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Abstract

The use of seismic catalogs enhanced through advanced detection techniques improves the understanding of earthquake processes

by illuminating the geometry and mechanics of fault systems. In this study, we performed accurate hypocentral locations,

source parameters estimation and stress release modelling from deep catalogs of microseismic sequences nucleating in the

complex normal fault system of the Southern Apennines (Italy). The application of advanced location techniques resulted in

the relocation of ˜ 30% of the earthquakes in the enhanced catalogs, with relocated hypocenters clearly identifying local patches

on kilometer-scale structures that feature consistent orientation with the main faults of the area. When mapping the stress

change on the fault plane, the inter-event distance compared to the size of the events suggests that the dominant triggering

mechanism within the sequences is static stress transfer. The distribution of events is not isotropic but dominantly aligned

along the dip direction. These slip-dominated lineations could be associated with striations related to fault roughness and could

map the boundary between locked and creeping domains in Apulian platform and basement.
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Key Points: 15 

• Accurate earthquake location for enhanced catalogs unveils kilometric scale structures 16 

where seismic sequences occur in Southern Apennines. 17 

• Static stress transfer drives the evolution of these seismic sequences, with earthquakes 18 

dominantly distributed along the dip direction. 19 

• Slip-dominated alignments of the seismicity could map the fault roughness or the boundary 20 

between locked and creeping domains. 21 
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Abstract 23 

The use of seismic catalogs enhanced through advanced detection techniques improves the 24 

understanding of earthquake processes by illuminating the geometry and mechanics of fault 25 

systems. In this study, we performed accurate hypocentral locations, source parameters estimation 26 

and stress release modelling from deep catalogs of microseismic sequences nucleating in the 27 

complex normal fault system of the Southern Apennines (Italy). The application of advanced 28 

location techniques resulted in the relocation of ~ 30% of the earthquakes in the enhanced catalogs, 29 

with relocated hypocenters clearly identifying local patches on kilometer-scale structures that 30 

feature consistent orientation with the main faults of the area. When mapping the stress change on 31 

the fault plane, the inter-event distance compared to the size of the events suggests that the 32 

dominant triggering mechanism within the sequences is static stress transfer. The distribution of 33 

events is not isotropic but dominantly aligned along the dip direction. These slip-dominated 34 

lineations could be associated with striations related to fault roughness and could map the 35 

boundary between locked and creeping domains in Apulian platform and basement.  36 

Plain Language Summary 37 

The development of earthquake detection techniques, based on machine learning or similarity, has 38 

allowed to increase seismic catalogs of more than one order of magnitude. However, how much 39 

information can be extracted from these small cracklings is still to be understood, especially in 40 

complex normal fault systems, such as the Apennine environment in Italy. For seismic sequences 41 

in Southern Apennines, we show that only a few portion (about 30%) of events in enhanced 42 

catalogs can be further characterized in terms of location and source properties. Nevertheless, the 43 

use of deep catalogs allows to illuminate kilometric scale structures at depths between 8 and 15 44 

km, to define mechanisms for seismicity evolution, mainly driven by static stress triggering, to 45 

identify seismicity alignments along the slip direction, eventually associated with fault roughness 46 

or delimiting boundaries between locked and creeping regions.  47 

1 Introduction 48 

Seismic sequences are comprised of earthquakes that are clustered in space and time and that occur 49 

at a higher rate than the background seismicity. They contain powerful information for 50 

investigating the geometry and mechanical state of faults that may generate large magnitude 51 
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earthquakes. In the case of a major event, accurate location of foreshocks and aftershocks can 52 

inform the rupture process from the preparation phase to the arrest by illuminating the structural 53 

complexity of the causative fault (e.g., Lomax 2020, Waldhauser et al. 2021). Most sequences, 54 

however, occur during the interseismic period between large earthquakes, at smaller space scales, 55 

and feature main events of low to moderate magnitude (Chiaraluce et al. 2009). These sequences 56 

can last from few days (Stabile et al. 2012, Scotto di Uccio et al. 2023) to months or years (Kaviris 57 

et al. 2021) and can provide insights into stress conditions at depth, potential asperities (Festa et 58 

al. 2021), fluid diffusion (Chen et al. 2012), aseismic processes (Gualandi et al. 2017) , or other 59 

forcing mechanisms that can perturb the stress state in the brittle crust (Silverii et al., 2019).  60 

Knowledge of structures and processes from the analysis of the sequences strongly depends on the 61 

content and the magnitude of completeness of available catalogs. Recently, enhanced catalogs 62 

obtained through advanced automatic detection techniques such as machine learning and 63 

similarity-based approaches (Chamberlain et al. 2018, Zhu & Beroza 2018, Mousavi et al. 2020, 64 

Liu et al. 2020, Spallarossa et al. 2021, Scotto di Uccio et al. 2023, Sugan et al. 2023) have 65 

contributed to increase the number of newly cataloged events by more than one order of magnitude, 66 

improving the magnitude of completeness by at least one magnitude unit. Machine learning based 67 

phase pickers have been shown to provide phase arrival times consistent with analyst 68 

identifications (Mousavi et al. 2020, Cianetti et al. 2021, Münchmeyer et al. 2022), even for 69 

earthquakes outside the regions used in the training datasets (e.g., Mousavi et al. 2020, Park et al. 70 

2020, Tan et al. 2021). Furthermore, event similarity can be exploited for closely spaced events 71 

using cross-correlation to measure P and S arrivals for smaller magnitude earthquakes from 72 

template events (Poupinet et al. 1984, Vuan et al. 2018, Chamberlain et al. 2018).  73 

Phase picks can be used for precise earthquake location using differential location methods 74 

(Waldhauser & Ellsworth 2000, Trugman & Shearer 2017). However, hypocenter determination 75 

of low magnitude earthquakes in enhanced catalogs is challenging because these events typically 76 

emerge from the noise only at the few closest stations with uncertain arrival times. A typical 77 

percentage of template matched events that can be relatively located from enhanced catalogs is ~ 78 

20% (Cabrera et al. 2022). Nevertheless, accurate locations from deep catalogs can provide a high-79 

resolution image of fault structures, help to discern their interaction (e.g., Ross et al. 2019, Park et 80 

al. 2022, Sugan et al. 2023), and illuminate paths for possible fluid migration (Ross et al. 2020, 81 

Vuan et al. 2020). 82 
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Deep catalogs can be statistically exploited in their space-time-magnitude evolution for inferring 83 

macroscopic physical processes to relate seismic sequences to background seismicity (Hermann 84 

et al. 2022, Scotto di Uccio et al. 2023), which may improve the predictability of short-term 85 

forecasting (Gulia & Wiemer 2019, Beroza et al. 2021). Reliable estimation of the frequency-86 

magnitude characteristics of the catalogs requires a correct estimation of the event size and the 87 

catalog magnitude of completeness to avoid biases in b-value estimates (Marzocchi et al. 2020, 88 

Mancini et al. 2022).  89 

Extracting physical constraints on the source process of events in deep catalogs is challenging due 90 

to the small signal-to-noise ratio and the narrow available frequency band. Local and moment 91 

magnitudes for small events can be estimated using time or frequency domain measurements (e.g., 92 

Abercrombie 1995, Edwards et al. 2015, Hawthorne & Burtlow 2018, Supino et al. 2020, Scotto 93 

di Uccio et al. 2023). The source corner frequency (or event duration in time domain), which is a 94 

proxy for the earthquake size, can be obscured by anelastic attenuation effects (Deichmann, 2017) 95 

or the sampling rate (Abercrombie 2015). Several approaches have been proposed to reduce the 96 

correlation between the attenuation of the medium crossed by seismic waves and the source 97 

parameters. These are either based on the Empirical Green’s function (EGFs) approach (Mori & 98 

Frankel 1990, Prieto et al. 2004), or based on the determination of attenuation relationships (Oth 99 

et al. 2007), which can allow a decrease in the minimum magnitude for which the source 100 

parameters can be estimated (Abercrombie 2015). While the use of EGFs is appealing in removing 101 

the propagation contribution, small events should be at least one point of magnitude smaller than 102 

the earthquake for most EGF approaches (Abercrombie & Rice 2005). EGF availability is often 103 

limited at the stations closest to the hypocenter, in a limited frequency band, where the signal 104 

emerges from the noise. When properly retrieving the source parameters for events in the sequence, 105 

they can help constrain the mechanisms associated with their evolution, e.g., whether they are 106 

triggered by stress release in cascade-like models or are driven by other forcing mechanisms (e.g, 107 

Stabile et al. 2012, Yoon et al. 2019). 108 

In this study we focused on seismic sequences in the Irpinia region, Southern Apennines (Italy). 109 

The area is one of the highest hazard regions of Italy (Stucchi et al. 2011) and experienced the 110 

most destructive seismic event in recent decades in that country. The 1980, M 6.9, Irpinia 111 

earthquake occurred on multiple, separate fault segments that were activated within 40s of the 112 

event origin (Figure 1), leading to more than 3000 casualties (Rovida et al. 2019). The region is 113 
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currently deforming, with a strain rate of ~100 nstrain/yr corresponding to an increase of ~3 mm/yr 114 

over 30 km across the axis of the Apennines (Daout et al., 2003; Figure 1). In the last 15 years, the 115 

area has been monitored by the Irpinia Near-Fault Observatory (INFO, triangles in Figure 1), with 116 

a dense seismic network of 31 stations equipped with accelerometers and short-period or broad-117 

band seismometers (Iannaccone et al. 2010, Chiaraluce et al . 2022). Recent seismicity is 118 

characterized by low magnitude events (maximum magnitude 3.8), mainly occurring at depths 119 

between 8 and 15 km (De Landro et al. 2015), within the fault system that generated the 1980 120 

Irpinia earthquake and is mainly concentrated in a volume of low vs, high Qp, high vp/vs, which 121 

suggests fluid-saturated conditions (Vassallo et al. 2016, Amoroso et al. 2017). Also, source 122 

parameters show a variability in the stress drop that could be modulated by fluid composition and 123 

concentration (Picozzi et al. 2021). In the area seismicity sometimes occurs clustered in seismic 124 

sequences that last several days, characterized by main events of magnitude lower than 3.5. 125 

Detailed studies of two sequences have shown a complex pattern for the seismicity and suggested 126 

that stress triggering can be the main driver of their evolution (Stabile et al. 2012, Festa et al. 127 

2021). Recently an enhanced catalog for 10 seismic sequences has been obtained for the area 128 

(Scotto di Uccio et al. 2023), built on the integration of machine learning and template matching, 129 

that increased the number of events relative to the existing manual catalog by a factor 7. In this 130 

study we seek to exploit the improved catalog to better understand the space-time evolution of the 131 

seismic sequences. We found that seismic sequences can be accurately located with uncertainties 132 

of ~100 m, they occur on secondary structures with respect to the main segments of the 1980 133 

Irpinia earthquakes and their evolution appears to be mainly driven by static stress transfer. 134 

Preferential alignments of the seismicity along the dip direction might be an indication of 135 

simultaneous aseismic transients, especially for the most populated sequence. 136 

First, we present the data used in the work (Section 2). Then, we describe the methods for 137 

accurately locating the events in the sequence, determining the source parameters and building a 138 

model to describe the stress release on the fault plane hosting the sequence (Section 3). Finally, we 139 

present the results obtained for the sequences, interpreting their spatio-temporal evolution (Section 140 

4), along with discussions and conclusions.    141 
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Figure 1) Top panel: GPS velocity field in a Tyrrhenian reference frame. Yellow triangles indicate the seismic stations 142 

of INFO. GPS stations SNAL, ANG1, and MTMR are displayed in red circles. The black boxes are the historical faults 143 

that generated the largest earthquakes in the area, as reported by the Database of  Individual Seismogenetic Sources 144 

(DISS, https://seismofaults.eu/services/diss-services). Bottom panel: Elevation along the A-B section of top panel and 145 

velocity field related to the GPS stations within the red box of top panel along the N45E direction.  The study area is 146 

currently accumulating strain at ~100 nstrain/yr corresponding to an increase of ~3 mm/yr across the axial part of 147 

the Apennines. 148 

2 Data 149 

In this work we characterized the spatio-temporal evolution of seismic sequences that occurred 150 

near the Irpinia Near Fault Observatory. The sequences occurred between 2011 and 2020 and 151 

featured main events of low to moderate local magnitude (1.8 < Ml < 3.7). We selected the 152 

enhanced catalogs obtained by Scotto di Uccio et al. (2023) using machine learning derived 153 

detections (EQTransformer, Mousavi et al. 2020) as template sets for a further similarity-based 154 

detection (EQCorrscan, Chamberlain et al. 2018). The integration of machine learning and 155 

template matching has been shown to improve the manual catalogs by a factor ∼7 in this region. 156 

The catalogs for the sequences obtained in Scotto di Uccio et al. (2023) feature an improved 157 

magnitude of completeness of more than one magnitude unit and provide ∼1.8k events, with nearly 158 

800 events in the Rocca San Felice sequence.  159 

https://seismofaults.eu/services/diss-services)
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We extended the initial phase-pick dataset to all the stations not included in the detection step in 160 

Scotto di Uccio et al. (2023). We used the velocity data when available, and the acceleration data 161 

as a second choice, following the same strategy used in Scotto di Uccio et al. (2023).  162 

The cross-correlation delay times for double difference earthquake re-locations were evaluated on 163 

traces decimated to 100 Hz (Michele et al., 2020), obtained trimming raw continuous waveforms 164 

around the origin time from absolute locations. In the evaluation of source parameters for the 165 

relocated events, we pre-processed the raw traces by removing the instrumental response, 166 

including a 5% Hann taper and a water level regularization during the deconvolution stage. We 167 

bracketed the S wave window from 1 s before to 3 s after the phase arrival time. We considered 168 

the frequency band that satisfied the condition of SNR between the event and the noise spectra 169 

larger than 3.5 based on a comparison with a 4s time window before the event origin time.   170 

3 Methods 171 

3.1 Absolute and relative locations 172 

For locating the earthquakes in the enhanced catalogs, we used available P and S arrival times. For 173 

template events, we obtained phase arrival times with the machine learning picker. The consistency 174 

between the automatic and manual picks was demonstrated in Scotto di Uccio et al. (2023), who 175 

found that the residuals featured zero mean values and a slightly larger dispersion for the S phase 176 

(standard deviation of 0.2 s). For the low magnitude events identified by the template matching, 177 

they performed cross-correlation (CC) picking and retained those measurements with a CC value 178 

of greater than 0.7. The consistency of template picks helps to ensure the reliability of the CC-179 

derived phase arrival times. Moreover, the similarity-based detection step can add missed picks by 180 

machine learning picker, also for events with moderate signal-to-noise ratio (Park et al. 2023). 181 

