
1. Introduction
The Val d'Agri basin in the southern Apennines seismic belt is one of the central Mediterranean regions with 
the highest seismogenic potential, as testified by the strongest peninsular 1857 M7.1 Basilicata earthquake 
(Mallet, 1862; Rovida & Antonucci, 2021). In the past 40 years, the Val d'Agri experienced weak background 
seismicity seldom exceeding M3. Background activity coexists with two well-documented cases of induced seis-
micity associated to: (a) the exploitation of a giant oilfield with a clear case of wastewater injection induced 
seismicity (Improta et  al.,  2015) and (b) the medium-sized Pertusillo water reservoir (PWR). Local seismic 
stations installed since 2002 recorded repeated weak swarms to the southwest of the PWR, which strictly relate 

Abstract We present a detailed analysis of the small magnitude (ML < 3) Reservoir Induced Seismicity 
associated with the Pertusillo water reservoir located in the high seismic hazard zone of Val d'Agri (Southern 
Italy). We apply template-matching detection to a 13-month-long dense passive survey, obtaining a final 
high-precision double-difference catalog of 5,070 earthquakes (−0.7 < ML < 2.6, MC = 0.2). The new catalog 
allows precisely tracking the spatiotemporal distribution of the swarm-seismicity and to map the b-value of the 
Gutenberg-Richter law. We combine seismicity data with available subsurface geophysical data, fostering an 
improved interpretation of the induced seismicity. We identify four seismicity-clusters showing rapid changes 
in seismic rate which correlate to severe seasonal oscillations. Seismicity unravels new km-scale faults or better 
define faults partially-illuminated by template earthquakes. b-value shows a significant spatial variability, 
with very-high b-value (up to 2) within areas of distributed seismicity and lower (∼1.3) b-value for on-fault 
seismicity featuring larger magnitude events. Seismicity is confined within a brine-saturated fractured carbonate 
reservoir, while earthquake distribution and rate are controlled by the fault architecture and rock properties 
(e.g., inherited fluid pathways, rock fracturing, pore fluid pressure). In particular, most earthquakes reactivate, 
with extensional kinematics, pre-existing reverse/transpressional faults favorably oriented in the present-day 
extension. All observations suggest that a poroelastic stress transmission mechanism, due to the seasonal water 
level oscillation, can explain the Pertusillo lake seismicity. This study confirms the importance of investigating 
the complex interaction among stress changes caused by human activities, pre-existing faults and local stress 
field to correctly assess the hazard posed by induced seismicity.

Plain Language Summary The Val d'Agri basin in Southern Italy is characterized by a high 
seismic hazard as evidenced by the strong 1857 M7.1 earthquake, whose causative fault is still debated. The 
area is also a natural laboratory for studying anthropogenic seismicity since it hosts two well-documented 
cases of seismicity induced by: (a) the exploitation of a giant oilfield with a clear case of wastewater 
injection-induced-seismicity and (b) the seasonal water level oscillation in the medium-size Pertusillo water 
reservoir (PWR). We focus on the reservoir induced seismicity to better understand the physical mechanism 
behind its genesis and time-space evolution. We applied a technique that allows us to extract smaller 
earthquakes from known ones (templates), increasing 10-times the original catalog and helping to better 
characterize the spatiotemporal seismicity behavior. Seismicity is organized in four distinct clusters activated 
in response to the seasonal loading/unloading phases of the PWR. It delineates km-scale faults and is confined 
within highly fractured aqueous carbonates. Our results furnish new data to understand how the stress induced 
by the lake level changes influences seismicity nucleation in this hazardous area, spurring for a more accurate 
estimation of the seismic hazard of the area.
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to seasonal water oscillations as high as 25 m (Figures 1b–1d), corresponding to storage changes as large as 
120 million m 3. This spatiotemporal correlation led Valoroso et al. (2009) and Stabile et al. (2014) to interpret 
the Pertusillo lake earthquakes as protracted RIS (the reservoir impoundment dates back to 1962), a conclusion 
confirmed by statistical assessments (Telesca et  al.,  2015). This type of Reservoir Induced Seismicity (RIS) 
mostly depends on the frequency and amplitude of lake-level changes and on the hydromechanical properties of 
the crust (Talwani, 1997). While a detailed model of the injection-induced earthquakes occurring in the oilfield 
has been proposed recently (Hager et al., 2021; Improta et al., 2017), the physical mechanism behind the PWR 
seismicity and its relation to fault structures are still poorly understood.

Protracted RIS can be associated with destructive M6+ earthquakes, as documented by the Konya reservoir seis-
micity in India (Talwani, 1997). Worldwide cases of M4+ RIS earthquakes have rapidly increased in recent years 
(Gupta, 2022 and references therein) focusing the attention of the seismological community to better understand 
the physical mechanism and hazard posed by seismicity related to water reservoirs. Even if the PWR seismicity 
is characterized by low energy with largest events around ML3, a deeper understanding is compelling due to the 
presence of active faults, potential source of M6+ earthquakes close to the lake (Improta et al., 2010), in an area 
where the source of the large M7.1, 1857 Basilicata earthquake is still debated (Bello et al., 2022; DISS Working 
Group, 2021).

Here, we study the PWR induced seismicity through a very-high resolution earthquake catalog computed by 
applying template-matching (TM) detection techniques to seismic data recorded during a 1-year-long dense 
passive survey. TM uses cross-correlation (CC) between continuous seismic data and known earthquake record-
ings (templates) to detect previously unidentified events in continuous data. This method has proven very effective 
compared to traditional techniques (e.g., Short Time Average (STA)/Long Time Average (LTA)), especially in 
areas characterized by dense clusters of small-magnitude seismic events (e.g., Shearer, 1994; Shelly et al., 2016; 
Ross et al., 2019; Cochran et al., 2018). Enhanced TM catalogs have low completeness magnitude (MC) allow-
ing to image the geometry of faults and to furnish details of the seismicity pattern; also, they allow to inves-
tigate the b-value of the frequency-magnitude distribution (FMD), a key parameter to map stress distribution 
in the subsurface structure. This parameter shows a wide range of values worldwide, depending for example, 
on the tectonic stress (Amitrano, 2003; Scholz, 2015; Schorlemmer et al., 2005; Spada et al., 2013) or depth 
(Amorèse  et al., 2010). In particular, low b-value seems to pinpoint highly stressed portions of the crust such as 
fault asperities (De Gori et al., 2012; Sugan et al., 2014).

We present a high-quality catalog of 5,070 earthquakes (−0.75 < ML < 2.6 and MC = 0.2) computed by combin-
ing detailed TM detection and high-precision double-difference location techniques (Figure 2). The new catalog 
allows us to precisely track the spatiotemporal distribution of clustered seismicity, to pinpoint the activated faults, 
and to map spatial variations of the b-value. Also, we use subsurface information on physical and hydraulic 
properties of the crust in the survey area to improve our understanding of the physical mechanism behind the 
seismicity induced by level oscillation of the PWR.

