
  

ICHESE FEBRUARY  2014 PAGE 1 

Report on the Hydrocarbon Exploration and Seismicity in 

Emilia Region 

 
INTERNATIONAL COMMISSION ON HYDROCARBON EXPLORATION AND 

SEISMICITY IN THE EMILIA REGION 
  



  

ICHESE FEBRUARY  2014 PAGE 2 

 Members of the Commission 

Peter Styles, Chief of the Commission 

Professor of Applied Geophysics, Keele University, Keele, Staffordshire, United Kingdom. 

 

Paolo Gasparini, Secretary of the Commission 

Professor Emeritus of Geophysics, University of Napoli ñFederico IIò, Napoli, Italy 

Chief Executive Officer of AMRA Scarl (Analisi e Monitoraggio del Rischio Ambientale). 

 

Ernst Huenges 

Head of Section Reservoir Technologies at GFZ (Deutsches GeoForschungsZentrum), 

Potsdam, Germany. 

 

Paolo Scandone 

Retired Professor of Structural Geology, University of Pisa, Pisa, Italy. 

 

Stanislaw Lasocki 

Professor of Earth Sciences, Head of Department of Seismology and Physics of the Earthôs 

Interior, Institute of Geophysics, Polish Academy of Sciences, Warsaw, Poland. 

 

Franco Terlizzese 

Petroleum engineer, General Director for Mineral and Energetic Resource, Ministry of  

Economic Development, Rome, Italy. 

 



  

ICHESE   FEBRUARY 2014 PAGE 3 

 

 

Index 
 

Main Report ................................................................................................................... 4 
I. Mission of ICHESE ......................................................................................... 4 

A. Introduction ................................................................................................. 4 
B. Charge to the Commission .......................................................................... 5 

C. Conduct of the Study ................................................................................... 5 
D. Organization of the Report .......................................................................... 6 

II.  Review of state of knowledge of antropogenically influenced seismicity ...... 8 
A. Introduction ................................................................................................. 8 
B. Anthropogenically Influenced Seismicity ................................................... 8 

C. Mechanisms of Fluid Injection and Abstraction Related Seismicity ........ 34 

D. Conclusions ............................................................................................... 47 

III.  Emilia Seismic Activity and Seismotectonic context .................................... 48 
A. The Emilia Seismic Activity...................................................................... 48 
B. Seismotectonic context .............................................................................. 59 

IV.  List of available information ......................................................................... 65 

A. Well locations and historical development ................................................ 65 
B. Stratigraphy and standard logging data ..................................................... 69 
C. Seismic profiles ......................................................................................... 78 

D. Seismological data ..................................................................................... 84 
E. Production and injection data .................................................................... 92 

F. Reservoir .................................................................................................. 102 
G. Other ........................................................................................................ 110 

V. Answer to the first question ......................................................................... 113 

A. The ñRIVARA-STORAGEò project ....................................................... 113 

B. Review of the available documentation ................................................... 114 
VI.  How the Commission addressed question two ............................................ 115 

A. Methodology ............................................................................................ 117 

VII.  Processing of seismic and production data .................................................. 121 
A. Velocity model and identification of significant faults ........................... 121 

B. Relocation focal mechanism and tectonic stress transfer ........................ 134 
C. Reservoir model ....................................................................................... 145 
D. Statistical analysis of seismic series and production data ....................... 152 

E. Geothermal activity analysis ................................................................... 177 
VIII.  Conclusions.................................................................................................. 179 

IX.  Conclusioni .................................................................................................. 188 
Acknowledgment ................................................................................................... 198 

References .............................................................................................................. 199 
 

 

 

 

 

 

 



  

ICHESE   FEBRUARY 2014 PAGE 4 

 

 

Main Report 

I. Mission of ICHESE 

A. Introduction 

The Technical-Scientific Commission for evaluating the possible relationships 

between hydrocarbon exploration and a marked increase of seismicity in the Emilia 

Romagna area hit by the May 2012 earthquakes (ICHESE) was appointed in the 

aftermath of the magnitude (M) major than 5.0 seismic events which occurred in 

Emilia-Romagna in the period May 20-May29 2012, producing significant damages 

and fatalities. 

It was appointed by Dr. Franco Gabrielli, Head of the Department of Civil 

Protection of the Presidence of Council of Ministers with the decree No. 5930 of 

December 11, 2012 following the request of the President of Emilia-Romagna Region 

(Ordinances no. 76 of November 16, 2012 and no. 81 of November 23, 2012). 

The composition of ICHESE was subsequently modified by the Head of Civil 

Protection through the decree of March 25, 2013 (following the ordinance No. 30 of 

March 15, 2013 of the President of the Emilia Romagna Region) and the decree of 

May, 8, 2013 (following the ordinance No. 54 of May 8, 2013 of the President of 

Emilia Romagna Region). 

 

The Commission is composed of the following experts in  seismicity, induced 

seismicity and hydrocarbon exploration: 

 

Peter Styles, Chief of the Commission 

Professor of Applied Geophysics, Keele University, Keele, Staffordshire, United 

Kingdom. 

 

Paolo Gasparini, Secretary of the Commission 

Professor Emeritus of Geophysics, University of Napoli ñFederico IIò, Napoli, Italy 

Chief Executive Officer of AMRA Scarl (Analisi e Monitoraggio del Rischio 

Ambientale), Napoli, Italy. 

 

Ernst Huenges 

Head of Section Reservoir Technologies at  GFZ (Deutsches 

GeoForschungsZentrum), Potsdam, Germany. 

 

Paolo Scandone 

Retired Professor of Structural Geology, University of Pisa, Pisa, Italy. 

 

Stanislaw Lasocki 

Professor of Earth Sciences, Head of Department of Seismology and Physics of the 

Earthôs Interior, Institute of Geophysics, Polish Academy of Sciences,  

Warsaw, Poland  

 

Franco Terlizzese 

Petroleum engineer, General Director for Mineral and Energetic Resource, Ministry 

of  Economic Development, Rome, Italy. 
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A biographical sketch of all the members is contained in Appendix A. 

B. Charge to the Commission 

 The Commission was appointed with the following statement of charge (Decree of 

the Chief of Civil Protection No.5930 of December 11, 2012): 

 

ñThe International Committee shall produce a report answering the following 

questions, on the basis of the technical-scientific knowledge available at the moment: 

1) Is it possible that the seismic crisis in Emilia has been triggered by the 

recent researches at the Rivara site, particularly in the case of invasive 

research activities, such as deep drilling, fluids injections, etc.; 

2) Is it possible that the Emilia seismic crisis has been triggered by 

activities for the exploitation and utilization of reservoirs carried out in recent 

times in the close neighbourhood of the seismic sequence of 2012?ò. 

 

The Technical-Scientific committee activity has a duration of six months from the 

date of takeover. The results and evaluations of the Committee will be delivered to the 

Technical Secretary enforced at the ñServizio geologico, sismico e dei suoliò of 

Regione Emilia Romagna in accordance with the ordinance n.81 of November 23, 

2012 in order to  provide useful information for the rebuilding and urban planning of 

the area. 

C. Conduct of the Study 

The ICHESE Commission, on the base of seismo-tectonic considerations, defined 

the area of interest for the study as reported in Figure I .1. The area covers a surface 

of about 4000 Km
2
.
 

Three exploitation licences are included in the area (Mirandola, Spilamberto e 

Recovato), The  Minerbio reservoir, located at the south-eastern margin of the defined 

area, was also included as part of due diligence and to ensure a cautious approach. 

Additionally, because of the short distance between the first mainshock and  the 

geothermal field of Casaglia (Ferrara), the Commission decided to consider  Casaglia 

in the study.  

The Commission decided that as far as possible the specific data on which 

interpretations and conclusions are based must be declared and made public, with due 

respect to possible requests of confidentiality by companies. 

The Commission decided to ask for all the available data on seismic activity, 

ground deformation, geology, reflection seismology, hydrocarbon exploration, 

exploitation, gas storage and geothermal activities. For this reason, the Commission 

conducted interviews with the representatives of  INGV (Istituto Nazionale di 

Geofisica e Vulcanologia), OGS (Istituto Nazionale di Ocenografia e  di Geofisica 

Sperimentale), Seismological Service of Regione Emilia-Romagna, and the 

companies performing hydrocarbon exploitation and exploration and natural gas 

storage activities in the study area and asked for the available data. The Commission 

also interviewed Independent Gas Management, a company which studied the 

geological setting of the area in order to prepare a gas storage project in deep aquifers. 

The collected  information is reported in Chapter 4.  

Besides a thoughtful study of the scientific literature and reports available on this 

issue, the Commission decided: 



  

ICHESE   FEBRUARY 2014 PAGE 6 

 

 

- to perform a re-evaluation of the main available reflection seismology 

and well logging data to check the tectonic model of the area and to build a 3D 

velocity model to be used for the re-location of seismic activity (see Section 

7.A); 

- To recalculate the classical parameters (geographical coordinates, 

depth, focal mechanism) of the seismic activity with epicentres in the 

considered area recorded by the INGV seismic network starting from 2005 

and to estimate the Coulomb stress transfer due to the May 20 major events 

(see Section 7.B); 

- to perform statistical analysis of seismic, injection and extraction of 

hydrocarbons data in the study area starting from 2005, including May 2012 

(see Section 7.D); 

- To check the physical model of the reservoirs (see Section 7.C); 

- to analyze the operational and recorded seismic data related to 

geothermal fields of Casaglia (Ferrara)  (see Section 7.E). 

 

 
Figure I .1 Study areas defined by the Commission. 

 

D. Organization of the Report 

The report comprises nine main sections:  

§I. Mission of ICHESE:  

§II.  Review of state of knowledge of relevant induced seismicity  



  

ICHESE   FEBRUARY 2014 PAGE 7 

 

 

§III.  Emilia 2012 Seismic Activity and Seismotectonic context 

§IV.  List of available information  

§V. Answer to the first question 

§VI. How we addressed question two  

§VII.  Processing of seismic and production data  

§VIII.  Conclusions (in English) 

§IX.  Conclusioni (in Italian) 

 

Five appendices are included with the report: 

 

A. Biographies of Commissioners 

B. Induced and triggered seismicity 

C. List of available data 

D. Available data (CD) 

E. Earthquake location and focal parameters 
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II.  Review of state of knowledge of antropogenically 

influenced seismicity 

A. Introduction 

Earthquakes almost always occur when the forces acting to generate movement 

(shear stress) along a pre-existing fracture exceed the frictional forces (normal stress) 

acting to resist that movement. When that fracture/fault moves it radiates energy into 

the surrounding rock in a complex way as a combination of wave types depending on 

where the fracture is located with respect to a free surface and other geological 

discontinuities. The radiated energy is transported away by a sequence of wave trains 

of which the first but not the largest is a compressional wave (P-Wave) where the 

direction of cyclic deformation is parallel to the direction of transport, followed by 

waves which produce shear deformations perpendicular to the direction of 

propagation, called not surprisingly shear waves (S-Wave). If a free surface is 

relatively close to the failure then strong deformations can occur and propagate at and 

below that surface as Rayleigh (vertically polarised) and Love (horizontally polarised) 

wave trains. The S, Rayleigh and Love waves are slower than the P waves and the 

two latter have frequency dependent velocities (dispersion).  These seismic waves 

transport energy and can be detected on sensitive instruments. If the earthquake 

magnitude is in excess of 1.5-2.0 local magnitude (ML), the waves may be felt; and if 

magnitudes are higher (probably in excess of 4.0 ML) the waves can cause significant 

damage and possible loss of life. 