When an arrival time was declared by both pickers, we selected the phase provided by the machine 182 

learning technique. Arrival time uncertainties are estimated by considering the associated 183 

probability for machine learning picks and the CC values for template matching phases, 184 

respectively. We converted the probability values (ranging between 0.1 and 1.0) into discrete 185 

weights for location (from 0 to 4, increasing numbers correspond to larger uncertainties) according 186 

to the table proposed by Mousavi et al. (2020). For the template matching picks, we imposed at 187 

least the same level of accuracy of the machine learning picks used for the declaration, eventually 188 
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increasing the discrete weights for low cross-correlation values. We raised the discrete weights by 189 

one point for every decimal of CC coefficient detaching from 1.0.  190 

We estimated earthquake location using NonLinLoc (Lomax et al. 2000), which adopts a 191 

probabilistic approach to determine the location using the travel time residuals with statistically 192 

robust uncertainties. We tested three velocity models for the location procedure. Starting from a 1-193 

D layered velocity model tailored for the Irpinia area (Matrullo et al. 2013), we derived two 194 

gradient models, which smooth the discontinuities in the wave velocity across layer  boundaries, 195 

by linearly interpolating values between either the top or the middle points of the layers (Figure 196 

S1). We note that the velocity model obtained fixing the velocity value at the top of the layers 197 

systematically overestimates the velocity in each layer. The interpolated model obtained by fixing 198 

the velocity values at the centre of the layers resulted in lower location uncertainties , so we selected 199 

this model for event location. A few poorly constrained events result in an unreliable shallow 200 

location estimate; for these cases, we selected the location solutions obtained from the expected 201 

values of the probability density function (Lomax et al. 2000).  202 

We used absolute locations as the starting point for relative re-locations of events in each sequence 203 

using HYPODD (Waldhauser & Ellsworth 2000), based on differential travel times for event pairs. 204 

For the evaluation of the catalog delay times in each sequence we used the picks for event pairs 205 

separated by less than 10 km in absolute location at all the available stations. For CC differential 206 

travel times, we evaluated the delay times for events that were separated by less than 10 km, on 207 

seismograms decimated to 100 Hz and filtered in the frequency band [1.5 – 15] Hz (Schaff et al. 208 

2004, Michele et al. 2020).  209 

We assessed the length of the time windows for extracting the waveforms around the P and S 210 

arrival times by performing parametric tests. Too short windows resulted into too high values of 211 

CC coefficients such that he reliability of the lag measurement was overestimated. We selected a 212 

1.1 s (1.4 s) long window around the P (S) phase arrival time for calculating the CC coefficients, 213 

imposing a maximum lag of 1s. We only retained delay times for events with CC coefficient higher 214 

than 0.7. 215 

We estimated relative locations with HYPODD using an iterative least square procedure (LSQR) 216 

that minimized the differential time residuals for pairs of earthquakes recorded at common stations 217 

by adjusting the vector connecting their hypocentres (Waldhauser & Ellsworth 2000). We used 4 218 
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steps of 4 iterations (a total of 16 iterations) of damped and dynamically weighted least square 219 

inversions. In the initial settings, we assigned higher weights to catalog delay times, for better 220 

constraining the location of the clusters, and we increased the contribution of the CC differential 221 

travel times in the following settings, to consider the different position of the events within the 222 

cluster. The damping factor was selected to stabilize the problem (Waldhauser 2001). To avoid 223 

inconsistency with ray patterns used in the absolute locations, we extracted a 1-D model composed 224 

of 20 thin layers from a resampling of the velocity model used in the absolute locations.  225 

LSQR only approximates some aspects of the uncertainty (Waldhauser & Ellsworth 2000), so we 226 

applied the Singular Value Decomposition (SVD) method for a more complete assessment of 227 

location errors. The SVD option for double difference locations can only solve for a significantly 228 

lower number of earthquakes than the LSQR option. Nevertheless, we were able to apply the SVD 229 

technique for all the sequences apart from the Rocca San Felice sequence. For this latter sequence, 230 

discussed in detail in the Section 4, we estimated location uncertainties using a bootstrap strategy. 231 

We realized 200 independent double difference location runs on subsets of events within the 232 

sequence. Each subset was obtained by randomly extracting 150 events, 60 % of which belong to 233 

the machine learning catalog. This constraint in the selection of the events in each subset ensures 234 

a more robust linkage to the cluster, since the number of picks associated with templates is 235 

generally larger than for template-matched events. We evaluated the location uncertainties from a 236 

statistical analysis based on the distance of each event from the cluster centroid for all the runs 237 

where that event was located. This procedure allows quantification of the dependency of the results 238 

on the single subset. For the 𝑖 − th  event we estimated the uncertainty along the 𝑗 − 𝑡ℎ direction 239 

as 𝑒𝑟𝑟𝑗
𝑖  = 𝑚𝑒𝑑𝑖𝑎𝑛(𝑝,𝑚)|(𝑥𝑗,𝑝

𝑖  − 𝑥𝑗,𝑝
𝑐 ) − (𝑥𝑗,𝑚

𝑖  −  𝑥𝑗,𝑚
𝑐 )|, where 𝑝 and 𝑚 indicate two 240 

independent runs in which the 𝑖 − th  event was located, and the superscript 𝑐 refers to the cluster 241 

centroid of the considered run. The robustness of these estimates has been verified observing 242 

agreement with uncertainties from a SVD inversion for the subset of template events.  243 

3.2 Source Parameters  244 

We used a probabilistic inversion approach (Supino at al., 2019) for retrieving earthquake source 245 

parameters (seismic moment 𝑀0 and corner frequency 𝑓𝑐) from the S-wave displacement 246 

amplitude spectra of relocated events. This technique is grounded in a Bayesian inversion of the 247 
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spectra and allows an exploration of the correlations among parameters with a robust estimation 248 

of the uncertainties. The source is described by a generalized Brune model (Brune, 1970) 249 

�̃�(𝑀0, 𝑓𝑐, 𝛾; 𝑓) =
𝑀0

1 + (
𝑓
𝑓𝑐

)
𝛾 

(1) 

where the spectral fall-off at high-frequencies 𝛾 is considered as free parameter. The propagation 250 

contribution is described by the term (e.g., Supino et al. 2019) 251 

�̃�(𝑄, 𝑓) = 𝐾𝐴𝑒−𝜋𝑓𝑇/𝑄 (2) 

where 𝑇 is the source-receiver travel-time, 𝑄 is the quality factor related to anelastic attenuation, 252 

𝐴 is the geometrical spreading (assumed as 1/𝑟 , where 𝑟 is the source-receiver distance) and  253 

𝐾 =
𝑅𝑆𝐹

4𝜋𝜌𝛽3 (3) 

We assumed the average radiation pattern for S-waves 𝑅𝑆 = 0.63 (Boore & Boatwright 1984), a 254 

free surface reflection coefficient of 𝐹 = 2, the density 𝜌 = 2700 𝑘g/m3 and the S-wave velocity 255 

𝛽 = 3027 m/s (Zollo et al. 2014). After removing the instrumental response, the displacement 256 

amplitude spectrum can be written as: 257 

The modelling of the spectra requires a joint inversion for source parameters and quality factor, 258 

which are strongly correlated. To reduce this correlation, we tried to evaluate the quality factor 259 

separately from the inversion of source parameters. We started by considering the small events in 260 

each sequence as empirical Green’s functions (EGF). For those events the effective (source) corner 261 

frequency is much larger than the apparent corner frequency of the anelastic attenuation low-pass 262 

filter, and sometimes even larger than the Nyquist frequency of the records (in this case 𝑓𝑁𝑦𝑞 =263 

62.5 Hz). Considering the EGF spectra in the domain where 𝑓 ≪ 𝑓𝑐 , the displacement spectrum 264 

can be approximated as:  265 

𝑈𝐸𝐺𝐹 = 𝐾𝐴𝑀0 𝑒−𝜋𝑓𝑇/𝑄𝐸𝐺𝐹  (5) 

We selected events featuring local magnitude 𝑀𝑙 <  1 as EGFs and fit with a linear model log𝑈𝐸𝐺𝐹   266 

as a function of the frequency to retrieve 𝑀0 and 𝑄𝐸𝐺𝐹. The frequency band selected for the fit 267 

𝑈(𝑀0, 𝑓𝑐 , 𝛾, 𝑄; 𝑓) = �̃�(𝑀0, 𝑓𝑐, 𝛾; 𝑓) ∙  �̃�(𝑄; 𝑓) (4) 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

respects the constraint of a signal-to-noise ratio larger than 3.5 for each frequency in the band. The 268 

value of 𝑄𝐸𝐺𝐹 is station dependent.  269 

Since events in the same sequence share almost the same source-receiver path, we expect a 270 

consistency in the 𝑄𝐸𝐺𝐹 estimates across the EGFs for the same station. For stations presenting at 271 

least 5 estimates of 𝑄𝐸𝐺𝐹, we evaluated the compatibility of the inferred values and used the mean 272 

value to correct for anelastic attenuation.  273 

For other stations, for which we have insufficient high-quality EGFs, we attempted to estimate a 274 

sequence-dependent quality factor 𝑄𝐿𝑂𝐶  by exploring different values of the anelastic attenuation 275 

around the average regional estimate 𝑄𝑅𝐸𝐺 = 230 (Zollo et al., 2014). Considering events with 276 

𝑀𝑙 > 1, we inverted the displacement amplitude spectra, and fixed the attenuation to one of the 277 

following values 𝑄 = 100, 170, 230, 300, 400 in different inversion runs.  We compared the 278 

average residuals resulting from the best solution for the source parameters  in each run. We 279 

selected as 𝑄𝐿𝑂𝐶  the 𝑄 value producing the lowest misfit, imposing a minimum number of 5 280 

solutions per station. We finally kept 𝑄 = 𝑄𝑅𝐸𝐺  for stations where neither 𝑄𝐸𝐺𝐹 nor 𝑄𝐿𝑂𝐶  could be 281 

evaluated.  282 

Finally, the inversion technique provided the seismic moment 𝑀0 (and the moment magnitude 𝑀𝑤) 283 

for all the events, but corner frequencies only for events with 𝑀𝑙 > 1. Quality of the solutions was 284 

checked by analysing the shape of the a-posteriori probability density function related to the 285 

estimated parameters. Solutions not showing peaked probability functions were discarded 286 

following the strategy defined in Supino et al. (2019).  287 

3.3 Stress change model 288 

For events in the sequence for which we estimated both moment magnitude and corner frequency, 289 

we computed the source radius 𝑎 as (Madariaga, 1976): 290 

𝑎 = 𝑘
𝛽

𝑓𝑐
 (6) 

where 𝑘 is a geometrical shape factor, which was assumed here as 𝑘 = 0.37 (Brune, 1970). We 291 

derived the stress drop Δ𝜎 from seismic moment and the source radius (Keilis-Borok 1959) as: 292 
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Δ𝜎 =
7

16

𝑀0

𝑎3
 (7) 

We then evaluated the average stress drop Δ�̅� for the sequence as the mean value of the retrieved 293 

stress drops. We associated the average stress drop Δ�̅�  with all other events in the sequence for 294 

which we were not able to estimate the corner frequency, and we used the above relationship to 295 

retrieve the event source radius.  296 

We evaluated the rupture plane associated with the seismic sequence as the best-fit plane across 297 

the hypocenters of the events in the sequence. If the locations did not constrain a plane, we used 298 

the focal mechanism solutions from Palo et al. (2023) and selected the plane that is more consistent 299 

with the expected orientation of faults in the area. We finally mapped the stress change on the fault 300 

plane associated with the sequence, using the rupture model proposed by Andrews (1980) and a 301 

non-isotropic representation of the stiffness. Since in the rupture model neither the slip nor the 302 

stress drop is considered constant, we imposed the condition that the average stress drop within 303 

the crack from the Andrews model coincided with the event stress drop computed from the source 304 

parameters.  305 

4 Results 306 

For all the enhanced catalogs related to the sequences in Scotto di Uccio et al. (2023), we computed 307 

absolute and (double difference) relative locations using NonLinLoc and HYPODD codes. Using 308 

the automatic phase arrival times provided by the integration of machine learning and template 309 

matching pickers, we obtained absolute locations for 1130 events (∼60 % of the detection catalog).  310 

The uncertainties can be as large as few kilometers, resulting into several tenths of second root-311 

mean square (RMS) of travel time residuals. This uncertainty is enough to obscure the fault 312 

segments or patches on which the seismicity takes place. The number of absolute locations from 313 

the enhanced catalogs is 5 times larger than in the manual INFO bulletin and provides a wide set 314 

of catalog and cross-correlation delay times for earthquake relocation. When analyzing the single 315 

sequences, the improvement in the number of located earthquakes ranges from a factor 2.5 to 8.5.  316 

Starting from the absolute positions of earthquakes in the enhanced catalogs, we achieved double 317 

difference relocation of 550 events total, from 8 out of the 10 seismic sequences analyzed in Scotto 318 

di Uccio et al. (2023). The two sequences for which we did not get relocations (IDX 7 and IDX 9 319 
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in Scotto di Uccio et al. 2023) feature the lowest number of detections (about 40 events). The total 320 

number of relocated events represents ∼ 30% of the enhanced catalog. A similar fraction is 321 

observed for each of the relocated sequences and results coherent with earthquake relocation of 322 

other template matching derived catalogs (Cabrera et al. 2022, Ross et al. 2019), due to low signal-323 

to-noise ratio of small events leading to limited pick availability and triggered stations.  324 

Figure 2 shows the double difference relocation of the earthquakes in the enhanced catalogs. In 325 

the left panel we show the position of epicenters with respect to the seismic network. In the right 326 

panel the hypocenters are projected along the vertical plane A-A’ oriented perpendicular to the 327 

trend of the Apennines (N40°E). This plane represents the direction orthogonal to the main 328 

structures of the area, that generated the 1980 Irpinia earthquake. In Table S1 we report the label 329 

of the sequences in this work with respect to the references in Scotto di Uccio et al. (2023). 330 

 331 

332 

Figure 2) Left panel: Epicentral location for the relocated events, colored according to the sequence IDX and 333 

representation of the fault traces in the Irpinia area. Stations are shown with black triangles. Right panel: Cross-334 

section along the A-A’ vertical plane, orthogonal to the main structure of the 1980 M 6.9 earthquake for which rupture 335 

planes are shown with black rectangles. 336 

The cross-section shows that the seismicity patterns feature clear alignments and a high degree of 337 

clustering, highlighting km-sized structures that share similar dips. For all sequences, the spatial 338 

extent of the sequences depicted by relocations is much greater than what expected from the total 339 

released seismic moment. 340 
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The Rocca San Felice sequence, marked in Figure 2 with yellow dots (IDX 8) features the highest 341 

number of both detections and double difference located events (∼800 and 250 events 342 

respectively). For this sequence, we were able to estimate absolute locations for about 60 % of the 343 

detections, with average horizontal and depth uncertainties of 1.5 km (average RMS residuals of 344 

0.4 s). We evaluated double difference relocations, limiting the analysis to events with at least 2 345 

