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Abstract. The Emilia earthquake of 2012 (Italy) stimulated a controversial debate concerning the possibility
that the event could have been induced or triggered by underground fluids production. The public discussion
led the Italian Government to issue a protocol of guidelines for the monitoring of microseismic activity, ground
deformation and reservoir pore pressure. The guidelines will be put into operation as soon as practicable when
licensing is being considered, and all data provided by mining operators must be made available to the relevant
Authorities. The implementation of an outreach and communication program to local residents and adminis-
trative authorities is prescribed, so that the civil and scientific community at large can gain confidence that

operations are being managed optimally.

1 Introduction

After the well-known “Emilia” seismic sequence of
May 2012 (Pizzi and Scisciani, 2012), located in the densely
populated Emilia-Romagna Region (ltaly), causing 27 casu-
alties and relevant damages to buildings and industrial infras-
tructures, doubts have been raised on the possibility that the
above seismic sequence could have been induced or triggered
by underground fluids production or injection.

The area under investigation (and more extensively the
whole Po Plain area) is well known for the large number of
oil and gas fields, discovered since the early 1950’s. These
fields significantly boosted the Italian industrial reconstruc-
tion after World War 11 and the area was intensely explored
until the late 1980’s. Today, hydrocarbon exploration and
production in this area is in its final stage. The Po plain is
a mature petroleum province and it is becoming increasingly
marginal, not the least because of the strong environmental
limitations and the low social acceptability of management
practices and conditions in the field of fossil fuels.

In particular, near the measured epicenters of the two main
shocks (in the order of several tens of km) there are some
oil and gas fields, an underground gas storage inside a de-

pleted gas field and a closed-loop water-dominated medium-
temperature geothermal field.

In the view of the above, the Italian Department of Civil
Protection, following the request of the Government of
Emilia-Romagna Region, appointed an independent Inter-
national Commission for evaluating the possible relation-
ships between hydrocarbon exploration and production and a
marked increase of seismicity in the area hit by the May 2012
earthquakes. In particular, the Commission, named ICHESE
(International Commission on Hydrocarbon Exploration and
Seismicity in the Emilia region) reviewed and evaluated all
available geological, geophysical and fluid production in-
formation in order to assess the likelihood of the above
concerns. In particular, the final report (ICHESE, 2015),
issued in April 2014, focused on three active production
sites, located close to the epicenters of the seismic sequence:
the geothermal field (Casaglia, geothermal production lease
“Ferrara™), the underground gas storage field (Minerbio, gas
storage lease “Minerbio Stoccaggio™) and an oilfield in its
final stage of production (Cavone, hydrocarbon production
lease “Mirandola”).

ICHESE report concluded: “it is highly unlikely that the
activities of hydrocarbon exploitation and the geothermal ac-
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tivity have produced sufficient stress change to generate an
“induced” seismic event. While it cannot constitute proof,
the current state of knowledge and all the processed and in-
terpreted information does not allow the ruling out of the pos-
sibility that the actions involved in hydrocarbon exploitation
in the oilfield may have contributed to “trigger” the Emilia
seismic activity” (author’s italics). ICHESE report eventu-
ally suggests some recommendations to investigate the issue
in more details. Amongst these, we recall the following: im-
plementation of a coupled hydro-mechanical model of the
area and monitoring of seismic activity, ground deformation
and pore pressure. ICHESE report originated a sharp debate
in the media, mining operators, regulating and administrative
authorities, local residents and the scientific community. The
oil and gas industry reacted very responsibly, granting a pos-
itive and transparent cooperation with the Authority respon-
sible for the control (the Dept. of Energy and Mineral Re-
sources of the Italian Ministry for Economic Development),
the Regional Government, the scientific community and the
public at large.