2. Geologic and Seismotectonic Outline
The NW-trending Val d'Agri Quaternary basin is located in the NW-trending E-verging southern Apennine 
fold-and-thrust orogenic belt, originated by the convergence between the African and European plates (Patacca 
and Scandone,  1989). The upper crustal structure (Candela et  al.,  2015 and references therein) is dominated 
by a NW-trending E-verging thrust-and-fold system that deforms Meso-Cenozoic carbonate platform and basin 
sequences developed during Miocene—Early Pleistocene shortening. The belt is structured into two main units 
(Figures 1a and 1c): (a) a shallow stack of 2–3 km thick rootless nappes including carbonate platform and deep 
pelagic sequences (Triassic—Miocene) covered by thick flysch sequences (Upper Miocene—Pliocene); (b) a 
5–7 km thick platform carbonate sequence (Triassic—Miocene) deformed during Late Pliocene—Early Pleis-
tocene by SW-dipping steep thrust faults with associated wide ramp anticlines and flower structures (i.e., Inner 
Apulia Platform). The rootless nappes are separated by the underlying Apulian carbonates through a thick tectonic 
mélange consisting of Miocene—Lower Pliocene deeply deformed foredeep deposits (Mazzoli et  al.,  2001; 
Shiner et al., 2004). Low-porosity, fractured Miocene-Jurassic limestone and dolomite of the Apulia Platform 
form the local reservoir rocks. The Val d'Agri oilfield extends beneath the Quaternary basin and the eastern ridge 
(Figures 1a and 1c). Hydrocarbons and formation waters (brines) are extracted from a series of NW-SE trending 
anticlines developed in the hanging-wall of steep-to-moderately dipping blind fore-thrusts and back-thrusts. The 
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Figure 1.
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western boundary of the oilfield corresponds to a main NW-SE striking, NE-dipping back-thrust (Figure 1c) 
(Hager et al., 2021). This fault separates the hydrocarbon reservoir from a wide Apulian carbonate anticline to the 
west. This western antiformal structure, referred to as Castellana Structural Trend (Pugliese et al., 2011), relates 
to a system of blind thrusts and back-thrusts that strikes NW-SE to the southwest of the Val d'Agri basin, and it 
hosts a 3–4-km-thick aqueous reservoir. The cap rocks of the hydrocarbon and aqueous reservoirs consist of Plio-
cene clays that stratigraphically cover the Apulian carbonates and of ductile and overpressured tectonic mélange 
(D'Adda et al., 2018; Mazzoli et al., 2001). The thickness of the mélange unit is extremely variable: more than 
1 km in the southern part of the basin, where the oilfield and the PWR are located (Buttinelli et al., 2016), to less 
than 100 m to the southwest of the basin where the RIS occurs (La Bruna et al., 2018). Subsurface exploration 
data, the geochemical signature of reservoir fluids, well pressures and oilfield production data indicate that the 
Val d'Agri hydrocarbon reservoir and the Castellana Trend aqueous reservoir are hydraulically separated. Due to 
the reservoir compartmentalization, pore pressure perturbations caused by fluid withdrawal and injection cannot 
propagate from the productive zones of the hydrocarbon reservoir, located to the northeast of the Pertusillo lake, 
to the southwestern aqueous reservoir of the Castellana Trend where the RIS occurs (Rinaldi et al., 2020).

Figure 1. (a) Geologic map of the Val d'Agri and surrounding regions, based on published data (La Bruna et al., 2018; Maschio et al., 2005). 1. Quaternary continental 
deposits; 2. Terrigenous sediments of satellite basins (Middle Miocene—Pliocene); 3. Pelagic and slope successions (Cretaceous—Lower Miocene); 4. Mesozoic rocks 
of the Lagonegro Basin (cherty limestones, cherts and claystones); 5. Western Carbonate Platform (Mesozoic); 6. Tectonic mélange (Miocene—Lower Pliocene); 
7. Terrigenous deposits covering the Apulian Platform (Messinian foreland basin sequences); 8. Inner Apulia Platform (Mesozoic—Miocene); 9. reverse faults and 
overthrusts; 10. Antiform axis; 11. Normal faults; 12. Strike-slip faults; EAFS, Eastern Agri Fault System; MMFS, Mts. Maddalena Fault System. Yellow triangles 
are temporary stations of the 2005–2006 survey used in this study. The yellow square is the injection well Costa Molina 2 (CM2). A–A′ trace is the geologic section 
shown in panel (c). (b) Seismicity recorded in the southern sector of the Val d'Agri and close to the Pertusillo Lake from 2002 to 2014 by stations of Istituto Nazionale 
di Geofisica e Vulcanologia and of the oilfield monitoring network. Earthquake locations are extracted from the catalog of Improta et al. (2017). Only events above the 
completeness magnitude MC = 1.1 and hypocentral depth <7 km are plotted. Yellow triangles are stations of the 2005–2006 survey (Valoroso et al., 2009), while red 
triangles are those operated by ENI company. The yellow square is the wastewater injection well CM2. (c) Schematic geological cross-section across the southern sector 
of the Val d'Agri, based on published data (Maschio et al., 2005; Mazzoli et al., 2013; Van Dijk et al., 2000). 1. Apulian Carbonate Platform; 2. Meso-Cenozoic basin 
and pelagic sequences; 3. Western Carbonate Platform; 4. Tectonic Mélange; 5. Mio-Pliocene terrigenous sequences; 6. Quaternary deposits of the Val d'Agri. Red lines 
denote reverse faults and overthrusts, blue and black thick lines are Quaternary normal faults (Monti della Maddalena and Eastern Agri fault systems). Black empty 
dots are seismic events mainly related to the Pertusillo Lake and CM2 injection-well extracted from the 2002–2014 catalog of Improta et al. (2017). (d) The Pertusillo 
Lake water level changes are compared with the monthly number of earthquakes that occurred in the region between 2002 and 2014 (longitude 15.87–15.95; latitude 
40.20–40.29). Earthquakes are extracted from the catalog of Improta et al. (2017). Only events above the completeness magnitude ML ≥ 1.1 and hypocentral depth 
<7 km are plotted.

Figure 2. (a) Map distribution of the double-difference initial-relocated-catalog (502 earthquakes located to the SW of the 
Pertusillo lake). Events are color-coded to show the temporal evolution. The four insets indicate the spatial distribution of 
the C1–C4 clusters of seismicity (see text for explanation). Blue triangles (AG09, AG14, AG18) are seismic stations of the 
2005–2006 Istituto Nazionale di Geofisica e Vulcanologia temporary network used in this study. For these stations, thick lines 
show the orientation of the maximum horizontal stress (Shmax) inferred from S-wave splitting analysis (redrawn from Pastori 
et al., 2015). (b) Map distribution of the 5,070 earthquakes of the template-matching catalog (TM-catalog). Colors indicate 
different clusters, while stars represent ML > 1.5 events. The two black lines indicate the two vertical cross-sections used to 
map spatiotemporal seismicity distribution in Figure 7.
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This structural setting is complicated by transpressive structures that segment the Apulian thrust-fold structures 
(D'Adda et al., 2018) and by NW-SE striking extensional fault systems developed since the Middle Pleistocene 
during the NE-oriented regional extension. The deformation rate is about 3–5 mm/year (Ferranti et al., 2014). The 
main normal fault systems bounding both sides of the Quaternary basin are (Figures 1a and 1c): the SW-dipping 
Eastern Agri Fault System to the north-east and the NE-dipping Monti della Maddalena Fault System to the 
south-west (Cello et al., 2003; Maschio et al., 2005). Both systems consist of arrays of minor segments, possi-
bly indicating fault-immaturity. The accurate geometry at depth and the seismogenic potential of these struc-
tures are still debated. Some authors (DISS Working Group, 2021; Ferranti et al., 2014; Improta et al., 2010; 
Maschio et al., 2005) consider the Monti della Maddalena Fault System as the main structure accommodating the 
present-day deformation and potential source of M6+ earthquakes. Other authors (Bello et al., 2022 and reference 
therein) prefer the morphologically evident Eastern Agri Fault System as the main seismogenic structure of the 
area.

