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SUMMARY

The NW-SE trending Val d’Agri extensional basin is one of the regions in Italy with the
highest seismogenic potential. Field data do not univocally define which of the fault systems
bordering the basin on the two opposite sides is accommodating the active deformation.
In this study, we detect and locate, by using an automatic picking procedure, almost 2000
low-magnitude earthquakes (—0.2 < M < 2.7) recorded by a dense network during a 13-
months-long seismic experiment. Events are mostly located along the southwestern flank of
the basin. To the south, intense swarm-type microseismicity defines a major cluster ~5 km
wide from 1 to 5 km depth. To the west, a clear alignment of events, characterized by normal
faulting kinematics, defines a NE-dipping normal fault between 1 and 6 km depth. The upward
continuation of this structure, ~5 km long, matches a mapped active normal fault recognized

by field and palacoseismological surveys.
A temporal correlation found between the intense swarm-type microseismicity and the
water level changes in the nearby artificial Pertusillo lake suggests that this seismicity is

reservoir-induced.

Key words: Earthquake interaction, forecasting, and prediction; Seismicity and tectonics;

Fractures and faults.

1 INTRODUCTION

Quaternary crustal extension in the southern Apennines (Italy)
has been accommodated by NW-trending high-angle normal faults
(Fig. 1). Most of these faults show a south-westerly sense of exten-
sional displacement and have mature morphologic and structural
features, similar to a classical range-bounding faulting model (e.g.
Basin & Range Province; Wallace 1984). However, coseismic fault-
ing has occurred on NE-dipping structures, which do not have clear
morphological expression at the surface (e.g. 1980 Irpinia M 6.9
normal-faulting earthquake, Pantosti & Valensise 1990).

Normal faults in the Apennines are superimposed onto compres-
sive structures developed during Miocene—Early Pleistocene short-
ening (Patacca et al. 1990), which still remain the main features
that modelled the landscape and the crustal structure (Pantosti &
Valensise 1990; Menardi Noguera & Rea 2000; Mazzoli et al. 2000;
Butler et al. 2004; Shiner et al. 2004). Consequently, in many cases,
field data and subsurface seismic imaging do not have the resolution
to identify the faults that accommodate the present-day extension
and that are responsible for large destructive earthquakes (Mazzotti
et al. 2000; Valensise & Pantosti 2001).
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Difficulties in understanding the geometry of the major active
faults is typified in the Val d’Agri basin, where the 1857 M7.0
earthquake is attributed to the eastern (Eastern Agri Fault System,
EAFS in Fig. 2; Benedetti ef al. 1998; Cello et al. 2003; Barchi
et al. 2006) or, alternatively, to the western fault system (Monti
della Maddalena Fault System, MMFS in Fig. 2; Maschio et al.
2005; Burrato & Valensise 2008).

In regions similar to the Val d’Agri basin, where active faults
imaging is a difficult task, a dense seismic survey can be a powerful
tool to image active faults with microseismicity data (Eberhart-
Phillips & Michael 1993; Thurber e al. 2004; Waldhauser et al.
2004; Chiaraluce et al. 2007; among many others). The use of
local networks allows for decreasing the magnitude threshold for
earthquake detection and obtaining high-resolution hypocentral lo-
cations. This is a pre-requisite to accurately investigate the be-
haviour of the low-magnitude seismic activity and to unravel fault
geometry at depth (Rigo et al. 1996; Hatzfeld er al. 2000; Bagh
et al. 2007).

In this paper, we investigate the geometry and kinematics of
the Val d’Agri normal fault systems by earthquake distribution.
We use about 2000 low-magnitude microearthquakes, automatically
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Figure 1. Map of the Southern Apennines seismic belt (see geographic location in the inset). Small black dots are the instrumental seismicity recorded
by the Centralised National Seismic Network (RSNC) during the past 20 yr (Castello ef al. 2006). White squares indicate historical seismic events with
magnitude greater than 6.0 (from CFTI Boschi ez al. 2000). The M 6.9 Irpinia earthquake focal mechanism solution is also reported (from the Harvard CMT

Catalogue).

detected and pre-processed from the acquired data, to obtain earth-
quake locations and focal mechanisms and to investigate the space-
time distribution of seismicity.

In several cases, small to moderate earthquakes have been associ-
ated with the poroelastic response of the crust to water level changes
in reservoirs (Gupta et al. 1972; Gupta 1983, 1985; Simpson ef al.
1988; Talwani 1997 and reference therein) or oil exploitation wells
(Talebi et al. 1998; Zoback & Zinke 2002; Phillips et al. 2002;
Ottemoller et al. 2005). The presence, in the Val d’Agri, of one of
the most important on-shore European oil field (see productive wells
in Fig. 2) and of arelatively large water reservoir (the Pertusillo Lake
Dam, Fig. 2) can modify the seismic release and the occurrence of
small to moderate earthquakes. Thus, we investigate the temporal
and/or spatial relation between recorded seismicity and the human
activities developed in the basin, to take into account the possible
interpretation of the microseismicity as induced by the Pertusillo
reservoir Dam and/or by exploitation of the Val d’Agri oil field.