 

B. Anthropogenically Influenced Seismicity 

In areas, which are geologically active, such as zones of active rifting or active 

thrusting in the forelands of mountain belts, it is very likely that the crustal and cover 

rocks are in a critically stressed state. In such areas minor perturbations to an already 

precariously balanced stress system can initiate fault movements with associated, 

sometimes large, earthquakes. The important distinction made by [1] and [2] is 

between induced and triggered events. For induced seismicity human activity 

accounts for either most of the stress change or most of the energy associated with the 

earthquakes. In triggered seismicity human activity accounts for only a small fraction 

of the stress change and of the energy associated with the earthquakes, whereas 

tectonic loading plays the primary role. It is conceptually possible to divide 

earthquakes into a number of different categories but it should be appreciated that the 

boundaries between these are diffuse: 

 

¶ Tectonic Earthquakes, due to naturally existing stress systems, where the 

tectonic stress has already exceeded the resisting frictional stress and the 

region was seismogenically óripeô. 

 

¶ Anthropogenic Earthquakes, where human activity has played some part 

in bringing the stress system to failure: 

 

a. Induced Earthquakes, where external anthropogenic activities 

produce stress changes, which are sufficiently large as to produce a 

seismic event. The rock-mass may not necessarily have been in a 
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stress-state, which would have led to an earthquake in the reasonably 

foreseeable future (in a geological sense). Earthquakes produced by 

procedures such as thermal or hydraulic stimulation of a rock, such as 

Hydraulic Fracturing and Enhanced Geothermal Systems, fall into this 

category. 

 

b. Triggered Earthquakes where a small perturbation generated by 

human activity has been sufficient to move the system from a quasi-

critical state to an unstable state. The event would have eventually 

occurred anyway although probably at some unknown, later time. That 

is, these activities have advanced the earthquake clock. In this case the 

additional perturbing stress is often very small in comparison with the 

pre-existing stress system. The necessary condition for the occurrence 

of seismicity is a tectonically pre-stressed fault near the human 

operations altering the stress field, where ónearô can be even tens of km 

away depending on the duration and type of the stimulus. Under 

certain circumstances, such stress changes can eventually cause the 

loaded fault to fail. Importantly, since technological operations act 

only to activate the tectonic stress release process, the magnitudes of 

such earthquakes can be high, and within the same range as those of 

natural earthquakes, depending on the amount of elastic strain 

accumulated on the fault due to tectonic loading. 

 

1. How do we tell the difference between natural and triggered/induced 

seismicity? 

It is clear that there are many, many possible mechanisms which can bring about 

the minor stress changes which are necessary to generate seismic events during 

anthropogenic activities, The magnitude of these man-made events can be large and is 

controlled by the ambient stress field, the magnitude and the duration of the 

perturbation and the dimensions of the faults which are available to be stimulated. 

Some of the physical mechanisms are illustrated in Figure II .1. Dahm et al [3] sums 

up the situation very well: 

 

ñHuman operations, such as mining, hydrocarbon production, fluid withdrawal 

or injection, drilling, hydro-fracturing and reservoir impoundments, can positively 

and negatively impact tectonic stresses, pore pressure, fluid migration and strain in 

the sub-surface. Earthquakes occurring in spatial and temporal proximity to such 

operations are immediately under suspicion to be triggered or induced. The 

discrimination between natural, triggered, and induced earthquakes is a difficult task, 

and clear rules and scientific methods are not well established or commonly 

acceptedò.  

 

 

Although at present it is not possible to discriminate unequivocally between man-

made and natural tectonic earthquakes, some characteristics of seismic processes have 

already been identified, which can speak for or against possible connections between 

seismicity and human technological activity. 
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Figure II .1 Potential causative mechanisms for triggered/induced seismicity from [4].  

 

There are seven discriminatory criteria which are often applied in regions where 

injection or extraction of fluids takes place (modified after [5]). These are: 

 

i. Are these events the first known earthquakes of this character in the 

region? 

ii.  Is there a clear correlation between injection/abstraction and 

seismicity? 

iii.  Are epicentres near wells (within 5 km)? 

iv. Do some earthquakes occur at or near injection/abstraction depths? 

v. If not, can  known geologic structures channel flow to sites of 

earthquakes? 

vi. Are changes in fluid pressures at well bottoms sufficient to generate 

seismicity? 

vii.  Are changes in fluid pressures at hypocentral distances sufficient to 

generate seismicity? 

 

These can be useful in many cases to improve the confidence that any particular 

event or set of events is induced/triggered. This was the case for the 2011 Hydraulic 

Stimulation events (Fracking) detected in Blackpool Lancashire ([6]).  More recent 

studies show, however, that these criteria are not appropriate in all cases. When there 

are many activities occurring in a region which is itself seismically active then these 

criteria cannot be simply applied and it is necessary to look very carefully at spatial 

and temporal relationships between seismicity and operational parameters associated 

with pre-existing faults either mapped on the surface or from seismic investigations 

and also statistical parameters of the seismic events themselves.  

The threshold epicentral distance of 5 km used by  [5]  now seems to be too short 

compared to observed cases (e.g.[4]). Sometimes the depth of induced/triggered 
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events correlates well with the injection depth, however at other times the hypocentral 

depth can significantly exceed the injection interval (e.g. [7]). Violation of the criteria 

of [5] seems to occur particularly often for triggered earthquakes.  

Several cases of delayed seismicity are reported in literature. Keranen et al. [7] 

report an 18 yr. long lag between the start of fluid injection and the occurrence of 

Oklahoma, US earthquake sequence from 2011. The lag inferred for the Romashkino 

Oil Field, the biggest oil field in Russia, was 28 yr. (from 1954 to 1982, [8]). 

Induced/triggered seismicity may continue even long after termination of injection 

operations.   

The induced, and specifically the triggered, seismic response to injections is 

complex and variable among cases and its correlation with technological parameters 

is far from being fully known (e.g. [9], [10]). 
 

2. Induced/Triggered Seismicity around the world. 

Of course it is not always so easy to see which of these situations has arisen and in 

order to assess this we need to look at a range of scenarios, which have been observed 

in recent years around the world from a variety of different regions. 

Because of the occurrence of a large number of recent seismic events which have 

a prima facie relationship to anthropogenic activities, there have recently been a 

number of excellent reviews in the last four years of induced seismicity. Shemeta et al 

to the Committee on Induced Seismicity Potential in Energy Technologies of National 

Academy of Sciences [11], [12] for Hydrocarbon Fields, [13] and  [4] on deep high 

volume waste water related seismicity and [14] and [15] for induced seismicity 

related to geothermal projects and other types of induced seismic events in Central 

Europe and  [16] for hydraulic fracturing activities in relation to other activities and 

[17] for CO2 related gas storage activities. 

It is not useful to attempt to summarise this vast volume of literature and this 

review will simply draw attention to some of the most significant conclusions and 

especially those which may be relevant to the seismicity observed in Northern Italy in 

2012.  

 

Possible causes of  Induced and Triggered Seismicity fall into two main categories: 

¶ Removal of physical support, e.g. Mining where stress change is comparable 

to ambient stress. Maximum Magnitudes range as high as 5.5 ML and related to 

the physical strength of the rock, which is failing. This is also the case for later 

phases of oil and gas extraction where significant volumes of fluids have been 

removed so that  hydraulic support from pore fluids is lacking, and subsidence 

and compaction processes come into play. 

¶ Hydrological Changes to include extraction or Injection of water/Gas/Oil, 

which probably produces triggered seismicity, as the stress changes are small 

compared to the ambient stress. The magnitudes here depend on the rock 

strength but perhaps (although numerical modelling suggest that even a limited 

volume can be effective) also on the total volume of injected (and presumably 

extracted fluid). It has been acknowledged that although injections inducing or 

triggering earthquakes are only small fractions of all underground injection 

cases they can pose a serious risk in particular when injections are performed in 

naturally active regions (also e.g. [18], [4]). 
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In particular, the possible causes and observed magnitude ranges of relevance for 

the Emilia case are: 

 

i.  Oil/gas field Extraction/Depletion (Up 7.3 ML:);  

ii.  High volume waste water disposal (Up 5.3 ML );  

iii.  Geothermal operations (Up 4.6 ML);  

iv. Cases in Debate (CiD). (Up 7+ML) 

 

The most relevant of these are discussed in Appendix B.  

 

Other categories (listed below) are not relevant for this study and they will be not 

discussed further. 

 

Å Hydrofracking of low-permeability sedimentary rocks (1.0 ï 3.8 ML) 

Å Mining (1.6 - 5.6 ML);       

Å Water injection for secondary oil recovery (1.9 - 5.1 ML); 

Å Reservoir impoundment (2.0 - 7.9 ML);   

Å Research boreholes testing for induced seismicity (2.8 - 3.1 ML);  

Å Evaporite solution mining (1.0 - 5.2 ML);  

 

 

 

Of critical importance in this report are earthquakes which can be related to the 

fluid extraction and injection activities. Figure II .2 shows the global distribution of 

induced/triggered seismicity and the maximum magnitudes observed and Figure II .3 

breaks this down as a frequency plot.  
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Figure II .2  (top) Figure II .3 (bottom) Worldwide locations of seismicity likely related to human 

activities, with the maximum magnitude induced at each site and by type of activity,  after [11] and 

[15]. 
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3. Cases in Debate  (CiD) 

These are strong and often catastrophic earthquakes, whose origin, whether a 

purely tectonic or tectonic triggered by a technological activity is very controversial. 

The triggering influence of human actions cannot be proved but cannot be 

excluded either. 

The most famous CiD is perhaps the Coalinga earthquake sequence of 1983 

shown in Figure II .4 and Figure II .5. 