P-picks and one S-pick among the three stations closest to the centroid of the sequence (∼300 346 

located earthquakes). From about 97.5 k catalog differential times (47k for P phase, 50.5k for S 347 

phase) and 85k CC delay times (31k for P phase, 54k for S phase) we obtained a catalog of 250 348 

relocated events with median location uncertainties of 91 m, 31 m and 105 m in the East, North 349 

and vertical directions, respectively. When zooming on the sequence location (Figure 3 - left 350 

panel), the position of the epicenters clearly suggests the presence of two clusters, at 5 km of 351 

distance from each other. The projection of the seismicity along the vertical plane oriented N40°E 352 

(Figure 3 – right panel), indicates that the two clusters feature similar orientations but occurred at 353 

different depths: the shallower one is mostly confined between 6 km and 9 km, the deeper one 354 

between 9.5 km and 11 km. The two clusters were activated at different times during the sequence, 355 

as shown in Figure 3, where the colors denote the occurrence time of the events relative to the 356 

mainshock. The events occurred within the first two days of the mainshock illuminate a first 4-km 357 

long segment with a dip of 55°, coherently with the focal mechanism estimated by Festa et al. 358 

(2021). Two days after the main event, the occurrence of a Ml 2.8 event activated a deeper 359 

secondary patch of slightly shorter extent with a similar orientation.  360 

The presence of two separated clusters was not recognized in the previous work of Festa et al. 361 

(2021) and is supported by the change in the first station recording the P wave arrival, that occurred 362 

at the station RSF3 for events in the first cluster and at LIO3 for events in the second one. In Figure 363 

S2 we reported the vertical records, at the closest stations, for two events belonging to the two 364 

clusters. It is worth to note that the improvement in double difference location as compared to the 365 

results of Festa et al. (2021) comes from the combination of a deeper event catalog, but also from 366 

a larger number of picks per event. Indeed, for most of the events we were able to retrieve picks 367 

and waveforms also for the accelerometric station SALI, located close to the centroid epicenter, 368 

indicating that strong motion sensors can provide useful information even for microseismic events 369 

if their sensitivity is high enough (for SALI it is 4.0 V/m/s2). 370 
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 371 

 372 

Figure 3) Left panel: Spatio-temporal evolution of the epicenters for the Rocca San Felice seismic sequence (IDX 8), 373 

colored according to the occurrence time from the main event. Foreshocks are represented with pink circles and the 374 

main event is represented with a black diamond. Right panel: Cross-section along the vertical plane as in Figure 2, 375 

colored according to the occurrence time from the main event. 376 

We inverted the displacement spectra of the relocated events to infer the seismic moment 𝑀0 (and 377 

hence the moment magnitude 𝑀𝑤), the corner frequency 𝑓𝑐  and the quality factor 𝑄 as output. For 378 

each sequence, we separated events with local magnitude above and below 1.0, according to the 379 

estimates of Scotto di Uccio et al. (2023) as described in Section 2. We then estimated 𝑀0 and 𝑄 380 

for the events in the sequence below the magnitude threshold, considered as EGFs, and used these 381 

parameters to infer the moment and the corner frequency of the larger events (above the threshold).  382 

Here, we illustrate all the steps in our analysis for the Rocca San Felice sequence, which we also 383 

applied to all the other sequences. For the stations closest to the sequence, recording many small 384 

magnitude events (𝑀𝑙 < 1), we tried to estimate the quality factor 𝑄𝐸𝐺𝐹  by fitting the logarithm 385 

of the displacement spectra as a linear function of the frequency. For each EGF, we perform the fit 386 

in the frequency band where the signal-to-noise ratio exceeds the threshold of 3.5. As an example, 387 

we show in Figure 4 - left panel- the displacement amplitude spectrum and the corresponding noise 388 

spectrum for a 𝑀𝑙 0.41 ± 0.10 earthquake at the station NSC3 (∼ 11 km distance from the main 389 

event). We estimated the quality factor for the considered earthquake from the slope of the linear 390 

fit (Figure 4, left panel), whose intercept is proportional to the seismic moment. We thus estimated 391 
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the quality factor 𝑄𝐸𝐺𝐹 from the fit of each candidate EGF. An example of 𝑄𝐸𝐺𝐹 distribution (for 392 

the station NSC3) is reported in the right panel of Figure 4. We observe a peaked Gaussian-like 393 

distribution, which is typical of stations providing a large number of estimates for the quality 394 

factor. We extracted the weighted mean of individual 𝑄𝐸𝐺𝐹 values using the inverse of the fit 395 

residuals as weighting factors, to describe the quality factor �̅�𝐸𝐺𝐹 for that station-sequence couple. 396 

 397 

Figure 4) Left panel:𝑄𝐸𝐺𝐹 estimation from linear fit (red solid line) of the logarithm of the displacement event spectrum 398 

(blue dots) as a function of the linear frequency, for a 𝑀𝑙 = 0.41 earthquake. Noise spectrum is reported as black 399 

dots. Right panel: histogram of the 𝑄𝐸𝐺𝐹 for the events 𝑀𝑙 < 1 in the Rocca San Felice sequence (IDX 8) at NSC3 400 

station 401 

For the example of Figure 4, we estimated �̅�𝐸𝐺𝐹 = 130 ± 12 for NSC3, which is smaller than 402 

the regional estimation provided by Zollo et al. (2014).   403 

For the stations lacking sufficient high-quality EGFs, we attempted to extract a local quality factor 404 

𝑄𝐿𝑂𝐶  by performing several inversions with different, fixed 𝑄𝑠 values. We then assumed as the 405 

most suitable value of 𝑄 the one that resulted in the lowest average RMS residuals. In the case of 406 

the Rocca San Felice sequence, this procedure allowed estimation of the quality factor for five 407 

stations (COL3, SCL3, SFL3, SNR3, SSB3). For stations where neither 𝑄𝐸𝐺𝐹 nor 𝑄𝐿𝑂𝐶  was 408 

estimated, we considered the regional value of the area for the quality factor (𝑄𝑠 = 230, Zollo et 409 

al. 2014). After the estimation of the quality factor from the EGF, we attempted to estimate the 410 

source parameters for events with 𝑀𝑙 > 1, by fitting the spectra with the generalized Brune model. 411 

In Figure S3 we report the fit results for a 𝑀𝑙 = 2.8 event at three stations. In Figure S3 – left panel 412 

– we represent the fit of the displacement spectrum at the station NSC3, where we used an EGF 413 
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derived quality factor (𝑄𝐸𝐺𝐹 = 130). In the central panel we report the results for the station SCL3 414 

(∼ 43 km from the main event) where we estimated a quality factor 𝑄𝐿𝑂𝐶 = 300, higher than the 415 

average estimate for the area. We note that in this latter case, the average value (𝑄 = 230) provides 416 

unreliably large corner frequencies (as compared to the values obtained at other stations), close to 417 

the upper limit of the frequency band used for the inversion. In the right panel, we show the fit for 418 

the station VDS3 (∼ 38 km from the main event), for which we used the regional value 𝑄𝑅𝐸𝐺 =419 

230. 420 

For the Rocca San Felice seismic sequence, we retrieved the seismic moment 𝑀0 for 45 % of the 421 

located events, while we globally estimated the seismic moment for 236 out of the 550 relocated 422 

events (∼60%). In Figure 5 - left panel we report the distribution of the moment magnitude 𝑀𝑤  423 

(Hanks and Kanamori, 1979), against the local magnitude 𝑀𝑙, as evaluated in Scotto di Uccio et 424 

al. (2023), considering all the events for which an estimation of the seismic moment  was available. 425 

The red line marks the 1:1 trend between 𝑀𝑙 and 𝑀𝑤 . 426 

 427 

Figure 5) Left panel: 𝑀𝑤 - 𝑀𝑙 distribution, with the 1:1 relation scaling reported as dashed red line. For 𝑀𝑙 < 2 428 

earthquakes, we observed 𝑀𝑤 = 0.89 (±0.03) + 0.62 (±0.02)𝑀𝑙 (green dashed line). Right panel: Distribution of 429 

source parameters for 𝑀𝑤 > 2 , colored according to sequence IDX, with theoretical constant stress drops scaling of 430 

0.1 MPa, 1 MPa and 10 MPa (red solid lines)   431 

We recognize two trends between the magnitude scales: for 𝑀𝑙  <  2 the distribution strongly 432 

deviates from the 1:1 scaling relation. Evaluating the average value of 𝑀𝑤  in different 𝑀𝑙 bins of 433 

width 0.2 and performing a linear fit between the two quantities, we retrieved 𝑀𝑤 = 𝑎 + 𝑏 ∗ 𝑀𝑙 =434 

0.89 (±0.03) +  0.62 (±0.02)𝑀𝑙  (the linear fit curve is reported with a green dashed line). The 435 
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estimated slope agrees with the predictions of Deichmann (2017), which indicated a saturation of 436 

the event duration in the local magnitude computation due to the anelastic attenuation, resulting 437 

into the scaling  𝑀𝑤 = 𝐶 +
2

3
 𝑀𝑙. For 𝑀𝑙 >  2, the distribution follows the 1:1 scaling trend 438 

between 𝑀𝑙 and 𝑀𝑤 , as also found by Zollo et al. (2014).  In the right panel of Figure 5 we reported 439 

the log 𝑀0 − log 𝑓𝑐 distribution, with red straight lines marking the theoretical trends obtained 440 

assuming characteristic stress drop values of Δσ = 100𝑘𝑃𝑎, 1𝑀𝑃𝑎 and 10 𝑀𝑃𝑎. The single 441 

station corner frequencies have been averaged considering the relative uncertainty of the estimate. 442 

As a result, we determined seismic moment and corner frequency for events with moment 443 

magnitude 𝑀𝑤  > 2.0, while for events below this magnitude, the solution for the corner frequency 444 

was not constrained (Supino et al. 2019). For the resolved events, the distribution of the corner 445 

frequencies with moment appears to follow a nearly linear trend, with stress drop ranging between 446 

1-3 MPa. For the Rocca San Felice sequence, yellow marks in the right panel of Figure 5, the 447 

average Δσ resulted to be ~ 1.0 𝑀𝑃𝑎 448 

We evaluated the source size for all the events for which we estimated the seismic moment, either 449 

by considering the retrieved corner frequency or by assuming self-similarity. The former condition 450 

applies to the largest magnitude events in the sequences, the latter for lower magnitude events. For 451 

each sequence, we assessed the best fitting plane from earthquake locations, and represented the 452 

static stress released by single events onto this plane (Andrews et al. 1980) along the strike and 453 

dip directions. For almost all the sequences (IDXs 1 to 7) the stress model suggests static stress 454 

release as a trigger mechanism, with small events mainly concentrated in or around the area 455 

affected by stress changes due to the main events in the sequence. As an example, we report in 456 

Figure 6 – left panel - the stress release model for a seismic sequence featuring a 𝑀𝑙 2.9 main event 457 

(IDX 1 in Figure 2). We observe a single km-sized patch mainly oriented along the dip direction, 458 

with earthquakes occurring within the volume interested by the main event. We retrieved similar 459 

dip – oriented trends also for the other considered sequences. An interesting case is represented by 460 

the Rocca San Felice seismic sequence (IDX 8 in Figure 2 and in Figure 3), illustrated in the right 461 

panel of Figure 6. For this sequence, we observe two seismicity patterns activated at different times 462 

(the main event 𝑀𝑙 3.0 involved the leftmost patch, and the seismicity migrated along the rightmost 463 

segment almost two days after the mainshock with the occurrence of a 𝑀𝑙 2.8 earthquake). In both 464 
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clusters we still observe a predominant orientation along the dip direction. In the following 465 

discussion, we investigate the mechanical connection between these two patches. 466 

 467 

Figure 6) Stress released model for the IDX 1 (left panel) and IDX 8 (Rocca San Felice, right panel) sequence. In both 468 

representations, we observe earthquakes occurring within the volume interested by the main event, with preferentially 469 

dip-oriented patches. 470 

5 Discussion 471 

Catalog enhancement using advanced detection techniques allows an increase in the number of 472 

earthquakes up to an order of magnitude as compared to ordinary seismic catalogs. For seismic 473 

sequences in the normal fault system of Southern Apennines (Italy), we find an enhancement of a 474 

factor ∼ 7 with respect to the number of earthquakes manually detected by network operators  475 

(Scotto di Uccio et al. 2023). The improvement in the magnitude of completeness of these deep 476 

catalogs makes it possible to monitor variations in the statistical parameters describing the 477 

seismicity, such as the b-value of the Gutenberg-Richter relation (Beroza et al. 2021). These 478 

changes can only be roughly indicative of variations in the mechanical properties underlying the 479 

faults, such as the differential stress (Scholz 2015); however, the evaluation and the consequent 480 

use of these parameters for interpreting the evolution of the sequences is still debated, in part due 481 

to biases in the magnitude estimates (Gulia & Wiemer 2019, Hermann & Marzocchi 2021, Mancini 482 

et al. 2022).  483 

The clearer view of the manifestation of the mechanical properties of structures in the form of 484 

earthquake sequences can be achieved through accurate location and source parameter estimation; 485 

however, the generally low signal-to-noise ratio of the new events in the enhanced catalogs, does 486 
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not fully translate into an equal increase in the number of earthquakes that can be accurately 487 

located. For seismic sequences in Irpinia, we retrieved double difference locations for ∼ 30 % 488 

events, a fraction similar or slightly larger than the percentage resulting from template matching 489 

derived catalogs (Ross et al. 2019, Simon et al. 2021, Cabrera et al. 2022). This reduction in the 490 

number of well-located events is driven by the different impact of the waveform similarity during 491 

the detection and the location phases. Template matching detection algorithms leverage on stacked 492 

cross-correlations across the entire network (Chamberlain et al. 2018, Vuan et al. 2018), resulting 493 

in a global similarity value, to which stations with both high and low cross-correlation values 494 

contribute. High-quality thresholds on the similarity coefficient for cross-correlation differential 495 

travel times requested by accurate double difference locations (Michele et al. 2020, Waldhauser et 496 

al. 2021), limit the number of available stations, especially for low magnitude events. Although 497 

the catalog of events located with double differences is only twice larger than the manual catalog, 498 

the improvement in cluster definition and spatial resolution is much more significant, allowing the 499 

identification of alignments and structures at kilometric scale, that were not clearly illuminated 500 

from the manual catalog (Palo et al. 2023), owing to the wide increase in the number of differential 501 

travel-times. As an example, for the Rocca San Felice sequence, we reported more than one order 502 

of magnitude more differential travel-times compared to the ones extracted from the manual 503 

catalog (Festa et al. 2021).  504 

When moving to the moment magnitude estimation, the number of events in the enhanced catalog 505 

that can be characterized further decreases, to 15% of the detections (or 60% of the relocated 506 

events). Furthermore, we resolved the corner frequencies only for events with moment magnitude 507 

