses, but by more rapid stress changes generated by
previous earthquakes (Stein, 1999, 2003; for a recent review, see Freed, 2005). An example
from southern California is the triggering of the June, 1992, M 7.3 Landers earthquake by the
April, 1992 M=6.1 Joshua Tree earthquake. This in turn triggered the M 6.3 Big Bear,
California 3% hours later Figure 2.5.1). An example from Turkey is the triggering of the
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October, 1999 M 7.1 Diizce earthquake by the M=7.4 Izmit earthquake 3 months earlier.
There are many other examples. Incorporation of this transient stressing into models of fault
loading has become an important part of the development of a new generation of real-time
earthquake forecasting models.

SOUTHERN CALIFORNIA, U.S.

Figure 2.5.1: A magnitude 7.3 earthquake in the southern California desert near Landers in 1992
increased the expected rate of earthquakes to the southwest, where the magnitude 6.5 Big Bear
earthquake struck three hours later (top). Stresses imparted by the combination of the Landers and
Big Bear events coincided with the regions where the vast majority of tremors occurred over the next
seven years, culminating with the magnitude 7.1 Hector Mine quake in 1999 (Bottom) (Stein, 2003).

Earthquakes typically occur by rapid shear failure, with the rocks on either side of a fault
slipping in opposite directions. The classic view, correct to first order, is that failure occurs

when the shear stress on the fault plane, 7, increases to a value given by the Mohr-Coulomb
failure criterion:

7 =is(0- p) Eq. 1
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Here g4 is the static coefficient of friction, o is the normal stress on the rupture plane
(compression positive), p is the pore fluid pressure. Equation (Eq. 1) assumes that the
breaking strength of the fault is negligible for active faults such as those under consideration
here. Once the fault begins to slip, the fault typically weakens, with the coefficient of friction
dropping to a dynamic value, z,. Faults on the verge of slip are called “critically stressed.”
The Mohr-Coulomb criterion works well in the laboratory on small specimens (e.g., Byerlee,
1978; Lockner and Beeler, 2003) and appears consistent with the limits of stress measured in
the crust if pore pressure effects are included (e.g., Townend and Zoback, 2000).

Changing of any of the parameters in (Eq. 1) should move a fault closer to or further from
failure. Unfortunately, none of these parameters are known with sufficient accuracy to predict
when a given fault or fault segment is about to reach the failure stress, 7z However, we can
estimate when the changes in conditions on a fault increase or decrease the probability of fault
slip. This effect is quantified by defining the Coulomb stress change, Az, also known as the
Coulomb Failure Function, CFF, as:

At = At - (Ao -Ap)- Az Eq.2

(Note that for a poroelastic material, changes in mean normal stress, Ao , and pressure are
coupled. For example, for undrained conditions, A4p = BAc , where B is Skempton’s
coefficient. Because of this, changes in normal stress may vary over time as the material
drains.) On faults where Az, is positive and 77— 7 < Az, earthquakes should move closer to or
reach failure, while in regions where Az, is negative, faults should move further from failure.
Typically the response is not instantaneous, but falls off according to Omori’s law.
Phenomena like fluid flow or the second order frictional effects described below may explain
the time delay between forcing by Az, and induced earthquakes. Quasi-static models of near-
field Coulomb stress changes, Art., (ignoring pore-fluid pressure changes) have been applied
to tectonic earthquakes (e.g., Hardebeck et al., 1998; Stein, 1999; Toda et al., 2002; Toda et
al., 2005; Toda et al., 2012).

