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Abstract 11 

We analyze a seismic sequence which occurred in 2000 along the Northern Apennines accretionary 12 

wedge (Italy). The sequence developed within the Cretaceous-Triassic limestones of the tectonic 13 

wedge, where methane-rich and oil reservoirs are stored. Ruptures mainly developed on WNW-ESE 14 

striking thrusts. The compressive stress field is consistent with that acting at regional scale in 15 

Northern Apennines. Seismic parameters indicate that fluids are involved in the seismogenic 16 

process. The amplitudes of the P and S phases and data from some stations evidence a P to S 17 

conversion within Vp/Vs=2.1 layer. The attenuation properties of crust show a higher attenuation 18 

zone located west of the epicentral cloud. Eight hundred aftershocks delineate a sub-vertical cloud 19 

of events between 7 and 14 km depth. The space-time evolution of the aftershocks is consistent with 20 

a diffusive spreading (diffusivity=1.9 m2/s) along vertically superimposed thrusts. Diffusion also 21 

controls the time evolution of the sequence. Fluid pressure is estimated to be roughly equal to the 22 

vertical, lithostatic stress. The overpressure within reservoirs develops by tectonic compaction 23 

processes. The fluids upraise along sub-vertical fractures related to the shortening of the wedge. The 24 

2000 sequence occurred in an area that separates a thermal and deeper petroleum system from a 25 

shallower biogenic system. The divider of these systems controls the attenuation properties of the 26 

crust. The fluid-rock interaction at seismogenetic depth is related to hydrothermal processes more 27 

than to compaction. In accretionary wedges, seismicity activating superimposed thrusts may drive 28 

methane and oil upraising from the upper crust. 29 

 30 
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 33 

1. Introduction 34 
 35 
Studies of geochemistry and on vein structures, as well as data from boreholes and seismic lines 36 

evidence that fluids play an important role in the evolution of accretionary wedges (e.g. Karig et al., 37 

1973; Cochrane et al., 1994; Bangs et al., 1999; Labaume et al., 2001; Brown et al., 2003; Yonkee 38 

et al., 2003; Perez et al., 2004; Kondo et al., 2005). High fluid pressures facilitate the decoupling 39 

and activation of low-angle thrusts and formation of pop-up structures (Mourgues and Cobbold, 40 

2006). It is shown that fluid flow, variation of pore fluid pressure, and deformation in thrust zones 41 

can trigger seismicity (Gratier, 2002; Sibson, 2005), although the relationship among thrust 42 

tectonics, fluids and seismicity is poorly understood compared to strike-slip regimes like the San 43 

Andreas Fault (Malin et al., 2006), extensional regimes like central Italy and Corinthe (Greece) 44 

(Miller, 1996; Moretti et al., 2002; Antonioli et al., 2005).  45 

On 8 May 2000 at 12:29 (UTC), a moderate-size (MD = 4.3) earthquake followed by 46 

aftershocks occurred close to the outcropping thrust front of the Northern Apennines accretionary 47 

wedge (Italy), in an area characterized by mud-volcanoes, fluid venting, oil and gas reservoirs (Fig. 48 

1a; Picotti et al., 2007; Picotti and Pazzaglia, 2008). As such, the study of this sequence provides a 49 

unique chance for (1) the analysis of the seismogenic processes occurring in thrust zones and (2) the 50 

effects of fluids on the physical parameters of the accretionary wedges. Here, we analyse the 51 

seismicity in light of the available information on the tectonic and structural pattern. The spatial-52 

temporal evolution of the sequence, i.e. the diffusivity, is investigated and a variety of seismic 53 

attributes such as velocity and attenuation are evaluated. We highlight the role played by thermal 54 

fluids in the evolution of the sequence, estimate the fluid pressure at seismogenetic depth, and 55 

evidence how the study of seismic sequences in thrust zones can be used to characterize oil 56 

reservoirs. A comparison between the reservoirs of strike-slip zones and those occurring in thrust 57 

areas is presented. The collected data provide new insights on the relationships between fluids and 58 

active accretion processes. The seismotectogenesis of the Apennine wedge and its geodynamic 59 

implications are also discussed.  60 
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2. Geological framework 61 

A seismic sequence started on 8 May 2000 in the area of Faenza city, which is located close 62 

to the external topographic margin of the Northern Apennines (NA) fold-and-thrust belt (Fig. 1a). 63 

NA is a Neogene-Quaternary, NE-verging belt developed in the framework of the European-64 

African convergence and involved the westward subduction of the Adriatic lithosphere (Alvarez, 65 

1972; Doglioni, 1991). During the convergence, the roll-back of the W-subducting Adriatic slab 66 

induced the eastward migration of the thrust fronts and foredeep basins. The youngest of these 67 

basins is the Po Plain. The structural setting of NA and its evolution were reconstructed using deep 68 

seismic reflection data (CROP03 line; Barchi et al., 1998), which recognized the thick-skinned 69 

geometry of the thrust system (Lavecchia et al., 2003 and references therein). 70 

The NA physiographic margin is represented by the Pedeapenninic Thrust Front (PTF; 71 

Boccaletti et al., 1985). PTF consists of a system of faults that separates the uplifted and exposed 72 

accretionary wedge from the Po Plain. In the Po Plain, the more external NA thrust fronts are buried 73 

beneath a thick sequence of Plio-Quaternary sediments (Fig. 1a,b; Doglioni, 1993; Bartolini et al., 74 

