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Abstract

While scientists are paying increasing attention to the seismicity potentially induced by
hydrocarbon exploitation, little is known about the reverse problem, i.e. the impact of ac-
tive faulting and earthquakes on hydrocarbon reservoirs. The recent 2012 earthquakes
in Emilia, Italy, raised concerns among the public for being possibly human-induced,
but also shed light on the possible use of gas wells as a marker of the seismogenic
potential of an active fold-and-thrust belt. Based on the analysis of over 400 borehole
datasets from wells drilled along the Ferrara-Romagna Arc, a large oil and gas reserve
in the southeastern Po Plain, we found that the 2012 earthquakes occurred within a
cluster of sterile wells surrounded by productive ones. Since the geology of the pro-
ductive and sterile areas is quite similar, we suggest that past earthquakes caused the
loss of all natural gas from the potential reservoirs lying above their causative faults.
Our findings have two important practical implications: (1) they may allow major seis-
mogenic zones to be identified in areas of sparse seismicity, and (2) suggest that gas
should be stored in exploited reservoirs rather than in sterile hydrocarbon traps or
aquifers as this is likely to reduce the hazard of triggering significant earthquakes.

1 Introduction

Over the past months the potential for fluid withdrawal and injection to trigger earth-
quakes has fueled vigorous scientific and political debates. Most of the recent studies
on this topic maintain that seismic activity is being increased by human-induced earth-
quakes (e.g. Ellsworth, 2013). Special attention is being given to the hydraulic fracturing
technique (fracking) used to stimulate hydrocarbon production in low-permeable reser-
voirs (e.g. gas shales), but this seems less likely to induce destructive earthquakes
than does the disposal of wastewater retrieved from productive wells (e.g. the 2011,
M, =5.7 Oklahoma earthquake; Keranen et al., 2013). The recent report by ICHESE,
an international commission appointed to study the relationships between hydrocar-
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bon exploitation and the 20 and 29 May 2012 earthquakes in Emilia, Italy (M,, = 6.1
and 6.0), concluded that it cannot be ruled out that these events were triggered by
human activity (Cartlidge, 2014; ICHESE, 2014), while further investigations by Astiz
et al. (2014) consider this hypothesis negligible. Very few investigators, however, have
paid attention to the opposite case, i.e. to the impact of natural seismicity on gas and
oil reservoirs. In literature, it is possible to find papers dealing with the impact on hydro-
carbon reservoir by intersecting faults (Gartrell et al., 2004, and references therein),
but without specific focus on seismogenic faults and related earthquakes. This latter
case is interesting in areas where significant hydrocarbon reservoirs are hosted by
growing anticlines driven by faults extending to seismogenic depth, and where natural
earthquakes should be carefully distinguished from induced ones.

The Po Plain is one such area. The May 2012 earthquakes occurred in a rela-
tively small portion of this large, roughly E-W elongated alluvial plain extending for
~ 50 000 km? over much of northern Italy. The Po Plain conceals the front of the North-
ern Apennines fold-and-thrust belt and is actively contracting at rates ranging from 1 to
3mm yr‘1, respectively from west to east (Devoti et al., 2011). Shortly after these de-
structive earthquakes took place, rumours began to circulate that they were somehow
related to hydrocarbon exploitation. Very few studies on induced seismicity have been
carried out in ltaly (Mucciarelli, 2013); the only paper dealing explicitly with the possible
relationships between hydrocarbon exploitation and seismicity dates back to the 50s’
(Caloi et al., 1956).

The Po Plain is punctuated by a number of gas fields as well as a few oil-and-gas
fields, all of which have been systematically and heavily exploited from the 50s’ on-
wards. The continuing evolution of the two major opposing orogens surrounding the
Po Plain — the Alps to the north and to the west, and the Apennines to the south —
has created two characteristic fold-and-thrust-belts — the former verging south to east,
the latter verging north-northeast — which have been subsequently covered by thou-
sands of meters of sediments eroded from their most uplifted portions (Bartolini et al.,
1996; Carminati and Martinelli, 2002). The outermost thrust front of the Apennines
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chain is formed by three distinct arc-shaped fold systems: the Monferrato, Emilia and
Ferrara-Romagna arcs, respectively from west to east (Toscani et al., 2009). The 2012
earthquakes occurred along the Ferrara-Romagna arc, a NE-verging stack of faults and
folds overlain by a Plio-Quaternary succession several kilometres thick that is mostly
represented by syn-tectonic sedimentary wedges.