The fact that earthquakes are triggered in the far-field, where static stress changes are tiny,
provides strong evidence that dynamic triggering can also be important (e.g., van der Elst and
Brodsky, 2010, 2013; Husen et al., 2004; Wang et al., 2004; West et al., 2005), and may
induce 15%-60% of the triggered events in the near-field (van der Elst et al., 2013). Proposed
mechanism(s) to explain dynamic triggering include increases in pore-fluid pressure
facilitated by shaking-induced permeability increase (Brodsky et al., 2003; Elkhoury et al.
2006a; Manga et al., 2012) and dynamic weakening of fault gouge, leading to a decrease in
coefficient of friction (Johnson and Jia, 2005; Parsons, 2005; Taira et al., 2009). Convertito et
al. (2013) suggest that most of the aftershocks in the Emilia-Romagna earthquake sequence
were dynamically triggered by the shaking generated by preceding events in the sequence.
Although this hypothesis is interesting, we do not pursue it further in this study because our
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focus is on evaluating whether the stress changes caused by production, which are quasi-
static, might have played a role in inducing the sequence.

The time delay in triggered seismicity may occur because the coefficient of friction, 4, is a
function of fault slip rate and slip history in a way that makes the response to stress time-
dependent in a very interesting way (e.g., Dieterich, 1994; Marone, 1998; Scholz, 1998). The
essential ingredients of “rate-state friction” are that the coefficient of friction, g, is not a
constant, but has a small but important dependence upon both the fault slip rate, V, and the
evolving “state” of the fault, 6, where € is a measure of contact age (Dieterich and Kilgore
1994). There are several empirical descriptions of rate-state friction (e.g., (Marone 1998); the
one that we use to illustrate here is due to Dieterich (1979a), (see also Dieterich, 1979b;
Linker and Dieterich 1992), expressed as:

_ A S ) M yoi Eq.3
,u—,u0+a1n(\//V0)+bln(DJ, dﬁ—{v DCJd5 bo do;, V=96

c

Here a and b are parameters that describe the effects of slip velocity, ¥, and evolving state, 6,
Vs a reference velocity, D, is the characteristic slip distance over which & evolves, and « is
a parameter in the range 0.25 — 0.50 (Linker and Dieterich, 1992). If a fault slipping at an
imposed velocity V; has its slip velocity increased instantaneously to V>, the coefficient of
friction, x4, (of order 0.6 for earth materials) is instantaneously increased by aln(V>/V;). The
coefficient of friction then relaxes by bIn(V,/V;) as the state evolves over a distance D, to
reach a new steady value of x4, reduced by (a-b)In(V>/V;) from its initial value. When b > a,
“dynamic friction” is less than “static friction,” and the behavior is called “velocity
weakening” (e.g., granite or wood). However, if a > b, increasing V increases the steady-state
value of g, and the fault slides stably, or “velocity strengthening” (e.g., serpentinite or Teflon
on steel).

The friction parameter (a-b), determines whether slip is unstable, resulting in earthquakes, or
stable, leading to fault creep. (a-b) is sensitive to many parameters, including mineralogy,
temperature, and pressure. Although fault slip is commonly thought to result in seismic
events, whether fault slip occurs by stick-slip events or by stable sliding depends on whether
n decreases or increases with sliding velocity, as well as the effective stiffness of the system.
Thus the fraction of total fault slip that is accommodated via tremors is not known a priori.

Regardless of whether stress and/or pressure changes are static or dynamic, rate-state friction
leads to a time delay between changes in stress (or stressing rate) and changes in the rate of
seismic activity. Dieterich (1994) and Kanamori and Brodsky (2004) provide comprehensive
discussions, showing how the temporal evolution of slip can be calculated for any given
stressing history. For purposes of illustration, suppose that there is a constant background
stressing rate, 7, in a region and that the distribution of slip rates on faults is such that it
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leads to a constant seismicity rate, ry. Figure 2.5.3 (from Toda et al., 2002) shows how fault
systems respond to variations in stress and stressing rate. Because fault friction evolves with
slip, responses to stress and stressing rate changes are not instantaneous, but occur over a
finite time. Thus rate-state friction enables us to understand the time delay between forcing
and seismic activity.