1996; Picotti, and Pazzaglia, 2008). The NA thrust fronts migrated at about 9 mm/yr and the 75 

present-day activity concentrates on PTF and the outer fronts (Basili and Barba, 2007). The 76 

structural configuration of the external NA fronts was mapped using subsurface geological data 77 

derived from commercial seismic reflection lines and borehole data (e.g.: Pieri and Groppi, 1981; 78 

Massoli et al. 2006). The NA tectonic elements follows three main arcs (Fig. 1a): Monferrato, 79 

Emilia and Ferrara-Romagna arcs. The Ferrara-Romagna arc is further subdivided into three 80 

relatively minor structures: the Ferrara, Romagna and Adriatic folds. The southern Po Plain is a flat, 81 

low relief region, and the only expression of the active buried anticlines is their control on the 82 

drainage pattern (Burrato et al., 2003). Tectonic activity of the NA thrust fronts is testified by (a) 83 

historical and instrumental seismicity (CPTI, 2004; CSTI 1.0, 2001; Castello et al., 2005), the latter 84 

characterized by reverse focal solutions (Pondrelli et al., 2006), (b) surface geological and 85 

geomorphological evidence of faulting and folding of recent deposits (Vannoli et al., 2004; 86 



4 
 
Boccaletti et al., 2004), and (c) subsurface geophysical profiles showing very recent growth strata 87 

developed across buried anticlines (e.g.: Scrocca et al., 2007). Borehole breakouts and focal 88 

mechanisms of crustal earthquakes show a maximum horizontal stress axis oriented perpendicular 89 

to the strike of the thrust front (Montone et al. 2004).  90 

The epicentral area of the 2000 Faenza seismic sequence is structurally located between PTF 91 

and the inner Romagna folds. In this sector of the Po Plain, the thickness of the base of the Pliocene 92 

reaches more than 5000 m, while it is less than 1000 m on top of the anticlines (Fig. 1b). Numerous 93 

historical earthquakes are registered in the catalog. The strongest earthquakes occurred in 1688 (Mw 94 

5.9, Romagna earthquake) and in 1781 (Mw 5.8, Faentino earthquake) (CPTI, 2004). The Italian 95 

Database of seismogenic sources reports that the causative faults of the two largest historical events 96 

were two N-verging blind thrusts belonging to PTF and to the outer Romagna folds (DISS Working 97 

Group, 2007; Basili et al., 2008). Active compression across the Po Plain is testified by the S-98 

verging seismogenic structures belonging to Southern Alps chain (SA in Figure 1a), which follows 99 

the margin of the plain in the Veneto-Friuli area (Burrato et al., 2008). On the other hand, aside of 100 

the 2000 Faenza sequence, few and sparse instrumental seismicity is recorded. Like the other 101 

moderate events of the area (Di Giovambattista and Tyupkin 1999), the 2000 sequence was 102 

preceded by activation of weak earthquakes. 103 

The NA external sector is characterized by numerous active seeps of deep fluids that include 104 

mud volcanoes and methane vents (Fig. 1a,b; Bonini, 2007; Etiope et al., 2007). The geochemical 105 

analyses of the gas, which reaches an output rate of 6 t d-1, indicate a thermogenic source deeper 106 

than 6 km. This source is within the Cretaceous limestones found below the Miocene foredeep 107 

deposits (Capozzi and Picotti, 2002). The presence of the seeps highlight the occurrence of buried 108 

and outcropping active reverse faults and related anticlines (Martinelli and Judd, 2004; Bonini, 109 

2007). The hydrocarbon generation and migration domain is hosted and trapped by the buried 110 

thrusts and anticlines of the NA chain. The Miocene reservoirs located in the Ferrara folds are 111 

charged by gas/liquids likely derived from a Triassic source, thus accounting for a Miocene-Triassic 112 
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petroleum system (Fig. 1a inset) (Lindquist, 1999). On the contrary, the reservoirs within the 113 

Romagna-Adriatic folds and in the central Po plain are charged by biogenic to mixed thermogenic 114 

gas. These latter occur at shallower depths and are stored within the upper Miocene-Pliocene 115 

deposits (Fig. 1b). The marine to continental Plio-Quaternary sedimentary sequence hosts three 116 

regional groups of fresh water aquifers (RER, ENI-Agip, 1998). In the epicentral area of the 2000 117 

earthquake, these aquifers reach a maximum depth of about 700 m below the sea level (Fig. 1b,c). 118 

The aquifers are separated by regionally continuous impermeable layers. They are fed by meteoric 119 

infiltrations into gravel and sand bodies (Fig. 1b,c) that form the alluvial fans at the mountain front 120 

and fill the main alluvial valleys. Brines are confined within the Miocene hydrocarbon seeps at a 121 

maximum depth of 5-6 km (Fig. 1b,c; Picotti et al., 2007). 122 

 123 

3. The 2000 Faenza seismic sequence 124 
 125 

3.1 Data 126 

 127 

A temporary seismic network composed of 8 stations was installed by the Istituto Nazionale 128 

di Geofisica e Vulcanologia (Italy) after the mainshock (MD=4.3) occurred on 8 May 2000 at 12.29 129 

