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A B S T R A C T 10 

The  triggering  of  large  earthquakes  by  anthropic  activities  is  a  challenging  issue  in  seismology, 11 

invoked also for the M L = 5.9 and 5.8 Emilia 2012 destructive earthquakes. The interaction between 12 

the two earthquakes that propagated along adjacent thrusts is still an open issue. In this study, we used 13 

waveform  cross-correlation  and  double-difference  (DD)  location  methods  to  precisely  relocate  the 14 

aftershock sequence and get insights into fault geometry, structure, and rheology by means of DD 15 

seismic tomography. Accurate relocations highlight a complex fault system with small-length fault 16 

segments coalescing in the Mirandola and Ferrara thrusts. We observe a broad continuous high V p/Vs 17 

anomaly at seismogenic depth (about 6.0 km) that suggests a possible hydraulic connection along the 18 

entire fault system. A close look at seismicity indicates a quasi-simultaneous activation of the entire 19 

thrust system, with the two mainshocks and large aftershocks occurring within the high V p/Vs, high 20 

fluid-pressure and connecting volume. 21 

 22 

 23 

1. Introduction  24 

Discriminating  the  contribution  of  anthropic  activity  to  the  increase  of  natural  hazard  is  one  big 25 

challenge.  Seismicity  induced  by  underground  activity  controlled  the  scientific  debate  of  the  past 26 

decade  (Ellsworth,  2013;  Keranen  and  Weingarten,  2018).  Although  many  direct  relations  were 27 

reported on induced seismic swarms and large events by waste disposal in deep wells (Kim, 2013; 28 

Zhang et al., 2013; Baisch and Harjes, 2003; Improta et al., 2015; Goebel et al., 2016), the triggering 29 

of earthquakes on critically stressed faults is hard to assess. Stress alteration from geo-energies, such 30 

as oil production, may advance the internal clock of faults located in active tectonic regions (Hough et 31 

al., 2017). This factor was claimed for the Emilia 2012 destructive earthquakes that originated close 32 

to the Cavone oil production site, in northern Italy (Figure 1a, Astiz et al., 2014; Juanes et al., 2016). 33 
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In May 2012, an E-W area located at the southern edge of the Po River alluvial plain was hit by a 34 

seismic sequence started on the 20 th of May with a M L = 5.9 (Mw = 5.9, at 02:03:53 UTC), following 35 

a ML = 4.1 foreshock occurred 3 hours earlier (Scognamiglio et al., 2012; Govoni et al., 2014). The 36 

region was then shaken by thousands of earthquakes, six of them with M L ≥ 5.0, including a second 37 

main ML = 5.8 (M w = 5.7 at 07:00:03 UTC) earthquake that occurred on May 29 th closer to the oil 38 

field.  39 

The sequence originated in a seismically active area evidenced by the historical earthquakes (Rovida 40 

et al., 2020; Astiz et al., 2014; catalogue CFTI), with the most recent event which occurred about 500 41 

years ago (1570 Ferrara earthquake, Me = 5.5) (Figure 1b).   42 

All large earthquakes show reverse-faulting focal mechanisms, in agreement with the 2-3 mm/yr of 43 

compression observed in the area, regionally accommodated by an arcuate fault system buried beneath 44 

the plain, forming the broad Ferrara thrust system (Figure 1c, Bennett et al., 2012). 45 

After the first mainshock, the attention was immediately focused on the activity at the nearby Cavone 46 

exploitation site, whose production had slowed down for decades. The production of wastewater is 47 

compensated with re-injection in a deep well at about 3,300 m depth (Cavone 14, Figure 1a), within 48 

the carbonate units hosting the reservoir. Between January 1993 and June 2014, over 3.1x10 6 m3 of 49 

water was injected (Astiz et al., 2014). 50 

Different studies discussed the possible anthropogenic origin of the seismic sequence and reported 51 

evidence that changes in stress produced by water disposal in the oil field were small and limited to 52 

the immediate proximity of the field (Astiz et al., 2014; Juanes et al., 2016). The small stress changes 53 

compared to the large distance between the oil field and the first shock (about 30 km) and the lack of 54 

connection  between  the  two  ruptured  faults  and  the  reservoir  were  used  for  arguing  against  an 55 

anthropic contribution.  56 
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Based on the spatiotemporal seismicity evolution and the observation of transient velocity changes 57 

along the fault system, a high pore pressure pulse at the base of the carbonate multilayer was invoked 58 

to explain the triggering of the second mainshock on May 29 th (Pezzo et al., 2018). However, there is 59 

still no clear evidence for a possible alteration before the first mainshock or a triggering mechanism 60 

by fluids, since stress changes due to the field exploitation were negligible at a few km distance from 61 

the depth wells (Juanes et al., 2016). A full time-lapse tomography to reveal the eventual changes 62 

before the first event is unfeasible due to the lack of data.  63 

Despite the different studies conducted so far, uncertainty on the structural relation and interaction 64 

between the two faults remains (Chiarabba et al., 2014). The spatial distribution of the early aftershocks 65 

of the sequence (Figure 1a, Table 1) indicates that the western fault (Mirandola thrust) was activated 66 

together with the  eastern one (Ferrara thrust). This evidence prompted us to closer investigate the 67 

crustal volume where the two faults interacted. With this aim, we used revised phase readings, cross-68 

correlation data and double-difference methods to compute high-resolution earthquake locations to 69 

refine the fault geometry, yielding new insights into faults’ geometrical relation. Then, we computed 70 

new velocity models with the TomoDD procedure (Zhang and Thurber, 2003) taking advantage of the 71 

precise relative locations. Refined Vp and Vp/Vs tomographic models offer new ideas on fluid pressure 72 

and hydraulic connectivity along the fault system, useful to explain how the two faults dynamically 73 

interacted. 74 

 75 

1.1 Geological and seismotectonic outline 76 

The 2012 Emilia seismic sequence struck a portion of the Ferrara arc compressional system, developed 77 

in the Late Miocene by the convergence between the European and Adria plates. A series of blind 78 

thrusts and related folds involved a sedimentary succession composed of Triassic evaporites, Jurassic-79 

Cretaceous shallow to deep water carbonates and Oligocene-Miocene clastic deposits (Govoni et al., 80 