𝑀𝑤  > 2.0 already present in the network catalog due to the limited available frequency bandwidth 508 

for the inversion related to the signal-to-noise ratio and data sampling rate. Nevertheless, we were 509 

able to reduce the epistemic uncertainty in the estimate of source parameters due to the 510 

propagation, using small earthquakes as empirical Green’s functions. 511 

Averaging over all sequences, we found an average stress drop of Δ𝜎 = 2.35 𝑀𝑃𝑎; its variability 512 

across sequences, estimated by the standard deviation is 𝑠Δ𝜎 = 0.87 𝑀𝑃𝑎 . The stress drop found 513 

here is one order of magnitude larger than the stress drop retrieved for the background seismicity 514 

in the area by Zollo et al. (2014), who used a similar inversion strategy and an independent catalog 515 

not influenced by the sequences studied here. Since they derived the average stress drop using the 516 
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Madariaga model (Madariaga 1976), when converting that value into an equivalent Brune’s stress 517 

drop, they obtained a median value of Δσ = 0.26 𝑀𝑃𝑎. This difference indicates that the release 518 

of stress during sequences likely occurs in more compact asperities that can be associated with a 519 

higher coupling than for background seismicity (Chen & Shearer 2012).  520 

The stress drops we retrieved for these seismic sequences are comparable to the estimate of 521 

3.5𝑀𝑃𝑎,  achieved for the 1980, M 6.9 Irpinia earthquake (Deschamps & King 1983, Bernard & 522 

Zollo 1989). When mapping the seismic sequences at depth, their location is generally not 523 

compatible with faults that hosted the 1980 event - based on either the fault trace at the surface 524 

(Westaway & Jackson 1987) or the event dip and geometry estimated from seismic and levelling 525 

data (Bernard and Zollo 1989, Amoruso et al. 2005). This indicates that seismic sequences ruptured 526 

small patches of secondary segments, as compared to the main structure of the M 6.9 earthquake.  527 

The investigated area undergoes a strain-rate of ~100 nstrain/yr and an increase of 3 mm/yr over 528 

30 km along the axial sector of the Apennines. All the investigated sequences fall within the 529 

actively deforming area, providing important insight into the geometry of structures potentially 530 

activated during larger magnitude events. The Rocca San Felice sequence, roughly aligned along 531 

the northwestward continuation of the complex multi-segment fault system activated during the M 532 

6.9 earthquake, illuminates a NE-dipping structure whose geometry is favorably oriented for 533 

seismic release of NE-SW accumulated interseismic strain (Figure 1). This structure is not mapped 534 

in the catalog of the Italian seismogenic Faults (DISS, https://diss.ingv.it/), which should motivate 535 

additional investigation of the long-term, seismogenic behavior of the structures illuminated by 536 

local seismic sequences. 537 

We found differences in the stress drops associated with sequences, with an increase of the stress 538 

drop moving from North to South in the Irpinia region, as also shown by Picozzi et al. (2022), 539 

whose catalog contains all the events with magnitude larger than 1.5 for the area. We found average 540 

stress drops of Δ𝜎𝑁 = 2.0 𝑀𝑃𝑎  in the Northern sector (Cervialto Fault area, the initial rupturing 541 

segment of the 1980 earthquake) and  Δ𝜎𝑆 = 2.8 𝑀𝑃𝑎 in the Southern Sector (San Gregorio 542 

Magno Fault area, i.e., on the second rupturing segment of the 1980 earthquake). Tomographic 543 

images in velocity (Amoroso et al. 2014, Improta et al. 2014, Vassallo et al. 2016) and anelastic 544 

attenuation (Qp, Qs; Amoroso et al. 2017) coupled with rock physics modelling indicate the 545 

presence of pressurized fluids in the area of microseismicity. Differences in the stress drops 546 

https://diss.ingv.it/
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between the two areas could be associated with the different fluid content and fraction. In the 547 

Southern sector rock physics modelling indicates the presence of a mixture brine-CO2 (Amoroso 548 

et al. 2017). The large, extended low Vp/Vs anomaly in tomographic images in the northern sector 549 

indicates a pressurized reservoir of fluids, associated with the large natural emission of low‐550 

temperature CO2 at the Mefite d’Ansanto, Rocca San Felice site (Chiodini et al. 2010).  551 

Several studies in the area indicate a correlation between shallow stress changes in the karst aquifer 552 

induced by hydrological loading via the poroelastic response of the rocks and deep seismicity 553 

(D’Agostino et al. 2018). Although most of the sequences occurred during the maximum aquifer 554 

charge, we cannot infer a clear link between stress changes in the shallow water table and the 555 

occurrence of the sequences. However, the small amount of stress perturbation that propagates at 556 

depth (D’Agostino et al., 2018) compared to the large stress drops retrieved during sequences may 557 

indicate an elastic coupling between the shallow Mesozoic carbonates and the underlying Apulian 558 

platform beneath the mélange, and a critical state of these small patches, that are prone to generate 559 

the sequences with a stress excess that is only a few percent of the stress drop required to nucleate 560 

events.    561 

When mapping the stress change on the fault plane associated with the sequences, most of the 562 

events appear connected, indicating that the sequences ruptured single patches along the fault 563 

plane. The inter-event distance, compared to the size of the events, suggests that the dominant 564 

triggering mechanism within the sequences is static stress transfer, that allows the nucleation of 565 

individual events in the sequence. Nevertheless, an important feature retrieved here is that the 566 

distribution of the events is not isotropic around the main events of the sequences, but small events 567 

tend to align dominantly along the dip direction, which also corresponds to the slip direction, for 568 

normal faults. Specific patterns for sequences along the direction of the slip have been observed 569 

in strike-slip environments (Rubin et al. 1999, Shearer 2002). Lineation of the seismicity along the 570 

major faults in California have been interpreted as the boundary between locked and creeping 571 

domains (Rubin et al. 1999, Rubinstein and Beroza 2007). In the normal fault environment of 572 

Southern Apennines also, evolution of the seismicity during the sequences is controlled by slip and 573 

cannot be explained by the anisotropic stress release after the event (Andrews 1980, see also the 574 

stress changes of Figure 6). Fault roughness, modulated by repeated stick slip episodes may 575 

determine predominant patterns at the scale of the microseismicity observed here (10 − 100𝑚), 576 
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with striations mainly oriented along the dip direction (Candela et al. 2011). Corrugated faults 577 

behave as geometrical asperities and can localize deformation hosting stick-slip episodes at small 578 

scales (few centimeters of slip) (Resor and Meer 2009). Fault roughness and geometrical barriers 579 

at this scale may also impede small events from growing into larger magnitude earthquakes (Sagy 580 

et al. 2007, Marshall and Morris 2012). These strips can also favor upward migration of fluids, 581 

although we cannot discern a signature of diffusion-dominated processes from the space-time 582 

evolution of the sequences.  583 

The occurrence of aseismic slip episodes nearby the lineations could also be the cause for the 584 

along-dip evolution of the seismicity and might explain the longer extent compared to the released 585 

seismic moment. Aseismic transients have been already observed in normal fault environments 586 

during the occurrence of larger seismic sequences (Gualandi et al. 2017, Kaviris et al. 2021). 587 

However, for the sequences analyzed here, geodetic data has not detected aseismic transients at 588 

this space-time scale during the sequences analyzed in this study.  589 

The Rocca San Felice sequence shows the activation of two parallel clusters, oriented along the 590 

dip direction, but about 5 km apart. The two clusters featured main events of similar magnitude 591 

(𝑀𝑙  3.0 and 𝑀𝑙  2.8, respectively), a kilometric size extension along the dip (4 km and 2 km), with 592 

the first evolving preferentially up-dip, the second one downdip. The second cluster was activated 593 

about two days after the first sequence. As shown in Figure 6, the stress perturbation associated 594 

with the first sequence cannot be responsible for the activation of the second patch. Also, the lack 595 

of seismicity between the two segments does not support the hypothesis of fluid migration as 596 

responsible for triggering the second cluster. According to the rate of occurrence of independent 597 

events with 𝑀𝑙 > 2.5 in the northern part of the region (𝜆 = 2.1 ∗  10−3𝑒𝑣/𝑑𝑎𝑦), we estimated 598 

the probability of occurrence of two independent events within 2 days as about 0.4%.  599 

We also tested the hypothesis of aseismic slip between the two seismicity clusters of this sequence. 600 

We assess the evolution of the displacement at the three closest GPS stations SNAL, MTMR, 601 

ANG1, the first two belonging to the INGV-RING network, the latter to the Regione Campania. 602 

The time series of daily coordinates (see D’Agostino et al., 2020 for details of GPS data 603 

processing) at the three stations have been checked for possible offsets across the seismic 604 

sequence. Evaluating the average positions in North, East and vertical coordinates, before and after 605 
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the Rocca San Felice sequence, we could not find significant static offsets within the estimated 606 

error (Figure 7). 607 

 608 

Figure 7) Upper panel: map of the GPS stations near the Rocca San Felice seismic sequence and associated 609 

displacements. The vectors show the horizontal displacements with one sigma error ellipses, from the static offset 610 

during the seismic sequence. Circles represent events of the sequence color-coded with depth. Three different synthetic 611 

scenarios were evaluated assuming increasing slip (25, 50 ,75 mm), with geometry and kinematics from Festa et al., 612 

2021. The surface displacements produced by a slip of 50 mm on the fault drawn with purple lines is shown in the 613 

map (purple arrows). Lower panel. GPS position time series and average positions (white dashed lines) before and 614 

after the seismic sequence, with 1-sigma error shown with grey shading. Calculated displacements are also shown 615 

(dashed lines) for the 25mm (green), 50mm (purple) and 75 mm (red) dislocation scenarios. 616 

 617 
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We assessed the maximum average slip allowed on a deep dislocation whose displacement on the 618 

surface would not emerge from the noise level at the three GPS stations. We centered the potential 619 

aseismic dislocation between the two clusters and used the fault geometry and kinematics inferred 620 

by the composite focal mechanism solution of Festa et al. (2021) and calculated the surface 621 

displacements using the Okada techniques (Okada 1992). We tested a range of uniform slip on the 622 

dislocation between 25 and 75 mm, assuming constant strain drop of 10 -5. The relatively deep 623 

position of the dislocation centroid between the two clusters (~8 km) allows slip on the deep 624 

dislocations up to 50 mm without detection at the surface (Figure 7). For slip larger than 50 mm 625 

the non-linear increase of cumulative seismic moment determines surface displacements outside 626 

the range of allowed offsets. Thus, an aseismic event of 𝑀𝑤   ~5.0 could have occurred during the 627 

sequence, transferring stress across the two asperities without producing a signal that would have 628 

been visible at the GPS stations. 629 

6 Conclusions  630 

In this work we presented a comprehensive analysis of seismic sequences through accurate 631 

earthquake location and source parameters estimation of enhanced catalogs (Scotto di Uccio et al. 632 

2023). Selecting machine learning and cross-correlation phase arrival times, we retrieved double 633 

difference locations for ∼30% of the events.  The relocated seismicity revealed that seismic 634 

sequences involve kilometric-scale structures, featuring a NW-SE dip and larger extent than 635 

expected from the magnitude of the mainshocks.  While location of microseismicity usually relies 636 

on the use of records from velocimetric sensors, in this work the resolution of hypocenters 637 

benefited from phase arrival times determined on accelerometers located close to the main events 638 

of the sequences. Accelerometers can thus provide important arrival time information that is 639 

comparable in quality to velocimetric stations, improving the location results. For the relocated 640 

earthquakes, we estimated the source parameters (seismic moment 𝑀0, corner frequency 𝑓𝑐) 641 

through a probabilistic inversion of the displacement spectra (Supino et al. 2019), and the resulting 642 

source size 𝑟 and stress drop Δσ, assuming the generalized Brune model, finally mapping the stress 643 

change along the fault plane.  We estimated the moment magnitude for 60% of the relocated events 644 

and we resolved the corner frequencies only for earthquakes with 𝑀𝑤  > 2.0, using low-magnitude 645 

events as EGFs. We observed Δ𝜎 spanning the range [0.9 – 5.4] MPa, within the interval proposed 646 

for earthquakes in the Irpinia area (Picozzi et al. 2021) and source radius for the main events varies 647 
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from 105 – 235 m. We observed differences in the stress drops associated with sequences, with an 648 

increase of the stress drop from North to South in the Irpinia region, likely associated to the 649 

different fluid content and fraction. When mapping the stress change on the fault plane associated 650 

with the sequences, most of the events appear connected, indicating that the sequences ruptured 651 

single, contiguous patches along the fault plane. The inter-event distance, compared to the size of 652 

the events, suggests that the dominant triggering mechanism within the sequences is the (static) 653 

stress transfer, that allows the nucleation of individual events in the sequence. Alignment of events 654 

mainly along the dip direction indicates a slip dominated mechanism in the evolution of the 655 

seismicity, which could be associated with different fault roughness in the directions of the dip and 656 

strikes. Lineations in the definition of the seismicity might indicate aseismic transients occurring 657 

at the same time of the sequences. These transients could explain the migration of the seismicity 658 

from one cluster to the other one during the Rocca San Felice sequence. Although GPS data from 659 

stations located just above the sequence do not contain offsets indicative of such transients, a Mw 660 

5 aseismic event could have occurred at the sequence depth, without producing a signal emerging 661 

from the noise.  662 

 Open Research 663 

Seismic products from the Irpinia Near Fault Observatory can be accessed through the Irpinia 664 

Seismic Network website (https://isnet.unina.it). Seismic data from INFO can be accessed through 665 

EIDA portal (https://eida.ingv.it/it/), network code IX or via the EPOS portal (https://www.ics-666 

c.epos-eu.org/). GNSS data are accessible through the INGV website 667 

ftp://bancadati2.gm.ingv.it:2121/OUTGOING/RINEX30/RING/. Earthquake relocations were 668 

performed using NonLinLoc (https://github.com/alomax/NonLinLoc) and HYPODD 669 

(https://www.ldeo.columbia.edu/~felixw/hypoDD.html). Catalogs of the analyzed events are 670 

available at the following link: https://zenodo.org/records/10441456 (Scotto di Uccio & Festa, 671 

2023) Maps in Figure 2 and Figure 3 were made using PyGMT (Uieda et al., 2021). Figure 4 and 672 

Figure 5 were produced using Matplotlib (Hunter, J.D., 2007). Figure 6 was produced using 673 