UTC. All stations (blue triangles in Fig. 1) have 3 components of seismographs (Reftek CMG45T, 130 

Lennartz LE 3d-5s) and a sampling rate of 100 Hz. The observations lasted for about a month and 131 

more than 800 aftershocks were detected. P- and S-wave onsets were hand picked on digital 132 

waveforms obtaining an accurate timing.  133 

 134 

3.2 Waveforms analysis 135 

 136 

Waveforms are examined for 20 events with MD≥ 3.0. The analysis of the seismograms 137 

shows a prominent difference in the first P-waves recorded among the stations CAST and COLL 138 

and the other ones (Figs. 1 and 2). CAST and COLL waveforms have a high content of high 139 
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frequency, whereas the other stations show a high attenuation to low frequencies (Fig. 2). The first 140 

arrivals at all the stations, excluding CAST and COLL, have an onset with a sharp impulse on the 141 

vertical component and a very low amplitude onset on the horizontal components. On the contrary, 142 

the S phase is strongly amplified in the horizontal components and is lacking in the vertical 143 

components. This feature suggests different attenuation properties of the medium, possibly related 144 

to the azimuthal distribution of the stations with respect to the hypocenters. The analysis of the 145 

seismograms shows a strong P-to-S converted phase (Ps) with larger amplitude arrives about 1 s 146 

after the first P arrival at the stations TULL, FILE and CESA (Fig. 2). It is worth noting that the 147 

converted phase is not systematically observed at the same stations for all the events. The Ps phase 148 

is not observed at stations CAST and COLL, which are at less then 15 km from the station TULL. 149 

We roughly estimated the depth at which the Ps conversions occur using the velocity values 150 

obtained as reported in following section. For a P-wave with a vertical incidence converted to an S-151 

wave at a depth z, z=∆tVPVS/(VP-VS) with ∆t the time between the arrival of the direct P-wave and 152 

the converted Ps phase. In the nearest stations, the angle of incidence is almost vertical and the 153 

above relation gives a reliable estimate of z. For the analysis of the converted waves, we considered 154 

the stations TULL and FILE, which show the strongest amplitude of the Ps phase. The estimated z 155 

is of about 6 km for FILE and 3 km for TULL. This result indicates that the Ps phase was caused by 156 

the conversion of a scattering zone that, in light of the available geological data, corresponds to 157 

Quaternary sediments (see Fig. 1). 158 

 159 
3.3 Velocity structure and event location  160 

 161 
A realistic velocity model is obtained by inverting the arrival times of the selected 592 162 

earthquakes with a minimum of 12 observations, root mean square (rms) <1 s, and azimuthal gap 163 

<160°, by applying the VELEST inversion code (Kissling et al., 1995). The velocity model consists 164 

of parallel, laterally homogeneous layers whose thicknesses are not perturbed during the inversion. 165 

After performing several tests with different initial velocity models, we observed that a single 166 

minimum 1-D model with three layers is well resolved. A wide range of starting velocity models 167 



7 
 
with more layers have been tested but the data do not support complicated starting models, probably 168 

due to significant lateral heterogeneity. Figure 3a shows the a priori and the calculated velocity 169 

model. The computed minimum 1-D model shows VP/VS=2.1 at depth ≤ 8 km. This anomalous 170 

value of VP/VS could be due to the presence of fluids, as already reported for other areas worldwide 171 

(e.g., Eberhart-Phillips and Michael, 1993; Zhao et al., 1998; Husen and Kissling, 2001). The 172 

obtained high VP/VS is also confirmed by the modified Wadati diagram obtained with a subset of 173 

clearly recorded P and S arrivals (Fig. 3b), which have weight equal to 0 and 2, respectively. 174 

Results from the Wadati diagram shows VP/VS =2.324±0.08.  175 

The crustal model of Fig. 3a is used to relocate the aftershocks by means of the 176 

HYPOELLIPSE code (Lahr, 1999), resulting in a significant improvement in the quality of 177 

hypocentral parameters (rms <0.10 s). The relocated events show two main alignments of epicentres 178 

(Fig. 4a, b). The main alignment is elongated in the direction of the thrust belt, which is WNW-179 

ESE. The other alignment is located at the northwestern tip of the main one and roughly strike NE-180 

SW. In a NE-SW section, the hypocenters fall on a vertical cloud at depths between 7 and 14 km 181 

(Fig. 4c). Earthquakes of the main, NW-SE alignment are located at depth between 7 and 12 km, 182 

whereas the events of the NE-SW alignment occur at depth between 7 and 14 km (Fig. 4b). The 183 

spatial-temporal evolution of the aftershocks describes an outward spreading. In particular, the early 184 

seismicity developed in the central-western sector of the NW-SE alignment while the successive 185 

events migrate towards the tips of the aftershock cloud (Fig. 4a). Therefore, the previously 186 

described vertical cloud of events developed in a later time.  187 

 188 

3.4 Seismic attenuation 189 

 190 
 191 

Previous studies have shown that a high VP/VS value correlates with high P-wave 192 

attenuation (Tompkins and Christen, 1999) as well as with increased S-wave attenuation (Winkler 193 

and Nur, 1982). Having found a high VP/VS in our study area, we estimate the seismic attenuation of 194 

the source area. We followed the common procedure of the Standard Spectral Ratio method (SSR), 195 
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which consists in determining the site amplification at each station with respect to a reference site. 196 