2 SEISMOTECTONIC SETTING
OF THE VAL D’AGRI BASIN

The Val d’Agri is a Quaternary intermountain basin, located in the
axial zone of the Southern Apennines fold and thrust belt (Fig. 1).
The upper crust is characterized by a complex pattern of thrusts,
folds and normal faults reflecting the superposition of two main
tectonic phases. Following Miocene—Early Pleistocene shortening
responsible for the growth of the Southern Apennines thrust belt
(Patacca et al. 1990; Menardi Noguera & Rea 2000; Catalano
et al. 2004), the axial zone underwent NE-SW trending extension
(Hippolyte et al. 1994). The bulk of Quaternary extension has been
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accommodated by major NW-trending transtensional and normal
faults systems, which cross-cut the pre-existing contractional struc-
tures and, nowadays, bound large intermountain basins (Cinque et al.
1993). Focal mechanisms of moderate-large events (Gasparini et al.
1985; Westaway & Jackson 1987; Pondrelli et al. 2002), breakouts
from deep wells (Amato & Montone 1997) and geodetic data (Hun-
stad et al. 2003; Ferranti et al. 2008) document that the NE-SW
extension is still active, at a rate of 2-3 mm yr~'.

Crustal seismicity recorded in the Southern Apennines during the
last three decades concentrates within a 30-50 km wide and 15 km
thick seismic belt along the axis range (Amato et al. 1997; Chiarabba
et al. 2005; Fig. 1). Seismicity occurs either along the major seis-
mogenic structures, such as the Irpinia Fault, which slipped during
the 1980 Ms6.9 normal-faulting event, or at the boundary between
adjacent fault segments of the active belt (Fig. 1). The continuity of
the seismic belt is interrupted by two regions of scarce seismicity
corresponding to the Sannio-Irpinia boundary and to the Val d’Agri
area (Fig. 1).

Within and around the Val d’Agri basin, two main destructive
events occurred in 1561 (Me 6.5) and in 1857 (Me 7.0; Boschi et al.
2000; Fig. 1). The macroseismic epicentre of the 1857 event, which
struck the Val d’Agri, killing over 11 000 people (Branno et al.
1983), is localized just in the central part of the basin (Fig. 1). On
the other hand, instrumental seismicity recorded in the Val d’Agri
region in the past 20 yr is low and sparse (Chiarabba et al. 2005;
Fig. 1). Only two small seismic swarms were recorded in 1996
April-June and 2002 February—December, during temporary re-
gional passive surveys. The first swarm, accurately investigated by
Cucci et al. (2004), was characterized by low-magnitude events
(M4 = 1.8-3.4), to the south of the basin at 2—7km depth. The
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Figure 2. The Val d’Agri seismic network (blue solid triangles) along with stations of the Centralised National Seismic Network (RSNC; black solid squares)
and of the Ente Nazionale Idrocarburi (ENI; black triangles) network. Red dots represent the location of 1994 earthquakes analysed in this study. Quaternary
normal faults are from Maschio et al. (2005); EAFS, eastern Agri Fault System; MMFS, Monti della Maddalena Fault System. The location of the Pertusillo
Lake is also reported. Black dots represent the location of productive wells of the Val d’Agri oil play redrawn from Holton (1999) and from the UNMIG Well
Database available at http://unmig.sviluppoeconomico.gov.it/unmig/pozzi/pozzi.asp.

second swarm consists of very few earthquakes with magnitudes
ranging between 2.2 and 3.2, clustering to the south of the Agri
basin as well (Frepoli et al. 2005).

Seismogenic structures have been mainly proposed based on sur-
face geologic and geomorphologic data (e.g. Cello et al. 2003;
Maschio et al. 2005). The geometry and seismogenic potential of
these structures are debated, and two opposing seismotectonic mod-
els have been proposed. Most authors (Benedetti ez al. 1998; Cello
& Mazzoli 1999; Borraccini et al. 2002; Cello et al. 2003; Barchi
et al. 2006) consider a morphologically evident NW-trending and
SW-dipping normal-fault system, bordering the basin to the east, as
the main seismogenic structure (EAFS in Fig. 2).