2014;  Astiz  et  al.,  2014;  Chiarabba  et  al.,  2014,  Figure  1c).  A  crystalline  metamorphic  Paleozoic 81 
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basement is probably located at 8-10 km depth (Bonini et al., 2014). Miocene strata are covered by 82 

syntectonic Plio-Pleistocene sandy turbidite and Late Quaternary fluvio lacustrine deposits of the Po 83 

valley, with extremely variable thickness (Paolucci et al., 2015). 84 

The Cavone oilfield is characterised by a fold with a moderately dipping (≈ 45°) southern backlimb 85 

and a steep dipping forelimb (≥ 60°), bounded to the north by the Mirandola thrust (Astiz et al., 2014). 86 

A thickened sequence of the Triassic deposits is located on the hanging wall (Figure 2) suggesting that 87 

the Mirandola thrust reactivated an inherited normal fault (Chiarabba et al., 2014). 88 

 89 

The May 2012 mainshocks developed on two left-lateral en-echelon blind fault segments dipping to 90 

the south: the first mainshock occurred on the central part of the Ferrara thrust and ruptured eastward, 91 

the second occurred further west involving the Mirandola thrust (Govoni et al., 2014). Focal solutions 92 

show almost pure reverse slip mechanisms (Scognamiglio et al., 2012; Pondrelli et al., 2012), well 93 

matching the series of south-dipping planes forming the compressional arc (Figure 1c). Based on 1D 94 

and 3D earthquake locations and fault modelling (Pezzo et al., 2018; Juanes et al., 2016), the sequence 95 

has been explained as a two-step activation of contiguous fault segments of a more articulated system. 96 

 97 

2. Data and Method 98 

In this study, we started from the 1D earthquakes catalogue proposed by Govoni et al., (2014), and 99 

later used by  Pezzo et al., (2018)  to  compute accurate 3D  earthquake locations and  V p and V p/Vs 100 

velocity models. We integrated this dataset with 144 additional seismic events, obtained from the data 101 

recorded at the Cavone seismic network. The augmented network consists of 51 three-component weak 102 

motion seismic stations, including 4 from Cavone seismic network (blue triangles in Figure 3a); the 103 

majority  of  them  are  temporary  seismic  stations  installed  after  the  first  mainshock  of  the  seismic 104 

sequence (red triangles in Figure 3a). The initial catalogue includes 1931 aftershocks, covering a time 105 
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window between May 20th and June 28th 2012. To increase the resolution of the seismicity catalogue, 106 

the seismic events that occurred between 02:03:53 UTC (first mainshock) and 11:55:12 UTC were not 107 

used because the distribution of the available seismic stations was not optimal. Thus, the early portion 108 

of the seismic sequence has not been relocated.  109 

As a consequence, the location of the first mainshock (on the 20 th of May) hails from Govoni et al. 110 

(2014) (Figure 1a) while the mainshock on the 29 th of May comes from double-difference relocation 111 

methods. 112 

 113 

To  improve  earthquake  locations,  we  computed  high-precision  double-difference  (DD)  relative 114 

locations by using the HypoDD algorithm (Waldhauser and Ellsworth, 2000) on hand-picked P- and 115 

S-wave  arrival  times  and  accurate  differential  traveltimes  computed through waveform cross-116 

correlation (CC) technique.  117 

 118 

For all the available data, we computed travel time differences (delay times) for pairs of neighbouring 119 

events at common stations using both phase pick data (i.e., high-quality P and S-wave arrival time 120 

readings)  and  delay-times  measured  via  CC  of  waveforms  coming  from  correlated  earthquakes 121 

(earthquakes  that  occur  within  5  km  of  one  another  and  have  similar  waveforms;  Schaff  and 122 

Waldhauser, 2005). For each event, we computed phase delay times with the 40 nearest neighbours 123 

within  a  10  km  distance  and  we  selected  the  40  highest  quality  differential  times  per  event  pair. 124 

Furthermore, we chose only event pairs with at least eight delay times at common stations, in order to 125 

guarantee the robustness of the DD inversion process. The final dataset is composed of 508,700 P-126 

wave  and  317,605  S-wave  delay  times  computed  from  the  initial  high-quality  34,778  P-wave  and 127 

22,885 S-wave phase readings.  128 

Simultaneously, we computed CC delay times by using the time domain CC function for large-scale 129 

applications described in Schaff and Waldhauser (2005). We applied this method to all the event pairs 130 
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separated by ≤5 km (based on 3D locations), at all the available stations. We run the CC algorithm on 131 

seismograms  filtered  in  the  1–15  Hz  frequency  range,  using  a  lag  time  of  ±1  s.  Correlation 132 

measurements are read on two different window lengths for the same phase. In particular, we choose 133 

two windows of 0.7 s and 1.4 s for P-waves and 1 s and 2 s for S-waves. The subsequent check of the 134 

consistency of the measurements obtained for the two windows reduces the number of outliers due to 135 

cycle skipping (Schaff et al., 2004). Thus, we obtained 153,292 P-wave and 327,569 S-wave delay 136 

times, having a CC coefficient of 0.8 or larger, that we used in the DD inversion.  137 

 138 

In the final step, we combined the CC delay times with hand-picked phase delay times to estimate 139 

high-precision  relative  locations  using  the  algorithm  HypoDD  (Waldhauser  and  Ellsworth,  2000; 140 

Waldhauser  and  Schaff,  2008).  Picks  and  CC  differential  times  are  combined  in  a  dynamically 141 

weighted DD inversion. During the iterations, the weighting of cross-correlation and catalogue data 142 

delay times has been dynamically adjusted. A 1D velocity model from Chiarabba et al. (2014) was 143 

used to calculate travel time and partial derivatives. In the first iterations, the absolute pick data were 144 

used with full weight, while the CC data were down-weighted (see also Waldhauser, 2001). In the last 145 

iterations, the CC data were weighted progressively more than the pick data to improve the relocations. 146 

Using this approach, the location precision of correlated seismic events depends on the accuracy of 147 

CC data, while unrelated events are controlled by the accuracy of pick data (Waldhauser, 2001). The 148 

final DD catalogue includes 1801 seismic events. The map and cross-sections view of the catalogue 149 

are shown in Figures 3a and 3b.  150 

 151 

As the further step, we use double-difference seismic tomography TomoDD code (Zhang and Thurber, 152 

2003) to simultaneously obtain DD relocations of the seismic events and 3D crustal velocity models 153 

(Vp and V s), following the approach applied in many case studies (Zhang et al., 2006; Zhang et al., 154 