To select the reference site, we examined the ray path  followed by seismic rays from the 197 

hypocenters of earthquakes with ML≥3.8. The seismic rays of the selected events travel to the 198 

reference station CAST without crossing the Quaternary attenuative zone (see section 2). On the 199 

contrary, the seismic rays travelling to the other seismic stations cross the attenuative zone. 200 

Although most attenuation mechanisms indicate some frequency dependence, mainly for 201 

frequencies ≥100 Hz, most measurements of Q with body waves are obtained using a constant QS 202 

model (Flanagan and Wiens, 1994). In this study, we select a frequency range of 2-10 Hz. If the 203 

source spectra obey the ω2 approximation with constant stress drop (Boore, 1983), the acceleration 204 

spectrum Ao(f) radiated from a point-source in the far-field approximation is: 205 

 206 
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To estimate Ao(f), we used a 3s time window beginning 0.5s before the body wave by applying a 209 

10% cosine taper to remove the scattering effects. In equation 1, FS is a free-surface coefficient (2), 210 

ϕϑ ,R is the RMS value of the radiation pattern (0.63), P is the horizontal composition factor (21/2), 211 

and ρ is the density (2700 kg/m3). Shear-wave velocity β in the crust is taken as 3.2 km/s. M0 and f0 212 

are the seismic moment and the corner frequency, respectively. The values of M0 were taken from 213 

the MedNet web site (http://www.ingv.it/seismoglo/RCMT/); the corner frequencies were computed 214 

following Brune (1970). G(R) is the geometrical spreading deduced by Malagnini et al. (2000): 215 
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 220 
where R is the hypocentral distance. The exponential term in equation (1) represents the empirical 221 

attenuation function used to compensate the spectral attenuation along the propagation path. We 222 

selected 20 seismic events with ML>2.0. Hypothesizing a different attenuation among CAST and 223 
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the other stations, we computed QS,Staz  as the mean value of the attenuation calculated at each 224 

station and corresponding to the fixed values of QS,CAST (Table 1). The mean QS,Staz values are 225 

obtained discharging data exceeding 2 standard deviation from the mean value. As shown in Fig. 5, 226 

the stations are characterized by two different attenuation values that separate the rupture zone in 227 

two sectors. Stations CESA, FILE, TOME and TULL show significantly higher attenuation values 228 

with respect to COLL, SGIO and PETE (Table 1). Therefore, the 2000 sequence occurred between 229 

two zones with different attenuation properties. The ratio of the attenuation of the two zones is 230 

about the same with respect to the value of the attenuation assumed for the reference station. A 231 

QS,CAST  value of 100, in combination with the other values of QS,Staz  and with the ω2 model 232 

(equation 1) provides the best fit of the spectra (Fig. 6). In any case, the low Qs values (Table 1) 233 

show that the zone covering the Quaternary basement is strongly attenuative even if this feature 234 

does not justify the occurrence of two zones laterally characterized by a significant differences in 235 

Qs. An interpretation of this feature is discussed in the section 4. 236 

 237 
3.5 Focal Mechanisms  238 

 239 
We computed focal mechanism by means of the standard fault plane fit FPFIT grid-search 240 

algorithm (Reasenberg and Oppenheimer, 1985). We obtained well-constrained focal mechanisms 241 

for 154 events with more than 7 polarities, maximum azimuthal gap of 180° and hypocentral error 242 

less than 1 km (Fig. 7a). The average errors on the maximum likelihood solutions are ≤10° for 243 

strike, dip and rake. The distribution of the sub-horizontal P-axes shows a NNW-SSE preferred 244 

strike, whereas the T-axes are sub-vertical. Nodal planes of focal mechanisms show a clear WNW-245 

ESE preferred strike (Fig. 7b). This strike is consistent with the WNW-ESE elongation of the 2000 246 

aftershock zone (Fig. 4a). The dip of nodal planes concentrates between 45° and 65° and the rake 247 

values indicate prevailing thrust- to oblique-type ruptures (Fig. 7b). These ruptures are consistent 248 

with those of the 2000 mainshocks, which also show thrust-type faulting (Fig. 1). Second-order 249 

strike-slip faulting (rake~0°) along NW-SE to N-S striking planes also occur. Temporal evolution 250 

from thrust to strike-slip faulting, or the opposite, have been not observed. We use the computed 251 
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focal mechanism to determine the stress field using the method developed by Gephart and Forsyth 252 

(1984). Results are reported in Fig. 7c and indicate a reverse stress field characterized by a 253 

subhorizontal, NE-SW striking maximum compressive stress σ1 and a vertical minimum 254 

compressive stress σ3. The value of R=(σ1−σ2)/(σ1−σ3) is 0.2. This low value implies that σ1 255 

approaches σ2, so suggesting a possible switch between σ1 and σ2. This switch explains the 256 

coexistence, within the same stress field, of thrust and strike-slip ruptures. 257 

 258 
4. Discussion  259 
 260 

 261 
4.1 Structural significance of the 2000 seismicity 262 
 263 

The data presented here show that the Northern Apennines 2000 sequence developed along a 264 