Conversely, other investigators (Valensise & Pantosti 2001;
Maschio et al. 2005; Burrato & Valensise 2008) ascribe the seis-
mogenic potential of the area to a fault system located along the
Monti della Maddalena ridge to the west of the basin (MMFS in
Fig. 2). Maschio et al. (2005) proposed a poly-phase tectonic evolu-
tion of the basin. The EAFS played a primary role up to the Middle
Pleistocene. According to Maschio et al. (2005), tectonic activity
then shifted westwards within the Monti della Maddalena ridge,
where the authors mapped a NW-trending and NE-dipping active
normal-fault system (MMFS in Fig. 2) by means of morphostruc-
tural investigations.

3 THE SEISMIC SURVEY

Starting from 2005 May and for a period of 13 months, 23 con-
tinuously recording seismic stations were operating in the axial
sector of the Lucania Apennines, within an area of about 1600 km?
(blue solid triangles in Fig. 2). The investigated region includes,
from east to west, the Val d’ Agri basin, the Monti della Maddalena
ridge, the southern sector of the Vallo di Diano basin, and extends
southwards to the Monte Alpi massif (Fig. 2). The average receiver
spacing is 5 km. The temporary network was complemented by six
permanent stations of the RSNC (black solid squares in Fig. 2) and
by the ENI local network (13 stations recording on trigger mode;
black triangles in Fig. 2). The 23 stations were equipped with dif-
ferent digital acquisition systems (Reftek130 and Marslite88) and
three-component short period sensors (Lennartz 3-D-1s and 5s).
The stations recorded in continuous mode at a sampling rate of
125 Hz, to achieve a good sampling for local events. Solar panels
were used to power the instruments and a GPS antenna provided
the absolute timing and accurate location. Only 3 per cent of the
data were lost during data retrieval process. We performed prelim-
inary microtremors surveys to select optimal recording sites. All
stations were installed on bedrock outcrops far from sources of
anthropogenic noise, with the exception of four stations aimed at
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investigating site effects in the central Val d’Agri basin (Fig. 2).
Whenever possible, we included phase readings from waveforms
by the permanent stations operating in the area (Fig. 2).

4 DATA ANALYSIS

4.1 Earthquake detection

The difficulty to manage a huge data set is commonly solved
with automatic procedures that robustly scan the massive continu-
ous records and detect microearthquakes (Bear & Kradolfer 1987;
Scherbaum & Johnson 1992; Aster & Rowe 2000; Aldersons 2004;
Di Stefano er al. 2006). To analyse the recorded data set, we devel-
oped an automatic procedure that smartly recognizes local earth-
quakes and furnishes consistently weighted P-wave arrival times
(Aldersons 2004; Di Stefano et al. 2006). Phases identification was
obtained via a Short time average/Long time average (Sta/Lta) ra-
tio based algorithm at individual station. After performing numer-
ous tests, the following values for trigger parameters were chosen:
Sta/Ltaratio = 3; Sta = 2 s and Lta = 40s; duration = 2 s. The mini-
mum number of triggers, used to declare a possible earthquake, was
set to 4. The chosen parameters, together with the dense geometry
of the seismic network, were effective to detect a huge number of
very low magnitude earthquakes and discard false events (Fig. 3).

After events identification, we applied to the entire data set a re-
cently developed picking system called ‘MannekenPix’ (hereinafter
MPX; Aldersons 2004), described in Appendix A. This procedure
allowed the picking and error assessment for ~22 000 P-phase ar-
rivals and preliminary locations for more than 2000 seismic events
(Fig. 2). About 90 per cent of these events has a rms lower than 0.2
s (black histogram in Fig. 4a), hypocentres formal errors lower than
1 km, both in the vertical and horizontal direction (black histograms
in Figs 4b and c), azimuthal gap lower than 260° (black histogram
in Fig. 4f) and at least four P-wave readings.

From the entire data set, we selected 744 best-located events to
hand-pick S-wave arrival times, according to the weighting scheme
shown in Table 1. The selected data set, consisting of 10134 P and
9424 S-wave arrival times, is used to compute the 1-D velocity
model and verify the automatic picking procedure.

4.2 1-D velocity model

We estimated the 1-D P-wave velocity model of the area by apply-
ing a non-linear inversion technique based on genetic algorithms
(Sambridge & Gallagher 1993; Kim et al. 2006). The models are
parameterized with 3 km thick layers. The best-fit model is searched
by a global exploration of the models space, which does not require
the use of a priori information (e.g. starting model). The inversion
procedure is stopped when 70 per cent of the generated velocity
models has an individual global misfit (e.g. global rms residuals)
lower than 0.11s (for more details about the inversion procedure
and parameters setting, the reader can refer to Bagh et al. 2007,
which applied this technique to microseismicity data collected in
the central Apennines). Fig. 5(a) shows the best-fit 1-D model (thick
black line) and the family of models having misfit values lower than
0.11 s (thin grey lines). The forward modelling is solved with the
Hypoellipse code (Lahr 1989).