 

Figure II .4 Southwest-northeast geologic cross section through the Coalinga area, showing locations 

of the main shock and M>3 aftershocks for May-July 1983.  ([19]). 

On 2
nd

 of May 1983, a magnitude 6.7ML occurred approximately 35 km northeast 

of the San Andreas Fault and about 12 km northeast of the town of Coalinga, 

California, near two major oil fields, Coalinga Eastside and Coalinga East Extension
1
 

in a previously aseismic (by Californian standards) region. There was considerable 

damage to the area including to underground wells, which were sheared. This led to 

speculation about a relationship between oil extraction and the seismicity. Segall [20] 

calculated the poroelastic stress change as a consequence of fluid extraction to be  

0.01ï0.03 MPa which at the time was thought to be a negligible amount in 

comparison with the energy of the eventual main event although current thinking 

would not necessarily agree.  

The U.S. Geological Survey concluded that the earthquake was associated with a 

blind fault located on  the structural boundary between the Coastal Ranges and the 

San Joaquin Valley (Figure II .5). Two additional major events occurred in the 

vicinity of Coalinga at Kettleman North Dome 1985 and at Whittier Narrows in 1987 

directly beneath major oil fields
2
.  McGarr [21]  pointed out the similarity between the 

three events and postulated some mechanisms for their occurrence in terms of crustal 

unloading. 

                                                 
1 Coalinga: giant oil field discovered in 1890, cumulative production more than 912,000 million barrels, 1,646 

producing wells (data from California Department of Conservation, 2006). 
2 Kettleman North Dome: giant oil field discovered in 1928. It is one among the major oil-producing areas of the 

world; cumulative production more than 458,000 million barrels, 40 producing wells (data California Department 

of Conservation, oil and gas Statistics, Annual Report, 2006). 
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Figure II .5 Subsurface structures beneath the anticlinal sold and elevation changes over the 

Wilmington reservoir ([22]). 

A further CiD and one of the oldest suggestions of hydrocarbon related 

seismicity  is local to Northern Italy in the Caviaga area (Figure II .6) where oil and 

gas reservoirs are in roll-over anticlines within the blind thrusts folds beneath the Po 

Plain. Two earthquakes of magnitudes M 5.4 and M 4.5 were recorded on  May 15
th 

 

and 16
th
 1951 with a hypocentral depth at 5 km area in the Lodigiano,  northern Italy 

region. These earthquakes were studied by [23] who was able to calculate directions 

of the first arrivals from paper-recorded data from twenty seismological stations. 

The authors argued that there was a possible correlation between seismic events and 

hydrocarbon activities. In fact in many compilations of induced seismicity, Caviaga 

is listed as an accepted case of anthropogenic induced seismicity
3
. 

 

 
 
Figure II .6 Structural cross-section, location of oil and gas l of the Caviaga region, Northern Italy and 

historical and recent seismicity [23]. 

                                                 
3 Caviaga: giant gas field cumulative production more than 13,000 MSm3 (2013 data). About 700 MSm3 were 

been produced from 1944 to 1951. 

 

Marne di 
Gallare  

5 
km 
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A recent CiD is from Sichuan, China where an earthquake of moment magnitude 

(Mw) 7.9 occurred in May 2008 with the epicentre near to a large new dam at 

Wenchuan and it has been suggested that the loading or even fluid percolation acted 

as a trigger. However the fault rupture in this event was almost 250 km long, with a 

large proportion of energy being released far from the influence of the reservoir pore-

pressure changes but nevertheless the initial failed patch might have very well have 

propagated all along the fault. 

 

4. Hydrocarbon Extraction Related Seismicity 

Hydrocarbon extraction activities sometimes occur in regions which are naturally 

seismically active due to tectonic processes which have possibly created the structures 

and conditions in which oil and gas can be found. Extraction activities and the 

seismicity are not seen or considered to be related. Whether this is a valid assumption 

may be questioned in some cases but for the time being it is considered that this is 

true for the majority of cases. However, there are a number of authoritative reports 

which list a number of well-examined cases where hydrocarbon extraction has been 

associated (it may not be possible to use the word proven) with sometime large and 

damaging earthquakes. The recent IEA Report: Induced Seismicity and its 

implications for CO2 storage risk, Report 9/2013 is one such publication and  Figure 

II .7 identifies those areas. 

Figure II .7 Sites where Hydrocarbon extraction is firmly considered to be related to seismic activity 

(from IEA Report: Induced Seismicity and its implications for CO2 storage risk, Report 9/2013). 

Ottermoller et al [24]  in a presentation on Ekofisk seismic event of May 7, 2001 

in The North Sea also lists a number of events some of which are not included in the 

IEA map.  

The most relevan cases are discussed below. 

 

Rangely  Colorado USA  
Situated within the Rangely anticline the Rangely oil field has produced oil and 

gas since 1945 to the present day from the Carboniferous (Pennsylvanian) and 

Permian Weber sandstone, a low-permeability (12%) sandstone lying at 1700 metres 
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with a thickness of 350 metres. In order to enhance permeability and increase 

declining pressure to sustain production, water flooding was implemented from 1957 

to 1986 followed by gas injection (CO2). These procedures induced a number of 

relatively small earthquakes (ML 3+) and experiments were undertaken which showed 

that seismicity could be triggered and then controlled by the rate of water injection 

and by the fluid pressure. Such simple clear and reproducible relationships have been 

harder to repeat or discern in other parts of the world. 

 

Gazli , Uzbekistan 

The Gazli Field (Figure II .8) has been actively producing gas since 1962 (average 

rate of 20 billion m
3
/y). In 1976 (twice), and 1984 large earthquakes of 6.8, 7.3 and 

7.2 ML were experienced in the region with extensive local damage, one fatality and 

more than 100 people injured. The producing horizons are of Cretaceous age and 

again water injection was trialed to attempt to halt rapidly declining production levels. 

Surface subsidence was noted in these cases, which was correlatable with 

production rates. This is a relatively aseismic area and in fact these are the largest 

events recorded anywhere in central Asia. They do lie close to a major Fault, the 

Bukhara-Ghissar structure but the mechanisms do not show stress direction which 

appear to align with this feature. There is no clear consensus as to the exact 

mechanism if these were in fact triggered events but they are clearly a cause for 

concern. Activity is continuing with a sizeable event in 2006.  

  

Figure II .8 The extremely large and enigmatic events, which occurred, close to the Gazli Gas field 

with a maximum magnitude of 7.3 ML (after [25]). 

 

Romashkino , FSU 

 The Romashkino field (Figure II .9) which has been operational from 1948 

until the present day (total production more than 15 billion barrels), is the largest in 

the Volga Basin with a dimension of c 100 km by 70 km and with oil extraction from 

Devonian sandstone sequences at about 1800 metres depth. Again, water flooding was 
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implemented to enhance production from the relatively low permeability reservoir 

formations, commencing in 1954 with very large volumes injected (total volume of 

fluid injected for enhanced oil recovery ï EOR ï 2.13 billion m
3
), in fact exceeding 

the total extracted volume and pressures up to 25 MPa (about 250 bar) from initial 

values of  18 MPa. 

 
 

Figure II .9 Seismicity in the Romashkino Oil field region and associated geological structures ( [26]). 

 

  

Moderate seismicity with magnitudes of up to 4 ML was experienced throughout the 

80ôs and 90ôs and almost 400 events were detected on a local network installed in 

1985. The fluid balance (excess or deficit) between extracted oil and injected water 

and seismicity rates was clearly correlated as shown in the Figure II .10 
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Figure II .10 Relationship between operational parameters and seismicity with a clear correlation 

between fluid imbalance (difference between thetotal volume of the extracted oil and the injected 

water) and the rates of seismic activity at Romashkino Oilfield ([26]).  

 

Wilmington, California, USA 

 

The Wilmington oil field is the largest in California and in total more than 2.5 Billion 

barrels of oil have been extracted over an 80 years period since 1932 from relatively 

deep turbiditic reservoirs, which extend down to 3200 meters. This enormous 

extracted volume has led to significant subsidence of greater than 9 meters with 

horizontal displacements of almost 4 meters in some places with extensive surface 

damage (Figure II .11).  The years 1947,1949,1951,1954, 1955 and 1961 saw a 

sequence of moderate size, shallow (0.5 km) earthquakes in the Wilmington area with 

magnitudes ranging from 2.4 to 3,3 ML although it is very likely that there were many 

others of much lower magnitudes. In this case water injection to replace extracted 

volume successfully mitigated both the subsidence and the seismicity. 

This led Segall to develop his theory of induced seismicity associated with surface 

subsidence and associated flexural stresses, which was successfully applied to the 

Lacq and other fields (Figure II .12). 
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Figure II .11 Surface displacements in the Wilmington region associated with oil extraction. From 

Segall (1989) after [27]. 

Chanpura R. [28] carried out an extensive set of models to calculate the possible 

effects of reservoir depletion on pre-existing faults depending on their geometric 

relationship. The set of his final conclusions are shown in Figure II .13 where it is 

clear that there are conditions for which part of the fault below the reservoir is 

destabilized. 
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Figure II .12  Segall [29] model for deformation and seismicity associated with water/Oil extraction. 
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Figure II .13 Changes in Stress Conditions on faults as a consequence of hydrocarbon extraction and reservoir depletion.
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Groningen Netherlands 

More recently there has been significant seismicity (about 900 events up to 3.5 ML) in the 

North of Holland, which is clearly related to the long-term depletion of the Groningen Gas 

Field, and to the associate compaction of reservoir; this is shown in Figure II .14. 

 The Groningen field is the largest gas field in Europe and the tenth largest in the 

world. It covers an area of 900 Km
2
. Gas already recovered: about 1,700 billion m

3
; gas still 

recoverable: about 1,100 billion m
3;
 original reservoir pressure: about 350 bar; number of 

wells drilled: about 300. The reservoir is situated in the sandstones of the Upper-Rotliegend 

(lower Permian) at varying depths ranging from about 3,150 to 2,600 meters. The induced 

seismicity was observed at around this depth. The first event occurred in 1991, 28 years after 

the gas production started. From 1991 to 2003, 179 events with magnitudes in the range -  0.2 

Ò M Ò 3.0 was identified ([30]). 

 

 

 
Figure II .14 Recent seismicity in the northern Netherlands over the Groningen Gas Field and the stress changes 

associated with reservoir depletion and changes in the stability leading to failure according to Mohr-Coulomb 

theory ([31] and [32] ). 
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5. Induced Seismicity of Geothermal Reservoirs 

Examples of seismicity generated by geothermal extraction and water re-injection are 

numerous and only a small relevant selection are described here.  A good recent overview is 

given by Bromley and is available at:  

http://iea-gia.org/wp-content/uploads/2012/10/Bromley-Induced-Seismicity-

International -Taupo-June-2012.pdf. 