In the context of the Emilia-Romagna earthquake sequence, there are two hypotheses that
should be considered. The first is that the events are tectonic in origin, with the May 2012
sequence a cascade of aftershocks. Figure 2.5.2.c and d show how “aftershocks” can occur
during an interval after a sudden stress change. The second is that the sequence is the result of
a change in stressing rate associated with production, e.g., in the Cavone field. In that case,
Figure 2.5.3 a and b show how the tectonic rate of seismicity would change given the change
in Coulomb stressing rate caused by the production. The other important parameter is the
background stressing rate associated with the tectonic strain accumulation. For a tectonic
deformation rate of ~1 mm/yr over a distance of ~ 50 km (Figure 1.5.1) and a Youngs
modulus of ~ 8 10° bars, a typical stressing rate is ~0.02 bars/yr.
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Figure 2.5.2: (From Toda et al., 2002) The rate/state effect of stress on seismicity. A change in the
stressing rate (a) causes a swarm (b). A sudden stress change, At (c), causes an aftershock sequence
that decays inversely with time (d). Comparison of dashed and solid curves shows that the higher the
stressing rate, the more quickly the seismicity rate reaches equilibrium.

As shown in Table 2.2.1, the Emilia-Romagna earthquake sequence began with 4 foreshocks
within two days of the My 6.0 event on 20 May 2012. Then, after a series of aftershocks, the
My 5.8 event and another large event almost as large occurred. This raises the questions of
how large was the change in Coulomb stress at the 20 May hypocenter from the 19 May
foreshock and how large was the change in Coulomb stress at the 29 May aftershock
hypocenter from the 20 May mainshock. We have used the USGS Coulomb3.3 software (Lin
and Stein, 2004; Toda et al., 2005) to calculate the change in Coulomb stress in the region of
the mainshock of 20 May 2012 from the my4.2 foreshock the day before (Figure 2.5.3),
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assuming that their focal mechanisms were the same. The locations in Table 1.1.1 indicate
that the hypocenters of these two events were very close, with the foreshock nominally < 2.5
km WNW and 0.1 km shallower than the mainshock. The warm colors indicate stress
changes that would bring a reverse fault closer to failure. The stress change from the
foreshock is several bars and of the direction to trigger the mainshock, although the stress
varies on distances small compared to the uncertainties in the relative locations of the events.
Because changes in Coulomb stress > 0.1 bars are consistent with levels used elsewhere in the
context of the Coulomb triggering hypothesis (Hardebeck et al., 1998), it is very plausible that
the 20 May mainshock was triggered by the 19 May foreshock. Alternatively, the dynamic
stresses from the foreshock at the hypocenter of the mainshock are large enough that dynamic
triggering might well have been the cause of the mainshock.

Coulomb stress change (bar)

04 3
-2 2

Down-dip distance (km)

0 2 4 6 8 10 12
Distance(km)

Figure 2.5.3 Coulomb stress changes induced by the May 19 foreshock near the hypocenter of the May
20 main shock. The plot is a cross section on a plane passing through the hypocenter of the 20 May
main shock and perpendicular to the strike of its fault plane. The hypocenter of the mainshock is at the
intersection of the red line and the dashed blue line near the middle of the figure. Point B is NE of the
hypocenter, with point A to the SW. Warm colors indicate stress changes tending to initiate
earthquakes on reverse faults with dips of 40°, the dip of the fault plane of the main shock (red line).
The maximum stress change is 3.2 bars.

Pezzo et al. (2013) investigated whether the static changes in stress associated with the 20
May mainshock were large enough to explain the occurrence of the largest 29 May
aftershock. Their results (Figure 2.5.4) are quite definitive and support earlier study by Ganas
et al., (2012). The changes in Coulomb stress exceed 6 bars in the eastern sector of the fault
plane of the aftershock — larger than changes that have been used to explain other tectonic
earthquakes. Thus the 29 May aftershock is explained in the most straightforward way as the
result of stress changes from the 20 May event.
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In fact, the entire Emilia-Romagna sequence has the signature of a classic cascade of
earthquakes. Figure 2.5.5 shows the daily number of aftershocks as a function of magnitude
through this sequence. This plot can be explained as the sum of three sequences of aftershocks
of the type predicted by rate-state friction in Figure 2.5.2d. The activity began with the
foreshocks of 18 and 19 May, which triggered the mainshock on 20 May. The rate of
earthquakes increased immediately after the mainshock, then decayed (first sequence) until
the 29 May aftershock. The 29 May aftershock was large enough to trigger a second burst in
aftershock activity, with the rate declining until 3 June (second sequence). At that time, an
additional large aftershock triggered a third sequence of increase, followed by decrease in
seismicity rate.