WNW-ESE striking rupture zone, which mainly extends from 7 to 16 km depth. Second-order 265 

ruptures roughly aligned NE-SW occur at the northwestern tip of the main WNW-ESE zone. The 266 

preferred strike of nodal planes indicates WNW-ESE faulting and the stress field from focal 267 

mechanisms suggests compression along a subhorizontal NE-SW striking axis. This stress 268 

configuration is that acting in Northern Apennines and it is characterized by a compressive stress 269 

field with σ1 orthogonal to the chain axis. (Montone et al., 2004). The kinematic picture resulting 270 

from the 2000 sequence indicates thrust-type faulting along planes located at different depth. In this 271 

frame, the (few) strike-slip focal mechanisms, which suggest left-lateral movements along NE-SW 272 

faults, concentrated on the NE-SW second-order, tip structure. These second-order ruptures can be 273 

interpreted as lateral ramps of the main thrusts. Our data indicate that the Faenza sequence 274 

developed below the Pedeapenninic Thrust Front, which represents the accretionary wedge of the 275 

chain, and, in particular, of the Ferrara-Romagna arc (Fig. 1). In this area, the base of the Pliocene 276 

units is at about 5 km depth, whereas at the top of the Po Plain anticlines, the Pliocence thickness is 277 

less than 1 km (Fig. 1a,b; Pieri and Groppi, 1981). Therefore, the 2000 seismicity did not affect the 278 

Plio-Quaternary successions. Taking into account this observation and the subvertical elongation of 279 

the seismic cloud, we suggest that the ruptures developed along a subvertical fracture zone that 280 
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crosses overlapping, buried thrust surfaces whose fronts are located within the Po plain. The 281 

occurrence of this fracture zone is consistent with the structural features of thrusts zones like the 282 

Wheeler Ridge oil field in California, where sub-horizontal micro-fractures and veins parallel to the 283 

thrust front coexist with vertical fracture networks (Perez et al., 2004).  284 

 285 

4.2 Evidence of fluids 286 

 287 

The area affected by the 2000 earthquakes is characterized by mud volcanoes and methane 288 

vents (Fig. 1; Bonini, 2007). In addition, oil and methane reservoirs occur generally at depths 289 

between 5 and 10 km, within the Cretaceous-Triassic limestones underlying the Miocene foredeep 290 

deposits (Lindquist, 1999; Capozzi and Picotti, 2002; Etiope et al., 2007). As a result, the focus of 291 

the 2000 seismicity mainly concentrates within a sector of the upper crust in which thermogenic 292 

methane and oil reservoirs occur. Therefore, these deep fluids could play a role in the seismic 293 

release. This hypothesis is supported by our results, which can be summarized as follows:  294 

(a) The overall Vp/Vs is 2.32. This value is anomalously high for the Northern Apennines 295 

(Vp/Vs~1.8-1.9; Piccinini et al., 2006; Ciaccio and Chiarabba, 2002) and it is consistent with values 296 

estimated in fluid-rich zones (Zhao and Negishi, 1998; Husen and Kissling, 2001).  297 

(b) The occurrence of a P to S conversion mainly recorded at the stations FILE and TULL. 298 

The converted phase arrives about 1 s after the first P arrival. This conversion could mark an 299 

impedance contrast interface possibly related to the occurrence of a fluid-rich zone(s) at depth 300 

larger than 3 km (TULL station) and 6 km (FILE station), lacking structural or geophysical 301 

evidence of a lithological/structural discontinuity able to explain the observed impedance contrast. 302 

Even if our data cannot unequivocally locate the interface of the conversion, this occurs at the 303 

transition between the Cretaceous-Triassic limestones, which are the host rocks of the oil and 304 

methane reservoirs, and the uppermost Pliocene deposits, which constitute an efficient permeability 305 

barrier.  306 



12 
 

(c) in a transversal section, the 2000 hypocenters delineate a sub-vertical conduit-like cloud. 307 

(Fig. 1). We remark that this vertical distribution of hypocenters has not been previously observed 308 

in the Northern Apennine sequences, which are generally characterized by distributions consistent 309 

with low angle (<45°) surfaces (Ciaccio and Chiarabba, 2002; Piccinini et al., 2006). The geometric 310 

features and outward spreading of the 2000 Faenza aftershocks is typical of pore-pressure 311 

perturbation processes (Audigane et al., 2002; Shapiro et al., 1997; 2003). To test the hypothesis 312 

that the 2000 sequence could be related to these processes, we analyze the spatial-temporal 313 

distribution of seismicity following Shapiro et al. (2003).  314 

 315 

4.3 Pore-pressure diffusion and triggering mechanism 316 

 317 
A number of diffusion-typical signatures have been documented in the spatio-temporal 318 

distribution of seismic clouds (see Shapiro et al., 1997; 2003). In an effective isotropic, 319 

homogeneous poroelastic medium, the extension of the rupture zone can be approximated by a 320 

theoretical curve r=(4πDt)1/2 that describes the distance r of the pressure front from the fluid source 321 