2 The data

We investigated the relationships between hydrocarbon fields and seismicity by fo-
cusing on a ~ 150km x 70km portion of the central-southern Po Plain straddling
the Ferrara-Romagna Arc, from its western end near Correggio to it eastern end
near the Adriatic Sea (Fig. 1). To this end we used a large, public database made
available by the project “Visibility of Petroleum Exploration Data in ltaly (ViDEPI)”
(http://www.videpi.com). In our study area eight major gas fields have been discov-
ered in Plio-Quaternary deposits, whereas three oil-and-gas fields have been found in
the Mesozoic carbonate sequences (ENI, 1996; Casero, 2004; Bertello et al., 2010).
Hydrocarbon reservoirs lie within anticlines that formed during the construction of the
Apennines fold-and-thrust belt between the Lower and the Upper Pliocene. Sustained
Pleistocene activity of these thrusts is locally documented by subsurface data in addi-
tion to geomorphic (Burrato et al., 2003), geodetic (Devoti et al., 2011) and seismologi-
cal evidence (Rovida et al., 2011). In some areas, thrusting also involves the Mesozoic
carbonate succession, bringing it at shallow depth where it can be easily drilled (e.qg.
the Cavone oil field).

For our study area the database includes the composite logs of 417 wells (for a full
list see Supplement). We first subdivided all wells into three main categories:

a. positively sterile, i.e. wells that have been drilled down to the prospective reservoir
but encountered no hydrocarbons;

b. positively productive, i.e. wells that have been or are presently producing;
7510
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c. wells that returned ambiguous results, i.e. exploration boreholes that encoun-
tered potentially productive gas/oil reservoirs that were never exploited, or gas
reservoirs that are too shallow (< 500 m) to provide information on seismogenic
processes.

All wells were then plotted along with the inferred surface projection of a number of
Individual Seismogenic Sources (ISS) and Composite Seismogenic Sources (CSS), in-
ferred structures based on regional surface and subsurface geological data taken from
the Italian DISS database (Basili et al., 2008; DISS Working Group, 2010). This national
database has been recently updated with evidence from the 2012 Emilia earthquakes
(Vannoli et al., 2014) and extended to the rest of Europe (Basili et al., 2013). All listed
seismogenic sources are assumed to be able to generate earthquakes of M,, =5.5 and
larger, based on the size of the corresponding faults (for the Po Plain specifically on the
inferred down-dip width). The ISSs represent the causative faults of individual earth-
quake ruptures, whereas the CSSs are more loosely defined, unsegmented tectonic
structures, each of which may span an unspecified number of ISSs.

We focused on the four CSSs and five ISSs falling in our study area (Table 1). The
ISSs represent the causative source of four damaging earthquakes that are known to
have occurred in the study region over the past five centuries: two are historical (1, 2),
whereas the other two belong to the 2012 sequence (3, 4).

The largest oil-and-gas field discovered in our study area is Cavone, which includes
two main reservoirs in Lower Cretaceous calcareous breccias and fractured Liassic
oolithic limestones (Nardon et al., 1991; Casero, 2004). It was based on the levels of
extraction and reinjection from this field that ICHESE (2014) said they were possibly
associated with the occurrence of the 20 May 2012 earthquake. In contrast, limited
information is available for the reservoirs of the gas fields, which can be inferred to lie
at a mean depth of 100—-1200 m, mainly within the Pleistocene Asti Formation.

All gas and oil-and-gas fields lie in or just above the structural highs that form the
complex architecture of the Ferrara-Romagna arc. The analysis of all boreholes reveals
that wells where gas has never been encountered throughout the drilled sequence lie
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next to fully productive wells (Supplement). Since the stratigraphic setting of the whole
study area is rather homogeneous, the juxtaposition of patches of productive/sterile
wells must be related to something else.

3 Data analysis

There can be several reasons why hydrocarbons do not accumulate in a natural reser-
voir. One of the key pre-requisite for the formation of an efficient gas reservoir is that
the geological formations overlying the porous layers where hydrocarbons can migrate
and accumulate must be unaffected by fractures and faults, which might allow fluids
to escape. This is not warranted in earthquake-prone areas; basic principles of source
mechanics (e.g. Scholz, 2002) suggest that earthquakes of M > 5.5 are capable of
rupturing a considerable thickness of the seismogenic layer. Thus, in a thrust fault-
ing environment, earthquakes at least as big as this may generate new fractures and
cause sympathetic slip on secondary faults above the tip of the master fault, possibly
damaging the reservoir and the impermeable caprock and allowing fluids to migrate up-
wards. The generation of extrados extensional faults and the progressive reduction of
the lithospheric load near the Earth’s surface may further promote the escape of fluids
from the core of the fault-driven anticline. To summarize, we contend that in an active
area like the Po Plain the lack of gas in a reservoir may reflect the state of fracturing
of the reservoir and of the caprock, and ultimately the presence and state of activity
of a fault capable of M 5.5+ earthquakes. All else being equal, longer-wavelength an-
ticlines generated by wider — and presumably longer — faults would be less suited to
preserving the integrity of a reservoir than smaller anticlines driven by smaller faults.
In the Po Plain wider faults are also more likely to affect the more rigid Mesozoic base-
ment, which is assumed to be more prone to stick-slip behavior and hence to larger
earthquakes (Bonini et al., 2014).