630000 645000 660000 675000 690000 705000 720000

Figure 2.5.4: (Figure 7 from Pezzo et al., 2013): Results of the CFF analysis for three different fault
planes. Black rectangle: the source of the 20 May seismic event was used to calculate the Coulomb
stress changes on the 29 May plane (fault 2). The patch size is 1:5 % 1:5km. Both 20 and 29 May
Sfaults were used to calculate the ACFF on the western lateral ramp of the Mirandola thrust (fault 1),
defined according to geological data (Boccaletti et al., 2010), and on the external thrust of the
Ferrara fold belt (fault 3; Boccaletti et al., 2010). For faults 1 and 3 the patch size is 1 x 1km.
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Figure 2.5.5: Plot of the daily number of earthquakes of various magnitudes through the Emilia-
Romagna earthquake sequence. Three sudden increases in activity, followed by more gradual
decreases of the type shown in Figure 2.5.2d are evident.

2.6 CONCLUSIONS ABOUT SEISMICITY IN REGION NEAR CAVONE WELL #14

e Between 1964 and today regional seismograph network coverage has changed several times
for the region surrounding Cavone well #14; since about 2005 this has allowed the
detection and location of increased numbers of small earthquakes (M < 2.5) that would not
have been detected previously.

e A four-station seismograph network operated locally around the Cavone field has allowed
Operator’s scientists to locate many small earthquakes (M<2.0) that are not in the ISC
catalog.

o The historic record shows that the region within 40 km of Cavone well #14 has experienced
severely damaging earthquakes, most notably in 1570 and 2012 and probably in 1761 near
the town of Mirandola.

e As reported in the ISC catalog, the seismic activity since 1964 is dominated by aftershocks
from a M4.7 earthquake in 1986, a M5.3 in 1996, and the M6.0 and M5.8 earthquakes on
20 May and 29 May 2012.

o The 20 May 2012 earthquake rupture began about 20 km east of Cavone well #14 and the
aftershock sequence extended to within 8 km east of the well. The 29 May earthquake
rupture began about 10 km east of Cavone well #14 and aftershocks extended westward to
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at least 12 km west of the well. A few additional events, either aftershocks or events caused
by stress changes associated with the 29 May earthquake, occurred at distances of 15-30
km west of the well.

e To obtain accurate focal depths for representative earthquakes in this region, we relocated
selected earthquakes using data recorded by both local-network and regional
seismographs. These selected, very-well-recorded earthquakes, occurring between 2001
and June 2012, had focal depths between ~5-10 km and were situated along a south-dipping
plane that coincided approximately with the probable rupture surfaces of the May 2012
earthquakes.

o The 20 May 2012 earthquake resulted in changes in Coulomb stress at the hypocenter of the
29 May 2012 aftershock that are estimated to be large enough (6 bars) to have triggered
this aftershock. In the literature, changes in Coulomb stress over an order of magnitude
smaller than this value have been convincingly demonstrated to trigger aftershocks.

o Aftershocks of the May 2012 earthquakes continue today. Between June 2013 and June
2014, the Operator’s scientists have located 75 earthquakes within ~10 km of Cavone well
#14. Most of these events are small (M<2), and only three also were reported in the I1SC
catalog.
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3 MECHANISMS FOR INDUCED SEISMICITY AND THEIR
APPLICABILITY TO THE CAVONE FIELD