Matlab. 674 

 675 

 676 
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Abstract 23 

The use of seismic catalogs enhanced through advanced detection techniques improves the 24 

understanding of earthquake processes by illuminating the geometry and mechanics of fault 25 

systems. In this study, we performed accurate hypocentral locations, source parameters estimation 26 

and stress release modelling from deep catalogs of microseismic sequences nucleating in the 27 

complex normal fault system of the Southern Apennines (Italy). The application of advanced 28 

location techniques resulted in the relocation of ~ 30% of the earthquakes in the enhanced catalogs, 29 

with relocated hypocenters clearly identifying local patches on kilometer-scale structures that 30 

feature consistent orientation with the main faults of the area. When mapping the stress change on 31 

the fault plane, the inter-event distance compared to the size of the events suggests that the 32 

dominant triggering mechanism within the sequences is static stress transfer. The distribution of 33 

events is not isotropic but dominantly aligned along the dip direction. These slip-dominated 34 

lineations could be associated with striations related to fault roughness and could map the 35 

boundary between locked and creeping domains in Apulian platform and basement.  36 

Plain Language Summary 37 

The development of earthquake detection techniques, based on machine learning or similarity, has 38 

allowed to increase seismic catalogs of more than one order of magnitude. However, how much 39 

information can be extracted from these small cracklings is still to be understood, especially in 40 

complex normal fault systems, such as the Apennine environment in Italy. For seismic sequences 41 

in Southern Apennines, we show that only a few portion (about 30%) of events in enhanced 42 

catalogs can be further characterized in terms of location and source properties. Nevertheless, the 43 

use of deep catalogs allows to illuminate kilometric scale structures at depths between 8 and 15 44 

km, to define mechanisms for seismicity evolution, mainly driven by static stress triggering, to 45 

identify seismicity alignments along the slip direction, eventually associated with fault roughness 46 

or delimiting boundaries between locked and creeping regions.  47 

1 Introduction 48 

Seismic sequences are comprised of earthquakes that are clustered in space and time and that occur 49 

at a higher rate than the background seismicity. They contain powerful information for 50 

investigating the geometry and mechanical state of faults that may generate large magnitude 51 
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earthquakes. In the case of a major event, accurate location of foreshocks and aftershocks can 52 

inform the rupture process from the preparation phase to the arrest by illuminating the structural 53 

complexity of the causative fault (e.g., Lomax 2020, Waldhauser et al. 2021). Most sequences, 54 

however, occur during the interseismic period between large earthquakes, at smaller space scales, 55 

and feature main events of low to moderate magnitude (Chiaraluce et al. 2009). These sequences 56 

can last from few days (Stabile et al. 2012, Scotto di Uccio et al. 2023) to months or years (Kaviris 57 

et al. 2021) and can provide insights into stress conditions at depth, potential asperities (Festa et 58 

al. 2021), fluid diffusion (Chen et al. 2012), aseismic processes (Gualandi et al. 2017) , or other 59 

forcing mechanisms that can perturb the stress state in the brittle crust (Silverii et al., 2019).  60 

Knowledge of structures and processes from the analysis of the sequences strongly depends on the 61 

content and the magnitude of completeness of available catalogs. Recently, enhanced catalogs 62 

obtained through advanced automatic detection techniques such as machine learning and 63 

similarity-based approaches (Chamberlain et al. 2018, Zhu & Beroza 2018, Mousavi et al. 2020, 64 

Liu et al. 2020, Spallarossa et al. 2021, Scotto di Uccio et al. 2023, Sugan et al. 2023) have 65 

contributed to increase the number of newly cataloged events by more than one order of magnitude, 66 

improving the magnitude of completeness by at least one magnitude unit. Machine learning based 67 

phase pickers have been shown to provide phase arrival times consistent with analyst 68 

identifications (Mousavi et al. 2020, Cianetti et al. 2021, Münchmeyer et al. 2022), even for 69 

earthquakes outside the regions used in the training datasets (e.g., Mousavi et al. 2020, Park et al. 70 

2020, Tan et al. 2021). Furthermore, event similarity can be exploited for closely spaced events 71 

using cross-correlation to measure P and S arrivals for smaller magnitude earthquakes from 72 

template events (Poupinet et al. 1984, Vuan et al. 2018, Chamberlain et al. 2018).  73 

Phase picks can be used for precise earthquake location using differential location methods 74 

(Waldhauser & Ellsworth 2000, Trugman & Shearer 2017). However, hypocenter determination 75 

of low magnitude earthquakes in enhanced catalogs is challenging because these events typically 76 

emerge from the noise only at the few closest stations with uncertain arrival times. A typical 77 

percentage of template matched events that can be relatively located from enhanced catalogs is ~ 78 

20% (Cabrera et al. 2022). Nevertheless, accurate locations from deep catalogs can provide a high-79 

resolution image of fault structures, help to discern their interaction (e.g., Ross et al. 2019, Park et 80 

al. 2022, Sugan et al. 2023), and illuminate paths for possible fluid migration (Ross et al. 2020, 81 

Vuan et al. 2020). 82 
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Deep catalogs can be statistically exploited in their space-time-magnitude evolution for inferring 83 

macroscopic physical processes to relate seismic sequences to background seismicity (Hermann 84 

et al. 2022, Scotto di Uccio et al. 2023), which may improve the predictability of short-term 85 

forecasting (Gulia & Wiemer 2019, Beroza et al. 2021). Reliable estimation of the frequency-86 

magnitude characteristics of the catalogs requires a correct estimation of the event size and the 87 

catalog magnitude of completeness to avoid biases in b-value estimates (Marzocchi et al. 2020, 88 

Mancini et al. 2022).  89 

Extracting physical constraints on the source process of events in deep catalogs is challenging due 90 

to the small signal-to-noise ratio and the narrow available frequency band. Local and moment 91 

magnitudes for small events can be estimated using time or frequency domain measurements (e.g., 92 

Abercrombie 1995, Edwards et al. 2015, Hawthorne & Burtlow 2018, Supino et al. 2020, Scotto 93 

di Uccio et al. 2023). The source corner frequency (or event duration in time domain), which is a 94 

proxy for the earthquake size, can be obscured by anelastic attenuation effects (Deichmann, 2017) 95 

or the sampling rate (Abercrombie 2015). Several approaches have been proposed to reduce the 96 

correlation between the attenuation of the medium crossed by seismic waves and the source 97 

parameters. These are either based on the Empirical Green’s function (EGFs) approach (Mori & 98 

Frankel 1990, Prieto et al. 2004), or based on the determination of attenuation relationships (Oth 99 

et al. 2007), which can allow a decrease in the minimum magnitude for which the source 100 

parameters can be estimated (Abercrombie 2015). While the use of EGFs is appealing in removing 101 

the propagation contribution, small events should be at least one point of magnitude smaller than 102 

the earthquake for most EGF approaches (Abercrombie & Rice 2005). EGF availability is often 103 

limited at the stations closest to the hypocenter, in a limited frequency band, where the signal 104 

emerges from the noise. When properly retrieving the source parameters for events in the sequence, 105 

they can help constrain the mechanisms associated with their evolution, e.g., whether they are 106 

triggered by stress release in cascade-like models or are driven by other forcing mechanisms (e.g, 107 

Stabile et al. 2012, Yoon et al. 2019). 108 

In this study we focused on seismic sequences in the Irpinia region, Southern Apennines (Italy). 109 

The area is one of the highest hazard regions of Italy (Stucchi et al. 2011) and experienced the 110 

most destructive seismic event in recent decades in that country. The 1980, M 6.9, Irpinia 111 

earthquake occurred on multiple, separate fault segments that were activated within 40s of the 112 

event origin (Figure 1), leading to more than 3000 casualties (Rovida et al. 2019). The region is 113 
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currently deforming, with a strain rate of ~100 nstrain/yr corresponding to an increase of ~3 mm/yr 114 

over 30 km across the axis of the Apennines (Daout et al., 2003; Figure 1). In the last 15 years, the 115 

area has been monitored by the Irpinia Near-Fault Observatory (INFO, triangles in Figure 1), with 116 

a dense seismic network of 31 stations equipped with accelerometers and short-period or broad-117 

band seismometers (Iannaccone et al. 2010, Chiaraluce et al . 2022). Recent seismicity is 118 

characterized by low magnitude events (maximum magnitude 3.8), mainly occurring at depths 119 

between 8 and 15 km (De Landro et al. 2015), within the fault system that generated the 1980 120 

Irpinia earthquake and is mainly concentrated in a volume of low vs, high Qp, high vp/vs, which 121 

suggests fluid-saturated conditions (Vassallo et al. 2016, Amoroso et al. 2017). Also, source 122 

parameters show a variability in the stress drop that could be modulated by fluid composition and 123 

concentration (Picozzi et al. 2021). In the area seismicity sometimes occurs clustered in seismic 124 

sequences that last several days, characterized by main events of magnitude lower than 3.5. 125 

Detailed studies of two sequences have shown a complex pattern for the seismicity and suggested 126 

that stress triggering can be the main driver of their evolution (Stabile et al. 2012, Festa et al. 127 

2021). Recently an enhanced catalog for 10 seismic sequences has been obtained for the area 128 

(Scotto di Uccio et al. 2023), built on the integration of machine learning and template matching, 129 

that increased the number of events relative to the existing manual catalog by a factor 7. In this 130 

study we seek to exploit the improved catalog to better understand the space-time evolution of the 131 

seismic sequences. We found that seismic sequences can be accurately located with uncertainties 132 

of ~100 m, they occur on secondary structures with respect to the main segments of the 1980 133 

Irpinia earthquakes and their evolution appears to be mainly driven by static stress transfer. 134 

Preferential alignments of the seismicity along the dip direction might be an indication of 135 

simultaneous aseismic transients, especially for the most populated sequence. 136 

First, we present the data used in the work (Section 2). Then, we describe the methods for 137 

accurately locating the events in the sequence, determining the source parameters and building a 138 

model to describe the stress release on the fault plane hosting the sequence (Section 3). Finally, we 139 

present the results obtained for the sequences, interpreting their spatio-temporal evolution (Section 140 

4), along with discussions and conclusions.    141 
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Figure 1) Top panel: GPS velocity field in a Tyrrhenian reference frame. Yellow triangles indicate the seismic stations 142 

of INFO. GPS stations SNAL, ANG1, and MTMR are displayed in red circles. The black boxes are the historical faults 143 

that generated the largest earthquakes in the area, as reported by the Database of  Individual Seismogenetic Sources 144 

(DISS, https://seismofaults.eu/services/diss-services). Bottom panel: Elevation along the A-B section of top panel and 145 

velocity field related to the GPS stations within the red box of top panel along the N45E direction.  The study area is 146 

currently accumulating strain at ~100 nstrain/yr corresponding to an increase of ~3 mm/yr across the axial part of 147 

the Apennines. 148 

2 Data 149 

In this work we characterized the spatio-temporal evolution of seismic sequences that occurred 150 

near the Irpinia Near Fault Observatory. The sequences occurred between 2011 and 2020 and 151 

featured main events of low to moderate local magnitude (1.8 < Ml < 3.7). We selected the 152 

enhanced catalogs obtained by Scotto di Uccio et al. (2023) using machine learning derived 153 

detections (EQTransformer, Mousavi et al. 2020) as template sets for a further similarity-based 154 

detection (EQCorrscan, Chamberlain et al. 2018). The integration of machine learning and 155 

template matching has been shown to improve the manual catalogs by a factor ∼7 in this region. 156 

The catalogs for the sequences obtained in Scotto di Uccio et al. (2023) feature an improved 157 

magnitude of completeness of more than one magnitude unit and provide ∼1.8k events, with nearly 158 

800 events in the Rocca San Felice sequence.  159 

https://seismofaults.eu/services/diss-services)
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We extended the initial phase-pick dataset to all the stations not included in the detection step in 160 

Scotto di Uccio et al. (2023). We used the velocity data when available, and the acceleration data 161 

as a second choice, following the same strategy used in Scotto di Uccio et al. (2023).  162 

The cross-correlation delay times for double difference earthquake re-locations were evaluated on 163 

traces decimated to 100 Hz (Michele et al., 2020), obtained trimming raw continuous waveforms 164 

around the origin time from absolute locations. In the evaluation of source parameters for the 165 

relocated events, we pre-processed the raw traces by removing the instrumental response, 166 

including a 5% Hann taper and a water level regularization during the deconvolution stage. We 167 

bracketed the S wave window from 1 s before to 3 s after the phase arrival time. We considered 168 

the frequency band that satisfied the condition of SNR between the event and the noise spectra 169 

larger than 3.5 based on a comparison with a 4s time window before the event origin time.   170 

3 Methods 171 

3.1 Absolute and relative locations 172 

For locating the earthquakes in the enhanced catalogs, we used available P and S arrival times. For 173 

template events, we obtained phase arrival times with the machine learning picker. The consistency 174 

between the automatic and manual picks was demonstrated in Scotto di Uccio et al. (2023), who 175 

found that the residuals featured zero mean values and a slightly larger dispersion for the S phase 176 

(standard deviation of 0.2 s). For the low magnitude events identified by the template matching, 177 

they performed cross-correlation (CC) picking and retained those measurements with a CC value 178 

of greater than 0.7. The consistency of template picks helps to ensure the reliability of the CC-179 

derived phase arrival times. Moreover, the similarity-based detection step can add missed picks by 180 

machine learning picker, also for events with moderate signal-to-noise ratio (Park et al. 2023). 181 

When an arrival time was declared by both pickers, we selected the phase provided by the machine 182 

learning technique. Arrival time uncertainties are estimated by considering the associated 183 

probability for machine learning picks and the CC values for template matching phases, 184 

respectively. We converted the probability values (ranging between 0.1 and 1.0) into discrete 185 

weights for location (from 0 to 4, increasing numbers correspond to larger uncertainties) according 186 

to the table proposed by Mousavi et al. (2020). For the template matching picks, we imposed at 187 

least the same level of accuracy of the machine learning picks used for the declaration, eventually 188 
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increasing the discrete weights for low cross-correlation values. We raised the discrete weights by 189 

one point for every decimal of CC coefficient detaching from 1.0.  190 

We estimated earthquake location using NonLinLoc (Lomax et al. 2000), which adopts a 191 

probabilistic approach to determine the location using the travel time residuals with statistically 192 

robust uncertainties. We tested three velocity models for the location procedure. Starting from a 1-193 

D layered velocity model tailored for the Irpinia area (Matrullo et al. 2013), we derived two 194 

gradient models, which smooth the discontinuities in the wave velocity across layer  boundaries, 195 

by linearly interpolating values between either the top or the middle points of the layers (Figure 196 

S1). We note that the velocity model obtained fixing the velocity value at the top of the layers 197 

systematically overestimates the velocity in each layer. The interpolated model obtained by fixing 198 

the velocity values at the centre of the layers resulted in lower location uncertainties , so we selected 199 

this model for event location. A few poorly constrained events result in an unreliable shallow 200 

location estimate; for these cases, we selected the location solutions obtained from the expected 201 

values of the probability density function (Lomax et al. 2000).  202 

We used absolute locations as the starting point for relative re-locations of events in each sequence 203 

using HYPODD (Waldhauser & Ellsworth 2000), based on differential travel times for event pairs. 204 