2009; Zeng et al., 2016). In the current version of TomoDD, the pseudo-bending ray-tracing algorithm 155 
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(Um and Thurber, 1987) has been used to trace the ray and for travel-times calculation. Hypocentral 156 

and velocity parameters have been computed with the LSQR algorithm. The model is characterised by 157 

a regular set of 3D nodes and the velocity values are interpolated by using the trilinear interpolation 158 

method (Zhang and Thurber, 2003). The inversion grid nodes (shown in Figure 4, the layer at 6.0 km 159 

depth) have a spacing of 5 km in the X and Y directions and of 3 km vertically from 0 to 27 km depth. 160 

 161 

The 1D starting velocity model is derived from Chiarabba et al. (2014), and the Vp/Vs was set at 1.90 162 

(see STAB1 in supplementary material). For the inversion, we fixed the maximum velocity change for 163 

a node to be less than ± 25-30% of the initial velocity. 164 

Again,  we  combined  cross-correlation  and  phase  reading  delay  times  as  input  for  the  inversion 165 

procedure. We performed the inversion following the same dynamically weighted inversion scheme 166 

used  for  the  HypoDD  inversion,  using  the  same  starting  phase  and  CC  delay  times  used  for  the 167 

HypoDD inversion. 168 

We  fixed  the  maximum  distance  between  the  cluster  centroid  and  seismic  stations  at  50  km.  We 169 

modified the damping parameter, alternating high and low values, in order to stabilise the inversion 170 

procedure and to keep the condition number at an acceptable value. In addition, during the iterations, 171 

we decided to alternate between earthquake relocations only and simultaneous calculation of velocity 172 

and DD relocations. This made the inversion procedure more stable. Furthermore, we optimised the 173 

weights of the smoothing  along the X, Y  and  Z directions and fixed the threshold level for DWS 174 

(Derivative  Weight  Sum)  at  1000  to invert  only  the  best-sampled  volume.  The  root  means  square 175 

(RMS) of absolute and CC data was progressively reduced.  176 

We first invert the entire P and S wave dataset that consists of 26728 P and 19991 S-wave arrivals 177 

(IS1). Then, to obtain a similar resolution for the Vp and Vs models and mitigate artifacts in the  Vp/Vs 178 

computation, we used a dataset where the number of P and S-wave arrivals are the same (IS2). The 179 

number of catalogue P and S delay times (361388 and 235577 respectively) and cross-correlation P 180 
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and S delay times (23912 and 41217 respectively) are the same in both the inversion procedures to 181 

achieve similar earthquake relative locations.  182 

For inversion IS1, the RMS of catalogue data decreased by about 85% from 539 ms to 80 ms; instead, 183 

the RMS of CC data was reduced by about 97% from 116 ms to 5 ms. After 17 iterations, TomoDD 184 

used 89% of absolute data and 57% of CC data. For inversion IS2, the RMS of catalogue data decreased 185 

by about 83% from 594 ms to 97 ms; instead, the RMS of CC data was reduced by about 98% from 186 

186 ms to 4 ms. After 17 iterations, TomoDD used 84% of absolute data and 54% of CC data. We 187 

present and discuss the Vp model obtained by the IS1 inversion, computed with all the P-wave arrivals, 188 

and the V p/Vs model of inversion IS2. The full V p , V s and V p /Vs models of IS2 are reported in the 189 

Supplementary material.  190 

 191 

3. Results 192 

3.1 Seismicity distribution 193 

High-resolution  double-difference  aftershocks  clearly  define  the  geometry  of  the  two  main  thrusts 194 

(Figure 3a). In order to enhance the imaging of the faults, we show vertical sections perpendicular 195 

(sections 1 to 10) and parallel (section 11) to the thrusts system.  196 

Seismicity  well  defines  an  about  40-km-long  WNW-ESE  striking  volume  including  the  two  main 197 

thrusts, highlighting how they might connect at depth. Seismicity occurs between about 5 and 14 km 198 

depth, showing a progressive deepening from west to east (Figures 3a and 3b).  199 

 200 

The sequence started along the Ferrara thrust (shown in sections 6 to 10 in Figure 3b) with the MW5.9 201 

20th May mainshock occurring on the shallower portion of the thrust highlighted by the aftershocks 202 

(purple star in section 6). High-resolution aftershock locations clearly define a 15-km-long fault plane 203 

dipping at low-angle (25 to 30°) to the SW. Seismicity is confined between 5 to 10 km depth for almost 204 

the entire fault length, while it deepens up to 14 km depth at the eastern termination of the fault  (section 205 
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10 in Figure 3b). The fault plane shows a simple almost-planar geometry in its central portion (sections 206 

6 and 7), while it shows a more complicated geometry at the eastern termination (sections 8 and 9).  207 

 208 

Just 3 minutes after the M W5.9 20 th May mainshock (Table 1), seismicity surged on the Mirandola 209 

fault to the west (sections 1 to 5 in Figure 3b) with a M L4.8 earthquake (yellow star in section 4 in 210 

Figure 3b). The largest earthquake is the MW5.7 second mainshock of 29th May located at the deepest 211 

tip of the fault portion defined by aftershocks (purple star in section 4), that define a 20-km-long fault 212 

plane dipping to SW, steeper than the Ferrara thrust (35 - 40°).  213 

 214 

Sections 4 and 5 show the transition zone between the two thrust faults. Seismicity is less clustered, 215 

compared  to  the  two  almost  planar  thrusts,  defining  a  volume  where  the  two  main  planes  are 216 

intersecting. In this portion of the fault system, small-scale (about 1-km-long) fault segments link the 217 

two adjacent faults.  218 

Section 11 is parallel to the strike of the two faults showing events occurring within +/-6 km from the 219 

cross-section.  Seismicity  highlights  the  different  depths  of  the  two  main  thrusts  involved:  the 220 

Mirandola  thrust  (western  portion  of  section  11)  develops  approximately  between  5-10  km  depth, 221 

while the Ferrara thrust (eastern portion) is deeper, with events occurring between 5 up to 15 km depth. 222 

The overall seismicity distribution suggests that the two adjacent faults are connected at the base of 223 

the seismogenic zone along the low-angle Ferrara thrust. 224 

 225 

3.2 Model reliability  226 

To define the model resolution, we computed synthetic tests, creating a velocity model and compared 227 

the model reproducibility with the Spread Function (SF) computed by means of Simulps14 (as defined 228 

in Toomey and Foulger, 1989). We fixed a value of SF = 2, indicative of compact averaging vectors 229 
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and resolution picked on the diagonal element and plotted the contour in the following figure (Figure 230 