(triggering front) as a function of the diffusivity D and time t (Shapiro et al. 1997). The parabolic 322 

fitting of a cloud of events provides the effective scalar estimates of D. In Fig. 8, a spatio-temporal 323 

distribution of the relocated 2000 Faenza seismicity of the second pattern is shown. A good 324 

agreement between the theoretical curve with D=1.9 m2/s and the data can be observed: the events 325 

concentrate within the parabolic envelope as theoretically expected for diffusive, pore-pressure 326 

related seismic processes. The obtained D value is within the range (0.02-9.65 m2/s) of those 327 

estimated for pore pressure diffusion processes in the upper crust (Talwani et al., 2007 and 328 

references therein).  329 

 330 

 331 

 332 

 333 
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4.4 Estimate of the fluid pressure 334 

 335 

Here, we present an estimate of the fluid pressure acting at depth during the 2000 sequence. 336 

We follow the approach of Fournier (1996), as modified by Ventura and Vilardo (1999). According 337 

to Fournier (1996), we assume a Coulomb criterion of failure using the following analytical 338 

expression for rupture along a plane:  339 

 340 

(σ1-σ3) = [2µ (σ3-λσV) + 2C]/[(1 - µtanθ) sin2θ]   (4) 341 

 342 

where µ is the coefficient of internal friction, C is the cohesion, θ is the angle between the 343 

maximum principal stress σ1 and the fault plain, and λ  is the ratio between the fluid pressure Pf and 344 

the vertical stress σV which, in a compressive stress regime, is σ3 = ρgh, where ρ is the rock density, 345 

g is the acceleration of gravity, h is the thickness of overburden. For the 2000 sequence, we assume 346 

that faulting occurs on pre-existing planes of weakness and set C=0. This assumption is justified by 347 

the observation that the thrust-type events affect a zone where several juxtaposed thrusts occurs 348 

(Massoli et al., 2006). According to Byerlee (1978), µ is generally between 0.6 and 0.75. Here, we 349 

select 0.6. Assuming ρ=2700 kg/m3, the value of σ3 at 10 km of depth, which represents an average 350 

depth of the hypocenters, is ~250 MPa. According to data from a well located 15 km west of the 351 

epicentral cloud, σ1 varies with depth at 35 MPa/km (Mariucci and Muller, 2003). Therefore, at 10 352 

km of depth, σ1=350 MPa. On the basis of the results from the inversion of focal mechanisms (Fig. 353 

7c), θ  is assumed to be 45°. We resolve equation 4 with respect to Pf and found λ=0.86, i.e. Pf = 354 

215 MPa at 10 km of depth. This value of λ suggests a high fluid pressure with Pf ~ σ3, and nearly 355 

lithostatic stress conditions. According to Sibson (2000), lithostatically pressured fluids were 356 

trapped in the crust by the compressive stress field, and episodically released through a fault-valve 357 

mechanism. This agrees with the general structural features of the area where the 2000 sequence 358 
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occurred, which is characterized by episodic release of methane-rich fluids from reservoirs located 359 

within the 5-10 km deep Triassic-Cretaceous reservoirs. In addition, our result supports the 360 

theoretical model by Orlov et al. (2004) on the incidence of tectonic stress on overpressure. 361 

According to this model, a variation of tectonic stress in folded areas may induce an overpressure in 362 

fluid reservoirs that are in lithostatic equilibrium. In the area of the 2000 seismic sequence, the 363 

value of the fluid pressure is roughly equal to the minimum compressive stress. This suggests that 364 

the main factor controlling the overpressure in the hydrocarbon domain of Apennines is the 365 

horizontal shortening of the chain, i.e. tectonic compaction. We exclude the involvement of other 366 

processes, e.g. elevation of the hydraulic head (Schneider, 2003) or loading of the overburden 367 

(Roure et al., 2005), because the 2000 seismicity develops at a depth of 7 to 14 km, where the effect 368 

of the overburden or hydraulic head are practically null.  369 

 370 

4.5 Seismic attenuation vs. spatial distribution of reservoirs  371 

 372 

The observed larger attenuation at the seismic stations CESA, FILE, TOME, and TULL, 373 

which are located northwest of the 2000 seismic cloud, with respect to that at CAST, COLL, SGIO, 374 

and PETE, located to the southeast, is not due to the different thickness of the Plio-Quaternary 375 

sediments because the attenuation among the seismic stations appears not related to the thickness of 376 

sediments. The attenuation path could be explained taking into account the different depth and 377 

origin of oil reservoirs in this sector of the Northern Apennines. In particular, the reservoirs located 378 

northwest of the 2000 cloud mainly occur at depths comparable with the hypocenters of 379 

earthquakes. These carbonate reservoirs are locally charged by gas and liquids derived from 380 

Triassic sources (Fig. 1a,b; Lindquist, 1999). On the contrary, the carbonate reservoirs to the 381 

southeast of the epicentral cloud are charged by biogenic to mixed biogenic-thermogenic gas and 382 

occur at shallower depths, being stored within the upper Miocene-Pliocene siliciclastic deposits. 383 