For the evaluation of the catalog delay times in each sequence we used the picks for event pairs 205 

separated by less than 10 km in absolute location at all the available stations. For CC differential 206 

travel times, we evaluated the delay times for events that were separated by less than 10 km, on 207 

seismograms decimated to 100 Hz and filtered in the frequency band [1.5 – 15] Hz (Schaff et al. 208 

2004, Michele et al. 2020).  209 

We assessed the length of the time windows for extracting the waveforms around the P and S 210 

arrival times by performing parametric tests. Too short windows resulted into too high values of 211 

CC coefficients such that he reliability of the lag measurement was overestimated. We selected a 212 

1.1 s (1.4 s) long window around the P (S) phase arrival time for calculating the CC coefficients, 213 

imposing a maximum lag of 1s. We only retained delay times for events with CC coefficient higher 214 

than 0.7. 215 

We estimated relative locations with HYPODD using an iterative least square procedure (LSQR) 216 

that minimized the differential time residuals for pairs of earthquakes recorded at common stations 217 

by adjusting the vector connecting their hypocentres (Waldhauser & Ellsworth 2000). We used 4 218 
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steps of 4 iterations (a total of 16 iterations) of damped and dynamically weighted least square 219 

inversions. In the initial settings, we assigned higher weights to catalog delay times, for better 220 

constraining the location of the clusters, and we increased the contribution of the CC differential 221 

travel times in the following settings, to consider the different position of the events within the 222 

cluster. The damping factor was selected to stabilize the problem (Waldhauser 2001). To avoid 223 

inconsistency with ray patterns used in the absolute locations, we extracted a 1-D model composed 224 

of 20 thin layers from a resampling of the velocity model used in the absolute locations.  225 

LSQR only approximates some aspects of the uncertainty (Waldhauser & Ellsworth 2000), so we 226 

applied the Singular Value Decomposition (SVD) method for a more complete assessment of 227 

location errors. The SVD option for double difference locations can only solve for a significantly 228 

lower number of earthquakes than the LSQR option. Nevertheless, we were able to apply the SVD 229 

technique for all the sequences apart from the Rocca San Felice sequence. For this latter sequence, 230 

discussed in detail in the Section 4, we estimated location uncertainties using a bootstrap strategy. 231 

We realized 200 independent double difference location runs on subsets of events within the 232 

sequence. Each subset was obtained by randomly extracting 150 events, 60 % of which belong to 233 

the machine learning catalog. This constraint in the selection of the events in each subset ensures 234 

a more robust linkage to the cluster, since the number of picks associated with templates is 235 

generally larger than for template-matched events. We evaluated the location uncertainties from a 236 

statistical analysis based on the distance of each event from the cluster centroid for all the runs 237 

where that event was located. This procedure allows quantification of the dependency of the results 238 

on the single subset. For the 𝑖 − th  event we estimated the uncertainty along the 𝑗 − 𝑡ℎ direction 239 

as 𝑒𝑟𝑟𝑗
𝑖  = 𝑚𝑒𝑑𝑖𝑎𝑛(𝑝,𝑚)|(𝑥𝑗,𝑝

𝑖  − 𝑥𝑗,𝑝
𝑐 ) − (𝑥𝑗,𝑚

𝑖  −  𝑥𝑗,𝑚
𝑐 )|, where 𝑝 and 𝑚 indicate two 240 

independent runs in which the 𝑖 − th  event was located, and the superscript 𝑐 refers to the cluster 241 

centroid of the considered run. The robustness of these estimates has been verified observing 242 

agreement with uncertainties from a SVD inversion for the subset of template events.  243 

3.2 Source Parameters  244 

We used a probabilistic inversion approach (Supino at al., 2019) for retrieving earthquake source 245 

parameters (seismic moment 𝑀0 and corner frequency 𝑓𝑐) from the S-wave displacement 246 

amplitude spectra of relocated events. This technique is grounded in a Bayesian inversion of the 247 
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spectra and allows an exploration of the correlations among parameters with a robust estimation 248 

of the uncertainties. The source is described by a generalized Brune model (Brune, 1970) 249 

�̃�(𝑀0, 𝑓𝑐, 𝛾; 𝑓) =
𝑀0

1 + (
𝑓
𝑓𝑐

)
𝛾 

(1) 

where the spectral fall-off at high-frequencies 𝛾 is considered as free parameter. The propagation 250 

contribution is described by the term (e.g., Supino et al. 2019) 251 

�̃�(𝑄, 𝑓) = 𝐾𝐴𝑒−𝜋𝑓𝑇/𝑄 (2) 

where 𝑇 is the source-receiver travel-time, 𝑄 is the quality factor related to anelastic attenuation, 252 

𝐴 is the geometrical spreading (assumed as 1/𝑟 , where 𝑟 is the source-receiver distance) and  253 

𝐾 =
𝑅𝑆𝐹

4𝜋𝜌𝛽3 (3) 

We assumed the average radiation pattern for S-waves 𝑅𝑆 = 0.63 (Boore & Boatwright 1984), a 254 

free surface reflection coefficient of 𝐹 = 2, the density 𝜌 = 2700 𝑘g/m3 and the S-wave velocity 255 

𝛽 = 3027 m/s (Zollo et al. 2014). After removing the instrumental response, the displacement 256 

amplitude spectrum can be written as: 257 

The modelling of the spectra requires a joint inversion for source parameters and quality factor, 258 

which are strongly correlated. To reduce this correlation, we tried to evaluate the quality factor 259 

separately from the inversion of source parameters. We started by considering the small events in 260 

each sequence as empirical Green’s functions (EGF). For those events the effective (source) corner 261 

frequency is much larger than the apparent corner frequency of the anelastic attenuation low-pass 262 

filter, and sometimes even larger than the Nyquist frequency of the records (in this case 𝑓𝑁𝑦𝑞 =263 

62.5 Hz). Considering the EGF spectra in the domain where 𝑓 ≪ 𝑓𝑐 , the displacement spectrum 264 

can be approximated as:  265 

𝑈𝐸𝐺𝐹 = 𝐾𝐴𝑀0 𝑒−𝜋𝑓𝑇/𝑄𝐸𝐺𝐹  (5) 

We selected events featuring local magnitude 𝑀𝑙 <  1 as EGFs and fit with a linear model log𝑈𝐸𝐺𝐹   266 

as a function of the frequency to retrieve 𝑀0 and 𝑄𝐸𝐺𝐹. The frequency band selected for the fit 267 

𝑈(𝑀0, 𝑓𝑐 , 𝛾, 𝑄; 𝑓) = �̃�(𝑀0, 𝑓𝑐, 𝛾; 𝑓) ∙  �̃�(𝑄; 𝑓) (4) 
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respects the constraint of a signal-to-noise ratio larger than 3.5 for each frequency in the band. The 268 

value of 𝑄𝐸𝐺𝐹 is station dependent.  269 

Since events in the same sequence share almost the same source-receiver path, we expect a 270 

consistency in the 𝑄𝐸𝐺𝐹 estimates across the EGFs for the same station. For stations presenting at 271 

least 5 estimates of 𝑄𝐸𝐺𝐹, we evaluated the compatibility of the inferred values and used the mean 272 

value to correct for anelastic attenuation.  273 

For other stations, for which we have insufficient high-quality EGFs, we attempted to estimate a 274 

sequence-dependent quality factor 𝑄𝐿𝑂𝐶  by exploring different values of the anelastic attenuation 275 

around the average regional estimate 𝑄𝑅𝐸𝐺 = 230 (Zollo et al., 2014). Considering events with 276 

𝑀𝑙 > 1, we inverted the displacement amplitude spectra, and fixed the attenuation to one of the 277 

following values 𝑄 = 100, 170, 230, 300, 400 in different inversion runs.  We compared the 278 

average residuals resulting from the best solution for the source parameters  in each run. We 279 

selected as 𝑄𝐿𝑂𝐶  the 𝑄 value producing the lowest misfit, imposing a minimum number of 5 280 

solutions per station. We finally kept 𝑄 = 𝑄𝑅𝐸𝐺  for stations where neither 𝑄𝐸𝐺𝐹 nor 𝑄𝐿𝑂𝐶  could be 281 

evaluated.  282 

Finally, the inversion technique provided the seismic moment 𝑀0 (and the moment magnitude 𝑀𝑤) 283 

for all the events, but corner frequencies only for events with 𝑀𝑙 > 1. Quality of the solutions was 284 

checked by analysing the shape of the a-posteriori probability density function related to the 285 

estimated parameters. Solutions not showing peaked probability functions were discarded 286 

following the strategy defined in Supino et al. (2019).  287 

3.3 Stress change model 288 

For events in the sequence for which we estimated both moment magnitude and corner frequency, 289 

we computed the source radius 𝑎 as (Madariaga, 1976): 290 

𝑎 = 𝑘
𝛽

𝑓𝑐
 (6) 

where 𝑘 is a geometrical shape factor, which was assumed here as 𝑘 = 0.37 (Brune, 1970). We 291 

derived the stress drop Δ𝜎 from seismic moment and the source radius (Keilis-Borok 1959) as: 292 
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Δ𝜎 =
7

16

𝑀0

𝑎3
 (7) 

We then evaluated the average stress drop Δ�̅� for the sequence as the mean value of the retrieved 293 

stress drops. We associated the average stress drop Δ�̅�  with all other events in the sequence for 294 

which we were not able to estimate the corner frequency, and we used the above relationship to 295 

retrieve the event source radius.  296 

We evaluated the rupture plane associated with the seismic sequence as the best-fit plane across 297 

the hypocenters of the events in the sequence. If the locations did not constrain a plane, we used 298 

the focal mechanism solutions from Palo et al. (2023) and selected the plane that is more consistent 299 

with the expected orientation of faults in the area. We finally mapped the stress change on the fault 300 

plane associated with the sequence, using the rupture model proposed by Andrews (1980) and a 301 

non-isotropic representation of the stiffness. Since in the rupture model neither the slip nor the 302 

stress drop is considered constant, we imposed the condition that the average stress drop within 303 

the crack from the Andrews model coincided with the event stress drop computed from the source 304 

parameters.  305 

4 Results 306 

For all the enhanced catalogs related to the sequences in Scotto di Uccio et al. (2023), we computed 307 

absolute and (double difference) relative locations using NonLinLoc and HYPODD codes. Using 308 

the automatic phase arrival times provided by the integration of machine learning and template 309 

matching pickers, we obtained absolute locations for 1130 events (∼60 % of the detection catalog).  310 

The uncertainties can be as large as few kilometers, resulting into several tenths of second root-311 

mean square (RMS) of travel time residuals. This uncertainty is enough to obscure the fault 312 

segments or patches on which the seismicity takes place. The number of absolute locations from 313 

the enhanced catalogs is 5 times larger than in the manual INFO bulletin and provides a wide set 314 

of catalog and cross-correlation delay times for earthquake relocation. When analyzing the single 315 

sequences, the improvement in the number of located earthquakes ranges from a factor 2.5 to 8.5.  316 

Starting from the absolute positions of earthquakes in the enhanced catalogs, we achieved double 317 

difference relocation of 550 events total, from 8 out of the 10 seismic sequences analyzed in Scotto 318 

di Uccio et al. (2023). The two sequences for which we did not get relocations (IDX 7 and IDX 9 319 
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in Scotto di Uccio et al. 2023) feature the lowest number of detections (about 40 events). The total 320 

number of relocated events represents ∼ 30% of the enhanced catalog. A similar fraction is 321 

observed for each of the relocated sequences and results coherent with earthquake relocation of 322 

other template matching derived catalogs (Cabrera et al. 2022, Ross et al. 2019), due to low signal-323 

to-noise ratio of small events leading to limited pick availability and triggered stations.  324 

Figure 2 shows the double difference relocation of the earthquakes in the enhanced catalogs. In 325 

the left panel we show the position of epicenters with respect to the seismic network. In the right 326 

panel the hypocenters are projected along the vertical plane A-A’ oriented perpendicular to the 327 

trend of the Apennines (N40°E). This plane represents the direction orthogonal to the main 328 

structures of the area, that generated the 1980 Irpinia earthquake. In Table S1 we report the label 329 

of the sequences in this work with respect to the references in Scotto di Uccio et al. (2023). 330 

 331 

332 

Figure 2) Left panel: Epicentral location for the relocated events, colored according to the sequence IDX and 333 

representation of the fault traces in the Irpinia area. Stations are shown with black triangles. Right panel: Cross-334 

section along the A-A’ vertical plane, orthogonal to the main structure of the 1980 M 6.9 earthquake for which rupture 335 

planes are shown with black rectangles. 336 

The cross-section shows that the seismicity patterns feature clear alignments and a high degree of 337 

clustering, highlighting km-sized structures that share similar dips. For all sequences, the spatial 338 

extent of the sequences depicted by relocations is much greater than what expected from the total 339 

released seismic moment. 340 
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The Rocca San Felice sequence, marked in Figure 2 with yellow dots (IDX 8) features the highest 341 

number of both detections and double difference located events (∼800 and 250 events 342 

respectively). For this sequence, we were able to estimate absolute locations for about 60 % of the 343 

detections, with average horizontal and depth uncertainties of 1.5 km (average RMS residuals of 344 

0.4 s). We evaluated double difference relocations, limiting the analysis to events with at least 2 345 

P-picks and one S-pick among the three stations closest to the centroid of the sequence (∼300 346 

located earthquakes). From about 97.5 k catalog differential times (47k for P phase, 50.5k for S 347 

phase) and 85k CC delay times (31k for P phase, 54k for S phase) we obtained a catalog of 250 348 

relocated events with median location uncertainties of 91 m, 31 m and 105 m in the East, North 349 

and vertical directions, respectively. When zooming on the sequence location (Figure 3 - left 350 

panel), the position of the epicenters clearly suggests the presence of two clusters, at 5 km of 351 

distance from each other. The projection of the seismicity along the vertical plane oriented N40°E 352 

(Figure 3 – right panel), indicates that the two clusters feature similar orientations but occurred at 353 

different depths: the shallower one is mostly confined between 6 km and 9 km, the deeper one 354 

between 9.5 km and 11 km. The two clusters were activated at different times during the sequence, 355 

as shown in Figure 3, where the colors denote the occurrence time of the events relative to the 356 

mainshock. The events occurred within the first two days of the mainshock illuminate a first 4-km 357 

long segment with a dip of 55°, coherently with the focal mechanism estimated by Festa et al. 358 

(2021). Two days after the main event, the occurrence of a Ml 2.8 event activated a deeper 359 

secondary patch of slightly shorter extent with a similar orientation.  360 

The presence of two separated clusters was not recognized in the previous work of Festa et al. 361 

(2021) and is supported by the change in the first station recording the P wave arrival, that occurred 362 

at the station RSF3 for events in the first cluster and at LIO3 for events in the second one. In Figure 363 