The Val d'Agri experienced only weak earthquakes in the last 40 years, seldom reaching M3. The background 
seismicity has been monitored with increasing detail since 2002 when a trigger-mode local network run by ENI 
oil company was deployed. Six additional permanent stations were installed by the Istituto Nazionale di Geofisica 
e Vulcanologia (INGV) between 2004 and 2006 (Figure 1b). Finally, the higher quality data analyzed in this paper 
were collected during a dense passive survey we carried out in 2005–2006 in the whole Val d'Agri (Valoroso 
et al., 2009, 2023a, 2023b). So far, the more complete picture of the local seismicity relies on the high-resolution 
local earthquake tomography study of Improta et al. (2017) that merged and reprocessed all the data recorded by 
the different networks from 2002 to 2014 (Figure 1b). Apart from a natural background seismicity consisting of 
rare small swarms and sparse events occurring at 8–12 km depth at the base or underneath the Apulia Carbonate 
Platform, the seismicity clusters within the Apulian carbonate reservoir in two specific zones (Figures 1b and 1c): 
(a) to the southwest of the PWR where RIS has been documented since 2002 (Rinaldi et  al.,  2020; Stabile 
et al., 2015); (b) at the southeastern margin of the oilfield, where fluid injection induced microseismicity (M ≤ 2) 
related the Costa Molina 2 disposal well, reactivated with an extensional kinematics a pre-existing thrust fault 
(Figures 1b and 1c) (Buttinelli et al., 2016; Hager et al., 2021; Improta et al., 2017). Natural and induced seis-
micity show prevailing NW-SE trending normal faulting mechanisms coherently with the orientation of mapped 
faults and of the SW-NE extensional stress field (SHmax is N120°–140°) constrained by borehole breakouts from 
deep wells of the oilfield (Cucci et al., 2004; Improta et al., 2017). Shear wave splitting analysis for stations of 
the 2005–2006 survey and of ENI monitoring network (Pastori et al., 2009, 2015) confirm breakouts stress data. 
In particular, the three stations closest to the RIS area show dominant fast polarization direction (i.e., SHmax 
directions) striking NW-SE to WNW-ESE and large values of the average lag-time (see Figure 2a).

3. Earthquake Data Analysis
We built an enhanced earthquake catalog of the PWR induced seismicity, with the aim of imaging the geometry 
of faults at depth, furnishing details of the seismicity pattern and investigating the seismicity statistical character-
istics. First, we improved the precision of the high-quality earthquake catalog described in the paper by Improta 
et al. (2017); then, we use TM and double-difference methods to build up an enhanced high-resolution seismicity 
catalog.

3.1. Earthquake Catalogs

3.1.1. Initial Relocated Catalog

We re-analyzed the seismicity catalog from Improta et al. (2017), focusing our attention to the earthquakes located 
to the south-west of the PWR and interpreted as RIS. The starting data set is composed of 502 hand-picked earth-
quakes, recorded during the 13-month-long 2005–2006 temporary experiment, by a dense network of 45 seismic 
stations (the average receiver spacing is 5 km) composed by: 21 temporary 3C continuously-recording stations 
of the temporary experiment described in Valoroso et al.  (2009), plus 24 permanent INGV and ENI  stations, 
and accurately located in a 3D high-resolution VP and VP/VS velocity model (Improta et al., 2017). To improve 
earthquake location quality, we first measured accurate CC delay times by using the time-domain CC func-
tion of Schaff and Waldhauser  (2005). Then, we combined CC delay times with delay times computed from 
phase picks to compute high-precision relative locations using the double-difference (DD hereinafter) algorithm 
hypoDD (Waldhauser & Ellsworth, 2000; Waldhauser & Schaff, 2008). The final data set is composed of 502 
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high-precision earthquake locations defined, hereinafter, as the initial-relocated-catalog (Figure 2a). All details 
on the data processing are reported in Text S1 in Supporting Information S1.

3.1.2. Template-Matching Catalog

We applied the k-Means clustering algorithm (Lloyd, 1982) to the initial-relocated-catalog, to select 408 earth-
quakes used as templates. Then, we employed the open-source python-based TM detection algorithm EqCorrScan 
(Chamberlain et al., 2017) to the continuous data streams of the temporary network installed during 2005–2006. 
The application of the TM detection algorithm allowed us to extract a large number (about 27K) of new detec-
tions from the continuous data, having an averaged CC larger than 0.65. We computed P- and S-waves arrival 
times by using CC differential times between the template manually-picked arrival times and the new detections. 
We selected detections having at least 4 P- and 4 S-waves arrival times at 5 or more recording stations, in order 
to discard all the potential earthquakes with poor station coverage and insufficient number of S-wave arrivals to 
adequately constrain the hypocentral depth (Husen & Hardebeck, 2010). We computed absolute earthquake loca-
tions for the resulting 8,631 earthquakes, using a 1D ad-hoc P-wave velocity model (Improta et al., 2017) with 
the probabilistic non-linear location software NonLinLoc (Lomax et al., 2001). Almost all earthquakes (99%) 
have formal horizontal and vertical location errors lower than 1 km (Figure S1 in Supporting Information S1). 
Then, we run a large-scale double-difference relative location procedure using P- and S-wave relative arrival 
times (Waldhauser & Schaff, 2008). We obtained a final high-precision DD catalog composed of 5,070 events, 
referred hereinafter as the TM-catalog (Figure 2b). This catalog has formal hypocentral location uncertainties in 
the order of tens of meters (Figure S1 in Supporting Information S1). A complete description of data processing, 
application of the TM algorithm and data selection is reported in Text S2 in Supporting Information S1. We show 
an example of a ML −0.10 earthquake detected from a ML 0.9 template in Figure S2 in Supporting Information S1.

3.2. Frequency Magnitude Distribution and b-Value Estimation

We estimated ML for the new TM-catalog (Figure S3 in Supporting Information S1) and computed the FMD 
parameters for both initial-relocated-catalog and TM-catalog. We calculated the completeness magnitude MC 
by following the Goodness-of-Fit technique (Wiemer & Wyss, 2000), while we estimated the b-value using the 
maximum-likelihood estimator of Aki (1965), and its uncertainty following the Shi and Bolt (1982) and the boot-
strap methods (Text S4 and Figure S4 in Supporting Information S1).

According to our estimates, the initial-relocated-catalog has MC = 0.6 and b-value = 0.92 ± 0.04. These values 
are in agreement with those (MC = 0.4 and b-value = 0.88 ± 0.02) obtained by Chiaraluce et  al.  (2009) for 
almost the same earthquake catalog, with small variations due to catalog size and methods. The FMD for the 
whole TM-catalog reports a minimum MC = 0.2 and b-value = 1.19 with an uncertainty of ±0.03 (Figure S4 in 
Supporting Information S1). We benefited from the high-resolution of the TM-catalog to investigate the spatial 
distribution of the b-value (Section 4.2 and Text S4 in Supporting Information S1).

4. Results
The new TM-catalog consists of 5,070 earthquakes. The MC reduction with respect to the initial-relocated-cata-
log is equal to 0.4 (Figure S4 in Supporting Information S1). Similar works using TM detection techniques report 
MC reductions up to 1 unit of magnitude (e.g., Ross et al., 2019). In our case, the lower value is probably due to 
the already low MC of the initial-relocated-catalog depending on the dense seismic network geometry, the overall 
low level of the ambient noise in the region, and the careful setting of the input parameters for the STA/LTA 
detection algorithm (Valoroso et al., 2009).

4.1. Seismicity Pattern

High-precision locations for both the initial-relocated-catalog and TM-catalog (Figure 2) help reconstruct spati-
otemporal seismicity distribution in detail. This allows us to investigate the relationship between seismicity and 
water level changes in the Pertusillo lake and provides a reliable picture of the complex network of activated 
faults, exposing previously unknown fault segments.

The space-time distribution of the initial-relocated-catalog (Figure 2a) clearly shows that seismicity is organized 
in four distinct clusters, suggesting the progressive southward activation of C1–C4. Magenta-violet dots (days 
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0–60 of the experiment) mostly occur close to the PWR, while it is evident a change through greenish to reddish 
dots (day 260–420 of the experiment) away from the reservoir. The significantly larger number of events of the 
TM-catalog hampers the use of the color-coded palette as in Figure 2a; thus, we indicate the four clusters with 
four different colors (Figure 2b) while we describe their temporal distribution in detail in Figure 3. Here, we 
separate the contribution of each cluster and we plot diagrams showing the seismic rate (3-day-bins histogram), 
the cumulative number of events and the occurrence of M > 1.5 earthquakes.