Several mechanisms have been proposed for inducing earthquakes both by fluid injection and
by fluid production. The fluid injection mechanism is well understood and firmly established
through numerous published laboratory, theoretical, and field studies. The majority of widely
accepted cases of induced seismicity resulting from oil field operations are by this
mechanism. Two different mechanisms have been proposed for inducing earthquakes by
removal of subsurface fluids through volume or mass changes. The first is based on the
stresses that arise near reservoirs that result from poroelastic interactions as pore fluids are
removed and the reservoir compacts Segall (1985; 1989; Grasso 1992). The second assumes
an isostatic recovery, in the form of an earthquake, is needed to rebalance the short-term
isostatic stresses following removal of mass from a reservoir (McGarr, 1991). Finally a
mechanism, which is primarily relevant to geothermal fields, arises from removal of heat from
the subsurface and the resulting thermo-elastic stressing (by contraction of the reservoir
formation). In the following we review each of these possible mechanisms in the context of
the Cavone field.

3.1 EARTHQUAKES BY FLUID INJECTION
3.1.1 MECHANISM

An earthquake is the result of sudden unstable slip of a fault, which is driven by the shear
stress acting on the fault surface. An earthquake occurs when shear stress exceeds the fault
strength. In the most basic form, the relationship between fault stresses, fault strength, and
fluid pressure at the onset of slip is given by the Coulomb criterion for fault slip

r=u(c—-P) Eq. 4

where 7and o are is the shear and normal stress, respectively, acting on the fault surface, x is
the coefficient of fault friction and P is the pore fluid pressure. This is also given in Eq.1 .
Typically, x has values of about 0.5-0.7. The quantity o =(o —P) is the effective normal

stress. This relationship has been extensively validated in numerous laboratory tests and field
case studies (e.g., Byerlee, 1978; Lockner and Beeler, 2003). Except for the brief moments
during earthquakes, a seismogenic fault is normally in a stable stationary state
(i.e., 7<u(o—P)). From equation (3.1.1) it is seen that a fault can be brought to an unstable

condition (an earthquake) through an increase of shear stress z, a decrease of the normal stress
o, an increase of fluid pressure P, or some combination of the three.
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The effect of fault slip in an earthquake is to decrease the shear stress, z, which restores the
fault to a stable condition. Hence, sustained tectonic earthquake activity is understood to arise
primarily from regional increases of z. Also, changes of o certainly play a role in dip-slip
earthquakes. Some natural earthquakes particularly earthquake swarms, are thought to
possibly involve increases of fluid pressure, perhaps from sudden upward migration of deep
fluids.

Complete analysis of effects of pore pressure changes on earthquake occurrence can be rather
complex because increases of pore-fluid pressure, in addition to reducing effective normal
stress, also directly alter both 7and o in Eq. 4 through poroelastic effects. The poroelastic
effect is discussed in Section 3.2. Because the direct stress changes from poroelasticity are
small compared to fluid pressure changes, poroelastic effects are usually ignored when
considering possible cases of triggered or induced seismicity by fluid injection. This
assumption is conservative because stress changes from poroelasticity usually act to stabilize
faulting in rock volumes where fluid pressure increases — that is an increase of P results in a
small increase of o, which slightly reduces the destabilizing effect of increasing pressure in
Eq. 4.

Equation 4 has significant implications for injection operations at producing fields. Oil or gas
extraction, in the absence of injection, reduces pore fluid pressures in and around the
reservoir. Because of this, at Cavone there are competing effects injection-related increases in
pore fluid pressure, and production-related decreases in pore fluid pressure. To potentially
cause earthquakes, injection operations must increase pore fluid pressures above the ambient
conditions that existed prior to initiation of production operations. In general therefore,
injection operations that maintain fluid pressures at or below pre-production levels are
thought to be incapable of inducing earthquakes through a reduction of effective normal
stress.