4-8). 231 

Furthermore, the resolution of the model is also addressed by the reproducibility of a synthetic 3D 232 

input model through which travel times have been computed (Merrill et al., 2022). We first computed 233 

a standard checkerboard test. We used the same event and station locations as in the analysis of the 234 

real data and create a model perturbed, alternating a variation of ± 5% at each node of the layers. This 235 

pattern of perturbation is present in both the Vp and Vp/Vs models.  236 

Figure 4 shows the results of the checkerboard test, computed using the original absolute P- and S- 237 

waves travel times (IS1). The resolution decreases with depth, as confirmed by the pattern of the SF. 238 

The original perturbations are well reproduced at 6, 9, and 12 km depth. Furthermore, we compute a 239 

restore test, in which the synthetic feature is  the final model obtained from the inversion (see SOM1 240 

in the supplementary material). The features are well reproduced both in V p and Vp/Vs in  layers at 6, 241 

9, and 12 km depth. The central portion of the model, i.e., the volume discussed in the paper, is well 242 

resolved, as indicated by the SF and tests reproducibility. 243 

 244 

3.3 Velocity models   245 

 246 

3.3.1 TomoDD velocity models 247 

Velocity models present strong lateral heterogeneities (Figure 5). The Vp ranges from less than 4 km/s 248 

at 3 km depth, to 6–7 km/s at 12 km depth, values slightly lower than those in Chiarabba et al., 2014. 249 

The Vp/Vs ranges from 1.80 to 2.00. Most of the aftershocks are located between 5 to 10 km depth, 250 

within a high Vp and high Vp/Vs anomalous body (Figure 5).  251 

At 3 km depth, very few aftershocks occur in the portion characterised by relatively high Vp (about 4.0 252 

km/s).  A  high  Vp/Vs  area  is  visible,  along  the Mirandola  and  Ferrara  thrust  faults,  where  ML ≥  4 253 
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aftershocks are located. The area of Cavone 14 injection well is characterised by a low V s (Figure 6; 254 

see auxiliary material for the 3D Vs model of IS2, SOM3a), that is consistent with the presence of high 255 

fluid pressure within the oilfield volume. 256 

At 6 km, the pattern of the Vp and Vp/Vs models identifies the extent of the carbonate units (Chiarabba 257 

et al., 2014; Valoroso et al., 2013; see Figure 1c). A laterally continuous high V p anomaly extends 258 

between the two mainshocks. Between the two thrusts, a low Vs zone, with values ranging from 3.0 to 259 

2.5 km/s, is evident (Figure 6 and SOM3a, at 6 km depth), suggesting the presence of an intensely 260 

fractured volume, part of a broad extended fluid-filled carbonate volume. Most of the seismicity is 261 

concentrated at the border of the carbonate volume, and at the highest gradient of Vp/Vs, suggesting an 262 

active  role  of  high-pressure  fluids  in  controlling  earthquake  occurrence.  We  observe  a  smaller  Vs 263 

velocity close to Cavone oilfield, consistent with high fluid pressure.  264 

 265 

At 9 km depth, the central high V p, high V p/Vs anomaly is still present, and aftershocks are located 266 

within either high or low Vp/Vs volumes. At 12 km depth, the central portion has low Vp and low Vp/Vs 267 

anomalies suggesting the presence of the metamorphic Paleozoic basement (Carminati et al., 2010; 268 

Chiarabba et al., 2014)  that underlies the sedimentary cover.  269 

In Figure 7, vertical sections of the tomographic model across the epicentral area help the imaging of 270 

the segments of the thrust system. The ruptured faults entirely lay within the sedimentary cover and 271 

do not seem to propagate within the metamorphic Paleozoic basement. In sections 1 and 2, velocity 272 

anomalies help in defining the Mirandola thrust fold anticline. All aftershocks occur proximally to the 273 

border of a high V p/Vs zone. Aftershock alignment defines the Mirandola thrust at a clear velocity 274 

contrast. The 29 th May mainshock (pink star) originated within a strong V p/Vs contrast at the base of 275 

the high-velocity body (Section 4), while the aftershocks occurred within a high Vp/Vs area. Seismicity 276 
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aligns along the southwest dipping thrust limiting the structural high, produced by the buried fold 277 

system (Figure 1c, Bonini et al., 2014).  278 

From west to east (sections 1, 2, 4 in Figure 7), the positive structure forming the main folds of the 279 

sedimentary cover is well evident down to 10 km depth. High V p/Vs values are concentrated in the 280 

upper portion of the fold, confirming the presence of fluids within the Mirandola structure, which hosts 281 

the Cavone oilfield reservoir (Astiz et al., 2014). The lateral continuity of the V p anomalies and the 282 

relative position of aftershocks in sections 4 and 6 indicate that the Mirandola and Ferrara thrusts are 283 

connected, forming a broad high-velocity sedimentary structure deformed by compression. Sections 4 284 

and 5 show the transition zone between the main thrusts. In this portion of the fault system, small-scale 285 

(about  1-km-long)  fault  segments  link  the  two  adjacent  faults,  connecting  them  to  the  base  of  the 286 

seismogenic zone along a low-angle deeper thrust defined by the overthrusting of the high Vp carbonate 287 

volume onto deeper lower V p. The sparser distribution of aftershocks on these two sections probably 288 

results from the interference with the presence of steep splays and back trusts, as hypothesised for the 289 

formation of the Mirandola and Ferrara thrust units (Figures 1c and 7, Carminati et al., 2010). The first 290 

20th May 2012 mainshock nucleates within a high V p, high V p/Vs zone. A deep low V p anomaly is 291 

observed at the base of the two thrusts (sections 1 and 6 in Figure 7). Velocity perturbations are in the 292 

range of -/+20%, with strongly positive values in the deeper portions of the crust (i.e., greater than 10 293 

km  depth,  see  SOM4).  The  majority  of  events  are  concentrated  in  areas  with  positive  velocity 294 

anomalies. In some spots of the fault system, the Vp/Vs anomaly is higher than the Vp anomaly for the 295 

significant variation of the S- wave velocity (see sections 1, 2 and 6 in supplementary material, SOM4).  296 