Vp values and layers thickness of the best-fit model are reported
in Table 2. P-wave velocities increase from 4.3 kms~! in the shal-
low layer to 6.8 kms™' at 12 km depth. A low velocity layer (Vp =
5.9kms™!) is retrieved between 12 and 15 km depth. These Vp val-
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ues are consistent with previous information on the velocity struc-
ture of the upper crust obtained by refraction surveys and velocity
logs from deep wells in the Southern Apennines (Improta et al.
2002, 2003; Shiner et al. 2004). The Vp value of 4.3kms™! of the
upper layer can be considered as a representative average between
high-velocity (Vp = 5.0-6.0kms™!) basinal and shelf carbonates
and low-velocity (V» = 3.0-4.0 km s~!) shales and siliciclastic de-
posits widely cropping out in the Lucania Apennines. From 3 to
9km depth, the model shows P-wave velocities between 5.9 and
6.4kms~!. These values are consistent with the 6.0-6.2kms™! ve-
locity range estimated for the Mesozoic limestones and dolomites
of the Apulia Carbonate Platform, which forms the lower struc-
tural level of the thrust belt and has been drilled in the Val d’Agri
area at 2-4km below sea level (Menardi Noguera & Rea 2000;
Dell’ Aversana 2003). The ¥ value of 6.8 kms™' found between 9
and 12 km depth can be related to the deeper portion of the Apu-
lia Platform, which consists of Triassic dolomites and anhydrites,
with Vp values as large as 6.6-6.7kms™' (Bally et al. 1986; Im-
prota et al. 2000). Finally, the velocity inversion at 12 km depth can
be tentatively associated with low-velocity (Vp = 5.0-5.5kms™")
Permo-Triassic sediments imaged at the base of the Apulia Platform
by commercial reflection profiles acquired in the Val d’Agri area
(Shiner et al. 2004). However, we point out that V» values within
this low-velocity layer are poorly constrained, since only few events
occurred at this depth range.

The mean Vp/Vy ratio for the study area has been computed by
using the hand-picked S waves with the cumulative Wadati diagram
(Fig. 5b). We estimated a Vp/Vs value of 1.90. This is in agree-
ment with Vp/Vg values estimated in other seismic zones of the
Apennines chain (e.g. Umbria-Marche seismic zone; Chiarabba &
Amato 2003), but exceeds the value (1.82) reported by Frepoli et al.
(2005) for a wider portion of the Lucania Apennines.

4.3 Earthquake locations

Using the improved velocity model and the hand-picked S-wave
arrival times, we re-located the entire data set, and we discuss here
the efficacy of the automatic procedure. After 1-D earthquake loca-
tions, almost all events have rms lower than 0.2 s (grey histogram
in Fig. 4a), vertical and horizontal location errors lower than 0.3 km
(grey histogram in Figs 4b and c) and azimuthal gaps smaller than
180° (grey histogram in Fig. 4f). S-wave residuals for the selected
data set are also reported (Fig. 4e).

This approach allowed us to carry out an a posteriori test on
the performance of the MPX procedure over a large subset of data.
Results of this test show that MPX successfully recognized 7202
P-wave onsets, with respect to the 8131 waveforms of the Val d’Agri
data set, corresponding to an efficiency of 88 per cent. Automatic
picks and manual readings show a consistent distribution within the
different weighting classes (see Table 3), a result that reveals the
efficiency of the MPX calibration phase aimed at setting up
the weighting engine of the automatic picking. Then, we computed
the time differences between automatic pickings (AP) and manual
pickings (MP) for the different weighting classes (Figs 6a—d). Al-
though the difference between the AP and the MP for class 1 is
in the +0.05 s time range, about 92 per cent of picks fall in the
+0.025 s window (Fig. 6a), this latter corresponding to the class 1
error boundaries of the user defined weighting scheme (Table 1).
Moving to the class 2, the time differences are within a 0.1 s
window, but about 90 per cent of data fall in the +0.05 s range
corresponding to the error boundaries set for class 2 (Fig. 6b). For
class 3, we found the AP-MP difference in the window £0,15 s with
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Figure 3. (a) Example of a waveform with multiple events. (b) Example of P- and S-wave readings.

about 95 per cent in the & 0,1 s range (Fig. 6¢). Finally, AP-MP for
class 4 are lower than 0.4 s, with about 70 per cent in the window
0.1 s (Fig. 6d). These findings indicate that MPX yields reliable
picks for classes 1, 2 and 3, whereas automatic picking accuracy is
lower for class 4; this is probably due to the lower quality of the
waveforms belonging to this weighting class. Finally, we compared
the 1-D locations obtained using AP and MP arrival times for the
744 events (Fig. 6e). Both AP data (black histogram) and MP data
(grey histogram) show a very similar hypocentre depth distribu-
tion (Fig. 6e). These results suggest the reliability of 1-D locations
obtained by using MPX arrival times.