In particular, the Italian oil and gas industry (the suppos-
edly guilty party indicated by the ICHESE report) reacted
immediately, by promoting a collaboration agreement be-
tween the Ministry for Economic Development (MISE), the
Emilia-Romagna Regional Government and the oil company
“Societa Padana Energia” (owner of the Mirandola lease and
of Cavone oil plant), together with Assomineraria (the Italian
Petroleum and Mining Industry Association). The aim of the
project was the immediate development of monitoring and
research at the “Cavone” oilfield, in order to provide a com-
plete answer on the questions remained open and unresolved
in the ICHESE report. The project is known as “Cavone Lab-
oratory”, whose activities are detailed in the last chapter of
this paper. The results of the activities, still ongoing, are con-
tinuously updated and available online at http://labcavone.it/
and http://www.assominerariacavone.org/. Transparency and
accountability characterize these activities. Cavone Labora-
tory fully reflects these principles and on request make pub-
lic the entire database of monitoring and modeling of the
reservoir. Historical data and recent ones are available to the
academic world, students and scholars who wish to analyze
them.

In parallel, an updated, complete and extensive analysis
of geological and geophysical data (together with the con-
struction of a novel geomechanical model) of the Cavone
reservoir and surrounding formations has been prepared (As-
tiz et al., 2015; Jha et al., 2014). The first step of the above
activities concluded: “there is no physical reason to suspect
that pressure changes at the hypocenters associated with pro-
duction or injection activities at Cavone oilfield triggered the
seismic sequence of May 2012”. The above project produced
also an updated fully coupled hydro-mechanical model of the
Cavone reservoir, as recommended by the ICHESE report.

In the same period, another study was published by the
Italian National Institute for the Environmental Protection
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and Research (ISPRA, 2015), concerning the possible re-
lationship between induced/triggered seismicity and anthro-
pogenic activities in Italy.

Notwithstanding all the above, ICHESE’s conclusions and
recommendations prompted MISE to issue (MISE, 2015) a
protocol of guidelines for the monitoring of land subsidence,
pore pressure and seismic activity. In particular, existing and
future hydrocarbon and geothermal activities must be sup-
ported by high technology monitoring networks aimed to
study the time evolution of the three essential aspects: mi-
croseismic activity, ground deformation and pore pressure.
These should be put into operation as soon as practicable
when licensing is being considered. Finally, it is necessary
that all the relevant data provided by mining operators are
made available to the authorities responsible for the control.
It is critically important to implement also an outreach and
communication program to local residents and administra-
tive authorities, so that the civil and scientific community at
large can gain confidence that operations are being managed
optimally.

This paper details and illustrates the above guidelines, and
analyzes the preliminary results of experimental monitoring
activities performed at selected pilot test sites.

2 The new rules of the game

The abovementioned document (MISE, 2015) is a first for-
mulation of the technical “Guidelines” for the implemen-
tation, management and control of the monitoring, as well
as the decision-making methods in case of possible changes
of the monitored parameters. These guidelines will be firstly
tested on some pilot sites, chosen among the onshore leases
that operate the injection of the produced water and selected
underground gas storage leases (in most of which, both seis-
mic and ground deformations monitoring networks are al-
ready in operation). The monitoring results will be published
and shared with MISE and the Government of the Regions
concerned with such activities. It is hoped that that this doc-
ument will be re-evaluated after two years, on the following
basis:

— the experience gained in the pilot sites representing dif-
ferent case studies concerning, among the other, carbon-
atic reservoirs that include injection activities;

— a feasibility study, including construction and operative
costs.

The Guidelines aim to establish procedures and monitoring
protocols including methods for the analysis of spatial and
temporal parameters related to seismicity, ground deforma-
tion and pore pressure. In particular, seismic monitoring is
addressed to identify and locate the seismicity in a control
volume surrounding the anthropic activities, also with the
aim of eventually distinguishing the natural seismicity from
the one possibly caused by such activities. Monitoring should
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allow to track the evolution of seismicity in space, time and
magnitude in order, if necessary, to modify or, under cer-
tain circumstances, to halt the activities. Ground deformation
monitoring aims to identify possible surface deformation (re-
lated to the anthropic activities) and to study its spatial and
temporal evolution. Pore pressure monitoring is addressed to
estimate reservoir pressure through downhole measurements,
possibly also with the support of interference test with neigh-
boring wells, in order to validate the hydrodynamic model of
the reservoir and to evaluate potential pressure variations in
space and time.