Figure 8 shows the Vp and Vp/Vs models almost parallel to the average strike of the two thrusts (same 297 

section 11 as in Figure 3a). All the aftershocks with larger magnitude occur in a volume characterised 298 

by high Vp/Vs ratio or close to a zone characterised by a strong V p/Vs velocity contrast. A continuous 299 

very high V p/Vs body with V p = 6 km/s extends from 6 to 9 km depth. The portion near the main 300 
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aftershock (yellow star) is characterised by a low V s velocity and a high V p/Vs value, highlighting an 301 

area with high-pressure fluids.  302 

 303 

3.3.2 Comparison with the previous model 304 

Before discussing our new results, we compared them with tomographic models computed with similar 305 

data but different methods (Chiarabba et al., 2014). The Vp models are similar to a great length, with 306 

the Vp absolute values a bit lower than in the previous model. The V p/Vs models are similar in the 307 

deeper layers; instead, they differ at 3.0 and 6.0 km depth, in terms of the vertical and lateral extent of 308 

the high Vp/Vs anomaly (see SOM2).  Such differences can arise from the different approach used for 309 

estimating Vp/Vs. In the previous model, V p/Vs  parameters are directly inverted by using S-P times. 310 

The main advantage is that a smaller number of S-wave arrival times can be handled, but S-wave rays 311 

are not traced. In our study, P- and S- wave arrival times are computed from Vp and Vs models, and S-312 

wave rays are traced. The different number of data and the resolution might introduce a bias in the 313 

Vp/Vs computation,  but  our  approach  (IS2)  mitigates  such  artifacts.  The  observed  differences  in 314 

velocity results can derive from the different solutions of the location-velocity coupling, inversion 315 

approach, model regularisation, and ray tracing of S-waves between the two methods.  316 

 317 

4. Discussion 318 

The role of fluids in triggering earthquakes and varying seismicity rates is a hot topic. The principal 319 

process  is  the  effective  normal  stress  reduction  on  the  fault,  with  lubrication  that  yields  a  rapid 320 

propagation of seismic ruptures (Scuderi and Collettini, 2016; Cornelio et al., 2019). Although the 321 

frictional weakening of faults at elevated pore pressure has been observed in laboratory experiments 322 

(Scuderi  et  al.,  2017;  Wang  et  al.,  2020),  evidence  from  natural  events  is  still  mostly  indirect 323 

(Chiarabba et al., 2014).  324 
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The stress alteration by reinjection of wastewater in fossil fuel production within a reservoir led to 325 

changes in seismicity rates at a local and regional scale and triggering of even large events (Ellsworth, 326 

2013; Brodsky and Lajoye, 2013; Keranen et al., 2014; Buttinelli et al., 2016). In this general context, 327 

the 2012 Emilia earthquakes are a relevant case for understanding if and how anthropic activities can 328 

trigger destructive events of such a kind. Thanks to a long history of production data (Astiz et al., 329 

2014),  the  stress  alteration  generated  by  exploitation  at  the  Cavone  oil  field  has  been  modelled, 330 

following a coupled flow-geomechanics approach (Juanes et al., 2016). The computed Coulomb stress 331 

changes  are  small  close  to  the  injection  well  and  become  negligible  at  the  distance  of  the  first 332 

mainshock hypocenter. Modelling supported the idea that exploitation was not a driver of seismicity, 333 

although  pore  pressure  migration  within  highly  heterogeneous  and  fractured  crustal  material  is 334 

complex to model.  335 

In this study, we have refined the characteristics of the volume along the fault system in terms of elastic 336 

parameters and relation with the activated faults. High-resolution relocated aftershocks and tomograms 337 

might give hints for unravelling the structural features of the area that consist of a folded sedimentary 338 

cover (Figure 1c) with active north-east verging thrusts that splay from a main low-angle basal plane 339 

(Figures 3, 5 and 7).  340 

The strongest Vp contrast is related to this deeper and flatter fault that might represent the main plane 341 

of shortening. The Mirandola fault is shallower (5 to 10 km depth range) and steeper (35-40° dip), 342 

located at the border of a high Vp/Vs, high fluid pressure volume in the hanging wall of the main plane. 343 

The Ferrara thrust is the eastward continuation of the main plane and lies in a volume with a high 344 

Vp/Vs contrast. The two faults are connected in a small volume where they splay one from the other, 345 

at a distance of 15-18 km from the injection well (see layers at 3 and 6 km depths in Figure 5). Our 346 

results emphasise the geometry of the thrusts, both activated at the onset of the seismic sequence within 347 

a few minutes from one another (sections 4 and 5 in Figure 7). 348 
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The 3D Vs model permits to focus on the role of fluids along the fault system (Figure 6 and SOM3a, 349 

6 km depth layer). Near the major aftershocks of 29th May (yellow stars in the west) and the connection 350 

zone of the two thrusts, a high V p/Vs and low S-wave velocities (from 3.5 km/s to 2.5 km/s) might 351 

indicate a local overpressure of fluids within the sedimentary units. While the main features of the V p 352 

model are similar to those computed with other inversion methods (Chiarabba et al., 2014; Pezzo et 353 

al., 2018), some significant details are revealed here, most strikingly for the Vp/Vs model. A continuous 354 

high Vp anomaly (Vp > 6.0 km) marks the base of the sedimentary cover consisting of a thick layer of 355 

dolomites (Astiz et al., 2014). This body, locally interrupted beneath the western part of the Cavone 356 

reservoir,  is  continuous  in  the  crustal  portion  between  the  Cavone  14  injection  well  and  the  two 357 

mainshock hypocenters. A similarly elongated high V p/Vs anomaly suggests high pore fluid pressure 358 

within this body. The lateral continuity of V p and Vp/Vs might indicate a hydraulic connection at the 359 

base of the carbonate multilayer along the entire fault system. Tomograms and aftershock distribution 360 

highlight that the seismic sequence started on the Ferrara thrust and then ruptured almost 361 

simultaneously the adjacent Mirandola thrust, in a junction portion where small-scale segments are 362 

coalescing on a single larger fault (sections 4 and 5 in Figure 3b) along which the second mainshock 363 

originated nine days later.  364 

The majority of aftershocks in the volume portion between the reservoir and the two mainshocks occur 365 

within such high Vp/Vs volumes, in response to the high pore pressure (Zhao et al., 2015; Dvorkin et 366 

al., 1999; Takei, 2002; Nur, 1972). The fault segment activated on May 20 th is located predominantly 367 

in low V p/Vs volumes, except for the hypocenter that is indeed located within the same high V p/Vs, 368 

high  fluid  pressure  central  volume.  The  sharp  bound  of  seismicity  to  the  west  coincides  with  a 369 

lineament that is intersecting the main thrust faults, suggesting fluid compartments segmented by pre-370 

existing faults within the carbonate volumes.  371 

The almost simultaneous activation of the two thrusts, being the first event on the second (Mirandola) 372 

fault occurred only a few minutes after the first mainshock (Table 1), suggests a dynamic interaction 373 
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between the two faults, where stress changes are rapidly transferred. The rupture of the first event on 374 

a  low  Vp/Vs,  an  unpressured  portion  of  the  system  well  matches  the  relatively  smaller  number  of 375 

aftershocks and the missed eastward migration of the sequence. 376 

 377 

5. Conclusions  378 

In  this  study,  we  compute  new  tomograms  to  help  a  more  clear  definition  of  the  geometry  of  the 379 