Therefore, at hypocentral depths, which concentrate below 7 km, the observed larger attenuation at 384 
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the stations CESA, FILE, TOME, and TULL could reflect the higher fluid content of the host rocks 385 

due to the occurrence of the northwestern and deeper reservoirs. We exclude that surface/subsurface 386 

waters (e.g., shallow acquifers, rain fall, lakes; Muco, 1998) play a role in the triggering mechanism 387 

of the 2000 sequence because of (a) the hypocentral cloud does not affect the upper 7 km of the 388 

crust, (b) the maximum depth of the aquifers is 700 m, and (c) the lack of seasonality, i.e. 389 

periodicity, in the temporal evolution of the sequence. 390 

 391 

4.6 Geodynamic implications 392 

 393 

Our results and previous studies (Picotti et al., 2007 and references therein) clearly indicate 394 

that accretion processes are still currently active in the Northern Apennine and operates within a 395 

well known petroleum province, as attested by the presence of oil wells and gas seepages degassing 396 

along the northern arc of Apennines. Fluids may be involved in other seismic sequences and may 397 

play a major role in the development of thrusts. From a geodynamic point of view, it is worth 398 

nothing that while the seismicity related to the extensional strain field affecting the inner sectors of 399 

the Apennine chain is mainly due to the uprising of CO2 fluids from the mantle (δ13C in CO2 400 

between -4 and -8 and 0.2<3He/4He (R/Ra)<2.4; Minissale et al., 2000; Chiodini et al., 2004), our 401 

results indicate that the earthquakes related to the compression acting in the outer sectors of the 402 

chain and in the Po Basin involve methane-rich fluids upraising within the upper crust (Etiope et 403 

al., 2007), lacking evidence of significant CO2 degassing. The few CO2 released along the chain 404 

axis has δ13C>-4 and 3He/4He (R/Ra) <0.4, thus suggesting an organic (biodegradation) to 405 

thermogenic (<300°C) origin (Minissale et al., 2000). According to Picotti et al. (2007), the 406 

reservoirs drilled in the Po Plain are located within the Miocene sequences at a maximum depth of 407 

5-6 km; the hydrocarbons of these traps have a relatively low thermal maturity. The occurrence of 408 

deeper reservoirs located in the Mesozoic and Triassic sequence at a depth between 5-6 and 10 km 409 

is documented by the thermogenic imprint of the methane (see lithostratigraphic column in Fig. 410 
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1c). In light of these geological data, our data suggest that the tectonic stress induced an 411 

overpressure in the 5-10 km deep reservoirs and a fluid migration towards the shallower ones.  412 

The geochemical features of Northern Apennines-Po Basin petroleum system, which is 413 

associated with compression, strongly differ from those of hydrocarbon systems in strike-slip 414 

regimes, e.g. the Bohai Bay Basin (China). In the Bohai Bay Basin, the main source of fluids is the 415 

mantle with minor thermal decomposition (Zhang et al., 2008). In that case, the fluids from the 416 

mantle upraise along subvertical faults crossing the basement, which are lacking in the Apennines 417 

(Picotti and Pazzaglia, 2008).  418 

Despite our data do not permit to analyze the fluid-rock interaction, i.e. cementation vs. 419 

hydrothermal processes, other studies based on core analyses have evidenced that cementation in 420 

thrust systems is dominantly controlled by layer parallel shortening in the footwall of thrusts, 421 

whereas hydrothermal processes are related to vertical migration of fluids within the thrust pile 422 

(Roure et al., 2005). Based on (a) the sub-vertical distribution of the 2000 events, (b) the probable 423 

thermal origin of the involved fluids (see previous section), and (c) the above considerations, we 424 

suggest that the fluid-rock interaction at seismogenetic depth is mainly related to hydrothermal 425 

processes. 426 

 427 

5. Conclusions 428 

 429 

The results of this study can be summarized in the following main points: 430 

(a) The 2000 sequence developed along different, superimposed, WNW-ESE 431 

striking thrusts, which are parallel to the Northern Apennine chain axis. This 432 

feature contrasts to that observed in accretionary wedges, where the seismicity 433 

generally develops along a single detachment surface (sole thrust).  434 

(b) The stress field is consistent with that acting at a regional scale in the outer 435 

sector of the chain. 436 
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(c) Fluids (oil and gas) play a role in the evolution of the sequence. These fluids are 437 

stored within the Cretaceous-Triassic limestones involved in the accretionary 438 

wedge of the chain, and upraise along sub-vertical fractures. These fractures 439 

activate in response to the compressive stress field responsible for the shortening 440 

of the wedge.  441 

(d) The 2000 earthquakes, which develop in the outer sectors of Northern 442 

Apennines, involve methane-rich fluids upraising within the upper crust, whereas 443 

the events related to the extensional strain field affecting the inner sectors of the 444 

Apennine chain are mainly due to the uprising of CO2 fluids from the mantle.  445 

(e) The 2000 sequence occurred in an area that separates two distinct petroleum 446 

systems: a thermogenic and deeper system (to the northwest) involving 447 

carbonate reservoirs, and a shallower biogenic to mixed thermogenic-biogenic 448 

system (to the southeast) involving Neogene and Pliocene siliciclastic reservoirs. 449 

This bi-partition of the hydrocarbon systems controls the attenuation properties 450 

of the upper crust.  451 

(f) The fluid-rock interaction at seismogenetic depth is driven by hydrothermal 452 

processes.  453 

(g) The earthquakes in hydrocarbon-rich accretionary wedges may result from the 454 

complex interplay between tectonic stress and fluid pressure. The tectonic stress 455 

induces an overpressure in deep reservoirs and a fluid migration towards the 456 

shallower ones. The overpressure is related to tectonic compaction. The 457 

associated seismicity is characterized by (1) subvertical clouds of events, (2) 458 

diffusive-like time evolution, and (3) upward migration of the hypocenters.  459 

Further studies on seismic sequences in Northern Apennines and other hydrocarbon-rich belts 460 

will allow us to (1) better constrain the kinematic picture exposed above, and (2) provide new 461 

insights on the role of fluids in controlling the seismicity in accretionary wedges.  462 
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Figure captions 676 