This important principal was first verified by field experiments at the Rangely, Colorado
(USA) oil field (Raleigh et al., 1976) and subsequently validated by studies of induced
earthquakes in other regions. At Rangely, a sequence of earthquakes along a fault that cut
through the oil field began after the start of water flooding operations. Those operations
increased the fluid pressures in the vicinity of the fault to 290 bars. The pre-production fluid
pressure was 170 bars. Field and laboratory measurement were made of the quantities in
equation 3.1.1 and it was determined that a fluid pressure of 257 bars was required to activate
the fault. Field experiments that varied the formation pressures demonstrated that the
earthquakes could by turned on and off at the predicted pressure threshold.

Exceeding pre-production fluid pressures is a necessary, but not sufficient, criterion for
inducing earthquakes by fluid injection. As the Rangely, Colorado example illustrates, there
must also be a fault that is suitably oriented with respect to a pre-existing stress field, and the
stresses acting on the fault must be of sufficient magnitude to enable earthquake slip at some
threshold fluid pressure. In the vicinity of the Cavone field, in addition to the major thrust
faults that sourced the May 2012 earthquakes, there are unmodeled secondary faults that
might act as sources for smaller earthquakes.
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3.1.2 CHARACTERISTICS OF INDUCED AND TRIGGERED SEISMICITY BY FLUID
INJECTION

Because fluid pressure data and subsurface stresses generally are quite uncertain, many
claimed instances of triggered seismicity have been put forward primarily through
comparisons with the characteristics of well-established cases of induced seismicity. The
following characteristics of injection-induced earthquakes are generalizations, not hard and
fast rules.

1) Space-time patterns. Induced earthquakes by fluid injection generally take the form of
locally elevated rates of seismicity that begin after injection operations have
commenced. Injection-related earthquakes typically follow a pattern, wherein the
points of initiation (hypocenters) of earthquakes in the sequence are both temporally
and spatially correlated with the magnitude of the pressure increases on the causative
faults. Most earthquakes that are allegedly induced by fluid injection occur within a
few km of an injection well, where the injection pressures are greatest. Finally, in
cases where injection rates vary with time, corresponding changes in the rates of
induced earthquakes are observed. In those cases where injection-related earthquakes
occur at distances exceeding ~5 km from a well, they typically begin within a few km
of the well and migrate to greater distances. The rare cases where allegedly injection-
related earthquakes occurred at distances exceeding ~10 km have generally been in
situations where injection has been ongoing for a decade or more (e.g., Paradox Valley
in Colorado, U.S.A., see Ake et al., 2005; Block et al, 2014).

Although injection has been ongoing for more than 20 years in the Cavone field, no
pattern of outward earthquake migration from the primary injection well #14 has been
observed so far. Indeed, in the vicinity of Cavone, earthquakes migrate at depths > 5
km toward the field (but not into the reservoir) following the 20 May 2012 earthquake.
Based on the ISC data (Section 2.2) prior to 2012 most events following the start of
injection at well #14 with epicenters within 20 km of that well (Figure 2.1.2) appear to
be aftershocks of the M5.3, 15 October 1996 earthquake. That earthquake occurred at
a distance of about 20 km southwest of Cavone #14 well and 2-3 km deeper than the
reservoir. The along-strike occurrence of the 29 May earthquake west of the 20 May
event appears to fit the common pattern of stress triggering by Coulomb stress transfer
from the 20 May 2012 to the section of the fault that slipped in the 29 May 2012
earthquake (Pezzo et al., 2013) (Section 2.5).

Following the May 2012 earthquakes the seismic activity in the vicinity of the Cavone
field is strongly dominated by aftershocks. The relocations of selected well-recorded
aftershocks in the 2012 Emilia-Romagna sequence (Figures 2.3.3, 2.3.4, 2.3.5)
confirm that a few of the epicenters of the ruptures in the 20 May and 29 May
sequences extended to within a few km or less of the Cavone #14 well. They also
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2)

indicate that in the vicinity of the well the aftershock activity occurred at depths
greater than 1-2 kilometers below the 3.4 km deep bottom of the well.