To investigate the relationship between the water storage variations and the seismic release, we compare the four 
plots with the water level in the PWR starting from May 2005 (blue curve in Figure 3a). The water level curve 
shows an evident seasonal oscillation. A continuous decrease during fall-winter 2005 (A–B in Figure  3a) is 
followed by a rapid increase from November 2005 to January 2006 (B–C). After a break of about 40 days (C–D), 
the refill phase continues up to March 2006 when the highest level is reached (E). The water level remains at 
high values until mid-May 2006 (F), then it starts decreasing to reach the minimum value in November. During 
the fall-winter rapid refill phase, the lake level change reaches the large value of 14 m, which corresponds to a 
significant variation in the reservoir storage of about 74 million m 3 (i.e., about half of the maximum reservoir 
storage of 155 million m 3).

The number of events progressively decreases during the emptying phase (days 0–200 of the experiment) and 
abruptly increases following the rapid refill phase (around day 240). All diagrams remark a clear relation of the 
seismic rate with the lake level change: low-seismicity during the initial unloading phase (around days 1–90); 
very low seismic release when the lake level is low (days 90–210); increasing (days 210–270) and high seismic 
release (days 270–390) during the loading phase and when the water column is high. A similar annual trend 
characterizes the other episodes of intense seismicity monitored by sparser permanent stations (years 2003, 2004, 
2013, and 2014 in Figure 1d): high seismicity rates relate to high reservoir levels during the winter-spring stage, 
and vice-versa. Such a correlation is supported by statistical analysis of the long-term (2002–2012) PWR seis-
micity (Telesca et al., 2015).

The four clusters share the same general trend of increasing seismic rate following the rapid fall-winter refill 
phase (day 200), suggesting that all clusters can be interpreted in terms of RIS. However, there are significant 
differences. While the initial increase of seismicity that follows the refill phase is gradual for all clusters, C2, 
C3, and C4 are characterized by bursts of seismicity and by a main peak of activity during spring 2006 (see 
numbered arrows in Figure 3). The peak of activity is not simultaneous but it shows a delayed activation from 
C2–C4 (i.e., day 312 for C2; 348 for C3; and 366 for C4). In terms of number of earthquakes, C2 is the most 
productive, followed by C3, C4, and C1. Conversely, in terms of energy release, C3 is associated with the larg-
est number (11) M ≥ 1.5 events and by the occurrence of the two strongest events (M > 2.5), while C2 and C4 
have four and seven M ≥ 1.5 earthquakes, respectively. We show a detailed map and cross-section view of the 
initial-relocated-catalog and enhanced TM-catalog for the four clusters in Figures  4 and  5. To better define 
the geometry of the activated faults, we select 4,084 highly correlated earthquakes out of the total 5,070 whole 
TM-catalog, whose hypocentral locations are well-constrained by at least 200 P-waves and 200 S-waves delay 
times. These events represent 80% of the whole TM-catalog. To illustrate the kinematics of the activated faults we 
show 86 focal mechanism solutions computed by Improta et al. (2017) for the best located earthquakes (ML > 1 
and at least 8 P-wave first motion polarities) and tracing the rays in the 3D tomographic model. Fifty earthquakes 
(58%) have normal faulting kinematics (gray beach balls in Figures 4 and 5). The remaining events have either 
strike-slip (orange, 18 events for 21%) or transtensive kinematics (green, 18 events for 21%). Further details on 
the computation of the focal mechanisms are reported in Improta et al. (2017). We did not compute additional 
focal mechanisms for this paper, due to the very small magnitude of the newly detected events.

For each cluster, we describe the spatial seismicity distribution and kinematics.

Cluster 1 (C1): is the closest to the PWR. It extends for ∼4-km along strike (N110°E direction) between 1.5 
and 5.5 km depth. Initial-relocated-catalog seismicity occurs in two small spots, without highlighting any fault 
(sections 1–4 in Figure 4). Toward the Pertusillo lake, the enhanced TM-catalog (green dots) shows distributed 
seismicity that elongates between 3 and 5.5 km depth highlighting a NW-striking SW-dipping high-angle struc-
ture. This latter is associated with a ML2 earthquake at its base (section 7 in Figure 4). To the SW, a zone of 
diffuse seismicity develops between 1 and 5 km depth (sections 7–8). An isolated spot of seismicity is evident at 
the northwestern termination of the cluster, associated with a ML1.7 event (section 5). The few larger events have 
mostly normal faulting kinematics with NW-SE trending nodal planes.
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Figure 3. Histograms showing the number of events with time (3-day-bin) for each seismicity cluster. Solid lines represent 
the cumulative number of events versus time. Red stars are ML ≥ 1.5 earthquakes. For each cluster, numbered arrows outline 
the main peak of seismicity (see text for explanation). The top histogram also shows the water level in the Pertusillo water 
reservoir (data are from http://www.adb.basilicata.it/adb/ente.asp and are shown in meters above sea level).
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Figure 4. Detailed map and cross-section view of Cluster1 (panel a) and Cluster2 (panel b) seismicity. Cross-sections are spaced 500 m. For each cluster, the top panel 
shows the initial-relocated-catalog (red circles, whose size indicates the approximate source dimension, assuming a 3 MPa circular constant stress drop source) along 
with focal mechanism solutions for ML > 1 earthquakes. Gray, green and orange beach balls indicate normal, transtensive or strike-slip kinematics. The bottom panel 
shows 4,084 highly correlated earthquakes of the TM-catalog (see text for explanation), with green (C1) and orange (C2) dots. Stars indicate ML ≥ 1.5 earthquakes.
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Figure 5. Detailed map and cross-section view of Cluster3 (panel a) and Cluster4 (panel b). The description is the same reported for Figure 4.
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Cluster 2 (C2): extends for ∼1.5  km along-strike (N130°E direction) between 1.5 and 4  km depth. 
Initial-relocated-catalog defines a clear small plane that steeply dips to NE between 3.3 and 4 km depth (sections 
9–11 in Figure 4). TM-catalog shows a broader volume of seismicity between 2 and 4 km depth; within this 
volume, small alignments of events define a more complex network of oppositely dipping minor steep faults 
(sections 12–14). Focal mechanism solutions are prevailing normal faulting, coherent with the high-angle 
NE-dipping fault.

Cluster 3 (C3): extends for ∼2.5 km along strike (N110°E direction) between 1 and 4.5 km depth (Figure 5). 
Most events of the TM-catalog align along a clear NW-trending, SW-dipping high-angle fault that measures 4 km 
along dip. Such structure is illuminated only in part by the initial-relocated-catalog (sections 1–3). All the eleven 
ML > 1.5 events occur along this fault. At a closer look, the fault is structured into two segments: a shallower 
(<3.5 km depth) sub-vertical segment with prevailing E-W trending strike-slip focal solutions (section 2 of the 
initial-relocated-catalog and section 5 of the TM-catalog) and a deeper segment (75° to SW) with NW-trending 
extensional focal mechanisms.

Cluster 4 (C4): The TM-catalog defines a clear NNW-trending (N160°E) plane, dipping 55° to the NE (sections 
7–10 in Figure 5). This fault, ∼2-km-long along-strike and defined between 2.5 and 4 km depth, is pictured by 
the initial-relocated-catalog only for 0.8 km along strike and between 3.5 and 4 km in depth. Also in this case, all 
the largest events (seven ML > 1.5) occur along the fault. The focal mechanisms show prevailing normal faulting 
solutions in good agreement with the hypocenter alignments.