Figure 1. (a) Seismotectonic sketch of the study area showing: historical seismicity of Mw ≥ 677 

5.5, red squares (CPTI Working Group, 2004); epicenters of the Faenza 2000 seismic sequences, 678 

red circles (this study); epicenters of the Monghidoro 2003 seismic sequences, white stars (Piccinini 679 

et al., 2006); focal mechanisms of the strongest events of the two sequences (from Pondrelli et al., 680 

2006); surface projection of individual seismogenic sources, orange rectangles (DISS Working 681 

Group, 2007; http://www.ingv.it/DISS/); trace of the main Northern Apennines thrust fronts; 682 

temporary stations used in this study, blue triangles; mud volcanoes and CH4 seeps, yellow and 683 

orange triangles, respectively (from Martinelli and Judd, 2004) and the isobathes of the base of the 684 

Pliocene, yellow dashed lines. Localities: Bologna, BO; Faenza, FA; Forlì, FO; Ravenna, RA. Inset: 685 

location map of the study area in the framework of the Northern Apennines (NA) and Southern 686 

Alps (SA) thrust fronts. The Northern Apennine oil provinces are also reported according to Etiope 687 

et al. (2007). Individual seismogenic sources from DISS are shown as black rectangles. White and 688 

black arrows highlight areas in extension along the Northern Apennines crest, and areas in 689 

compression along the Po Plain margins, respectively. Structures: Monferrato folds, Mf; Emilia 690 

folds, Ef; Ferrara-Romagna folds, Ff; Pede-appenninic Thrust Front, PTF. The map uses the 90 m 691 

SRTM DEM as topographic base (http://srtm.csi.cgiar.org). (b) Cross-section showing hypocenters 692 

of the Faenza 2000 earthquakes plotted onto schematic geology (data from Boccaletti et al., 2004 693 

and Massoli et al., 2006). The individual seismogenic sources of the 1781 (A) and 1688 (B) 694 

earthquakes are shown as thick orange lines. Trace of the section is in (a). (c) Lithostratigraphic 695 

scheme showing position of the main hydrocarbon reservoirs and seal rocks in the sedimentary 696 

sequence, and occurrence of fresh waters and brine fluids (modified from Lindquist, 1999). 697 

Figure 2. Seismogram of a microearthquake recorded by two stations of the mobile network 698 

located in the two different attenuative zone across the source region. The station code is at top left. 699 

The seismograms show a strong waveform variability in the two stations. Black lines point out 700 

observed P, Ps,and S first-arrival times. 701 
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Figure 3. (a) Starting (dashed line) and final 1-D velocity model obtained using the Velest 702 

code. (b) Wadati diagram obtained using 5852 arrivals. Fitting DTs vs. DTp for all the available 703 

pairs of stations gives the value of the slope VP/VS=2.324±0.08. The linear correlation coefficient R 704 

is 0.96.  705 

Figure 4. (a) Epicentral distribution of the re-located earthquakes as a function of time. (b) 706 

Hypocentral distribution of the re-located events as a function of time along a NNW-SSE section. 707 

(c) Hypocentral distribution of the re-located events as a function of time along a NE-SW section. 708 

Figure 5. Spectral ratios of the earthquakes with magnitude grater than 3.0 versus CAST 709 

reference station (location in Fig. 1). The thicker, horizontal line represents the constant value of the 710 

ratio. We show the stations characterized by a low attenuation value (left panel) and higher value 711 

(right panel). 712 

Figure 6. The observed displacement spectrum for events with magnitude larger than 4 713 

corrected with equation 1 is matched by the theoretical curves corresponding to ω2 spectrum with a 714 

constant stress drop of 100 bar. QS,Staz are reported in the Table 2. QS,CAST.  715 

Figure 7. (a) Focal mechanisms of earthquakes (size proportional to the magnitude of the 716 

events) and distribution of P and T axes (Schmidt net, lower hemisphere). (b) Strike, dip and rake of 717 

nodal planes of focal mechansims. The histograms are also reported. (c) Results of the stress field 718 

analysis of focal mechanisms.  719 

Figure 8. r-t plot of the Faenza 2000 relocated events. All the events lie below the parabolic 720 

envelope for D = 1.9 m2/s. The spatio-temporal seismicity pattern shows vertically clustered events 721 

interrupted by time intervals of seismic quiescence. 722 



 
 
Table 1. Estimate of the Qs values using the spectral-ratios method shown in Fig. 5. 
 

Station 
 

QS,Cast = ∞ 
QS,STAZ 

QS,Cast = 500
QS,STAZ 

QS,Cast = 250
QS,STAZ 

QS,Cast = 100 
QS,STAZ 

CESA 128 103   87   58 
COLL - 510 334 175 
FILE 190 146 119   76 
PETE - - 403 140 
SGIO 457 342 209 101 
SGIO 174 124 94   58 
TULL 220 155 117   67 
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