Mirandola and Ferrara thrusts, seismic sources activated during the 2012 Emilia seismic sequence. 380 

High-resolution earthquake locations show that the Mirandola thrust is shallower and steeper than the 381 

Ferrara thrust, being adjacent splays of a larger flat-ramp-flat structure (Figures 3, 5-8). The almost 382 

simultaneous activation of the two adjacent segments by the first mainshock and by a M L 4.8 event 383 

that occurred a few minutes later suggests a dynamic interaction between the two segments. The two 384 

mainshock hypocenters  are located  within a high V p/Vs, high fluid pressure volume, hydraulically 385 

connected and floored by a low Vp and low Vp/Vs basal shear zone.  386 

 387 

Data and Resources 388 

Historical seismicity comes from: catalogue CFTI ( http://storing.ingv.it/cfti.4med/, CPTI15-389 

DMBI15-v4.0, https://emidius.mi.ingv.it/CPTI15-DBMI15/). The instrumental seismicity comes from 390 

http://terremoti.ingv.it/. Waveforms data recorded by the INGV permanent and temporary networks 391 

are available at the INGV node of the European Integrated Data Archive: https://eida.ingv.it/it/ . The 392 

Ferrara and Mirandola thrusts come from DISS 3.3.0: Database of Individual Seismogenic Sources - 393 

https://diss.ingv.it/diss330/dissmap.html. The 1D starting earthquake locations come from Govoni et 394 

al.,  2014.  Figures  are  generated  by  the  Generic  Mapping  Tools  (GMT)  by  Wessel  et  al.,  2019 395 

(https://doi.org/10.1029/2019GC008515 ). 396 

 397 
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Supplemental Material for this article includes: 398 

- STAB1: 1D starting velocity model from Chiarabba et al., 2014. 399 

- SOM1: recovery test. The real dataset came from IS2 (absolute data modified, as described in 400 

paragraph 2,  to obtain a Vp/Vs ratio which takes into account S-wave contribution);  401 

- SOM2: comparison between the previous model and the new combined model obtained with 402 

IS1 and IS2; 403 

- SOM3: The 3D Vp, Vs and Vp/Vs models obtained with IS2; 404 

- SOM4: 3D Vp (from IS1) and Vp/Vs (from IS2) velocity anomalies of the cross sections, shown 405 

in Figure 6. 406 
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Tab. 1: The mainshock of 20th May 2012 and the aftershocks occurring a few minutes later (from Govoni et al., 567 

2014). 568 

 569 

Fig.  1:  a)  Map  view  of  the  seismicity  recorded  during  the  first  day  of  the  2012  Emilia  seismic  sequence. 570 

Earthquakes are colour-coded according to their time occurrence. The dots are aftershocks with ML < 4.0. The 571 

bigger stars are the mainshocks of 20 th May (black) and 29 th May 2012 (pink), while the smaller stars are the 572 

aftershocks with ML ≥ 4.0. The Cavone oilfield is shown: the black squares represent the location of wells and 573 

the red one is the Cavone14  injection well. The red line is the section visible in Figure 1c. The pink rectangle 574 

indicates the 2D extension of the Cavone oilfield. Blue and pink lines represent the Ferrara and Mirandola 575 

thrust fronts, respectively. The black bold box emphasises the study area. The black arrows represent the stress 576 

field of the study area. The grey area is the Apennines foredeep; b) Distribution of seismicity between 1200 to 577 

July 2022. The squares are the historical earthquakes, with dimensions scaled according to magnitude. Dots 578 

are the instrumental seismicity coming from CSI-1.1 (Castello et al., 2006) and INGV website. The red line 579 

represents the B’- B section in Figure 2. c) Cross section showing the geometry of the thrust system with the 580 

main units (modified from Bonini et al., 2014).  581 

 582 

Fig. 2: The interpretation of the seismic reflection profile B-B’ shows the geometry of the Mirandola thrust and 583 

the mechanism of fault propagation fold. The yellow dots are the aftershocks localised in Astiz et al., 2014 584 

(Modified from Astiz et al., 2014). 585 

 586 
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Fig. 3: a) Double-difference locations of the 2012 Emilia seismic sequence. Blue triangles represent the seismic 587 

stations  of  the  Cavone  oil  field,  while  red  triangles  and  grey  squares  represent  temporary  and  permanent 588 

stations managed by INGV respectively. Pink stars are the mainshocks of the 20th and 29th of May 2012. Yellow 589 

stars are the aftershocks with M L ≥ 4. Black dots are the aftershocks with M L < 4 that occurred in the period 590 

between 20/05/2012 – 28/06/2012. The pink and blue lines are the Ferrara and Mirandola thrusts respectively. 591 

The black lines are the traces of vertical sections shown in figure 3b: sections 1 to 5 are striking 15°N, while 592 

sections 6 to 10 are striking 20°N; b) Vertical cross-sections show the depth-distribution of the aftershocks 593 

occurring within +/- 2.0 km distance from the cross-section for sections 1-10, and +/- 6.0 km for section 11. 594 

The red lines are the interpreted thrust planes highlighted by the relocated events. 595 

 596 

Fig. 4: Checkerboard test, perturbing all layers of the Vp and Vp/Vs models. The pink line is the Spread Function 597 

(SF≤2). The black crosses represent the grid used for TomoDD inversions. For each black box: above, the final 598 

model obtained by inverting synthetic data; below, the synthetic model perturbed.  599 

 600 

Fig. 5: P-wave velocity and Vp/Vs models in the four inverted layers. High Vp/Vs anomalies are evidenced. The 601 

pink line is the Spread Function (SF ≤2). Hypocenters of the relocated events are reported in the respective 602 

layers. Pink stars indicate the mainshocks of the 20th and 29th May 2012; yellow stars represent the aftershocks 603 

of the 2012 Emilia seismic sequence, with M L ≥ 4.0. The white dots indicate the aftershocks with M L < 4.0. 604 

Aftershocks come from TomoDD relocations. In the 3 km depth layer, the used grid is represented by black 605 

crosses. Grey lines are the main thrusts involved in the 2012 Emilia seismic sequence. 606 