However, there are some classic papers and Majer et al [33] is perhaps the best known. 

There are many examples of mainly low-level seismicity globally as shown in  

Figure II .15 and Figure II .16. Immense numbers of seismic events mostly of small 

magnitude are generated during geothermal activities as shown in Figure II .18 of the intense 

clouds of relatively low-magnitude seismic activity observed at the Soulz facility in France.  
 

 

Figure II .15 Location of European geothermal injection sites ([14]). 

 

Figure II .16 Some important examples of geothermal related seismic activity. 
 

 

 

http://iea-gia.org/wp-content/uploads/2012/10/Bromley-Induced-Seismicity-International-Taupo-June-2012.pdf
http://iea-gia.org/wp-content/uploads/2012/10/Bromley-Induced-Seismicity-International-Taupo-June-2012.pdf
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The Geysers field in California is particularly active. Water has been reinjected and 

seismicity has occurred both above and below the geothermal reservoir. Figure II .17 shows 

the relationships between steam and water injection and seismic activity. However, High-

pressure hydraulic fracturing in Engineered Geothermal Systems (EGS) has caused seismic 

events that are large enough to be felt and have caused some considerable public alarm with 

associated very large total insurance claims in Basel Switzerland from only a 3.4 ML event.  

The correlation between activity and well-head pressure and injection rate for Basel are 

shown in Figure II .19.  

 

Figure II .17 Operational parameters and seismicity at the Geysers Field California. 

 

The causes of geothermal seismicity have been vigorously debated as they appear to be 

more complex than those associated just with fluid changes almost certainty because of 

thermo-geomechanical effects and the range of suggested mechanisms are given below: 

 

Å Increased pore pressure (effective stress changes)  

Å Thermal stress  

Å Volume change (subsidence, inflation)  

Å Chemical alteration of slip surfaces  

Å Stress diffusion  

Å Production (extraction) induced  

Å Injection related 

 

It is likely that all of these may play some part but an important recent paper by [9] has 

shown that for the Salton Sea Geothermal Field the most important parameter appears to be 

net fluid balance i.e. the difference between extraction and re-injection. 
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Figure II .18 Seismicity observed at Soulz-sous Foret during a 10 year period from 1993 to 2003 from Baria 

EGS. 

 
 

Figure II .19 Data on the hydraulic stimulation of well Basel-1. History of (a) injection rates, (b) wellhead 

pressures, (c) trigger event rate and (d) Basel earthquake magnitude as determined by Swiss Seismological 

Survey (SED). From  [34].  
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6. Waste fluid disposal 

During extraction of conventional and unconventional oil and gas and, in particular, in 

secondary recovery and as flow-back after hydraulic stimulation, a great deal of water (and 

other fluid components and solutes) are generated and in many case these have been re-

injected back into the ground at sites close to extraction wells to minimize environmental 

impact and costs of transport and treatment. Since 2000 a significant increase in observed 

seismicity of moderate (3 ML ) to disturbing (5.7 ML) earthquakes have been observed in the 

mid-USA as shown in Figure II .20 and the relationship between this and the large volumes 

of long-term produced water injection have come under immense scrutiny. The author [4] 

pointed out that the clear increase from 2005 coincides with rapid increase of shale gas wells 

and associated increased deep waste-water injection. Between 2005 and 2012, the shale gas 

industry in US grew by 45 per cent each year. 

Figure II .20 Growth in the number of mid-continental earthquakes in the last decade ([4]). 

 

Three significant earthquakes with magnitudes of 5.0, 5.7, and 5.0 (Figure II .21) 

occurred near Prague, Oklahoma, United States (on 5th, 6, and 8 November 2011)  ~180 km 

from the nearest known Quaternary-active fault. Earthquakes with magnitudes greater than 5 

are not common in this part of United States but have increased in frequency 11-fold between 

2008 and 2011, compared to 1976ï2007 ([7]). The primarily oil production occurred in the 

1950s and 1960s and the fluid injection began in 1993. Initially, fluid was injected at zero 

reported well-head pressure signifying an underpressured reservoir by earlier hydrocarbon 

production; hence forward well-head pressure increased in steps reaching an maximum of 3.6 

MPa (about 36 bar) in 2006 when the volume of water injected exceeded the volume of oil 

extracted; total volume injected from 1993 is about 200,000 m
3
. 

Seismic moment exceeds that expexted from the relationship of [35] and shown in Figure 

II .23 by several orders of magnitude and therfore most of enregy should be related to tectonic 

stress release. This  a potential case of fluid injection into isolated compartments resulting in 

seismicity delayed by nearly 20 yr from the initiation of injection, and by 5 yr following the 

most substantial increase in wellhead pressure. 
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Figure II .21 Seismic centroid moment tensor mechanisms, seismic stations, active disposal wells, and oil fields 

in Prague Central Oklahoma, United States. Wells 1 and 2 inject near aftershocks of events. BïD: Cross 

sections of seismicity projected from within 4 km of plane of each section. From [7].  

 

Usually, induced seismicity occurs fairly soon after the start of injection; seismicity began 

within months of injection commencing at the Rocky Mountain Arsenal
4
 ([36]), in Arkansas 

([37]), and DallasïFort Worth (Texas) airport ([38]). However, at Prague, Oklahoma, the first 

significant earthquake (Mw 4.1, in 2010) did not occur until 17 years after injection 

commenced which has considerable significance in the context of pore-pressure diffusion 

processes. 

Continuing injection over 18 years into subsurface compartments in the Wilzetta field 

may have refilled a compartment, eventually reducing the effective stress along reservoir 

bounding faults triggering the 2010ï2011 earthquakes. Injection has continued and 

earthquakeswith magnitudes Ó3.0 continue to occur. 

The first event  (A) of  Mw 5.0,  seems to have been  been induced by increased fluid 

pressure, exceeding the largest earthquake of 4.8 ML previously known to be induced by 

injected fluid. Aftershocks of  event A appear to deepen away from the well and may 

propagate into basement rocks. It is clear that injection at a relatively shallow level can have 

consequences for stress changes at significant depths probably into the basement.  

Keranen et al [7] consider that while the second event event B, which  is much larger at  

Mw 5.7,  and event C may also be due to injection but it is also possible that they have been 

triggered by Coulomb stress transfer as the fault geometries are consistent with triggering by 

stress transfer ([39])  if the  faults were close to failure, supporting the view that favorably 

oriented faults are critically stressed  and so small- to moderate-sized injection-induced 

events may result in release of additional tectonic stress. The scalar moment released in this 

sequence exceeds predictions based on the volume of injected fluid ([35]) by several orders 

of magnitude, implying that there has been  the release of substantial tectonic stress. The 

2011 Prague, Oklahoma, earthquakes necessitate reconsideration of the maximum possible 

size of injection-induced earthquakes, and of the time scale considered diagnostic of induced 

                                                 
4
 Rocky Mountain Arsenal: a deep well was drilled in 1961 to dispose contaminated waste-water from the 

production of chemical warfare. 



 

ICHESE   FEBRUARY 2014 PAGE 29 

seismicity. This point is emphasized here as this may well have relevance for the Ferrara 

situation.  

In Paradox Valley, to decrease the salinity from the Dolores River, brine has been 

extracted from nine shallow wells along river and, after treating, the brine has been injected 

in the Paradox basin, 4.3 ï 4.8 km below the surface (total injected volume: 4 Mm
3
) since 

1991. Between 1985 and June 1996, only three tectonic earthquakes were detected within 15 

km of the well and 12 within 35 km.  Subsequently, hundreds of earthquakes below ML 3 

were induced during injection tests conducted between 1991 and 1995. High injection 

pressure (70 MPa) was required and induced earthquakes were not unexpected. The activated 

zone expanded, with earthquakes occurring as far away as 8 km from the injection point 

within a year to beyond 12 km several years later. As a precaution shutdowns of 20 days 

occurred to attempt to allow the fluid pressure to equilibrate, and preclude larger events; 

however, a M 4.3 event was induced in May 2000. 

The Paradox Valley seismicity also illustrates how long-term, high-volume injection 

leads to the continued expansion of the seismically activated region and the triggering of 

large-magnitude events many kilometers from the injection well more than 15 years after 

commencement of injection. 

 

 

Figure II .22 A compilation of seismic events from the mid continental USA compiled by [40]. 
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Figure II .23 Maximum Magnitude plotted against total injected volume for a number of injection sites,  

(Table II .1) . 

 

  

Figure II .24 Maximum Seismic Moment plotted against total injected volume for a number of injection sites, 

wd=water disposal and frack is hydraulic stimulation (Table II .1). 

 

McGarr ([40]) plots the maximum magnitude (Figure II .23 from the USA) and 

maximum seismic moment (global Figure II .24) for against total injected fluid volume and 

there appears to be a reasonable correlation with both increasing and approaching the 

theoretical maximum of GȹV. 
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Table II .1 Maximum seismic moment M0(max) and total injected volumes DV ([40]). 

Event   M 0(max), Nm     DV, m
3
     Type

*
      M   Location 

KTB
1 1.43e11 200 scientific 1.4 Eastern Bavaria, Germany 

BUK 
2 3.2e12 4.17e3 frak 2.3 Bowland shale, UK 

GAR
3
 3.5e13 1.75e4 frak 3.0 Garvin County,OK 

STZ
4
         2.51e13             3.98e4     egs            2.9     Soultz, France 

DFW
5
        8.9e13               2.82e5     wd             3.3     Dallas-Fort Worth Airport, TX 

BAS
4
       1.41e14             1.15e4      egs           3.4      Basel, Switzerland 

ASH
6
    2.82e14             6.17e4      wd             3.6      Ashtabula, OH, July, 1987 

CBN
4
      3.98e14            2.0e4         egs           3.7      Cooper Basin, Australia 

ASH
6
      8.0e14               3.4e5         wd           3.9      Ashtabula, OH, January 2001 

YOH
7
      8.3e14              8.34e4       wd           4.0      Youngstown, OH 

PBN
8
     3.16e15             3.287e6    wd           4.3      Paradox Valley, CO no 

RAT1
9
     4.5e15              4.26e5       wd          4.4      Raton Basin, CO, September 2001 

GAK
10

     1.2e16               6.29e5       wd         4.7       Guy, AR 

POH
11

     2.0e16               1.19e6       wd         4.8       Painesville, OH  

RMA
12

     2.1e16                6.25e5      wd         4.85     Denver, COno 

TTX
13

     2.21e16             9.91e5       wd         4.8       Timpson, TX 

RAT2
14

    1.0e17                7.84e6       wd        5.3       Raton Basin, CO, August 2011 

POK
15

       3.92e17            1.20e7      wd           5.7      Prague, OK no 

 

*frak ï hydraulic fracturing; egs ï Enhanced Geothermal System; wd ï wastewater disposal.
 1 

[41]; 
2 
[42]; 

3 

[43]; 
4 
[33]; 

5 
[38]; 

6 
[44] , [45],  

7
 [46], 

8
 [47]; 

9
[48]; 

10 
[37]; 

11 
[49]; 

12 
[50], [51] ; 

13 
[52]; 

14 
[53], 

15
 [7]. 