Magnitudes of induced earthquakes The magnitudes of injection-related earthquakes
often progressively increase with time as the region of excess fluid pressure expands.
This effect is understood to arise because the magnitude of an earthquake is directly
related to area of the fault that slips. Hence, the larger the region along a fault brought
to a critical state by fluid injection, the larger the earthquake.

A related effect is an apparent correlation of the total volume of injected fluids with
the maximum earthquake magnitude (NRC, 2012; McGarr, 2014). Figure 3.1.2 is a
compilation of data on injection volume and maximum magnitudes of induced
earthquakes from the NAS/NRC Committee on Induced Seismicity Potential in
Energy Technologies (NRC, 2012). The figure has been modified from the original to
show only cases of seismicity linked to injection for secondary recovery and waste-
water disposal. The two largest Emilia-Romagna earthquakes of May 2012 have been
added to the plot using the injection volume at Cavone up to April 2012 (Section
3.1.3). Also, a data point has been added for the 2011 Oklahoma earthquake, which is
proposed to have been induced in a recent publication (Keranen et al., 2013, 2014).

Several uncertain variables may affect the relationship between injected volume and
maximum rupture area of induced earthquakes. However, even allowing for large
uncertainty, the Oklahoma earthquakes stand apart from previously identified cases of
injection-induced seismicity — the magnitudes of the events are approximately 1.7 to
2.0 magnitude units larger than expected based on previous cases of induced
seismicity with comparable injection volumes. The difference of 1.7 to 2.0 magnitude
units corresponds to rupture areas that are 50 - 100 times larger than expected from the
injection volumes in other established cases of injection-related seismicity. Assuming
the area of the fault that ruptures in an earthquake is embedded in self-similar volumes
of rock with elevated fluid pressures, the discrepancy of 1.7 to 2 magnitude units
corresponds to injection volumes that are larger than the actual injection volume by
factors of 350 to 1000, respectively. In the case of the Oklahoma earthquakes this
inconsistency can be explained by some unique features of the reservoirs and
earthquake faults (Keranen et al., 2013, 2014) — fluids were directly injected into
small volume fault-bounded reservoir compartments (inferred to have high fluid
pressures) that directly pressurized sections of the faults.
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Figure 3.1.2: Compilation of data on the maximum induced seismic event magnitude vs. volume of
fluid injected. These are worldwide data for both well-established and somewhat less certain cases of
induced seismicity. This figure is modified from NRC (2012) to show only earthquakes linked to fluid
injection for secondary recovery and waste disposal. The volume of injected fluid need to pressurize
(by some fixed amount) the volume of crust that embeds an induced earthquake rupture, scales by

V oc10"M, which has a slope of 2/3 on this plot (blue line).

The ISC catalog locations (Section 2) do not provide evidence of a progressive increase of
earthquake magnitudes in the vicinity of the Cavone reservoir following the beginning of
injection operations. Additionally the application of the statistical regression of Figure
3.1.2 assumes that the required physical conditions for inducing earthquakes by fluid
injection (i.e. increased fluid pressure, section 3.1.1) have been satisfied. However, below
in Section 3.1.3 we examine fluid pressures at Cavone and strongly conclude that the
average fluid pressures in the vicinity of the field decreased because production exceeded
injection volumes.