 607 

Fig. 6: 3D Vp, Vs and Vp/Vs at 6 km depth (IS2 model) and relocated aftershocks. The light brown dashed line 608 

indicates the area with a high Vp/Vs.  The pink line is the Spread Function (SF≤2). Pink stars are the mainshocks 609 

of 20th and 29th May 2012. Yellow stars are the aftershocks with ML ≥ 4.0. White dots represent the aftershocks 610 

with ML < 4.0. The Cavone14 oil well is shown.  611 

 612 
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Fig. 7: Vertical sections of P-wave and Vp/Vs models obtained with TomoDD inversions IS1 and IS2. The pink 613 

line is the Spread Function (SF≤2). White lines indicate the basal thrust. Pink stars are the mainshocks of 20th 614 

and 29th May 2012. Yellow stars are the aftershocks with M L ≥ 4.0. White dots represent the aftershocks with 615 

ML < 4.0. The Cavone14 oil well is shown in section 1. Earthquakes occurring within +/- 2 km from the vertical 616 

sections are shown. 617 

 618 

Fig. 8: Vertical section of V p and V p/Vs models along the fault system. The pink line is the Spread Function 619 

(SF≤2). The black boxes are the main thrusts (Mirandola and Ferrara). The red box is the connection zone 620 

between the two mainshocks (pink stars). The yellow stars and white dots are relocated aftershocks with M L ≥ 621 

4.0. and M L <4.0, respectively.  The Cavone14 oil well is shown. Earthquakes occurring +/- 6 km from the 622 

vertical section are shown. 623 
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Origin Time Latitude Longitude Depth 
(km) 

ML 
Day Hour Minute Second (°) (') ('') (°) (') ('') 

2012-05-20 2 3 50.90 44 53.00 24.00 11 13.00 48.00 6.30 5.90 
2012-05-20 2 6 28.53 44 38.24 44.637 11 6.49 11.1082 13.9 4.94 
2012-05-20 2 7 30.84 44 49.92 44.832 11 20.61 11.3435 3.39 4.9 

 

Table1



10.75° 11.00° 11.25° 11.50°

°57.44

°00.54

6.0 (km)
0 km 10 km

10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50° 10.75° 11.00° 11.25° 11.50°

°57.44

°00.54

0 km 10 km

10.75° 11.00° 11.25° 11.50°

°57.44

°00.54

0 km 10 km

°57.44

°00.54

0 km 10 km

Vfin

Vin

°57.44

°00.54

9.0 (km)
0 km 10 km

°57.44

°00.54

0 km 10 km

°57.44

°00.54

0 km 10 km

°57.44

°00.54

0 km 10 km

Vfin

Vin

°57.44

°00.54

12.0 (km)
0 km 10 km

°57.44

°00.54

0 km 10 km

°57.44

°00.54

−4 −2 0 2 4
dVp (%)

0 km 10 km
°57.44

°00.54

−4 −2 0 2 4
dVpVs (%)

0 km 10 km

Vfin

Vin

10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50° 10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50°
10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50° 10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50°

10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50° 10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50°
10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50° 10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50°

10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50° 10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50°

SOM1 Click here to access/download;Supplemental Material (Main
Page, Tables, and Figures);SOM1.pdf



10.67° 10.83° 11.00° 11.17° 11.33° 11.50°

°76.44

°38.44

°00.54

0 km 10 km

10.67° 10.83° 11.00° 11.17° 11.33° 11.50°

°76.44

°38.44

°00.54

0 km 10 km

°76.44

°38.44

°00.54

0 km 10 km

10.67° 10.83° 11.00° 11.17° 11.33° 11.50°

°76.44

°38.44

°00.54

0 km 10 km

10.67° 10.83° 11.00° 11.17° 11.33° 11.50°

3.0 (km)

6.0 (km)

9.0 (km)

12.0 (km)

10.75° 11.00° 11.25° 11.50°

0 km 10 km

10.75° 11.00° 11.25° 11.50°

3.0 (km)

0 km 10 km

6.0 (km)

0 km 10 km

9.0 (km)

10.75° 11.00° 11.25° 11.50°

0 km 10 km

10.75° 11.00° 11.25° 11.50°

12.0 (km)

Vp (km/s)
3 4 5 6 7

Cavone 14

Cavone 14

Cavone 14

Cavone 14

SOM2



a)

3 4 5 6 7
Vp (km/s)

1.0 1.5 2.0 2.5 3.0 3.5

Vs (km/s)

1.80 1.85

10.75° 11.00° 11.25° 11.50°

°57.44

°00.54

0 km 10 km

10.75° 11.00° 11.25° 11.50°

Cavone 14

10.75° 11.00° 11.25° 11.50°

0 km 10 km

10.75° 11.00° 11.25° 11.50°

Cavone 14

10.75°

0 km 10 km

10.75°

Cavone 14

3.0 (km)3.0 (km) 3.0 (km)

10.75° 11.00° 11.25° 11.50°

°57.44

°00.54

0 km 10 km

10.75° 11.00° 11.25° 11.50°

Cavone 14

6.0 (km)

0 km 10 km

6.0 (km)

Cavone 14

10.75°

0 km 10 km

10.75°

6.0 (km)

Cavone 14

10.75° 11.00° 11.25° 11.50°10.75° 11.00° 11.25° 11.50°

SOM3 Click here to access/download;Supplemental Material (Main Page, Tables, and
Figures);SOM3.pdf



b)

3 4 5 6 7
Vp (km/s)

1.0 1.5 2.0 2.5 3.0 3.5

Vs (km/s)

1.80

10.75° 11.00° 11.25° 11.50°

°57.44

°00.54

0 km 10 km

10.75° 11.00° 11.25° 11.50°

°00.54

9.0 (km)

Cavone 14

10.75° 11.00° 11.25° 11.50°

0 km 10 km

10.75° 11.00° 11.25° 11.50°

Cavone 14

9.0 (km)

10.75°

0 km 10 km

10.75°

Cavone 14

9.0 (km)

10.75° 11.00° 11.25° 11.50°

°57.44

°00.54

0 km 10 km

10.75° 11.00° 11.25° 11.50°

12.0 (km)

Cavone 14

10.75° 11.00° 11.25° 11.50°

0 km 10 km

10.75° 11.00° 11.25° 11.50°

12.0 (km)

10.75°

0 km 10 km

10.75°

Cavone 14 Cavone 14

12.0 (km)