 

McGarr considers the Painesville, Ohio, (POH) earthquake of January 1986 ([49]), in 

some detail. Although the distance between the two high-volume injection wells and the 

Painesville earthquakes at 12 km is relatively large, there are some former cases for 

earthquakes being induced at comparable distances from injection wells. Most of the Guy, 

Arkansas, earthquakes were located in the basement at distances ranging up to between 10 

and 15 km from the two injection wells (disposal of hydrofracking waste fluid) implicated in 

this sequence ([37]).   

 

It should be made clear that there is a significant difference between Waste Water 

Disposal where large volumes are injected over long periods and Enhanced Oil Recovery 

where only sufficient volumes required to maintain pressure to replace oil extracted are used 

and this is emphasized by Hitzman et al [11] : 

 

ñIntuitively, processes that withdraw fluids from a formation and reinject fluids back into 

the same formation are less likely to cause large increases in pore pressure. Enhanced 

recovery operations were found by the NAS committee to have minimal influence of induced 

seismicity. McGuire reported that relative to the large number of waterflood projects for 

secondary recovery, the small number of documented instances of felt induced seismicity 

suggests that those projects pose small risk for events that would be of concern to the public. 

The (US National Academy of Science) committee did not identify any documented, felt 

induced seismic events associated with EOR (tertiary recovery). They concluded that the 

potential for induced seismicity is lowò. 
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Rongchang and Huangjiachang Gas fields, Chongqing, China  

In many of the cases described here the injection of waster water is carried out into 

deeper formations or even into basement rocks where larger magnitude events might be 

expected but even injection into the same reservoir from which oil and gas is being extracted 

can cause seismicity. A very good example of this comes from the Huangjiachang and 

Rongchang gas fields, Chongqing, China which is reported by [54]and [55]. 

The Huangchei and Rongchang gas fields
5
 are located in Sichuan Basin, that is 

characterized by an annual production of over 12,000 Mm
3
. More than 20 commercial oil and 

gas fields have been discovered in the Basin that is also known for the production of mine 

salt by pumping water. 

In the Huangchei filed, seismicity began to be observed at a gas reservoir in the relatively 

stable Sichuan Basin, Chine, after injection of over 120,000 m
3
 waste water into the depleted 

Permian limestone reservoir at depths between 2.45 to 2.55 km, at a wellhead pressure of up 

to 6.2 MPa from 9 January 2009 to July 2011 (Figure II .25).  

 

 

Figure II .25 Geological Cross Section across a thrust zone and its associated foreland basin (lower) and 

seismicity generated on the thrusts around the anticline where oil and gas have been extracted from a limestone 

reservoir subsequent to injection of some 120,000  m
3
 of wasteïwater at 6 MPa. After [55]. 

                                                 
5
 Huangjiachang field:  since 2007 a production well was used for the injection of unwanted water that was 

collected through pipelines from nearby production wells. The injection rate was <300 m
3
/day up until April 

2008, and then increased to about 500 m
3 
/day toward the end of 2008. During this period, fluid was placed into 

the well under gravity flow. Since 2009, pumping under high pressure was required for injection (up to 6.2 

MPa).  

Rongchang field: unwanted water has been injected since 1988. The major injection well was not a  gas 

production well (Luo-4); the water injection rate was 683 l/min. The pumping pressure was variable, with a 

maximum value of 2.9 MPa. The average monthly injection volume in 1988 was about 2,000 m
3
, increasing to 

about 10,000 m
3
 in 1990. In the following years, the average monthly injection volume varied between 6,000 

and 15,000 m
3
. A total of more than 1Mm

3
 of water had been pumped into the formations.  
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More than 7000 surface-recorded earthquakes, up to 4.4 ML, occurred with  2 M4+, 20 

M3+, and more than 100 M2+ events located at depths ranging from 2.5 to 4 km, within the 

Permian limestone and lying in a zone of 6 km by 2 km with  a NNW trend, centred on the 

injection well
6
.  

Lei et al. [55] consider that the induced earthquakes were due to lowering of the effective 

normal stress on critically-loaded, pre-existing, blind faults. It appears that despite the 

injection being into the extracted zone this did not appear to balance out the fluid effects and 

significant and prolonged activity occurred from with in the faulted reservoir. 

 

 

                                                 
6
 In general, the seismic activity in Zigong is thought to be associated with either the production of salt water, 

natural gas, or water injection. The timing and location of recent seismic activity (2009-2010) are strongly 

statistically correlated with fluid injections and the seismic activity falls into the category of induced  

earthquakes. 
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C. Mechanisms of Fluid Injection and Abstraction Related Seismicity 

It has been known since the 1960s that earthquakes can be induced by fluid injection 

when military waste fluid was injected into a 3671 m deep borehole at the Rocky Mountain 

Arsenal, Colorado ([56]). This induced the so-called óDenver earthquakesô. They ranged up 

to ML 5.3, caused extensive damage in nearby towns, and as a result, use of the well was 

discontinued in 1966. Reviews of activity often focus on selected mechanisms although there 

are notable exceptions ([57]). Artificially injecting fluids into the Earthôs crust induces 

earthquakes (e.g. [6]). Indeed this can have effects at even the smallest scales as [58] showed 

that very tiny pressure variations associated with precipitation can trigger earthquakes to a 

depth of  a few kilometres. Observations of isolated swarm-type seismicity below the densely 

monitored Mt. Hochstaufen, SE Germany, revealed strong correlation between recorded 

seismicity and spatiotemporal pore pressure changes due to diffusing rain water in good 

agreement with the response of faults described by the rate-state friction laws. Similar results 

have been observed in Switzerland (Figure II .26).  

If pore fluid is present then the induced pore pressure change is the pressure change times 

the Skemptonôs coefficient B.  

Skemptonôs B coefficient is an important characteristic of a porous medium that describes 

the relationship between pore pressure and  changes in the mean stress under undrained 

conditions. (B) is defined to be the ratio of the induced pore pressure to the change in applied 

stress for undrained conditions - that is, no fluid is allowed to move into or out of the control 

volume: 

 

  B = - µp/µs |x=0 = R/H = bp/Ss  

The negative sign is included in the definition because the sign convention for stress 

means that an increase in compressive stress inducing a pore pressure increase implies a 

decrease in s  for the undrained condition, when no fluid is exchanged with the control 

volume. 

Skemptonôs coefficient must lie between zero and one and is a measure of how the 

applied stress is distributed between the skeletal framework and the fluid. It tends toward one 

for saturated soils because the fluid supports the load. It tends toward zero for gas-filled pores 

in soils and for saturated consolidated rocks because the framework supports the load. 
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Figure II .26 Sequences of seismicity in the Lacq Gas field in the Aquitaine Basin in France from 1976 through 

1997 induced by fluid extraction. 

 

A physical causative mechanism for natural fluid-driven swarms as well as for induced 

seismicity is pore pressure diffusion ([59]). Increases in pore fluid pressure act to reduce fault 

strength, bringing pre-existing fractures closer to failure according to the MohrïCoulomb 

failure criterion. The initiation of fluid injection in a region leads to substantial increases in 

pore fluid pressure, which build up over time and diffuse outward for significant distances 

and for significant times from a well. The amount and magnitude of seismicity induced 

therefore depends on the ambient tectonic stress, as well as local geological and hydraulic 

conditions. Thus, induced seismicity can continue even after injection has ceased, as was the 

case at the Rocky Mountain Arsenal where three Ḑ 4:5 earthquakes occurred the year after 

waste fluid injection stopped ([36];[50];[51]). Fluid injection not only perturbs stress by 

changing the poro-elastic condition ([60],[61]) and creates new fractures, but it also 

potentially introduces pressurised fluids into pre-existing fault zones, causing slip to occur 

earlier than it would otherwise have done naturally by reducing the effective normal stress 

and moving the failure closer to the Mohr-Coulomb criterion. This was first observed in the 

LACQ gas field in the Aquitaine Basin
7
 ([20], [61]) (Figure II .26).  

The stress perturbation attenuates rapidly away from the sphere, over a distance of about 

twice the sphere radius. The stress induced inside the sphere is compressive when fluid is 

injected but tensile for fluid withdrawal. 

Pore pressure and stress perturbation associated with fluid injection increases the risk of 

slip along a fault within the zone of influence. Just as injection can trigger seismicity, 

abstraction can also do so by the same mechanisms of poro-elastic stress diffusion. As fluid is 

extracted, declining pore pressures cause the permeable reservoir rocks to contract, which 

                                                 
7
 The Lacq gas field in France is one of the best-documented cases of seismicity induced by extraction of fluids 

(Grasso and Wittlinger 1990, Segall et al. 1994). The reservoir was highly over-pressured  when production 

started in 1957, with a pressure of about 660 bars at depth of 3.7 kilometers below sea level. The first felt 

earthquake took place in 1969, at a time when the pressure had decreased by about 300 bars. By 1983, the 

pressure had dropped by 500 bars (10 Mm
3
 of water were injected). 800 seismic events with magnitude up to M 

4.2 had been recorded. The epicenters of 95% of the well-located events and all of the M > 3 events were within 

the boundaries of the gas field. The subsidence  reaching a maximum of 60 mm in 1989. The gas volume 

already recovered is over 246,000 MSm
3 
(source: Total). 
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stresses the neighbouring crust. In the case of fluid withdrawal, the region at risk is generally 

outside the reservoir. The geomechanical interpretation of these is shown in Figure II .27. 
 

 

a) 

 

b) 

 

 

Figure II .27 a) Increasing pore pressure counteracts the normal stress leading to increased probability of 

failure; b) The effect of pore pressure increase (red line) and decrease (blue line) on an initial effective state of 

stress (dashed line) in a thrust faulting regime, from [62]. 