S2 we reported the vertical records, at the closest stations, for two events belonging to the two 364 

clusters. It is worth to note that the improvement in double difference location as compared to the 365 

results of Festa et al. (2021) comes from the combination of a deeper event catalog, but also from 366 

a larger number of picks per event. Indeed, for most of the events we were able to retrieve picks 367 

and waveforms also for the accelerometric station SALI, located close to the centroid epicenter, 368 

indicating that strong motion sensors can provide useful information even for microseismic events 369 

if their sensitivity is high enough (for SALI it is 4.0 V/m/s2). 370 
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 371 

 372 

Figure 3) Left panel: Spatio-temporal evolution of the epicenters for the Rocca San Felice seismic sequence (IDX 8), 373 

colored according to the occurrence time from the main event. Foreshocks are represented with pink circles and the 374 

main event is represented with a black diamond. Right panel: Cross-section along the vertical plane as in Figure 2, 375 

colored according to the occurrence time from the main event. 376 

We inverted the displacement spectra of the relocated events to infer the seismic moment 𝑀0 (and 377 

hence the moment magnitude 𝑀𝑤), the corner frequency 𝑓𝑐  and the quality factor 𝑄 as output. For 378 

each sequence, we separated events with local magnitude above and below 1.0, according to the 379 

estimates of Scotto di Uccio et al. (2023) as described in Section 2. We then estimated 𝑀0 and 𝑄 380 

for the events in the sequence below the magnitude threshold, considered as EGFs, and used these 381 

parameters to infer the moment and the corner frequency of the larger events (above the threshold).  382 

Here, we illustrate all the steps in our analysis for the Rocca San Felice sequence, which we also 383 

applied to all the other sequences. For the stations closest to the sequence, recording many small 384 

magnitude events (𝑀𝑙 < 1), we tried to estimate the quality factor 𝑄𝐸𝐺𝐹  by fitting the logarithm 385 

of the displacement spectra as a linear function of the frequency. For each EGF, we perform the fit 386 

in the frequency band where the signal-to-noise ratio exceeds the threshold of 3.5. As an example, 387 

we show in Figure 4 - left panel- the displacement amplitude spectrum and the corresponding noise 388 

spectrum for a 𝑀𝑙 0.41 ± 0.10 earthquake at the station NSC3 (∼ 11 km distance from the main 389 

event). We estimated the quality factor for the considered earthquake from the slope of the linear 390 

fit (Figure 4, left panel), whose intercept is proportional to the seismic moment. We thus estimated 391 
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the quality factor 𝑄𝐸𝐺𝐹 from the fit of each candidate EGF. An example of 𝑄𝐸𝐺𝐹 distribution (for 392 

the station NSC3) is reported in the right panel of Figure 4. We observe a peaked Gaussian-like 393 

distribution, which is typical of stations providing a large number of estimates for the quality 394 

factor. We extracted the weighted mean of individual 𝑄𝐸𝐺𝐹 values using the inverse of the fit 395 

residuals as weighting factors, to describe the quality factor �̅�𝐸𝐺𝐹 for that station-sequence couple. 396 

 397 

Figure 4) Left panel:𝑄𝐸𝐺𝐹 estimation from linear fit (red solid line) of the logarithm of the displacement event spectrum 398 

(blue dots) as a function of the linear frequency, for a 𝑀𝑙 = 0.41 earthquake. Noise spectrum is reported as black 399 

dots. Right panel: histogram of the 𝑄𝐸𝐺𝐹 for the events 𝑀𝑙 < 1 in the Rocca San Felice sequence (IDX 8) at NSC3 400 

station 401 

For the example of Figure 4, we estimated �̅�𝐸𝐺𝐹 = 130 ± 12 for NSC3, which is smaller than 402 

the regional estimation provided by Zollo et al. (2014).   403 

For the stations lacking sufficient high-quality EGFs, we attempted to extract a local quality factor 404 

𝑄𝐿𝑂𝐶  by performing several inversions with different, fixed 𝑄𝑠 values. We then assumed as the 405 

most suitable value of 𝑄 the one that resulted in the lowest average RMS residuals. In the case of 406 

the Rocca San Felice sequence, this procedure allowed estimation of the quality factor for five 407 

stations (COL3, SCL3, SFL3, SNR3, SSB3). For stations where neither 𝑄𝐸𝐺𝐹 nor 𝑄𝐿𝑂𝐶  was 408 

estimated, we considered the regional value of the area for the quality factor (𝑄𝑠 = 230, Zollo et 409 

al. 2014). After the estimation of the quality factor from the EGF, we attempted to estimate the 410 

source parameters for events with 𝑀𝑙 > 1, by fitting the spectra with the generalized Brune model. 411 

In Figure S3 we report the fit results for a 𝑀𝑙 = 2.8 event at three stations. In Figure S3 – left panel 412 

– we represent the fit of the displacement spectrum at the station NSC3, where we used an EGF 413 
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derived quality factor (𝑄𝐸𝐺𝐹 = 130). In the central panel we report the results for the station SCL3 414 

(∼ 43 km from the main event) where we estimated a quality factor 𝑄𝐿𝑂𝐶 = 300, higher than the 415 

average estimate for the area. We note that in this latter case, the average value (𝑄 = 230) provides 416 

unreliably large corner frequencies (as compared to the values obtained at other stations), close to 417 

the upper limit of the frequency band used for the inversion. In the right panel, we show the fit for 418 

the station VDS3 (∼ 38 km from the main event), for which we used the regional value 𝑄𝑅𝐸𝐺 =419 

230. 420 

For the Rocca San Felice seismic sequence, we retrieved the seismic moment 𝑀0 for 45 % of the 421 

located events, while we globally estimated the seismic moment for 236 out of the 550 relocated 422 

events (∼60%). In Figure 5 - left panel we report the distribution of the moment magnitude 𝑀𝑤  423 

(Hanks and Kanamori, 1979), against the local magnitude 𝑀𝑙, as evaluated in Scotto di Uccio et 424 

al. (2023), considering all the events for which an estimation of the seismic moment  was available. 425 

The red line marks the 1:1 trend between 𝑀𝑙 and 𝑀𝑤 . 426 

 427 

Figure 5) Left panel: 𝑀𝑤 - 𝑀𝑙 distribution, with the 1:1 relation scaling reported as dashed red line. For 𝑀𝑙 < 2 428 

earthquakes, we observed 𝑀𝑤 = 0.89 (±0.03) + 0.62 (±0.02)𝑀𝑙 (green dashed line). Right panel: Distribution of 429 

source parameters for 𝑀𝑤 > 2 , colored according to sequence IDX, with theoretical constant stress drops scaling of 430 

0.1 MPa, 1 MPa and 10 MPa (red solid lines)   431 

We recognize two trends between the magnitude scales: for 𝑀𝑙  <  2 the distribution strongly 432 

deviates from the 1:1 scaling relation. Evaluating the average value of 𝑀𝑤  in different 𝑀𝑙 bins of 433 

width 0.2 and performing a linear fit between the two quantities, we retrieved 𝑀𝑤 = 𝑎 + 𝑏 ∗ 𝑀𝑙 =434 

0.89 (±0.03) +  0.62 (±0.02)𝑀𝑙  (the linear fit curve is reported with a green dashed line). The 435 
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estimated slope agrees with the predictions of Deichmann (2017), which indicated a saturation of 436 

the event duration in the local magnitude computation due to the anelastic attenuation, resulting 437 

into the scaling  𝑀𝑤 = 𝐶 +
2

3
 𝑀𝑙. For 𝑀𝑙 >  2, the distribution follows the 1:1 scaling trend 438 

between 𝑀𝑙 and 𝑀𝑤 , as also found by Zollo et al. (2014).  In the right panel of Figure 5 we reported 439 

the log 𝑀0 − log 𝑓𝑐 distribution, with red straight lines marking the theoretical trends obtained 440 

assuming characteristic stress drop values of Δσ = 100𝑘𝑃𝑎, 1𝑀𝑃𝑎 and 10 𝑀𝑃𝑎. The single 441 

station corner frequencies have been averaged considering the relative uncertainty of the estimate. 442 

As a result, we determined seismic moment and corner frequency for events with moment 443 

magnitude 𝑀𝑤  > 2.0, while for events below this magnitude, the solution for the corner frequency 444 

was not constrained (Supino et al. 2019). For the resolved events, the distribution of the corner 445 

frequencies with moment appears to follow a nearly linear trend, with stress drop ranging between 446 

1-3 MPa. For the Rocca San Felice sequence, yellow marks in the right panel of Figure 5, the 447 

average Δσ resulted to be ~ 1.0 𝑀𝑃𝑎 448 

We evaluated the source size for all the events for which we estimated the seismic moment, either 449 

by considering the retrieved corner frequency or by assuming self-similarity. The former condition 450 

applies to the largest magnitude events in the sequences, the latter for lower magnitude events. For 451 

each sequence, we assessed the best fitting plane from earthquake locations, and represented the 452 

static stress released by single events onto this plane (Andrews et al. 1980) along the strike and 453 

dip directions. For almost all the sequences (IDXs 1 to 7) the stress model suggests static stress 454 

release as a trigger mechanism, with small events mainly concentrated in or around the area 455 

affected by stress changes due to the main events in the sequence. As an example, we report in 456 

Figure 6 – left panel - the stress release model for a seismic sequence featuring a 𝑀𝑙 2.9 main event 457 

(IDX 1 in Figure 2). We observe a single km-sized patch mainly oriented along the dip direction, 458 

with earthquakes occurring within the volume interested by the main event. We retrieved similar 459 

dip – oriented trends also for the other considered sequences. An interesting case is represented by 460 

the Rocca San Felice seismic sequence (IDX 8 in Figure 2 and in Figure 3), illustrated in the right 461 

panel of Figure 6. For this sequence, we observe two seismicity patterns activated at different times 462 

(the main event 𝑀𝑙 3.0 involved the leftmost patch, and the seismicity migrated along the rightmost 463 

segment almost two days after the mainshock with the occurrence of a 𝑀𝑙 2.8 earthquake). In both 464 
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clusters we still observe a predominant orientation along the dip direction. In the following 465 

discussion, we investigate the mechanical connection between these two patches. 466 

 467 

Figure 6) Stress released model for the IDX 1 (left panel) and IDX 8 (Rocca San Felice, right panel) sequence. In both 468 

representations, we observe earthquakes occurring within the volume interested by the main event, with preferentially 469 

dip-oriented patches. 470 

5 Discussion 471 

Catalog enhancement using advanced detection techniques allows an increase in the number of 472 

earthquakes up to an order of magnitude as compared to ordinary seismic catalogs. For seismic 473 

sequences in the normal fault system of Southern Apennines (Italy), we find an enhancement of a 474 

factor ∼ 7 with respect to the number of earthquakes manually detected by network operators  475 

(Scotto di Uccio et al. 2023). The improvement in the magnitude of completeness of these deep 476 

catalogs makes it possible to monitor variations in the statistical parameters describing the 477 

seismicity, such as the b-value of the Gutenberg-Richter relation (Beroza et al. 2021). These 478 

changes can only be roughly indicative of variations in the mechanical properties underlying the 479 

faults, such as the differential stress (Scholz 2015); however, the evaluation and the consequent 480 

use of these parameters for interpreting the evolution of the sequences is still debated, in part due 481 

to biases in the magnitude estimates (Gulia & Wiemer 2019, Hermann & Marzocchi 2021, Mancini 482 

et al. 2022).  483 

The clearer view of the manifestation of the mechanical properties of structures in the form of 484 

earthquake sequences can be achieved through accurate location and source parameter estimation; 485 

however, the generally low signal-to-noise ratio of the new events in the enhanced catalogs, does 486 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

 

not fully translate into an equal increase in the number of earthquakes that can be accurately 487 

located. For seismic sequences in Irpinia, we retrieved double difference locations for ∼ 30 % 488 

events, a fraction similar or slightly larger than the percentage resulting from template matching 489 

derived catalogs (Ross et al. 2019, Simon et al. 2021, Cabrera et al. 2022). This reduction in the 490 

number of well-located events is driven by the different impact of the waveform similarity during 491 

the detection and the location phases. Template matching detection algorithms leverage on stacked 492 

cross-correlations across the entire network (Chamberlain et al. 2018, Vuan et al. 2018), resulting 493 

in a global similarity value, to which stations with both high and low cross-correlation values 494 

contribute. High-quality thresholds on the similarity coefficient for cross-correlation differential 495 

travel times requested by accurate double difference locations (Michele et al. 2020, Waldhauser et 496 

al. 2021), limit the number of available stations, especially for low magnitude events. Although 497 

the catalog of events located with double differences is only twice larger than the manual catalog, 498 

the improvement in cluster definition and spatial resolution is much more significant, allowing the 499 

identification of alignments and structures at kilometric scale, that were not clearly illuminated 500 

from the manual catalog (Palo et al. 2023), owing to the wide increase in the number of differential 501 

travel-times. As an example, for the Rocca San Felice sequence, we reported more than one order 502 

of magnitude more differential travel-times compared to the ones extracted from the manual 503 

catalog (Festa et al. 2021).  504 

When moving to the moment magnitude estimation, the number of events in the enhanced catalog 505 

that can be characterized further decreases, to 15% of the detections (or 60% of the relocated 506 

events). Furthermore, we resolved the corner frequencies only for events with moment magnitude 507 

𝑀𝑤  > 2.0 already present in the network catalog due to the limited available frequency bandwidth 508 

for the inversion related to the signal-to-noise ratio and data sampling rate. Nevertheless, we were 509 

able to reduce the epistemic uncertainty in the estimate of source parameters due to the 510 

propagation, using small earthquakes as empirical Green’s functions. 511 

Averaging over all sequences, we found an average stress drop of Δ𝜎 = 2.35 𝑀𝑃𝑎; its variability 512 

across sequences, estimated by the standard deviation is 𝑠Δ𝜎 = 0.87 𝑀𝑃𝑎 . The stress drop found 513 

here is one order of magnitude larger than the stress drop retrieved for the background seismicity 514 

in the area by Zollo et al. (2014), who used a similar inversion strategy and an independent catalog 515 

not influenced by the sequences studied here. Since they derived the average stress drop using the 516 
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Madariaga model (Madariaga 1976), when converting that value into an equivalent Brune’s stress 517 

drop, they obtained a median value of Δσ = 0.26 𝑀𝑃𝑎. This difference indicates that the release 518 

of stress during sequences likely occurs in more compact asperities that can be associated with a 519 

higher coupling than for background seismicity (Chen & Shearer 2012).  520 

The stress drops we retrieved for these seismic sequences are comparable to the estimate of 521 

3.5𝑀𝑃𝑎,  achieved for the 1980, M 6.9 Irpinia earthquake (Deschamps & King 1983, Bernard & 522 

Zollo 1989). When mapping the seismic sequences at depth, their location is generally not 523 

compatible with faults that hosted the 1980 event - based on either the fault trace at the surface 524 