In general, these Guidelines (after an appropriate revision)
might also be adopted in the future for industrial activities
such as dam construction, geothermal fluids production (con-
ventional and closed-loop), enhanced geothermal systems (at
present not performed in Italy), CO, geological storage (at
present not performed in Italy), underground mining and tun-
neling.

The Guidelines recommends that the new monitoring in-
frastructures are designed also taking into account the prin-
ciple of “upgrading the existing” and, therefore, to provide,
after due evaluation, a possible improvement of infrastruc-
tures already operating to obtain the required performances.

Aside from the specifications of the monitoring network
(see below), it is recommended that the mining operators pre-
pare and make available, even in the light of geological and
seismotectonic studies previously carried out, the following
data and information, useful for the design of monitoring net-
works:

a. detailed geological cross sections (three at least);
b. seismic profiles (possibly in 3-D);
c. 3-D stratigraphic-structural model;

d. estimation (log or cores) of primary and secondary
porosity along a reference well profile;

e. evaluation of rock compaction and of expected subsi-
dence;

f. simulation of fluid migration nearby the reservoir;

g. location of active faults adjacent (within 3 km) or neigh-
boring (within 15 km) to the reservoir;

h. general kinematic framework of the area;
i. evaluation of lithostatic stress changes;

j. evaluation of the possible volume around an injection
well through which the injected fluids can migrate, and
planning of the monitoring actions;

k. implementation of a geomechanical model, and its peri-
odical updating.
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It is also recommended to construct surface piezometric
wells (possibly equipped with an extensometer), and to per-
form geoelectric or magnetotelluric surveys in order to assess
resistivity anomalies and possible variation in time.

3 Seismic monitoring

The Guidelines firstly specify the geometrical definition of
two distinct control volumes (referred as “internal” and “ex-
tended” control volume), i.e. the size of subsoil potentially
interested by specific anthropic activities.

The internal control volume circumscribes the area of the
activities on a local scale, but it must be wide enough to in-
clude the phenomena of induced seismicity. In this control
volume, the seismic monitoring network must have the max-
imum sensitivity, to allow the use of the most advanced tech-
niques for the localization of earthquakes and the reconstruc-
tion of seismic velocity models and, if data are adequate, to
track the possible migration of seismicity. The seismic mon-
itoring network must strictly comply with the following re-
quirements:

— in the internal control volume, detect and locate earth-
quakes in the range of local Magnitude (M) in be-
tween 0 and 1 (0 < M < 1) and with uncertainty in lo-
cating the hypocenter of some hundreds of meters;

— in the extended control volume, improve of about 1 unit
the level of the magnitude of completeness of records
kept by the National or Regional seismic monitoring
networks implemented for purposes of civil protection
at National or Regional level (the monitoring network
must be able to locate the hypocenter with an uncer-
tainty of about 1 km);

— Determine the acceleration and velocity of ground mo-
tion caused by any earthquake at the measurement
point;

— Integrate accurately with the existing monitoring net-
works (National, Regional and Local) in order to im-
prove the accuracy and completeness of the measure-
ments.

Concerning the timing, it is recommended that the seismic
monitoring will have to start at least one year before the start
of production (or storage) operations, in order to verify and
measure the natural background in “undisturbed” conditions;
it will operate along all the production stage and continue for
at least one year after the conclusion of the activities.

4 Ground deformation monitoring

The Guidelines recommend that the monitoring must cover
the surface area corresponding to internal and extended con-
trol volume, complying with the following requirements:
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— it must provide a detailed deformations framework, es-
timated by means of Earth observation satellite, i.e. in-
terferometric (INSAR) measurements performed dur-
ing the past 15 to 20 years (minimum during the last
10 years). The accuracy must be of the order of 5 to
10 mm (for INSAR LOS measurements) and about 1 to
2mmyr—! for the estimates of deformation rates.