 

Nicol [63], somewhat before McGarr, drew the conclusion that the expected maximum 

magnitude is related to the total injected /extracted volume (Figure II .28) but in some cases 

where significant tectonic stress is present even larger events than are suggested by this 

relationship can be stimulated. He also comments on the depth to which stimulation of 

activity can take place with special emphasis on zones where interaction with large tectonic 

features may occur: 

 

ñThe depths of induced seismicity and injection are generally on average, slightly deeper 

than the reservoir interval. These deeper events may in some cases be induced by loading or 

unloading of the sub-reservoir rock volume by fluid injection or extraction, respectively. 
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These conclusions apply equally to the largest earthquakes, which are randomly distributed 

within the depth range of seismicity for each site. Large magnitude earthquakes produced up 

to 10 km beneath large-scale hydrocarbon extraction sites (volumes >120 million m3) are a 

notable exception to the above conclusions. The greater focal depths for some extraction-

related earthquakes have been interpreted to be a direct reflection of the fact that extraction 

of large volumes of fluids has the potential to induce crustal -scale deformation and 

seismicityò 

 

 
Figure II .28 Maximum magnitude and its relationship to total injected volume. 

 

He also plots the maximum expected radius of simulation from an injection zone and this 

is shown in Figure II .29 and it is clear that this can easily exceed 20km for large injected 

volumes where critically stressed faults of appropriate orientation exist. Figure II .30 shows 

the expected time of occurrence as a function of the total operational time and it clear that 

near events occur rapidly but distant events may have onset times of many years.  
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Figure II .29 Maximum radius of induced seismicity from the injection well plotted against the volume of fluid 

injected (from IEA 9/2013 [64] after [63]). 

 

 

 

Figure II .30 Timing of induced earthquakes relative to the onset (0) and completion (1) of injection/extraction. 

(from IEA 9/2013[64] after [63]) . 

 

 

1. Stress  Transfer 

Whenever an earthquake happens it produces local (and distant) stress changes of two 

types: 

o Static: these are permanent changes, which occur because stress has been 

redistributed and can lead to sufficient stress change that adjacent faults become 

unstable and fail with additional seismicity. The effects depend on the orientation of 
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both the failing fault and the receiving fault and can be calculated. A stress change of 

about 0.01 MPa is considered sufficient to act as trigger to another seismic event. 

 

o Dynamic: these are transient effects which occur because waves carrying 

energy from the first seismic event travel away from the source and produce a short 

duration cyclic loading which can in some circumstances produced a large enough 

stress change to trigger an earthquake. It has been suggested by Van de Elst that even 

distant teleseisms from giant earthquakes may be influential in some circumstances. 

Again it depends on the geometry and stress state of the receiving faults. 

 

Figure II .31 shows the consequence of stress changes on two instances of blind thrusts, 

which are the dominant reservoir structures in the Po Basin. If the thrust cuts the surface the 

stress becomes reduced but if the fault is óblindô i.e. it doesnôt reach the surface, the stress is 

increased. 

2. How do Earthquake faults fail? 

Although it can appear that earthquakes are instantaneous releases of stored elastic energy 

they do in fact take a significant time to release their stored potential which can take some 

minutes in the case of giant earthquakes such as Sumatra (26 December 2004) as can be seen 

from the following table.  

 
Table II .2 
Mw        Moment Mo    Length        Mean Slip         Area of slip     Duration  

4 10
15

  N m 1000  m 2 cm 1 km
2
 0.2 s 

5 3.0x10
16

  Nm 3000 m 10 cm 9 km
2
 0.4 s 

6 1.1x10
18 

 Nm 10 km 40 cm 100  km
2
 5 s 

7 3.5x10
19 

 N m  80 km 1 m 1000 km
2
 30 s 

8 1.1x10
21

  Nm 300 km 6 m 6000  km
2
 150 s 

9 3.5x10
22

  Nm 800 km 20 m 6x10
4
 km

2
 300 s 

 

A sequential set of ópatchesô which are strong zones which have been preventing the fault 

from slipping, fail one after another often progressively outwards from an initial failure but 

sometimes returning close in as stress changes during the event. What had seemed to be a 

single giant event can be thought of as a consecutive assemblage of smaller events which 

simply happen very close together and their cumulative effect is catastrophic. 
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 Figure II .31 Coulomb Stress changes around a surface cutting fault(top) and a blind thrust (bottom). The faults 

beneath the Po Basin are all Blind. 
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3. What is an aftershock? 

It has been customary to divide earthquakes into: 

 

Å Foreshocks:   i.e. occurring as precursor to a much larger óMotherô event and 

probably on the fault surface which will eventually fully fail. 

 

Å Main Shock: The  óMotherô Event, with complete failure of the rupture 
surface. 

 

Å Aftershocks: i.e. progressively smaller events occurring on the same, or part of 

the same fault surface which failed in the mainshock. 

 

The modified Omori-Utsu Law (which dates back to 1894!): 
 

R(Ű)=K(c+ Ű)
-p 

 

is an attempt to describe the rate of decay (R) of aftershocks with the reciprocal of time 

(Ű) with p being an exponent somewhere between 0.75 and 1.5 but conceptually something 

like unity.  

Aftershock sequences are modelled by the Epidemic Type Aftershock Sequence (ETAS) 

model which assumes that all earthquakes are in general able to trigger subsequent 

aftershocks which can have even larger magnitudes than the ñmotherò earthquake ([65]).In 

the ETAS model the earthquake rate, RETAS at a location x, and time t, is the sum of a 

constant background rate µ and the superposition of aftershock activity from preceding 

earthquakes, that is, 
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The seismicity rate R of a population of faults is inversely proportional to the state 

variable ɔ describing the creep velocities of the faults: 

 

() ()

( )
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t g

g g s

=
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 where r is the background seismicity rate,  Űr  the tectonic loading rate, and A is a 

dimensionless fault constitutive parameter ([66]). Hence, the seismicity rate depends on the 

evolution of the Coulomb failure stress,  

 

CFS = Ű+ɛů 

 

where as usual, Ű is the shear stress on the assumed fault plane, ů is the effective normal 

stress (positive for extension), and ɛ is the friction coefficient. This model is able to explain 

an induced Omori-type occurrence of aftershocks in response to a single coseismic stress step 

([66]). 
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4. Statistical properties of anthropogenic seismicity 

Statistical analyses of induced seismicity reveal collective properties, which differ from 

those of natural seismicity (e.g. [67]; [68]; [69]). The most predictable feature is non-

stationarity; a time-dependence of induced seismic processes. An induced seismic process is 

partially controlled by technological operations, which vary on short-timescales resulting in 

time changes of the seismic process. 

Natural earthquakes typically (but not always) follow the GutenbergïRichter law which 

describes the relationship between the magnitude and total number of earthquakes in a region 

in a given time period. 

 

 

N=10
a-bM 

 

Where: 

¶ N is the number of events greater or equal to M  

¶ M is magnitude and a and b are constants 

 

The b-value (see appendix B) is a measure of the rate of increase in number of 

earthquakes with certain magnitudes and is often close to 1, i.e. each increase of 1 in 

magnitude produces a decrease in number of events by 10.  

Variations of the activity rate and/or other parameters of the seismic process, e.g. 

temporal changes of Gutenberg-Richter b-value suggest a non-natural origin of a seismic 

series ([70]). Induced seismicity should have properties, which are absent in natural 

seismicity: certain orderliness, internal correlations, and memory. 

The magnitude distribution of induced seismicity often does not follow the Gutenberg-

Richter law but is more complex and often multimodal. Out of six analyzed seismic series 

associated with: injection for geothermal energy production in Basel , Switzerland, injection 

for hydrocarbon recovery in Romashkino Oil Field in Russia, Açu dam reservoir in Rio 

Grande do Norte State in Brazil, Song Tranh 2 dam in Vietnam, Rudna copper-ore 

underground mine in Poland, Mponeng deep gold mine in South Africa;  the hypothesis that 

their magnitude distributions follow the Gutneberg-Richter law has been rejected in every 

case with high to very high significance ([71]; [72]; [73]). The complexity of magnitude 

distribution becomes an important discriminator between induced and natural seismicity. 

Even when significant deviations from the Gutenberg-Richter law for anthropogenic 

seismicity cases cannot be ascertained there are some subtleties such as described in Figure 

II .32 from IEA Report 9/2013 [64] and Figure II .33 from the Basel study where there seems 

to be a clear relationship between reservoir permeability and the b value from induced 

seismicity recorded from there. Low permeabilities tend to be associated with high b values 

and high permeabilities with low b values, which is interpreted as stress is taken up in small 

perhaps tensile events in shales but greater fluid percolation distance in high permeability 

reservoirs may facilitate stimulation of more distance on existing structures. 
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Figure II .32 Gutenberg-Richter b-vales against permeability for a number of injection induced seismicity sites 

(from IEA9/2013 [64]). 

 

 

Figure II .33 Gutenberg-Richter b-vales before injection (left) and after injection (right) at Basel after [74]. 

A comparison of b-vales for a range of European seismic event groupings has been 

generated by [75] and is shown in Table II .3. The variation in b-values during the Basel 

swarm is shown in the visualization in Figure II .33, where it appears that values around 2 are 

seen during injection but these fall back to much lower values of around 1.1 to 1.2 in the 

post-injection period. 

 
Table II .3 Comparison of b-vales for a range of European seismic event, from [75] 

 

Source of seismicity b-value with ±ů 

Geothermal projects 1.94(±0.21) 

Natural tectonic earthquakes Long-term data 

Natural tectonic earthquakes Short-term data 

 

      1.25(±0.01) 

1.16(±0.05) 

Hydrocarbon exploitation 0.93(±0.11) 

Coal mining 1.59(±0.05) 

Copper mining 2.13(±0.22) 

Salt and potash mining 1.02(±0.09) 
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5. Action at a distance: the effect of fluid injection 

Murphy et al. [76] describe a simulation of the effect of even a very limited injection over 

only 15 days to a pressure of only 170 bar on the criticality of a large fault situated outside 

the actual zone of injection which is a permeable reservoir but sandwiched between two 

impermeable layers at a depth of about 3 km (Figure II .34 and Figure II .35). This numerical 

study showed that active faults near injection sites, even when not in direct contact with the 

injected fluids, could be greatly affected by stress perturbations caused by their presence. 

Their simulated injection induces a Mw 6.7 event with a hypocentral depth at 8 to 10+ km 

(Figure II .36) which is entirely controlled by the fault size and its previous tectonic loading 

and not the injected volume; the injection simply triggers the release of this stored energy.  

Additionally, the injection not only advances the next sequence of earthquakes affects 

their size and permanently alters the size and temporal occurrence of earthquakes but also 

temporarily shifts the fault to a state of subcriticality (i.e. stabler) but with continuous 

tectonic loading the fault returns to near self-organized criticality in about 200 yr. 

Their results suggest that fluid injection can trigger earthquakes whose size is dependent 

on the size of the fault, not the injection and that these faults do not necessary need to be in 

the injection site.  