4.2. b-Value Distribution

We used the enhanced TM-catalog to investigate variations of the b-value of the FMD among the individual clus-
ters. The completeness magnitude of the four sub-catalogs varies between MC = 0.1 for C3 and C4 to MC = 0.3 
for C2. b-value varies between 1.19 and 1.54 (Figure S5 in Supporting Information S1).

We selected events with ML ≥ 0.4, the largest spatially observed MC (Figure S6 in Supporting Information S1), to 
compute the b-value spatial distribution with the aim of investigating whether the four clusters displayed differ-
ent characteristics that could give insights into their physical properties. We are aware that accurate estimates of 
the b-value parameter of the FMD are often hampered by the intrinsic uneven distribution of the seismicity in 
space and time, making the computation of this parameter a delicate issue (e.g., Marzocchi et al., 2020; van der 
Elst, 2021 and reference therein). Taking this in mind, we carefully tested the dimensions of the circular cells used 
for the computation, as well as the minimum number of events to validate the measurements within each single 
1.5-km-radius cell. Details of the procedure used to calculate the spatial pattern of b-value (Figure 6) are reported 
in Text S4 and Figures S6–S8 in Supporting Information S1.

Figure 6. The figure shows: (a) annual a-value, (b) b-value of the frequency-magnitude distribution. (c) Error in the 
estimation of the b-value, computed from 5,000 bootstrap resampling of each 1-km-radius circular cell (see text and Figure S7 
in Supporting Information S1).
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In map view, the b-value defines two main zones (Figure 6b): large to very large values (1.6–2) in the northwest-
ern sector and relatively low values (around 1.3) in the southeastern one (see also Figure S8 in Supporting Infor-
mation S1). High b-value volumes enclose clusters C1 and partially C2, while low b-value volumes enclose C3 
and C4. We underline that larger b-value characterizes the northwestern volume of distributed seismicity (C1 and 
partially C2), whereas lower b-value characterizes southeastern volume (C3 and C4) where seismicity clusters 
along fault planes and includes (relatively) larger earthquakes (Figures 4 and 5 for details).

4.3. Space-Time Seismicity Diagrams

We investigate possible preferential directions of migration of the seismicity by using space-time diagrams, 
obtained by projecting hypocentral locations on two vertical sections (Figure  7). Among different directions 
tested to highlight seismicity migration, we chose two directions (black lines in Figure 2b): (a) a 6.5-km-long 
NW-striking section (N145°) (Figure 7a) and (b) a 4.5-km-long orthogonal section (N55°E) aimed at illustrating 
possible seismicity migration away from the PWR (Figure 7b). We use these diagrams to investigate the seis-
micity migration velocity and to check whether the seismicity distribution showed a triggering-front parabolic 
envelope, typical of fluid-induced triggering mechanisms (i.e., Shapiro et al., 2003).

Figure 7. Two diagrams showing the spatiotemporal seismicity distribution projected along two orthogonal vertical 
cross-sections (black lines in Figure 2b). (a) Seismicity projected along a 6.5-km-long N145°E trending vertical section 
following the general trend of the four clusters (a–b line in Figure 2b); (b) Seismicity projected along a 4.5-km-long section 
(N55°E) orthogonal to the Pertusillo (c–d line in Figure 2b). Orange dashed lines in diagram (a) outline the very slow 
bilateral expansion of the C2 seismicity. Green, orange, light-blue and violet dots are for C1–C4 seismicity.
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Both diagrams confirm that C1 seismicity is almost randomly distributed in space and time (Figure 7a) while 
C3 and C4 share a strong space-time clustering of both M ≥ 1.5 shocks and lower magnitude seismicity, testi-
fied by the light blue and violet earthquake vertical alignments in Figure 7b. C2 shows a light slow bilateral 
NW-SE-trending migration (orange arrows in Figure 7a), whereas C1, C3, or C4 do not show clear migration 
directions. The subtle expansion of the C2 swarm since day 210 accounts for a very small velocity of 3  m/
day that we measured using a simple linear fit shown with orange arrows in Figure 7a. Interestingly, this low 
migration velocity coexists with repeated episodes of high seismic release (seismic bursts) lasting for a very 
short  time (<1 day), characterized by exceptionally fast migration velocity in the order of km/day (i.e., orange 
vertical stripes in Figure 7), separated by more quiescent phases. These bursts activate multiple minor faults of C2 
(cross-sections 12–14 in Figure 4). A similar seismicity pattern characterizes C4 during the main peak of activity 
(violet dots in Figure 7).

The space-time diagrams confirm the lack of clear hypocenter spreading from the Pertusillo reservoir to the RIS 
area. In addition, a pressure diffusion model does not fit the short seismic-bursts with velocity in the order of km/
day or the very slow expansion of the C2 swarm, with migration velocities of 3–6 m/day. These low velocities 
would imply exceptionally low hydraulic diffusivity, in contrast with the high permeability of the Apulian frac-
tured carbonate reservoir (k in the order of 10 −13–10 −15 m 2; Improta et al., 2017).

5. Discussion
We processed 13-month of continuous data from a dense temporary experiment in the Val d'Agri area by combin-
ing TM and double-difference methods. We first computed high precision double-difference relative locations 
for the initial-relocated-catalog and we used 408 selected earthquakes as templates. Then, we obtained a new 
high-precision TM-catalog of 5,070 earthquakes significantly larger than the initial-relocated-catalog processed 
with standard (STA-LTA) detection methods. Both catalogs allowed us to better reconstruct the seismicity 
pattern, the fault architecture and to investigate spatial changes in the b-value parameter of the FMD, fostering a 
better interpretation of the activated structures with respect to previous studies.

In the following sections, we will discuss our results in comparison with subsurface geological models and other 
seismological observables such as Vp and Vp/Vs tomographic models of the area. We aim at investigating how 
physical and hydraulic properties of the subsurface influence the seismicity distribution, allowing us to better 
interpret the observed space-time seismicity distribution and to give insights on the PWR seismicity.

5.1. Pre-Existing Subsurface Structure Control on the RIS Distribution

Previous works (Improta et al., 2017; Stabile et al., 2014) interpreted the PWR induced seismicity as due to the 
activation of the Monti della Maddalena NE-dipping normal-fault system, based on the seismicity spatial distri-
bution and kinematics (Figure 1). Field geologic data and shallow geophysical surveys show that this fault system 
is composed of NW-SE trending active fault-splays dipping around 60° to the NE (Improta et al., 2010; Maschio 
et al., 2005). Faults illuminated by the TM-catalog do not reconcile with these seismotectonic interpretations. 
Instead, we provide evidence of a complex architecture of blind faults with opposite dipping directions (NE- and 
SW-dipping), higher dip angles (from 65° to subvertical) and with strike directions that are oblique to the Monti 
della Maddalena fault system, as for the C4 NNW-SSE fault (strike N155°–160°, C4 in Figure 5). In particular, 
we note that the largest illuminated fault (C3) dips to the SW, in contrast with the NE-dipping geometry of the 
Monti della Maddalena fault segments.

These findings spur a revision of the subsurface structure to investigate the relationship between RIS and geolog-
ical structures. We compare the high-precision TM-catalog with a structural model the Inner Apulian Platform 
constrained by subsurface data (La Bruna et  al.,  2018; Nicolai & Gambini,  2007) and with Vp and Vp/Vs 
tomographic models of the Apulian reservoir (Improta et al., 2017). The former give constraints on the morphol-
ogy of the top of the Apulian carbonates and on the geometry/kinematics of faults dissecting the carbonates 
(Figure  8a), the latter give insights into the physical properties of the Apulian aqueous reservoir (lithology, 
fracturing, pore-fluid pressure). The tomographic models are parametrized by a 2 × 1 km node spacing horizon-
tally and vertically, respectively, and well resolved down to 5 km depth. High-precision earthquake locations are 
projected onto the 3-km-depth horizontal layer and two vertical sections in Figures 8b and 8c.