— the above framework must be updated by INSAR mea-
surements repeated 1 to 4 times a year and must con-
tinue for at least three years after the conclusion of pro-
duction (or storage) operations.

— the deformation obtained by InNSAR must be integrated
and complemented with additional measurements ac-
quired by a continuous GPS network.

— the Controller should evaluate the opportunity to inte-
grate INSAR and GPS information with precision spirit
leveling measurements. The precision spirit leveling
must be carried out every 2 or 3 years.

The complete results of the ground deformation measure-
ments will be described and analyzed in dedicated reports,
to be published indicatively every 3 to 12 months (recom-
mended: 6 months).

5 Pore pressure monitoring

The Guidelines suggest performing pore pressure monitoring
only for future field activities. Concerning the ongoing activ-
ities, the monitoring should be implemented only in the cases
in which the existing wells can be fitted with the equipment
to perform this measurement. The same holds also for inter-
ference test, which will be performed only if a suitable set of
neighboring wells already exists.

As far as new storage or injection wells are concerned
(excluding the production wells), pore pressure (or reservoir
pressure) will be measured by downhole tools (“surface read-
out”) inserted in the well completion, which provide a con-
tinuous measurement in real time. In some existing wells, it
is possible to use “memory gauges” temporarily run at the
bottom of the well by a wireline unit. Memory gauges al-
low the pressure measurement (not in real time) for a limited
time (a few weeks): in fact, data are stored in an internal dig-
ital memory and downloaded only when the tool is retrieved
at the surface.

Periodic static pressure profile will be carried out on spe-
cific wells of the field. Pore pressure in the volume of rock
surrounding the monitored wells, which however is diffi-
cult to measure and highly uncertain, can be estimated by
performing correlations with other monitoring wells, also
through the application of mathematical models. The results
of pore pressure measurements will be described and ana-
lyzed in dedicated reports, to be published indicatively twice
ayear.
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6 The responsible of the monitoring, data analysis
and publication

Today in Italy there is not a structure with specific exper-
tise to monitor and identify possible effects of seismicity in-
duced by human activities. Therefore, it is necessary to iden-
tify a third-party highly qualified technical-scientific subject
(the Responsible of the Monitoring, RM) to support the Con-
trol Authority (MISE) in the management, analysis and use
of monitoring data. The RM will be chosen among of one
or more Universities or Research Institutions of proven ex-
pertise, possibly in consortium, or even with private struc-
tures. The Operator, with the advice of the RM, designs and
constructs the monitoring networks (i.e. purchase, install or
modify the existing equipment, and is responsible for their
maintenance and management). The RM examine and evalu-
ate the monitoring project (that must be finally approved by
MISE), and performs data processing, analysis and interpre-
tation.

An important aspect concerns the analysis and the proce-
dures to steer the actions to be taken on the basis of the results
of the monitoring. The working group that drafted the Guide-
lines concluded that in Italy today there are not proven meth-
ods of physical or statistical analysis that allow correlating
induced seismicity within a maximum of one or two days,
a reasonable interval needed to take decisions through ap-
plicable procedures. For this reason, it was chosen a “traffic
light” approach based on parameters measured only within a
limited control volume around the well and specific ground
deformation measurements.

It is proposed to adopt, on an experimental basis, a
decision-making system defined through four levels of acti-
vation, based on the assessment of the geodynamic model of
the area and the overall framework of a series of parameters
monitored in the control volume, including:

variation of the number, frequency, magnitude and spa-
tial distribution of seismic events;

peak values of acceleration and ground motion speed;

change of ground deformation rates;

variation of pore pressure.

The four levels of activation are the following: (a) ordinary
(green), (b) attention (yellow), (c) reduction of field activities
(orange), (d) interruption of field activities (red).