To substantiate this scenario, we used a binomial test to see if the observed correla-
tion between gas production and anticline/fault size is statistically significant (Table 2).
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Hence only one out of 19 wells falling on the surface projection of the presumed
causative faults of M 5.5+ earthquakes is currently productive. According to the bino-
mial test, the probability of this result occurring by chance is < 0.01 %. In contrast, the
highest success rate is found outside the Composite Seismogenic Sources, that is to
say, in portions of the fold-and-thrust belt where faults capable of a M 5.5 and larger
earthquake should not exist. Although these figures may be affected by uncertainties
in the location of the faults, the results are quite striking.

4 Conclusions

The observation that a reservoir's productivity is anti-correlated with the presence of
a large seismogenic fault has two potential yet very practical outcomes:

1. when investigating the seismogenic potential of any active area subjected to com-
pressional tectonics, the consistent absence of productive gas wells within fault-
driven anticlines may help identify areas lying above large seismogenic faults;

2. when designing an underground natural gas storage facility in a tectonically ac-
tive area, depleted gas reservoirs are more likely to be intact, i.e. unaffected by
shallow active faults, thus greatly reducing the hazard of triggered seismicity. This
solution should be preferred over other options, such as oil-only depleted reser-
voirs or aquifers (as it was proposed for the Rivara storage in the epicentral area
of Emilia earthquake). The September 2013 earthquake sequence that took place
off the coast of Spain at Vinaros near Valencia (Cesca et al., 2014) supplied living
evidence of the hazard associated with using oil-only depleted reservoirs located
next to a major active fault (see Amposta fault in Basili et al., 2013).

The Supplement related to this article is available online at
doi:10.5194/nhessd-2-7507-2014-supplement.
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Table 1. Summary of 4 ISSs (1-4) and 5 CSSs (a—e) used in this work (from DISS Working
Group, 2010, and Vannoli et al., 2014).

Source DISS Associated Assigned/ Fault Fault Min Max Fault  Slip rate

# code earthquake Max M,,  length (km) width (km) dep (km) dep (km) dip(°) (mm yr")
1 ITISO90 17 Nov 1570 5.5 5.1 4.0 1.4 45 50 0.1-0.5

2 ITIS141 19 Mar 1624 5.7 8.0 5.7 3.0 6.3 35 0.49-0.55
3 ITIS134 20 May 2012 6.1 10.0 6.4 4.0 84 43 0.25-0.50
4 ITIS107 29 May 2012 6.0 9.0 5.9 4.0 7.0 30 0.50-1.04
a ITCS049 - 5.5 - 4.0 3.0 10.0 30-50 0.04-0.16
b ITCS050 - 5.5 - - 1.0 8.0 25-55 0.10-0.50
c ITCS051 - 6.0 - - 3.0 10.0 25-45 0.50-1.04
d ITCS012 - 6.1 - - 2.0 8.0 20-40 0.49-0.55
e ITCS103 - 6.0 - - 3.5 10.0 40-50 0.25-0.50
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Table 2. Summary of the results. Wells falling within an ISS are counted also within the parent

CSS.

Well groups Productive Sterile Total Success rate (%)
Study area (whole sample) 191 226 417 46
Outside SSs (background) 74 63 137 54
Within CSSs only 116 145 261 44
Within ISSs only 1 18 19 5
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Figure 1. Our study area, showing the location of the 417 wells used for the analysis (listed in
Supplement). Orange and yellow boxes are the surface projection of Composite Seismogenic
Sources (CSS) and Individual Seismogenic Sources (ISS), respectively, all from DISS Work-
ing Group (2010) (see text and Table 1). The ISSs represent the sources of the four largest
earthquakes that have occurred within the study area over the past five centuries: 29 May 2012
(M, =6.1), 20 May 2012 (M,, = 6.0), 11 November 1570 (Ferrara, M,, =5.5) and 1624, and 19
March Argenta (M,, = 5.7), respectively from west to east. All faults are blind: their top and bot-
tom depth fall in the range 1.4-4.0 and 4.5—10.0 km, respectively (see Table 1). The yellow line
next to the box marks the fault cutoff, i.e. the surface projection of the fault plane. Black, yellow
and cyan squares indicate Sterile, Productive and Ambiguous wells, respectively.
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