4.4 M Estimation

We calculated synthetic Wood—Anderson seismograms by remov-
ing the instrument response for each seismic record. Then, we con-
volved the displacement ground motion with the standard Wood—
Anderson torsion seismograph response (Anderson & Wood 1925;
Richter 1935). The maximum amplitude was measured after rotat-
ing each horizontal seismogram to the radial and transverse com-
ponents. The computed magnitudes range between —0.19 and 2.74
and the completeness magnitude of the catalogue is equal to 0.4

(Fig. 7).
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Figure 4. Histograms showing the location residuals (a) in seconds, horizontal (b) and vertical (c) errors (kilometres), P-residuals versus frequency (d) and
azimuthal gaps (f) for events located using the MPX automatic pickings (black histograms) and for the 744 selected events (grey histograms) located using
automatic P-wave pickings and manual S-waves pickings. Residuals for the hand-picked S waves for the selected 744 events are also shown (histogram e).

Table 1. Weighting scheme for the phase readings
on the waveforms.

Class Weight Picking uncertainty (s)
1 0 0-0.025

2 1 0.025-0.05

3 2 0.05-0.1

4 3 >0.1

5 EARTHQUAKES DISTRIBUTION
AND KINEMATICS

We investigate the earthquakes distribution with time by analysing
the cumulative number of events (black line in Fig. 8) with respect
to the number of events per day (grey line in Fig. 8). The average
seismic release rate is 3.1 x 10~ events d~' km~2, considering
1994 seismic events recorded in 396 d over a 1600 km? area (see
Fig. 2). However, seismic release was not continuous during the
experiment interval, as indicated by the significant variations in the
rate curve in Fig. 8.

We distinguish four time intervals associated with distinct breaks
in the curve slope (Fig. 8). From 2005 May till the end of 2005 July,
we observe a moderate rate of seismic release with some peaks
exceeding 10 earthquakes per day (phase 1). During the following
five months, from 2005 August till the end of December, the seismic
release was very low (i.e. the slope of the black curve decreases)
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(phase 2). Starting from 2006 January, the seismicity rate increases
(phase 3), reaching the maximum between 2006 March and May
(phase 4 is characterized by an evident increase of the seismicity
rate starting from point C). This increase is due either to a general
growth of the rate of seismic release or to the occurrence of small
microseismic sequences (i.e. see the small sequences occurring
during phases 3 and 4 in Fig. 8). A rapid decrease is observed
from the second half of 2006 May and then an isolated peak occurs
in 2006 June (see the last leg of the curve starting at point D in
Fig. 8). An example of the intense rate of seismic release is shown
in Fig. 3(a), where five small events (0.1 < M < 1.4) occur in a
180 s long record section. They nucleate very close to each other,
showing a swarm-like activity.

Fig. 2 shows the spatial distribution of the 1994 recorded seismic
events. Most of the earthquakes are located beneath the southwest-
ern side of the basin between 2 and 6 km depth, whereas few events
occur along the north-eastern side (cross-sections 1 and 2 in Fig. 2).
Very few earthquakes occur in the 10-12km depth range (cross-
section 1 in Fig. 2).

The correlation between the recorded seismicity and the Quater-
nary normal faults is emphasized by the spatial distribution of the
744 selected events (Fig. 9). A ~5km wide cluster of intense mi-
croseismicity is located at the southern termination of the MMFS,
to the south of the basin, between 2 and 6 km depth. Earthquakes
are widespread in this volume, without enlightening any clear fault
plane (see the NE-striking cross-section 9 in Fig. 9). The seismic
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Figure 5. (a) P-wave best velocity model (thick black line) and models with misfit values lower than 0.1077 s (thin grey lines); (b) Wadati diagram. The

computed Vp/Vg ratio is equal to 1.90.

Table 2. 1-D P-wave velocity model and ranges of search width for velocity
values in the different layers.

Layer Velocity range  Depth to the layer top (km)  Velocity (kms™!)

1 3.5-5.5 0-3 433
2 4.0-6.5 3-6 5.92
3 4.0-6.5 6-9 6.42
4 5.0-7.0 9-12 6.85
5 5.0-7.0 12-15 5.93
6 6.5-7.5 > 15 7.00

Table 3. Performance table showing the distribution of the MPX (AP) and
manual (MP) readings among the different weighting classes.