This traffic light system provides procedures for taking
actions associated with different activation levels, based on
threshold values of the monitored parameters. At present, it
seems not appropriate to adopt a decision model with auto-
matic actions linked to precise threshold values. In fact, given
the variability of the geological contexts, the depth and the
technologies used for fluid production operations, the natu-
ral background seismicity and its depth, in general it is not
possible to determine these threshold values uniquely.
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Therefore, the decision-making system establishes the
transition from one level to the other via a combined eval-
uation of RM, MISE, Regional Government and Operator,
each one within their respective responsibilities. This must
be undertaken as soon as originates a framework of moni-
tored parameters “out of the ordinary”, and the recognition of
a possible correlation between the abovementioned changes
and the ongoing field activities is detected.

The guidelines prescribes to adopt a traffic-light system
with automatic actions (i.e. linked to precise threshold val-
ues) exclusively for the activities involving the injection of
produced fluids (Table 1). For any transition from one level
to the other is sufficient that one of the parameters (measured
in the internal control volume) exceed the indicated thresh-
old.

In order to ensure the effectiveness and transparency of
the activities, it is planned the construction of a dedicated
website of the MISE, with a special area containing specific
sections for individual fields and leases, dedicated to the dis-
semination of information on existing and ongoing activities
and data acquired during the monitoring.

7 Cavone monitoring laboratory

The Cavone Monitoring Laboratory originated from an
“Agreement” between MISE Ministry, Emilia-Romagna Re-
gional Government, oil company “Societa Padana Energia”,
and Assomineraria to set up a pioneering center for research,
monitoring and dissemination of local data. Having obtained
the opinion of the Local Government Bodies, the Ministry
and the Emilia-Romagna Regional Government asked the
Societa Padana Energia to make the Cavone oilfield avail-
able for a 90-day time period, in order to perform monitoring
and research activities in line with the recommendations set
forth in the ICHESE report. The operations carried out were
the following: (a) updating of the static and dynamic mod-
els of the Cavone reservoir; (b) planning of interference and
injectivity tests at selected wells; (c) assessing feasibility of
further monitoring for the first-time application of the Guide-
lines. The results of these operations were made available,
with all due transparency and dissemination, by a dedicated
information point, set up at the Cavone site, and through the
website http://www.labcavone.it. After the 90-day period, all
the parties met to evaluate the outcomes of the operations and
to plan any further action to be taken.

The Cavone Laboratory project started on 18 April 2014,
when the Work Group began to define the details and started
the operations as set down in the abovementioned Agree-
ment. At the same time, the local information point was set
up, where the results of operations were updated daily. On
16 May 2014, the labcavone website was published. The
website was designed to inform local communities and the
community at large of the contents and daily progress in the
study and monitoring phases, and has remained active af-
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Table 1. Threshold values of seismic parameters measured in the
internal control volume utilized to establish the levels of activation:
Maximum Magnitude (Mmax), Peak Ground Acceleration (PGA),
Peak Ground Velocity (PGV). For any transition from one level to
the other is sufficient that one of these parameters exceed the indi-
cated threshold.

Activation  Traffic-  Mmax PGA PGV
level light (%g) (cms2)
0 Green Mmax <1.5 - -

1 Yellow 15<Mmax<22 05 0.4

2 Orange 2.2 < Mmax <3.0 2.4 1.9

3 Red Mmax > 3.0 6.7 5.8

ter the conclusion of the Laboratory program, as a service
provided to the community. By means of data provided by
the Italian National Institute of Geophysics and Volcanol-
ogy (INGV) and by local monitoring stations, it displays,
within 24 h, the data relating to the seismicity of the entire
lowland area of the Province of Modena and to a larger area
of approximately 81 000 km?. The website has a section ded-
icated to the answers to frequently asked questions, in order
to make the relevant topics as clear as possible.