To the southwest of PWR, the Apulian carbonates are deformed by the broad ramp anticline of the Castel-
lana Trend (Pugliese et  al.,  2011) developed during the Late Pliocene-Early Pleistocene contractional phase 
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Figure 8.
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(Figure 8a). This structure relates to a main blind thrust fault reported by Nicolai and Gambini (2007) that strikes 
NW-SE and steeply dips to the southwest. The top of the Apulian carbonates is deeper than 3 km (b.s.l.) in the 
fault footwall and rapidly rises to about 1.4 km depth along the fold crest (Figure 8a). The frontal thrust has a 
clear signature in the tomographic model (section 1 in Figure 8c): the footwall block corresponds to an evident 
low-Vp anomaly (Vp < 5 km/s), while the fold forelimb corresponds to a high-Vp bump elongated in the NW-SE 
direction with Vp values typical of fractured Cretaceous-Miocene limestones (Vp  =  5.6–6.0  km/s; Improta 
et al., 2017). Below 4 km depth, the frontal thrust marks an evident lateral heterogeneity, with Vp increasing 
from 6.0 to 6.5 km/s, that we interpret as very-high velocity Jurassic-Triassic dolomites of the Apulia Platform 
(see Improta et al., 2014, 2017; Trippetta et al., 2010) tectonically juxtaposed above the limestones.

Under the crest of the ramp anticline, the Apulia Platform is characterized by anomalous Vp values of 4.8–5.4 km/s 
that define a velocity sag (Figure 8c). Seismic reflection profiles and deep well data document a considerable 
thickening of Messinian coarse-grained turbidites that stratigraphically cover the shelf limestone in this area 
(Finetti et al., 2005; La Bruna et al., 2018; Van Dijk et al., 2000). The Messinian clastic sequence has thickness 
>600 m, low Vp values around 4.5–5.0 km/s, and was interpreted as the infill of a foreland basin developed 
during the southward flexure of the Apulia Platform, in response to the hinge-retreat of the Adria plate (La Bruna 
et al., 2018). The basin development was controlled by a set of conjugate high-angle extensional faults, reacti-
vated as transpressive sinistral faults striking NW-SE (Figure 8a and orange lines in Figure 8c) during the Late 
Pliocene—Early Pleistocene compressive phase (La Bruna et al., 2018; Mazzoli et al., 2014; Van Dijk et al., 2000). 
We therefore interpret the low-Vp sag at the top of the Apulia Platform to represent the fault-controlled Messinian 
basin reported by La Bruna et al. (2018) (the basin is defined schematically by a dashed yellow line in Figure 8c).

The Vp/Vs model gives further insights into the physical properties of the Apulian carbonates. An anomalous 
region of very-high Vp/Vs (up to 2.02) encompasses the frontal thrust and the anticline forelimb (Figure 8b and 
section 1 in Figure 8c). We interpret this region as a zone of diffuse deformation, where a pervasive network 
of fractures and small faults is associated with the thrust activity. The exceptionally high Vp/Vs also indicates 
brine-saturated carbonates with high fracture permeability. This interpretation agrees with the strong crustal 
anisotropy found in this area by Pastori et al. (2009, 2015), with dominant fast polarization direction striking from 
WNW-ESE to NW-SE and large values of the average lag-time (Figure 2a).

Relatively low Vp/Vs (1.82–1.88) characterize instead the southern sector, which corresponds to the anticline 
backlimb, and the deep part of the Apulia Platform (>4 km depth). The remarkable lateral Vp/Vs variation trends 
NW-SE (Figure 8b) and has values that increase rapidly from 1.82 to 2.02 over a 3-km distance range (section 1 
in Figure 8c). Such relatively low Vp/Vs, which coexist with high Vp in the 6.0–6.4 km/s range, likely reflects a 
change in the physical and hydraulic properties of the carbonates, presumably related to a less pervasive network 
of fractures and small faults away from the main thrust fault of the Castellana Trend.

The PWR seismicity is almost exclusively located within the Apulian carbonates and clearly relates to inherited 
faults of the Castellana Trend (Figure 8). Cluster C1 is within the very-high-Vp/Vs region. The strip of distrib-
uted seismicity, striking NW-SE and dipping SW, can be related to the frontal thrust (section 1 in Figure 8c). The 
diffuse and shallower seismicity, that is evident in the 3-km-depth layer, is confined in the forelimb of the ramp 
anticline. The absence of clear event alignments (i.e., on-fault seismicity) is consistent with the hypothesis of 
diffuse rock-fracturing affecting this strongly deformed sector of the Apulia Platform.

The subvertical cluster C2 develops in the anticline backlimb and matches the low-Vp structure related to the 
fault-controlled Messinian basin (section 1 in Figure 8c). The earthquake distribution suggests a link with the 

Figure 8. (a) Structural map of the top of the Inner Apulian Platform in the study area. The contour map is based on: (a) the regional structural model of the 
Apulian Platform of Nicolai and Gambini (2007) modified with some local data (Improta et al., 2017; and references therein); (b) the subsurface models of La Bruna 
et al. (2018) for the southern sector. The blue circle denotes the Castellana 1 (CA) well. Black lines indicate the two vertical cross-sections shown in panel (c). (b) Vp 
and Vp/Vs depth slices (2–5 km depth) in the study area extracted from the high-resolution local earthquake tomography model of Improta et al. (2017). The thick blue 
line delimits the well-resolved sector of the model with values of the (Spread Function < 2). White dots are double-difference relative locations of the TM-catalog. 
Black rectangles delimit the four seismicity clusters. (c) Earthquake hypocenters projected on two Vp and Vp/Vs sections (section 1 includes clusters 1–2, section 
2 clusters 3–4). Main structures of the Inner Apulia Platform are schematically reported on the velocity cross-sections. The top of the Apulian unit (yellow line) is 
extracted from the top contour map shown in panel (a). Position, dip and kinematics of the Apulian structures are constrained by: (a) the structural model of Nicolai 
and Gambini (2007) for Late Pliocene reverse faults (red lines), (b) data of La Bruna et al. (2018) and Van Dijk et al. (2000) for the Messinian foreland-basin faults 
reactivated with sinistral strike-slip kinematics during Early Pleistocene (orange lines). The dashed yellow line schematically represents the bottom of the Messinian 
foreland basin constrained by the CA well and corresponding to low-Vp velocities. The thick blue lines delimit well-resolved regions (Spread Function <2.0) of the 
velocity model. Earthquakes are projected within ±250 m distance from the sections.
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inherited basin-bounding fault system: its NW-SE trend is coherent with the faults strike, while seismicity seems 
to delineate a system of oppositely dipping minor faults (Figure 4) that mimics the conjugate steep faults imaged 
by seismic reflection profiles (La Bruna et al., 2018). C2 bounds to the SW the very-high Vp/Vs anomaly and the 
hypocenter distribution follows the strong lateral Vp/Vs heterogeneity.

Both C3 and C4 clearly relate to blind faults cutting the Apulian carbonates. The C3 on-fault seismicity matches 
a subsidiary reverse fault that splays from the frontal thrust (section 2 in Figure 8c). This provides compelling 
evidence of re-activation and tectonic inversion of an inherited NW-striking thrust fault favorably oriented for 
failure in the NE-SW extensional stress field. In the earthquake zone, Vp/Vs weakly decreases from 1.92 to 1.86 
toward the south (Figure 8b). C3 seismicity dies out in correspondence with the top of the Apulian carbonates, 
tightening RIS nucleation to the physical properties of the reservoir and seal rocks. Coherently to what reported 
by Improta et al.  (2017) for fluid-injection induced seismicity, we reckon that seismic slip above the Apulian 
limestones is inhibited by the ductile rheology of the cap-rock clayey formation.