Manual pickings MPX pickings
Number of waveforms 8131 7202
Class 1 2989 (36.76 per cent) 2451 (34.04 per cent)
Class 2 2604 (32.02 per cent) 2733 (37.94 per cent)
Class 3 1750 (21.52 per cent) 1407 (19.53 per cent)
Class 4 787 (9.67 per cent) 611 (8.48 per cent)

release is very high, showing a prevalent swarm-type activity with
low-magnitude earthquakes (M < 2.1) released through the occur-
rence of small sequences not associated with an identifiable main
shock (see the small sequences occurring during phases 3 and 4 in
Fig. 8).

Along the western margin of the basin, hypocentral alignments
reveal the presence of a planar surface that dips ~50° northeast-
wards down to 6km depth (cross-section 7 in Fig. 9). A second
small cluster of microearthquakes (M between 1.02 and 2.11) is
located between 10 and 12 km depth. These events are preferentially
aligned along a vertical plane (cross-sections 1, 3 and 4 in Fig. 9).

Along the northeastern border of the basin, the seismicity is
scarce. Only a small cluster of M < 1.75 events has been recorded
at the southern termination of the EAFS between 3 and 5 km depth
(cross-sections 5 and 6 in Fig. 9).

Earthquakes distribution versus depth (histogram in Fig. 9) delin-
eates an about 12 km thick seismogenic layer, also recognizable in
the two main cross-sections comprising all the recorded seismicity
(cross-sections 1 and 2 in Fig. 9). The histogram shows a bimodal
distribution: while about 90 per cent of the recorded seismicity
is confined within the shallow crust between 2 and 6 km depth,
the main contribution to the deeper peak derives from the cluster

located along the western side of the basin with hypocentres in the
10-12 km depth range (cross-sections 3 and 4 in Fig. 9). This find-
ing underlines the presence of a zone, between 7 and 10 km depth,
where the seismic release is almost absent.

We computed focal mechanisms for 110 best-located events
by using the P-wave first motion polarity method (FPFIT code;
Reasenberg & Oppenheimer 1985). We choose focal mechanism
solutions with less than two discrepancies and with a minimum
number of P-wave polarities equal to 15. In Fig. 10, we show 51 fo-
cal mechanisms out of the computed 110, for the largest magnitude
events. These focal mechanisms can be considered representative
of the 110 solutions of the whole data set. About 70 per cent shows
a dominant normal solution (black focal mechanisms in Fig. 10). In
particular, 45 per cent is normal (rake between —60° and —120°) with
about 7 per cent of pure normal events (see histogram c in Fig. 10).
About 23 per cent is oblique/normal (grey focal mechanisms in
Fig. 10).

A prevalent normal kinematics characterizes seismic events lo-
cated along the western margin of the basin (Fig. 10 and cross-
section in Fig. 11). These events show fault plane solutions striking
about N130°E, dipping in the 50°—60° range, with a normal com-
ponent kinematics (see black focal mechanisms in Fig. 10). Focal
mechanisms for the events located in the main cluster to the south
of the basin show both normal and strike-slip kinematics and vari-
able values of strike and dip, suggesting that the deformation is
accommodated in a volume rather than on a single planar struc-
ture (Fig. 10). Earthquakes related to the deep cluster of events
(cross-sections 1, 3 and 4 in Fig. 9) show a pure normal kinematics
with focal planes striking roughly N20°E (map in Fig. 10). The
small cluster of events, located between 3 and 5km depth along
the eastern side of the basin, has a prevalent strike-slip kinematics
(Fig. 10).

6 SEISMICITY NEAR THE PERTUSILLO
RESERVOIR

The cluster located to the south of the Val d’Agri basin is charac-
terized by the occurrence of a large number of shallow (2—6 km)
low magnitude (M < 2.1) events. This cluster extends from 3 to
9km to the south of the Pertusillo reservoir (see Figs 2 and 12).
Low magnitude earthquakes occurring at shallow depths mimick-
ing a swarm-type activity are commonly observed in reservoir-
induced seismicity examples (Gupta et al. 1972; Gupta 1983, 1985;
Simpson et al. 1988; Piccinelli et al. 1995; Talwani 1997 and
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Figure 7. The histogram shows the number of events for different classes
of magnitude. The completeness magnitude (M ¢) is also reported.

reference therein). In this section, we investigate the correlation
between the water level changes in the Pertusillo reservoir and the
seismic activity of this cluster (Fig. 12).

The Pertusillo Lake Dam, completed in 1963, is 95 m high and
can store up to 155 million m* of water. The reservoir covers an area
of about 75 km? (Fig. 12) and is characterized by large and rapid
seasonal water level oscillations as high as 40 m, which correspond
to a variation in the reservoir storage of about 80 million m? (i.e.
about half of the reservoir storage).