From 16 May to 16 June 2014, the field activity program
was carried out, with the aim of collecting data. After its
completion, approximately one million pressure and temper-
ature values had been recorded, together with 5000 flow rate
measurements. The advanced studies carried out during the
90 days of activity of the Laboratory led to identify the oil-
field of Cavone as the first Italian testing site for the applica-
tion of the Guidelines prepared by MISE. At present, based
on a further agreement for the first application of the Guide-
lines in Italy (23 July 2014), at Cavone oilfield, study and re-
search are still under way, aimed to the field implementation
of the three main monitoring areas: seismic, pore pressure
and ground deformation monitoring.

As of today (May 2015), the Cavone microseismic net-
work consists of four stations, whose task is to record and lo-
calize the local seismicity within a range and depth of 10 km
of the next station. This local network is linked to the Ital-
ian National seismic network, a complex structure including
over 300 monitoring points. The large majority of these sta-
tions was installed and are managed by INGV, though the
Italian National Earthquake Center, but a significant number
of seismometers were installed and are maintained by other
INGV Departments (Naples, Catania, Milan) or by other Ital-
ian or European research institutions.

Pore pressure monitoring is performed by means of spe-
cific instruments (memory gauges), which record pressure
and temperature, temporarily located at the bottom of one
or more existing wells. Periodical campaigns are carried out
for the measurement of the static pressure of the field. The
average pressure value in the volume surrounding the wells

Proc. IAHS, 372, 533-538, 2015



http://www.labcavone.it

538 P. Macini et al.: Land subsidence, seismicity and pore pressure monitoring: oil and gas fields in Italy

is estimated by correlation with other monitoring wells and
by mathematical models.

Ground deformation monitoring, so far based on InSAR
interferometry only, was tested at the Cavone oilfield. The
Canadian satellitte RADARSAT-1 recorded images of the
concerned areas from 20 to 29 May 2012 (the “Emilia” seis-
mic sequence of May 2012) and, based on such images, it
was reconstructed an accurate map of the ground deforma-
tion induced by the abovementioned earthquake.

8 Conclusions

The Guidelines (MISE, 2015) are the first Italian document
collecting technical specifications of monitoring networks,
decision-making framework and related procedures in the
field of underground fluid production and storage activities.
The document highlights some elements for which there is a
lack of operative experience; therefore, it points out that the
Guidelines should be re-evaluated, according to direct expe-
rience, approximately two years after its first experimental
application on pilot test sites.

One of the main concern is hydrocarbon production in-
volving the injection of formation fluids. In order to min-
imize the potential impact, for these activities is recom-
mended to preserve the original natural stress (maintaining
the balance of fluids extracted and injected as close to zero
as possible) and to keep the pressure of the injection as close
as possible to the initial (natural) pressure.

One of the most analyzed point was the general organiza-
tional structure, for which it is necessary to assign the design-
ing of the monitoring networks (together with data analysis
and interpretation) to third-party public or private research
agencies, the Responsible of the Monitoring (RM). These are
controlled by the Ministry itself, in order to separate the Op-
erator and the RM, to ensure the independence of scientific
assessments and, finally, to establish a proper level of control
over the monitoring.

Another issue raised was that of the definition of the areas
to be monitored and how to implement effective decision-
making procedures. Especially for the seismic monitoring, it
was necessary to consider and synthesize the experiences de-
rived from different productive activities. The unifying prin-
ciple has been identified in the definition of two volumes,
respectively “internal” and “extended” control volume based
on the positions of the wells and the extent of the reservoir.

The last point is that concerning the decisions to be taken
depending on the results of monitoring. It was chosen an ap-
proach based on four levels of activation. It was suggested
the adoption, on an experimental basis, a strict traffic light
system only for the fields involving injection activities. The
traffic light was defined by threshold values based on magni-
tude, ground velocity and acceleration measured within the
internal control volume. Aware of the inherent difficulties in
the implementation of the system, it is believed that these
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Guidelines will have greater applicability in the future, when
knowledge and scientific methodologies will be further es-
tablished, capable of providing immediate and reliable an-
SWers.
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