(Westaway & Jackson 1987) or the event dip and geometry estimated from seismic and levelling 525 

data (Bernard and Zollo 1989, Amoruso et al. 2005). This indicates that seismic sequences ruptured 526 

small patches of secondary segments, as compared to the main structure of the M 6.9 earthquake.  527 

The investigated area undergoes a strain-rate of ~100 nstrain/yr and an increase of 3 mm/yr over 528 

30 km along the axial sector of the Apennines. All the investigated sequences fall within the 529 

actively deforming area, providing important insight into the geometry of structures potentially 530 

activated during larger magnitude events. The Rocca San Felice sequence, roughly aligned along 531 

the northwestward continuation of the complex multi-segment fault system activated during the M 532 

6.9 earthquake, illuminates a NE-dipping structure whose geometry is favorably oriented for 533 

seismic release of NE-SW accumulated interseismic strain (Figure 1). This structure is not mapped 534 

in the catalog of the Italian seismogenic Faults (DISS, https://diss.ingv.it/), which should motivate 535 

additional investigation of the long-term, seismogenic behavior of the structures illuminated by 536 

local seismic sequences. 537 

We found differences in the stress drops associated with sequences, with an increase of the stress 538 

drop moving from North to South in the Irpinia region, as also shown by Picozzi et al. (2022), 539 

whose catalog contains all the events with magnitude larger than 1.5 for the area. We found average 540 

stress drops of Δ𝜎𝑁 = 2.0 𝑀𝑃𝑎  in the Northern sector (Cervialto Fault area, the initial rupturing 541 

segment of the 1980 earthquake) and  Δ𝜎𝑆 = 2.8 𝑀𝑃𝑎 in the Southern Sector (San Gregorio 542 

Magno Fault area, i.e., on the second rupturing segment of the 1980 earthquake). Tomographic 543 

images in velocity (Amoroso et al. 2014, Improta et al. 2014, Vassallo et al. 2016) and anelastic 544 

attenuation (Qp, Qs; Amoroso et al. 2017) coupled with rock physics modelling indicate the 545 

presence of pressurized fluids in the area of microseismicity. Differences in the stress drops 546 

https://diss.ingv.it/
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between the two areas could be associated with the different fluid content and fraction. In the 547 

Southern sector rock physics modelling indicates the presence of a mixture brine-CO2 (Amoroso 548 

et al. 2017). The large, extended low Vp/Vs anomaly in tomographic images in the northern sector 549 

indicates a pressurized reservoir of fluids, associated with the large natural emission of low‐550 

temperature CO2 at the Mefite d’Ansanto, Rocca San Felice site (Chiodini et al. 2010).  551 

Several studies in the area indicate a correlation between shallow stress changes in the karst aquifer 552 

induced by hydrological loading via the poroelastic response of the rocks and deep seismicity 553 

(D’Agostino et al. 2018). Although most of the sequences occurred during the maximum aquifer 554 

charge, we cannot infer a clear link between stress changes in the shallow water table and the 555 

occurrence of the sequences. However, the small amount of stress perturbation that propagates at 556 

depth (D’Agostino et al., 2018) compared to the large stress drops retrieved during sequences may 557 

indicate an elastic coupling between the shallow Mesozoic carbonates and the underlying Apulian 558 

platform beneath the mélange, and a critical state of these small patches, that are prone to generate 559 

the sequences with a stress excess that is only a few percent of the stress drop required to nucleate 560 

events.    561 

When mapping the stress change on the fault plane associated with the sequences, most of the 562 

events appear connected, indicating that the sequences ruptured single patches along the fault 563 

plane. The inter-event distance, compared to the size of the events, suggests that the dominant 564 

triggering mechanism within the sequences is static stress transfer, that allows the nucleation of 565 

individual events in the sequence. Nevertheless, an important feature retrieved here is that the 566 

distribution of the events is not isotropic around the main events of the sequences, but small events 567 

tend to align dominantly along the dip direction, which also corresponds to the slip direction, for 568 

normal faults. Specific patterns for sequences along the direction of the slip have been observed 569 

in strike-slip environments (Rubin et al. 1999, Shearer 2002). Lineation of the seismicity along the 570 

major faults in California have been interpreted as the boundary between locked and creeping 571 

domains (Rubin et al. 1999, Rubinstein and Beroza 2007). In the normal fault environment of 572 

Southern Apennines also, evolution of the seismicity during the sequences is controlled by slip and 573 

cannot be explained by the anisotropic stress release after the event (Andrews 1980, see also the 574 

stress changes of Figure 6). Fault roughness, modulated by repeated stick slip episodes may 575 

determine predominant patterns at the scale of the microseismicity observed here (10 − 100𝑚), 576 
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with striations mainly oriented along the dip direction (Candela et al. 2011). Corrugated faults 577 

behave as geometrical asperities and can localize deformation hosting stick-slip episodes at small 578 

scales (few centimeters of slip) (Resor and Meer 2009). Fault roughness and geometrical barriers 579 

at this scale may also impede small events from growing into larger magnitude earthquakes (Sagy 580 

et al. 2007, Marshall and Morris 2012). These strips can also favor upward migration of fluids, 581 

although we cannot discern a signature of diffusion-dominated processes from the space-time 582 

evolution of the sequences.  583 

The occurrence of aseismic slip episodes nearby the lineations could also be the cause for the 584 

along-dip evolution of the seismicity and might explain the longer extent compared to the released 585 

seismic moment. Aseismic transients have been already observed in normal fault environments 586 

during the occurrence of larger seismic sequences (Gualandi et al. 2017, Kaviris et al. 2021). 587 

However, for the sequences analyzed here, geodetic data has not detected aseismic transients at 588 

this space-time scale during the sequences analyzed in this study.  589 

The Rocca San Felice sequence shows the activation of two parallel clusters, oriented along the 590 

dip direction, but about 5 km apart. The two clusters featured main events of similar magnitude 591 

(𝑀𝑙  3.0 and 𝑀𝑙  2.8, respectively), a kilometric size extension along the dip (4 km and 2 km), with 592 

the first evolving preferentially up-dip, the second one downdip. The second cluster was activated 593 

about two days after the first sequence. As shown in Figure 6, the stress perturbation associated 594 

with the first sequence cannot be responsible for the activation of the second patch. Also, the lack 595 

of seismicity between the two segments does not support the hypothesis of fluid migration as 596 

responsible for triggering the second cluster. According to the rate of occurrence of independent 597 

events with 𝑀𝑙 > 2.5 in the northern part of the region (𝜆 = 2.1 ∗  10−3𝑒𝑣/𝑑𝑎𝑦), we estimated 598 

the probability of occurrence of two independent events within 2 days as about 0.4%.  599 

We also tested the hypothesis of aseismic slip between the two seismicity clusters of this sequence. 600 

We assess the evolution of the displacement at the three closest GPS stations SNAL, MTMR, 601 

ANG1, the first two belonging to the INGV-RING network, the latter to the Regione Campania. 602 

The time series of daily coordinates (see D’Agostino et al., 2020 for details of GPS data 603 

processing) at the three stations have been checked for possible offsets across the seismic 604 

sequence. Evaluating the average positions in North, East and vertical coordinates, before and after 605 
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the Rocca San Felice sequence, we could not find significant static offsets within the estimated 606 

error (Figure 7). 607 

 608 

Figure 7) Upper panel: map of the GPS stations near the Rocca San Felice seismic sequence and associated 609 

displacements. The vectors show the horizontal displacements with one sigma error ellipses, from the static offset 610 

during the seismic sequence. Circles represent events of the sequence color-coded with depth. Three different synthetic 611 

scenarios were evaluated assuming increasing slip (25, 50 ,75 mm), with geometry and kinematics from Festa et al., 612 

2021. The surface displacements produced by a slip of 50 mm on the fault drawn with purple lines is shown in the 613 

map (purple arrows). Lower panel. GPS position time series and average positions (white dashed lines) before and 614 

after the seismic sequence, with 1-sigma error shown with grey shading. Calculated displacements are also shown 615 

(dashed lines) for the 25mm (green), 50mm (purple) and 75 mm (red) dislocation scenarios. 616 

 617 
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We assessed the maximum average slip allowed on a deep dislocation whose displacement on the 618 

surface would not emerge from the noise level at the three GPS stations. We centered the potential 619 

aseismic dislocation between the two clusters and used the fault geometry and kinematics inferred 620 

by the composite focal mechanism solution of Festa et al. (2021) and calculated the surface 621 

displacements using the Okada techniques (Okada 1992). We tested a range of uniform slip on the 622 

dislocation between 25 and 75 mm, assuming constant strain drop of 10 -5. The relatively deep 623 

position of the dislocation centroid between the two clusters (~8 km) allows slip on the deep 624 

dislocations up to 50 mm without detection at the surface (Figure 7). For slip larger than 50 mm 625 

the non-linear increase of cumulative seismic moment determines surface displacements outside 626 

the range of allowed offsets. Thus, an aseismic event of 𝑀𝑤   ~5.0 could have occurred during the 627 

sequence, transferring stress across the two asperities without producing a signal that would have 628 

been visible at the GPS stations. 629 

6 Conclusions  630 

In this work we presented a comprehensive analysis of seismic sequences through accurate 631 

earthquake location and source parameters estimation of enhanced catalogs (Scotto di Uccio et al. 632 

2023). Selecting machine learning and cross-correlation phase arrival times, we retrieved double 633 

difference locations for ∼30% of the events.  The relocated seismicity revealed that seismic 634 

sequences involve kilometric-scale structures, featuring a NW-SE dip and larger extent than 635 

expected from the magnitude of the mainshocks.  While location of microseismicity usually relies 636 

on the use of records from velocimetric sensors, in this work the resolution of hypocenters 637 

benefited from phase arrival times determined on accelerometers located close to the main events 638 

of the sequences. Accelerometers can thus provide important arrival time information that is 639 

comparable in quality to velocimetric stations, improving the location results. For the relocated 640 

earthquakes, we estimated the source parameters (seismic moment 𝑀0, corner frequency 𝑓𝑐) 641 

through a probabilistic inversion of the displacement spectra (Supino et al. 2019), and the resulting 642 

source size 𝑟 and stress drop Δσ, assuming the generalized Brune model, finally mapping the stress 643 

change along the fault plane.  We estimated the moment magnitude for 60% of the relocated events 644 

and we resolved the corner frequencies only for earthquakes with 𝑀𝑤  > 2.0, using low-magnitude 645 

events as EGFs. We observed Δ𝜎 spanning the range [0.9 – 5.4] MPa, within the interval proposed 646 

for earthquakes in the Irpinia area (Picozzi et al. 2021) and source radius for the main events varies 647 
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from 105 – 235 m. We observed differences in the stress drops associated with sequences, with an 648 

increase of the stress drop from North to South in the Irpinia region, likely associated to the 649 

different fluid content and fraction. When mapping the stress change on the fault plane associated 650 

with the sequences, most of the events appear connected, indicating that the sequences ruptured 651 

single, contiguous patches along the fault plane. The inter-event distance, compared to the size of 652 

the events, suggests that the dominant triggering mechanism within the sequences is the (static) 653 

stress transfer, that allows the nucleation of individual events in the sequence. Alignment of events 654 

mainly along the dip direction indicates a slip dominated mechanism in the evolution of the 655 

seismicity, which could be associated with different fault roughness in the directions of the dip and 656 

strikes. Lineations in the definition of the seismicity might indicate aseismic transients occurring 657 

at the same time of the sequences. These transients could explain the migration of the seismicity 658 

from one cluster to the other one during the Rocca San Felice sequence. Although GPS data from 659 

stations located just above the sequence do not contain offsets indicative of such transients, a Mw 660 

5 aseismic event could have occurred at the sequence depth, without producing a signal emerging 661 

from the noise.  662 

 Open Research 663 

Seismic products from the Irpinia Near Fault Observatory can be accessed through the Irpinia 664 

Seismic Network website (https://isnet.unina.it). Seismic data from INFO can be accessed through 665 

EIDA portal (https://eida.ingv.it/it/), network code IX or via the EPOS portal (https://www.ics-666 

c.epos-eu.org/). GNSS data are accessible through the INGV website 667 

ftp://bancadati2.gm.ingv.it:2121/OUTGOING/RINEX30/RING/. Earthquake relocations were 668 

performed using NonLinLoc (https://github.com/alomax/NonLinLoc) and HYPODD 669 

(https://www.ldeo.columbia.edu/~felixw/hypoDD.html). Catalogs of the analyzed events are 670 

available at the following link: https://zenodo.org/records/10441456 (Scotto di Uccio & Festa, 671 

2023) Maps in Figure 2 and Figure 3 were made using PyGMT (Uieda et al., 2021). Figure 4 and 672 

Figure 5 were produced using Matplotlib (Hunter, J.D., 2007). Figure 6 was produced using 673 

Matlab. 674 

 675 

 676 
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Introduction 

In the Supporting Information we report the sequence labelling using in this study with respect to the 

sequence indexing in Scotto di Uccio et al. (2023) (Table S1), the velocity models that have been 

tested for earthquake location (Figure S1), the waveforms from two events belonging to the two 

clusters identified from the Rocca San Felice seismic sequence (Figure S2) and the results for the 

spectral inversion using different attenuation factors (Figure S3) 
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Sequence location 𝑴𝒍𝒎𝒂𝒊𝒏
 IDX in this study IDX in Scotto di Uccio et al. (2023) 

Lioni (AV) 2.7 1 2 

San Gregorio Magno (SA) 2.8 2 3 

Lioni (AV) 3.7 3 4 

Laceno (AV) 1.8 4 5 

Ricigliano (SA) 3.0 5 6 

Lioni (AV) 2.8 6 8 

Bella (PZ) 3.1 7 10 

Rocca San Felice (AV) 3.0 8 1 

 

Table S1: Sequence labelling using in this study with respect to the indexing in Scotto di Uccio et 

al. (2023) 

 

 

 

Figure S1: P wave velocity models tested for earthquake location. Starting from the 1D layered 

velocity model (blue line, Matrullo et al. 2013) we derived two gradient models, which smooth the 

discontinuities in the wave velocity across layer boundaries, by linearly interpolating values between 

either the top (green line) or the middle points (black line) of the layers. 



 
 

Figure S2: Vertical component of ground motion records (velocity for stations AND3, LIO3, MNT3, 

NSC3, RSF3, acceleration for station SALI) for two events belonging to the two clusters identified 

in the Rocca San Felice seismic sequence (IDX 8). Traces are bandpass filtered between [1 – 20] Hz. 

The two events differ for the station recording the first P-wave arrival: for the event belonging to the 

first cluster (left panel) the first P-wave arrival is observed at RSF3 while for the second cluster (right 

panel) the first P-wave arrival is recorded at LIO3. 

 

 

 

 

 

 

 

Figure S3: Spectral inversion of a Ml = 2.8 earthquake using different attenuation factors for the 

stations. Left panel: inversion using QEGF at NSC3 station. Central panel: inversion using QLOC at 

SCL3 station. Right panel: inversion using QREG at VDS3. 