In Fig. 12 we compare the water level change of the reservoir from
2004 April to 2006 June (i.e. a time window that includes the seismic
experiment and the year before; Fig. 12a) with the seismicity rate for
this cluster (Fig. 12b). The lake level shows an evident annual cycle
change: the lake level rapidly rises from November to March, and
slowly lowers from June to October-November. During the reservoir
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re-filling in fall-winter 2005, the water level increase is very rapid
and large (14 m).

The comparison shows that seismicity seems to be positively cor-
related with water level oscillations. An increased rate of seismicity
accompanies the lake level rise and vice versa (Figs 12 a and b). Be-
sides, the maximum seismicity rate is reached between 2006 April
to May, when the reservoir re-filling is complete and the water level
is stable.

The comparison with the curve showing the cumulative number
of events with time is enlightening (Fig. 12b). We note four breaks in
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the slope of the cumulative seismicity curve, separating four phases
of different seismic release. During the first phase, a quite high
seismic release accompanies the high lake level. The subsequent
reservoir unloading (A'-B’ curve in Fig. 12a) corresponds to strong
decrease of the seismic release (phase 2, from A to B in Fig. 12b),
with an almost instantaneous response (the elapsed time between
the points A" and A is about 10 d). Starting from the end of 2005
November, the very rapid and pronounced increase in the water
level (point B’ in Fig. 12a) is followed by a second break in the
seismicity curve (point B in Fig. 12b); the slope of the seismicity
curve gently increases as well as the seismic release (phase 3 in
Fig. 12b). We observe a quasi-instantaneous response of the system
to the rise of water level in the reservoir, since the elapsed time
between B’ and B is about 10 d. The instantaneous response is even
clearer when a second rapid increase in the water level curve occurs
(point C’ in Fig. 12a): the seismicity curve shows a rapid increase
with a strong break in the slope of the cumulative curve (point C in
Fig. 12b). Then, the reservoir experiences an almost stable and high

water level until the point D’ (Fig. 12a). During phase 4 (from C to
D in Fig. 12b), the seismic release is very high and characterized
by microsequences; this phase lasts up to 100 d after point C'. The
seasonal unloading phase starts around the third week of 2006 May
(point D’ in Fig. 12a) and is accompanied by quasi-instantaneous
and strong decrease in seismic release (point D in Fig. 12b).

Thus, the positive correlation found between seismicity rate and
loading/unloading phases in the nearby reservoir leads us to inter-
pret the cluster as reservoir induced seismicity.

7 DISCUSSION

7.1 Seismicity and active faults

The thickness of the seismogenic layer bounded by the seismic-
ity cut-off is about 12 km (see histogram in Fig. 9). This value is
in agreement with previous estimates for the Southern Apennines

© 2009 The Authors, GJI, 178, 488-502
Journal compilation © 2009 RAS



40° 30'

Active faults and induced seismicity in the Val d’Agri 497

10 km
QD IV Q
i @
40° 24' O oo o
Dy <
l\‘ )
o W
40° 18 - O "‘ % _ (W ‘g
Q- /% : a
Q= !
40° 12" | § - w:
Q ' 8 ¢
. QI SO0V OV 2
= 0?5" 36 15°42°  15°48  15°54  16°00'  16°06  16°12
25 A = L 25 B 25 C
£ £ £
g g &
4]

0 90 180 270 360
Strike ()

0 15 30 45 60 75 80
Dip (%) Raka ("}

0 -
-180 90 © 90 180

Figure 10. Map showing focal mechanisms for 51 selected seismic events; grey focal solutions represent oblique and strike-slip kinematics. Histograms show
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seismic belt (Chiarabba & Amato 1994; Amato et al. 1997,
Chiarabba et al. 2005) and is consistent with the fault width dimen-
sion of the two largest instrumental earthquakes of the Southern
Apennines (i.e. the 1980 M, 6.9 Irpinia earthquake, Westaway &
Jackson 1987; and the 1930 M, 6.5 Irpinia earthquake, Pino et al.
2008). However, most of the seismicity is shallow, and we suppose
that it occurs within the limestone of the Apulia Carbonate Platform,
whose top has been drilled in this area between 2 and 4 km below
sea level (Menardi Noguera & Rea 2000; Dell’ Aversana 2003).
Events concentrate beneath the southwestern margin of the Val
d’Agri basin, mostly within a NW-striking, about 10 km long and
5km wide volume (Fig. 9). Focal mechanism solutions show a
prevalent normal kinematics (Fig. 10) consistent with the exten-
sional stress field (NE-trending o'3) estimated by borehole break-
outs, regional focal mechanisms (Cucci et al. 2004) and field studies
(Maschio et al. 2005). To the NW of this volume, microseismicity
reveals a 50°NE-dipping plane, between 1 and 6 km depth, with a
clear normal-faulting kinematics (Fig. 11). The upward continua-
tion of this fault plane coincides with the trace of the Monte Aquila
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Fault (thick black line in Fig. 11), the main southern strand of the
MMFS (Maschio et al. 2005). Our result supports the contention
that this fault is active, extending and corroborating field data and
shallow seismic prospecting, indicating coseismic faulting in Late-
Pleistocene Holocene deposits (Maschio ef al. 2005; D’Addezio
et al. 2006; Improta & Bruno 2007).