The C4 on-fault seismicity matches a structure that may belong to the Messinian basin-bounding system (section 
2 in Figure 8c). This interpretation is also supported by the NNW-SSE orientation of C4 that is coherent with the 
rotation of the Apulian transpressive structures from NW-SE to NNW-SSE in the southern region (Figure 8a). C4 
seismicity is located within a zone of relatively low Vp/Vs (1.84–1.86) (Figures 8b and 8c).

5.2. Rock Physical Properties and b-Value Distribution

Numerous studies report a wide range of b-values worldwide, highlighting its relationship with tectonic stress 
(Amorèse et al., 2010; Schorlemmer et al., 2005). In general, high b-value characterize lower-magnitude (i.e., 
small size ruptures) sparse seismicity associated to diffuse fracture networks, while low b-value are observed 
along well-developed faults where larger patches can slip seismically. Also, low b-value pinpoints highly stressed 
portions of the crust such as fault asperities, as reported for the 2009 L'Aquila sequence (De Gori et al., 2012; 
Gulia et al., 2016; Sugan et al., 2014), the 2012 Pollino swarms (Passarelli et al., 2015) in the Apennine belt, as 
well as during other foreshock-aftershock sequences worldwide (Gulia and Wiemer, 2009; Van der Elst, 2021). 
The same behavior has been observed during laboratory experiments showing a systematic b-value decrease 
when the stress increases before main slipping events (e.g., Goebel et al., 2012) or during hydraulic fracturing 
underground experiments (De Barros et al., 2016; Villiger et al., 2020).

In a recent paper on the 2016 Mw6.5 Central Italy sequence, Collettini et al. (2022) reports on the key role played 
by the lithology and rheological behavior of carbonate rocks, similar to those of the Apulian units, in the space-
time distribution and b-value of aftershocks. The authors found that on-fault low-b-value seismicity correlates 
to zones of localized brittle deformation associated with large normal faults. Conversely, off-fault high-b-value 
distributed seismicity correlates to zones of diffuse deformation characterized by widespread networks of frac-
tures and small faults.

Our survey unravels significant spatial variations of the b-value (Figure 6): a high b-value region (>1.6) encloses 
clusters C1 and partially C2, while areas of relatively low b-value (around 1.2) enclose C3 and C4. We observe 
a general correlation between the spatial pattern of b-value, Vp/Vs heterogeneities and seismicity distribution, 
suggesting a key role of rock physical properties in controlling the PWR seismicity.

In the northwestern region, high to very-high b-values (>1.6) coexist with high Vp/Vs and distributed seismicity 
(Figure 8b). This reconciles with the interpretation proposed in the previous section for C1: seismicity spreads 
in a zone of diffuse deformation characterized by a pervasive network of distributed fractures and small faults 
developed in the anticline forelimb and related to hundred-of-meters-thick fault zones (red lines in Figure 8c). 
The activation of distributed faults and fractures is likely favored by high pore fluid pressure in the fractured 
carbonates, as suggested by the very-high Vp/Vs (up to 2).

In the southeastern region, lower b-values (about 1.2) and Vp/Vs (1.8–1.9) characterize the C3 and C4 on-fault 
seismicity (Figures 8b and 8c) that illuminates km-scale pre-existing faults of the Apulian thrust-belt. Larger 
events (ML > 2.0) rupture asperities with source dimensions in the order of 100–400 m (Zoback & Gorelick, 2012), 
reflecting localized rock fracturing along major faults in the Apulian carbonates. C2 shows an intermediate 
behavior with respect to the end-members C1 and C3–C4. Seismicity spreads over a region wherein both the 
b-value and Vp/Vs rapidly increase northeastward (Figures 6, 8b, and 8c). Such a variability is consistent with 

 21699356, 2023, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

025879 by C
ochraneItalia, W

iley O
nline L

ibrary on [17/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

VALOROSO ET AL.

10.1029/2022JB025879

17 of 22

the complex seismicity pattern that suggests the re-activation of minor faults within well-developed fracture 
networks.

5.3. Driving Mechanism of the Pertusillo Reservoir Induced Seismicity

The physical mechanism underlying the Pertusillo RIS is still not well understood. Water level variations in a 
lake produce volumetric and shear deformations that can affect the hydraulic and mechanical properties of the 
rock volume and induce pore-fluid pressure transients, modulating seismicity rates (Talwani, 1997; Gupta, 2022; 
among others).

To date, three main physical mechanisms have been proposed in literature for anthropogenic induced seismic-
ity (Schultz et  al., 2020 and reference therein). The first simpler mechanism is related to pore-fluid pressure 
increase and diffusion through conductive pathways. The increase of pore-fluid pressure reduces the effective 
normal stress along faults or fractures until they reach the point of failure. This mechanism requires a direct 
hydraulic connection between the source of pressure perturbations and the volume where seismicity takes place. 
As examples, protracted RIS associated with the Itoiz water reservoir (Spain) developed in karst terranes has 
been interpreted as directly triggered by fluid diffusion within high-permeability fault-zones (Dura-Gomez & 
Talwani, 2010), while the initial seismicity linked to the giant Three Gorges Reservoir in China has been related 
to water infiltration through major faults and fractured carbonates (Zhou et al., 2017). A clear example of RIS 
migrating along a fault is reported for the Acu reservoir (Brazil) by El Hariri et al. (2010). Based on accurate 
locations of weak events, these authors were able to pinpoint location of a shallow fault that acts as an effective 
fluid pathway underneath the reservoir and to infer fracture permeability through hydraulic diffusivity modeling.

The second mechanism is based on the poroelastic stress transmission model (e.g., Segall & Lu, 2015) in which 
seismicity is triggered by means of a coupled effect of pore pressure and elastic stress increase in the rock fabric. 
This mechanism does not require a direct hydraulic connection between the source region and the area where 
seismicity develops, accounting for seismicity rate changes away from the artificial lake and/or where fluid 
diffusion is inhibited by low permeability rock volumes. Poroelasticity has been used to model seismicity rate 
changes due to water reservoir loading or level changes (e.g., Kusalara & Talwani, 1992; Reoloffs, 1988; Rinaldi 
et al., 2020) and to suggest a clock-advance triggering effect for the 2008 Mw7.9 Wenchuan earthquake (China), 
located 12 km from the Zipingpu reservoir (Tao et al., 2015).

The third mechanism invokes a combination of poroelastic stress and aseismic slip, accounting for numerous 
observations reporting imbricated seismic and aseismic deformation released along fluid pressurized fractures 
and faults (e.g., Cornet et al., 1997; Guglielmi et al., 2015; De Barros et al., 2020; Eyre et al., 2020). This mech-
anism has never been invoked for RIS so far.

The joint interpretation of all data shown in this paper, that is, seismicity pattern, b-value, structural and velocity 
models, furnish us hints to improve understanding of the mechanisms underlying the Pertusillo RIS. Our data 
rule out the first hypothesis based on pore-fluid pressure diffusion along conductive pathways. Indeed, there is 
no evidence of seismicity migration compatible with fluid pressure diffusion along pathways connecting the 
PWR and the zones where RIS takes place, nor along the single blind faults illuminated by event alignments 
(Section 4.3). Besides, the pile of low-permeability clayey and siliciclastic sequences at different structural levels 
(Hager et al., 2021; La Bruna et al., 2018) below the PWR hinders the existence of effective hydraulic pathways 
that could connect the lake floor to the RIS volume.