Magnitude-frequency parameter b. A speculative, but as yet un-quantified, correlation of
unusual b-values with induced earthquakes has been noted in some publications. The
earthquake magnitude-frequency parameter b is a measure of the decreasing frequency of
earthquakes with increasing magnitude. The b parameter varies somewhat, but on average
takes values near 1.0 for tectonic earthquakes worldwide. Some sequences of induced
earthquakes, have larger values approaching 5~2.0 (NRC, 2012). The frequency
distribution of earthquake magnitudes is thought to be controlled by the heterogeneity of
conditions on the faults that produce the earthquakes — hence, the larger value of b for
some induced earthquake sequences may result from steep along-fault gradients of the
effective stress that arise from steep un-equilibrated fluid pressure gradients.
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The distribution of event magnitudes for the period 1982 —April 2012 is close to 6=1.0,
and the aftershocks of the 20 May and 29 May sequences had b values of ~0.80. These
values are typical for tectonic earthquakes, but some induced earthquake sequences also
have similar values. Thus, the observed frequency-magnitude distribution of earthquakes
in the vicinity of Cavone does not provide support either for, or against, a hypothesis of
induced earthquakes. However, if an unusually high b-value is observed in the future, it
might be taken as supporting evidence for an injection-related origin.

3.1.3 CAVONE PORE FLUID PRESSURES AND INJECTION VOLUMES

In considering the possibility of inducing an earthquake by fluid injection, we need to address
the questions: Does the pore fluid pressure at the time and hypocentral location of an
earthquake exceed the ambient pre-production pressure at this location, and therefore provide
a potential causative link between the operations and the earthquakes? Or, alternatively, does
production lead to a net decrease in pressure, thereby reducing the tendency of faults to slip?
In addition to pressure changes, changes in the tensor stress caused by expansion or
contraction of the reservoir may also be important; changes in the stress tensor may lead to
changes in normal and shear stresses on potential rupture planes even in regions where the
fluid pressure does not change.

Calculation of changes in pore fluid pressure and stresses in the region encompassing a
reservoir requires a geomechanical model addressing both fluid flow and the resulting
deformation. Relevant material properties such as permeability, porosity, and elastic moduli,
as well as forcing from fluid injection or extraction must be included in the model
formulation. Material properties are typically heterogeneous and measured directly only in a
few locations, if at all. This makes precise inference of fluid pressures and stresses an
intractable problem in practice. However, while precision is not possible, it is possible to
place useful bounds on the fluid pressure changes and strains associated with injection and
production.

Section 4 of this report describes in some detail our development of both analytical and
numerical models of pressure and stress changes associated with production of hydrocarbons
and injection of waste water in the region of the Cavone reservoir. In Section 4.1 we address
information available about material properties from cores, injection tests , and measurements
of pressure over the lifetime of the field. We also discuss how to extrapolate this near-surface
information to regions of potential hypocenters.

In this section we summarize the results of an analytical model that provides reasonable upper
bounds on the distribution of pressure changes at hypocentral depths at the time of the May
2012 earthquake sequence. Because the information is not practical to obtain, it is not possible
to include details of spatial variations in properties in a regional model. However, because
dimensions of open sections of wells are small compared to the distances and depths to these
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earthquake sources, the results do not depend in an important way on these details. The
analysis we present here represents injection and production zones as point sources and sinks
in a halfspace overlain by an impermeable layer. We use the analytic solution of Wang (2000)
modified for a half-space overlain by an impermeable layer. Because permeability can vary
much more than viscosity, porosity, or compressibility, we hold the latter three parameters
fixed at 0.4 mPa s, 3%, and 1.3 10” Pa™, respectively, and vary the permeability k between
0.1 mD and 3 mD.

Production and injection statistics for the wells in the field through June 2014 are given in
Table 3.1.1. The top five producers, ranked by total volume of fluid produced, are wells
Cavone 2 (temporarily closed), 13 (temporarily closed), 7, 17, and 4 (temporarily closed).
Cavone 14 dominates the injection volume, with much smaller amounts injected at Cavone 11
and 5 (both permanently closed). From the monthly production values provided to us, we
determined that between March 1980, and June 2014, almost 3.1 x10% m® of oil was produced
in the Cavone field. Between January, 1993, and June 2014, over 3.1x10° m® of water was
injected, with almost 3.2x10° m® of water produced. The net volume produced after
subtracting the volume injected is 3.1 x10° m’.

Because of its topical interest, we carried out an analysis of pressures at Cavone at the time of
the May 201