 
Table II .4 Parameters used in [76]: models of fluid injection related seismicity 

 
 

 
 

Figure II .34 Murphy et al [76] schematic of the injection site relative to a fault. The injection occurs half way 

along the strike of the fault which is 40 km long at a depth of 3.3 km (denoted by the star) into a reservoir which 

extends from  3ï4.5 km. The horizontal dashed lines are the boundary between the reservoir layer and cap layers 

1 and 2. 
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Figure II .35 Pressure injection history. Maximum injection rate (red line) is 10 Bar sï1. Injection stops at 6.73 

d. Mean pressure (black line) is for the whole simulation volume not just the reservoir. 

 

 
 

Figure II .36 Slip distribution for the induced Mw 6.7 event. Below 15 km the velocity strengthening section of 

the fault means no coseismic slip extends into this zone.  

 

 

Summarizing then: 

 

Å Many subsurface processes which involve the injection and/or withdrawal of 

fluid (oil/water/gas) can induce seismicity over a range of scale from micro-seismic 

up to possibly magnitude 7 ML but certainly in excess of 5 ML. 

 

Å The onset of activity can be many years after the initiation of the fluid process. 

 

Å The location of induced activity can be tens of kilometres away from the first 

point of injection depending on permeability/tectonic situation/fault orientation. 

 

Å A small event can trigger a much bigger event by dynamic stress transfer and 

rapid coalescence of failing patches. 
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Å Fluid injection can trigger earthquakes whose size is dependent on the size of 

the fault, not the injection and that these faults do not necessary need to be in the 

injection site.  

 

Å Large earthquakes can be considered an agglomeration of small events each of 

which trigger another, like dominoes nudging their neighbours. There are no 

mainshocks only aftershocks once the first event happens. 
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D. Conclusions 

o Extraction and/or injection of fluids in hydrocarbon fields can, in certain 

circumstances, induce or trigger seismic activity 

 

o Several authoritative reports describe well-studied cases where extraction and/or 

injection of fluids in hydrocarbon or geothermal fields has been associated with 

the occurrence of earthquakes, of magnitudes even higher than 5. It is difficult, 

sometimes not possible, to use the word proven in these circumstances.. 

 

o The reported cases are only a small fraction of all of the existing cases of extraction 

and injection of fluids and are mostly related to the additional load imposed by 

very large reservoirs and to the injection of large volumes of fluid (usually waste 

water) into surrounding rocks and not into in the same reservoir during enhanced 

recovery or pressure maintenance.However, some cases do exist, where 

earthquakes have been associated with waste-water disposal within the same 

reservoir where oil and gas have been extracted.  

 

o The induced, and specifically the triggered, seismic response to injections is complex 

and variable among cases and its correlation with technological parameters is far 

from being fully known. 

 

o The magnitude of triggered earthquakes depends more on the dimensions of the fault 

and its strength, rather than the characteristics of the injection.  

 

o Recent research on stress diffusion suggests that the activated fault may also be tens 

of km away from the injection/extraction location, some kilometres deeper than 

the reservoir and several years after activities commenced. 

 

o The greater focal depths for some extraction-related earthquakes have been 

interpreted to be a direct reflection of the fact that extraction or injection of large 

volumes of fluids has the potential to induce crustal-scale deformation and 

seismicity. 

 

o Many cases of earthquake activity have been recorded during the exploitation of 

geothermal energy. Most of them are related to projects for the development of 

Enhanced Geothermal Systems where induced fractures must be produced in 

impermeable igneous rocks to develop permeable pathways. Several cases are also 

related to traditional exploitation of geothermal energy. The induced earthquakes 

are generally of medium to low magnitude and no more than a few km away from 

the extraction or injection wells. 

 

o Exhaustive examination of all the available literature shows that the discrimination 

between natural and triggered/induced earthquakes is a difficult problem and does 

not presently have a reliable, ready-to-use solution.  
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III.  Emilia Seismic Activity and Seismotectonic context 

A. The Emilia Seismic Activity 

The seismic sequence that struck the Emilia Region (Northern Italy) on May-June 2012 

culminated in two mainshocks which occurred respectively on May 20
th
 at 04:03:53 am local 

time and on May 29
th
, 2012 at 9:00:03 local time. These two mainshocks left about 14,000 

people homeless causing damage to several villages, to the towns of Ferrara and Modena and 

to the economy of the region (Figure III .1).  

The May 20
th
 main shock had a local magnitude of ML 5.9. It occurred in the vicinity of 

Finale Emilia (latitude 44.89° N, longitude 11.23° E) killing 7 people and was preceded by 

five foreshocks, the largest (ML 4.1) occurring on May 20, 2012, at 01:13 local time. In this 

context, ñforeshockò is a strictly retrospective label; an event can be so designated only after 

the mainshock has been identified, which requires that the seismic sequence be completed.  

Then two further main events struck the region, both located to the east of the mainshock, 

nearer the town of Ferrara. The first earthquake occurred at 04:07 local time (ML 5.1) and the 

second one (ML5.1), at 15:18 local time. 

On May 29
th
, 2012, the second-largest shock, characterized by a local magnitude ML 5.8 

occurred about 12 km west of the May 20 mainshock in the vicinity of Mirandola  (latitude 

44.85° N, longitude 11.09° E,). 

INGV (Italian National Institute of Geophysics and Volcanology), using its standard 

procedures, assigned a focal depth of 6.3 km to the May 20 event and of 10.2 km to the May 

29 event. This earthquake ruptured an adjacent thrust fault segment, located to the west.  

Moment magnitude (Mw) of 5.63 [77] and Mw 6.11 (cnt.rn.ingv.it) have been computed 

for the May 20 event, while for the largest event of May 29 values of Mw 5.44 [77] and Mw 

5.96 (cnt.rn.ingv.it)  have been estimated.  

During the following days, hundreds of aftershocks occurred, including ML5.2 and ML 

5.3 shocks at 12:55 local time and at 13:00 local time on May 29, 2012, respectively. 

Sometime later, a magnitude 5.1 earthquake struck at the western edge of the activated fault 

system on June 3, 2012, at 21:20 local time.  
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Figure III .1 The 2012 Emilia Sequence caused extensive damage in the Emilia region, killing 24 people and 

temporarily displacing more than 14,000 from their homes. The liquefaction of thixotropic soils was one of the 

main effects of the earthquakes [78]. 

In total the seismic sequence consisted of about 2,500 earthquakes of magnitude higher 

than ML 1.5 distributed along a WNW-ESE elongated area of ca. 500 km
2
 

(http://iside.rm.ingv.it) (Figure III .2). As shown by the figure the seismicity generally 

moved from east (blue) to west (yellow). 

 

 
Figure III .2 Epicentral locations of the 2012 Emilia sequence in the period May 19-29, 2012. Stars show the 

epicenters of the events with magnitude greater than 5 and colors represent the days from the May 20 

mainshock [79]. 

The pattern of seismicity with time is shown in Figure III .3. 

 

http://iside.rm.ingv.it/


 

ICHESE   FEBRUARY 2014 PAGE 50 

 
Figure III .3 Time sequence of earthquakes in the Emilia area from May 16, 2012 through July 2012.  Total 

number of events located each day (left scale) with magnitude shown in  different colors; black dots show the 

seismic moment release for each day (right scale).  

(http://www.ingv.it/primo piano/comunicazione/2012/05200508/)  

 

The main event of the 20
th
 of May was recorded by 139 stations of the Italian strong 

motion network (RAN), managed by the National Civil Protection, ranging from 16 km up to 

650 km epicentral distance. Peak ground acceleration (PGA) recorded in the near-source 

region ranged from 0.01 cm/s
2
to 259 cm/s

2
 ([80]). In particular the closest station at 

Mirandola (MRN), classified as a C site (EC8, ComitéEuropéen de Normalisation 2004), 

recorded peaks of acceleration of about 0.27g. The 29
th
 event was registered by 135 RAN 

stations and the closest station of MRN recorded peaks of acceleration of about 0.28g ([81]). 

Continuous maps of the ground motion in terms of maximum horizontal PGA, for the area of 

interest for the two events and developed by INGV are shown in Figure III .4. The maps 

were derived from the records available from RAN strong-motion network, using 

Shakemap
TM

 software ([82]) converting the observed ground motions into rock-site 

conditions and applying the amplification factors to the rock-site estimates using values of 

near surface velocities, Vs30. 

 

Figure III .4 Map of maximum horizontal PGA (%g) relative to the two mainshocks of the Emilia sequence 

(available athttp://cnt.rm.ingv.it/earthquakes_map.html). 

http://cnt.rm.ingv.it/earthquakes_map.html
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From the perspective of long-term seismic hazard analysis, the Emilia seismic sequence 

was not a surprise. It occurred within a broad zone of historical seismicity that runs along the 

margin of the Po valley. The probabilistic seismic hazard model of Italy, published in 2004 

by INGV (see Figure III .5) identified this zone as one of the countryôs medium seismically 

dangerous zones. The seismic hazard map for the Emilia-Romagna region (Figure III .6) 

clearly shows the hazard in terms of expected peak ground acceleration (PGA), for rock-site 

conditions, with a return period of 475 years. As shown by the figure, the area associated 

with the 2012 sequence is characterized by PGA ranging from 0.125g to 0.175g. Considering 

that those values are estimated at rock-site conditions, the estimated values are in good 

agreement with the recorded values mentioned above.  

 

 

 
Figure III .5 The probabilistic seismic hazard map for Italy, showing the location of the 2012 Emilia seismic 

sequence (red star). The colors indicate the peak ground acceleration with a 10% probability of exceedance in 

50 years, measured in units of surface gravitational acceleration, g = 9.8 m/s
2
(available at http://esse1-

gis.mi.ingv.it/). 

 

http://esse1-gis.mi.ingv.it/
http://esse1-gis.mi.ingv.it/


 

ICHESE   FEBRUARY 2014 PAGE 52 

 
Figure III .6 Detail of the probabilistic seismic hazard map for the Emilia region. Red stars are epicenters of the 

events of the 2012 Emilia sequence with magnitudes Ó5 (available at http://esse1-gis.mi.ingv.it/). 

 

1. Historical seismicity 

 The most relevant past earthquake activity (Figure III .7) was the seismic sequence in 

the Ferrara area, which culminated in a Mw 5.4 event in 1570. The seismic sequence lasted 

four years and caused severe damage in Ferrara and its surroundings ([83]). 