Our observations point to a more complex physical mechanism underlying the RIS explained by a delayed poroe-
lastic stress change due to the significant gravitational loading/unloading phases that progressively involves the 
strongly fractured and brine-saturated Apulian carbonates. The delayed and progressive activation of the seis-
micity clusters away from the lake agrees with a mechanism of propagation of strain and stress changes away 
from the source of gravitational load. The spatial distribution of the resulting stress is influenced by local varia-
tions in physical and hydraulic properties of the carbonate reservoir. Low b-value seismicity re-activates inher-
ited faults favorably oriented for slip in the present-day extensional stress field, breaking earthquake-prone fault 
asperities (C3 and C4), whereas high b-value seismicity relates to pervasive fracture networks developed within 
brine-saturated carbonates characterized by high Vp/Vs (C1 and partially C2). These observations agree with the 
recent poroelastic modeling of Rinaldi et al. (2020) that well explains the long-term PWR seismicity in terms of 
poroelastic deformation associated with seasonal variations of the reservoir storage. According to their model, 
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the seasonal level variations of the lake can produce an increase in Coulomb failure stress of 0.05–0.5 bar in the 
source volume of RIS for NW-SE trending faults with extensional kinematics, hence comparable to those identi-
fied in our study. Such stress values are larger than those proposed for triggering seismicity, from both natural or 
anthropogenic sources, that is, earth tides, groundwater recharge of large karst aquifers or anthropogenic sources 
(Cochran et al., 2004; D'Agostino et al., 2018; Keranen et al., 2014; among others).

In addition to the proposed driving mechanism, we recognize possible evidence of aseismic slip deformation in 
triggering part of the seismicity. Indeed, the observed seismicity distribution is often organized in vertical stripes 
alternating fast seismic bursts that do not follow a diffusive behavior (i.e., orange and violet stripes in Figure 7), 
with more quiescent phases. Following recent works (De Barros et al., 2020, 2021; Fischer & Hainzl, 2021), 
these fast-growing streak episodes might indicate aseismic slip episodes along high-critically stressed faults. 
We speculate that these aseismic episodes, followed by earthquake-earthquake interactions, might be a plausible 
interpretation for the PWR seismicity, reactivating well-developed fault-zones of large, inherited thrust faults 
within the fluid-saturated Apulian carbonates.

Our results confirm the importance of mapping the complex interaction among stress changes caused by human 
activity, pre-existing faults and local stress field in the assessment of the hazard posed by the induced seis-
micity. In this perspective, we provide key information for detailed geomechanical modeling of the Coulomb 
stress changes associated with the gravitational lake loading/unloading on the newly accurately defined optimally 
oriented faults.

A final observation regards the mounting evidence suggesting that crustal microseismicity can be modulated by 
significant seasonal changes in continental groundwater storage (Johnson et al., 2017; among others). For the 
Pertusillo related seismicity, we can exclude the contribution of possible large karst aquifers hosted in thick plat-
form carbonate sequences that could trigger seasonal microseismicity, as observed in the Campania Apennines 
(D'Agostino et al., 2018) or eastern Alps (Pintori et al., 2021). Platform carbonate thrust sheets do not outcrop 
where the Pertusillo RIS takes place but to the NW and SE (Figure 1a). In addition, the carbonate units have a 
limited extension and/or thickness that could not host large karst aquifers as those investigated by D'Agostino 
et al. (2018) and Pintori et al. (2021).

As a final comment, we acknowledge that our study is based on a short-time-window (i.e., 13-month-long) dense 
passive survey. Unfortunately, longer time-window catalogs, that is, the 2001–2014 revised catalog of Improta 
et al. (2017), use data from sparse monitoring stations resulting in a seismic catalog characterized by complete-
ness magnitude and location accuracy, not adequate to perform high-resolution analysis of the long-term seismic-
ity. Additional studies covering more seasonal loading/unloading reservoir cycles can be carried out in the future 
by using a recently installed seismic local network (Stabile et al., 2020).

6. Conclusions
We computed a high-precision enhanced earthquake catalog of the Pertusillo lake RIS by using TM and 
double-difference methods. The new TM-catalog consists of 5,070 events, a 10-fold increase with respect to 
the initial-relocated-catalog. The combined interpretation of the spatiotemporal seismicity pattern, the b-value 
spatial distribution, together with geological and seismic tomography models of the upper crust allowed us to 
reconstruct the geometry of the activated faults and to give insights into the physical and hydraulic properties of 
the rock volume where RIS takes place.

Our main conclusions can be summarized as follow:

1.  Seismicity is organized in four distinct clusters, showing a progressive southward activation in response to 
loading/unloading phases of the Pertusillo reservoir. Almost all earthquakes nucleate within the fractured 
Apulian aqueous carbonate reservoir. Distributed seismicity relates to pervasive fracture networks, whereas 
on-fault seismicity re-activates and invert reverse and transpressive faults of the Late Pliocene-Early Pleisto-
cene shortening phase. These faults are favorably oriented to slip in the present-day extensional stress regime. 
The newly imaged km-scale fault segments were missing or only partially illuminated by previously available 
seismic catalogs. Thus, our results provide key insights about the complex fault system activated by RIS.

2.  We do not find clues of a link between the faults illuminated by RIS and the Monti della Maddalena exten-
sional fault system (Figure 1), quoted as the main seismogenic structure of the region by some authors (Burrato 
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& Valensise, 2008; among others). Investigating the relationship between this exposed normal-fault system 
and the inherited blind thrust faults within the Apulian carbonates would require a careful re-interpretation of 
seismic commercial profiles (proprietary), which is not the aim of this paper. Nevertheless, earthquakes define 
a complex, about 8-km-long fault system that clearly represents a potential source of moderate earthquakes 
(e.g., the C3 fault has a source dimension of 4-km along-dip and 2-km along-strike corresponding to earth-
quakes in the range M = 3.8–4.5 (Zoback & Gorelick, 2012)).

3.  The spatial distribution of the b-value presents significant variations, with values ranging from 1.2 to 2.2, that 
we relate to the physical properties of the Apulian carbonate reservoir (rock fracturing, pore-fluid pressure). 
A region of high- to very-high b-value (>1.6) and distributed seismicity reasonably map volumes of diffuse 
deformation, where pervasive networks of fractures and small faults develop in brine-saturated carbonates 
(i.e., the very-high Vp/Vs zone). On the contrary, (relatively) low b-value (1.2) points to zones of localized 
“on-fault” deformation characterized by low Vp/Vs. Here, low-magnitude seismicity and (relatively) larger 
events (ML > 2) collapse along pre-existing km-scale steep-dipping faults, rupturing critically stressed fault 
asperities (e.g., Gulia & Wiemer, 2019; among others).

4.  We shed light on the primary role exerted by the pre-existing fault structure, stress field and physical/hydrau-
lic properties of the Apulian carbonates on the seismic release, giving valuable information on the physical 
mechanism behind the RIS. The blind faults illuminated by RIS have experienced multi-phase deformation 
and currently slip with extensional kinematics in response to stress perturbations induced by the seasonal vari-
ations of the water reservoir storage. We therefore speculate that fracture network characteristics control the 
seismicity behavior (i.e., b-value) as observed for hydrofracturing/hydroshear laboratory tests and aftershock 
sequences (Collettini et al., 2022; Goebel et al., 2017; Villiger et al., 2020; among others).

5.  The space-time earthquake migration is not compatible with a fluid diffusion mechanism along permeable 
pathways (i.e., faults) connecting directly the lake with the RIS volume. All observations suggest that a poroe-
lastic stress transmission mechanism is the most suitable to explain the Pertusillo induced seismicity in agree-
ment with other RIS case studies (Reoloffs, 1988). We also recognize interesting seismicity patterns, that is, 
fast-growing streak episodes suggesting aseismic slip episodes along high-critically stressed faults (De Barros 
et al., 2020, 2021; Fischer & Hainzl, 2021).

Our results confirm the importance of understanding the complex interaction among stress changes caused by 
human activity, pre-existing faults and local stress field in the assessment of the hazard posed by the induced seis-
micity. In this perspective, our study yields key information for future geomechanical modeling of the Coulomb 
stress changes associated with the gravitational lake loading/unloading.
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