Sec.01

Sec.02

Sec.04

Sec.05

Sec.06

Cavone 14

0

5

10

15

D
ep

th
 (k

m
) 0

5

10

15

0

5

10

15

D
ep

th
 (k

m
) 0

5

10

15

0

5

10

15

D
ep

th
 (k

m
) 0

5

10

15

0

5

10

15

D
ep

th
 (k

m
) 0

5

10

15

0

5

10

15

D
ep

th
 (k

m
)

−15
Distance (km)

Vp (%)

0

5

10

15

D
ep

th
 (k

m
)

0

5

10

15

0

5

10

15

Cavone 14

D
ep

th
 (k

m
)

0

5

10

15

0

5

10

15

D
ep

th
 (k

m
)

0

5

10

15

0

5

10

15

D
ep

th
 (k

m
)

0

5

10

15

0

5

10

15

D
ep

th
 (k

m
)

0

5

10

15

0

5

10

15

Vp/Vs (%)

−10 −5 0 5 10 15 −15 −10 −5 0 5 10 15

-20 -10 0 10 20 -20 -10 0 10 20

Distance (km)

SOM4 Click here to access/download;Supplemental Material (Main
Page, Tables, and Figures);SOM4.pdf



1 
 

Supplemental Material of 

 

Fault and fluid interaction during the 2012 Emilia (Northern Italy) seismic sequence  

Fonzetti R., Valoroso L., De Gori P., Chiarabba C. 

 

Supplemental Material for this article includes: 

- STAB1: 1D starting velocity model from Chiarabba et al., 2014. 

- SOM1: recovery test. The real dataset came from IS2 (absolute data modified, as described in 

paragraph 2,  to obtain a Vp/Vs ratio which takes into account S-wave contribution);  

- SOM2: comparison between the previous model and the new combined model obtained with 

IS1 and IS2;  

- SOM3: The 3D Vp, Vs and Vp/Vs models obtained with IS2; 

- SOM4:  3D  Vp  (from  IS1)  and  Vp/Vs  (from  IS2)  velocity  anomalies  of  the  cross  sections, 

shown in Figure 6. 

 

List of Supplemental Table Captions 

STAB1: The 1D starting Vp velocity model used for TomoDD inversions. 

 

List of Supplemental Figure Captions 

SOM1: Recovery test at 6, 9 and 12 km depth (the dataset is the same as IS2). The pink line is the Spread 

Function (SF≤2). For each black box: above the final model obtained by inverting synthetic data; below, the 

synthetic model perturbed. 

 

SOM2: Comparison between the previous model and the new combined model. The Vp and Vp/Vs models are 

close to each other. On the right, the previous model from Chiarabba et al., 2014; On the left, the new model 

obtained with the IS1 and IS2. The pink line is the Spread Function (SF≤2). The pink stars are the mainshocks 
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of 20th and 29 th of May 2012 (the first from Govoni et al., 2014 and the second from TomoDD relocations). 

The yellow stars are the aftershocks with M L ≥ 4.0. The white dots represent aftershocks with M L < 4. The 

aftershocks come from TomoDD relocations. The Cavone14 oil well is visible. 

 

SOM3: IS2 inversion. The pink line is the Spread Function (SF≤2). For each layer (a) 3 and 6 km depth; b) 9 

and 12 km depth), we show: the final 3D Vp, Vs and Vp/Vs model. The pink stars are the mainshocks of 20 th 

and 29th May 2012 (the first from Govoni et al., 2014 and the second from TomoDD relocations). The yellow 

stars are the aftershocks with M L ≥ 4.0. The white dots represent aftershocks with M L < 4. The aftershocks 

come from TomoDD relocations. Cavone14 oil well is visible. 

 

SOM4: Tomographic vertical sections of P-wave and Vp/Vs models obtained with TomoDD inversion. The pink 

line is the Spread Function (SF≤2). Pink stars are the mainshocks of 20 th and 29 th May 2012 (the first from 

Govoni et al., 2014 and the second from TomoDD relocations). Yellow stars are the aftershocks with M L ≥ 
4.0. White dots represent the aftershocks with M L < 4.0. Aftershocks come from TomoDD relocations. The 

Cavone14 oil well is shown in section 1. Earthquakes occur +/- 2 km from the vertical sections. 
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STAB1: The 1D starting Vp velocity model used for TomoDD inversions. 
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SOM1: Recovery test at 6, 9 and 12 km depth (the dataset is the same as IS2). The pink line is the Spread 

Function (SF≤2). For each black box: above the final model obtained by inverting synthetic data; below, the 

synthetic model perturbed. 
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SOM2: Comparison between the previous model and the new combined model. The Vp and Vp/Vs models are 

close to each other. On the right, the previous model from Chiarabba et al., 2014; On the left, the new model 

obtained with the IS1 and IS2. The pink line is the Spread Function (SF≤2). The pink stars are the mainshocks 

of 20th and 29 th of May 2012 (the first from Govoni et al., 2014 and the second from TomoDD relocations). 

The yellow stars are the aftershocks with M L ≥ 4.0. The white dots represent aftershocks with M L < 4. The 

aftershocks come from TomoDD relocations. The Cavone14 oil well is visible. 
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SOM3: IS2 inversion. The pink line is the Spread Function (SF≤2). For each layer (a) 3 and 6 km depth; b) 9 

and 12 km depth), we show: the final 3D Vp, Vs and Vp/Vs model. The pink stars are the mainshocks of 20 th 

and 29th May 2012 (the first from Govoni et al., 2014 and the second from TomoDD relocations). The yellow 

stars are the aftershocks with M L ≥ 4.0. The white dots represent aftershocks with M L < 4. The aftershocks 

come from TomoDD relocations. Cavone14 oil well is visible. 
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SOM4: Tomographic vertical sections of P-wave and Vp/Vs models obtained with TomoDD inversion. The pink 

line is the Spread Function (SF≤2). Pink stars are the mainshocks of 20 th and 29 th May 2012 (the first from 

Govoni et al., 2014 and the second from TomoDD relocations). Yellow stars are the aftershocks with M L ≥ 
4.0. White dots represent the aftershocks with M L < 4.0. Aftershocks come from TomoDD relocations. The 

Cavone14 oil well is shown in section 1. Earthquakes occur +/- 2 km from the vertical sections. 



Layer (km) Vp (km/s) 
0 3.0 
3 3.80 
6 5.30 
9 5.90 
12 6.0 
15 6.10 
18 6.20 
21 6.30 
27 6.40 
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