Magnitude ca. 5.5 earthquakes are known to have occurred near Ferrara (in 1346, 1561) 

and in the areas of Finale Emilia-Bondeno (1574, 1908, 1986), Mantua (1901) and Cento 

(1922). However, this picture might be incomplete, as suggested by the recent discovery of a 

previously unknown earthquakes that occurred in 1639 in Finale Emilia by [84] and [85] and 

in  1761 on the 15th December. The latter caused damage in Mirandola [84]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure III .7. Distribution of historical epicenters (Data from CPTI11-INGV) within the area hit by the 2012 

sequence. The red box shows the area where recent seismicity occurred. 

 

More recent significant seismicity occurred during April-June 1987 ([86]) across the 

Cavone-Mirandola structure with a sequence of low magnitude events (2<ML<4, located at a 

depth of less than 4 km). This sequence of low-energy shallow earthquakes was characterized 

by normal faulting mechanisms (see Section B). The last medium energy event (MW 5.4) is 

http://esse1-gis.mi.ingv.it/
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the 1996 Reggio Emilia earthquake which occurred on October 15 at 09:56 GMT ([87]), 

which caused moderate damage in unreinforced masonry in Reggio Emilia and other small 

towns on  the Po Plain. 

 

2. Source parameters 

INGV determined source parameters for 19 of the 32 earthquakes with ML>4.0 during the 

May 19, 2012, to May 30, 2012, time period, (Figure III .8) using a Time Domain Moment 

Tensor (TDMT) technique and a standard 1D velocity model. 

(http://cnt.rm.ingv.it/tdmt.html)([88]). Most of the fault plane solutions showed 

dominantly reverse faulting. 

  

 
 

Figure III .8 Focal mechanisms of the earthquakes with ML>4.0, determined using the TDMT technique. The 

two mainshock mechanisms are shown in black,.The yellow stars are the seven events with ML>5.0 ([88]). 

A preliminary solution for the main focal parameters associated with the seven shocks 

with magnitude greater than 5 are given by INGV (http://cnt.rm.ingv.it/) and is shown in 

Table III .1. Note that the uncertainty on the depth evaluation was not reported by the 

authors. 

 
Table III .1 Main focal parameter of the shocks with local magnitude greater than 5  

Event Date Time 

GMT  

LON LAT  DEP 

(km) 

MAG  

(±ů) 

Dip Strike Rake 

1 20/05/2012 2:03 11.23 44.89 6.3 5.9±0.2 45° 105° 90° 

2 20/05/2012 2:07 11.37° 44.86° 5.0 5.1±0.3 45° 111° 90° 

3 20/05/2012 13:18 11.49° 44.83° 4.7 5.1±0.3 45° 111° 90° 

4 29/05/2012 7:00 11.09° 44.85° 10.2 5.8±0.3 45° 95° 90° 

5 29/05/2012 10:55 11.01° 44.89° 6.8 5.3±0.3 45° 97° 90° 

6 29/05/2012 11:00 10.95° 44.88° 5.4 5.2±0.2 45° 83° 90° 

7 03/06/2012 19:20 10.94° 44.90° 9.2 5.1±0.3 45° 81° 90° 

 

In addition, new relocation values have been recently proposed in the literature. By 

calibrating the 1D crustal velocity structure by using geological data and the seismic profile 

http://cnt.rm.ingv.it/tdmt.html
http://cnt.rm.ingv.it/
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App_Orient_1[77] the higher magnitude events were relocated, which moved the 29 May 

earthquake to an hypocentral depth of 5 km, much shallower than previous determinations. 

Furthermore using the additional broadband seismic stations deployed in the epicentral 

area (http://ingvterremoti.wordpress.com/2012/06/02/terremoto-pianura-padana-emiliana-

intervento-della-rete-sismica-mobile/) following the first mainshock, hypocenters were re-

computed with manually revised pickings [89]. In particular, by adopting a 3D velocity 

model estimated by INGV instead of the preliminary and simplified 1D model used initially 

by them, a different depth has been estimated for the 20
th
 mainshock giving a depth of  about  

10 km as compared to the  6.3 km previously estimated by INGV. The results of these new 

relocations are shown in Table III .2 for events greater than 5. 

 
Table III .2 Main focal parameter of the shocks with magnitude greater than 5  

LON LAT  DEP 

(km) 

MAG  DATE and Time (UTC) 

11.2440 44.8810 9.99 5.90 20/05/2012 2:03 

11.3170 44.8047 3.47 5.10 20/05/2012 2:07 

11.4045 44.8185 12.40 5.10 20/05/2012 13:18 

11.0590 44.8378 9.64 5.70 29/05/2012 7:00 

10.9933 44.8583 7.60 5.30 29/05/2012 10:55 

10.9625 44.8545 8.65 5.10 29/05/2012 11:00 

 

No clear indications of the error in the hypocentral location are available. Other authors 

[90] have re-located a selected set of earthquakes (541 events) using a simplified 1D velocity 

model (2 crustal layers and the Moho discontinuity). Hypocenters generally have a horizontal 

error of less than 1.6 km and vertical errors of less than 1.3 km. The mean depth is 7.4± 0.37 

km for the period 20-29 May 2012 and  9.7±0.41 km for the 29 May-6 June 2012 period. In 

any case 72% of the events are shallower than 10 km. The reported focal depths indicate that 

both mainshocks of 20 and 29 occurred in the upper crust; the May, 20 event seems to be 

shallower  (5-7 km, with the exception of  [89]) than the May, 29 main event (around 10-12 

km). 

In spite of differences in depth determination, all the calculated focal mechanisms are of 

compressional type occurring along thrust faults with a dip of about 45°. These solutions are 

consistent with the seismotectonic environment of the earthquake, described in Section 2.B, 

involving a complex system of blind thrust faults which accommodate motions at the WNW-

ESE outer margin of the Northern Apennines. This system marks the transition between the 

well-established active extension zone of the Apennine chain and the buried compressive 

structures of the Po Plain. Earthquakes occurred on different segments of this system, for a 

distance of 30 km along its length. This fault system had been identified as an active structure 

prior to the earthquake, but was only roughly mapped even if it was included in the Italian 

Database of Individual Seismogenic Sources ([91] , [92]). 

New insights into the two main seismic events that occurred in 2012 in the Emilia region 

(Italy) have been provided [93] from extending the analysis from previous studies based on 

inversion modeling of GPS, RADARSAT-1 InSAR and RADARSAT-2 data. These data 

show that the displacement pattern associated with the 20 May event is consistent with the 

activation of a single fault segment of the inner Ferrara thrust. In contrast, the interpretation 

of the 29 May episode requires the activation of three different fault segments and a block 

roto-translation of the Mirandola anticline (Figure III .9). 

 

http://ingvterremoti.wordpress.com/2012/06/02/terremoto-pianura-padana-emiliana-intervento-della-rete-sismica-mobile/
http://ingvterremoti.wordpress.com/2012/06/02/terremoto-pianura-padana-emiliana-intervento-della-rete-sismica-mobile/
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Figure III .9 Radarsat-1 wrapped differential interferogram of the region. Red stars are the  position of the May 

20 and 29 mainshocks; the red lines are the  position of the main thrust fronts; black rectangles are the  surface 

projection of modeled faults. Inset: The N-S simplified geological section runs across the epicentral area of the 

May 29 mainshock, showing the geometry of the northern Apennines buried outer thrust fronts (redrawn from 

[94]). 
 

3. Coulomb Stress Transfer 

Earthquakes on fault planes can trigger subsequent earthquakes at short distances from 

the hypocenter by transferring static stresses. In this case the occurrence of so many large 

earthquakes (7 earthquakes with M>5, listed in Table III .1) in such a short time-window, 

may permit a possible interpretation in terms of purely tectonically triggered earthquakes. 

Cumulative static Coulomb Stress Changes (CSC) due to the largest earthquakes provide the 

most significant contribution to the total Coulomb static stress (CSS). Its computation is 

therefore extremely useful in order to assess the likely contributions and consequences of this 

earthquake swarm.  

CSSs subsequent to the occurrence of each M>5 event on optimally oriented fault 

segments, defined as the planes experiencing the maximum total stress, were computed by 

[96]. The evolution of static Coulomb stress changes during the sequence, obtained by the 

authors are shown in Figure III .10. It appears that each subsequent event occurred in an area 

of positive stress change caused by the occurrence of previous events.  

Similar results were obtained by [95] who computed the stress variation caused by the 

main event of the May 20th, 2012 evaluating the amount of static Coulomb stress that was 

transferred to the region of occurrence of the May 29th, 2012, event. 

The computed CSS shows that the hypocenter of the second mainshock is in the crustal 

region into which static stress was transferred. These results indicate that the May 29, 2012, 

event may have been triggered by  static stressing by fault slip caused by the preceding May 

20, 2012 event, (Figure III .11). The authors maintain that stress change calculations have 

been adequately validated by the observed distribution of aftershocks. 

It must be pointed out that the intensity of stress transfer is strongly dependent on the 

transmitting and receiving fault size, which on turn depends on the earthquakeôs magnitude. 

Mw values of 5.6 and 6.1 have been computed for the May 20 main shock. The authors ([95] 

[96]) chose a fault area consistent with the 5.6 value. A further source of error is the assumed 

slip model. 
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Figure III .10 Coulomb stress variation on optimally oriented fault segments obtained as a sequence of previous 

n-1 events at the depth relevant to event n (bottom left of each panel). The last panel shows the Coulomb stress 

variation of the 7 events (shown in Table I I I .1) at the depth of 6 km (from [96]). 

 

 

 
Figure III .11 Coulomb stress change at 10-km depth associated with the May 20, 2012 event. Green stars 

represents the two mainshock epicenters; blue areas and red areas are unloading and loading areas respectively. 
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Different results were obtained by [97] where cumulative changes in the static stress field  

were evaluated (Figure III .12 and Figure III .13) starting from hypocentral locations, moment 

magnitudes and focal mechanism solutions of [77]. The authors argue that the Coulomb 

Stresss Transfer effect at the locations and on the focal mechanisms of the largest subsequent 

earthquakes does not explain their occurrence. The symmetry of the static stress fields also 

differs from the asymmetries in the aftershock patterns. Therefore although static stress 

changes may affect the evolution of this sequence, the authors find that static stress 

redistribution alone is not capable of explaining the locations of subsequent events.  

A dynamic triggering process caused by passing seismic waves and enhanced by source 

directivity was also investigated by [97]. The study indicates that dynamic triggering might 

be the primary factor to explain the evolution of the 2012 Emilia seismic sequence. In fact, 

the authors observed a correlation between the locations of aftershocks and subsequent main 

events with: i) the peak dynamic strain fields; ii) the local change of the permeability, as 

shown in Figure III .13. 

 

 
Figure III .12 Coulomb stress change at hypocentral locations and on the preferential focal mechanism of 

the main events of the sequence. 






























































































































































































































































