The reservoir induced swarm-like seismicity concentrates at the
southern termination of the MMFS. Here, the seismic deformation,
showing a great variability in strike, dip and rake of focal planes, is
not confined on a single plane but is accommodated on very small
and shallow segments in the hanging wall of the MMFS.

Few events occur at 10-12 km depth, beneath the central sector
of the basin (cross-sections 1, 3 and 4 in Fig. 9). Hypocentres are
mainly elongated on a vertical plane, and focal mechanisms show an
almost dip-slip kinematics on planes striking N20°E. We tentatively
interpret this structure as a pre-existing compressive or strike-slip
structure in the deep Apulian units (Shiner et al. 2004), reacti-
vated with dip-slip kinematics in the present SW—NE extensional
field.
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Figure 11. Map and cross-section view of the Monte Aquila Fault seismicity. The cross-section also reports some focal mechanism solutions.

Seismicity is almost absent at the NE border of the basin, with
the exception of about 50 events located to the south of the EAFS
(cross-sections 5 and 6 in Fig. 9), with focal mechanisms show-
ing a prevailing strike-slip kinematics (Fig. 10). This cluster can
be reasonably ascribed to the oil exploitation in the Val d’Agri
fields, which extend between the NE margin of the basin and
the nearby ridge (Fig. 2; see Holton (1999) for more details on
the Val d’Agri oil play). In fact, event locations match very well,
the easternmost productive wells (Costa Molina 2 well in Fig. 2).
Furthermore, events concentrate in the 3—-5km depth range, con-
sistent with the depth of the productive Apulian reservoir drilled
by this well at ~4 km depth (UNMIG Well Database; available at
http://unmig.sviluppoeconomico.gov.it/unmig/pozzi/pozzi.asp).

The majority of microseismicity occurs on the MMFS, but this
observation cannot discriminate which is the major fault responsible
for the deformation of the Val d’Agri basin between the two SW-
or NE-dipping alternative models, that is, EAFS (Benedetti ef al.
1998; Cello et al. 2003) and MMFS (Maschio et al. 2005; Burrato
& Valensise 2008). The EAFS may be presently locked, without
microearthquake release. On the other hand, the MMFS may be
partially locked, as suggested by the absence of seismic events at
depths (i.e. 6-10 km), where the large normal-faulting earthquakes
in the Southern Apennines usually nucleate (i.e. Cocco & Pacor
1993; Chiarabba & Amato 1994).

7.2 Reservoir induced seismicity

Reservoir induced seismicity can be classified into two categories:
initial seismicity and protracted seismicity (Talwani 1997). The
initial seismicity is the most commonly observed, and it is associated
with the initial impoundment and/or with great and rapid water level
changes in the reservoir. It results from an instantaneous effect of
loading (or unloading) and a delayed effect due to pore pressure
diffusion (Gupta et al. 1972; Simpson et al. 1988; Talwani 1997).
The protracted seismicity is rarely observed because it is related to
both the amplitude and frequency of the reservoir oscillation and the
poroelastic properties of the subsurface rocks (e.g. the Lake Mead,
U.S.A. and Koyna Reservoir, India; Gupta 1985).

In the Pertusillo reservoir, the seasonal water level variation
reaches 40 m, with a maximum water height of 95 m. Such variation
is in the range of those usually observed to induce seismic activity
worldwide (Gupta 1985; Talwani 1997). The instantaneous seismic-
ity response to the reservoir water level change and the occurrence
of widespread low-magnitude earthquakes to the periphery of the
reservoir suggest that the induced seismicity is classifiable as initial
seismicity, driven by the rapid and large water level changes (see
Talwani 1997). We hypothesize that the instantaneous effect of the
system to rapid water level changes is interpretable as an ‘undrained
response’ to the very rapid loading phase (see the seismicity curve
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Figure 12. The figure investigates the relation between the water level (a) in the Pertusillo Lake Dam during the 2004 to 2006 period and the seismicity curve
(b) for the selected cluster of events; (c) map view of the selected events; (d) frequency distribution at depth.

breaks at the B and C points; Fig. 12b). On the other hand, the
sustained seismic release (curve C-D in Fig. 12b), characterized by
the occurrence of microsequences up to 100 d after the increase in
the water level (e.g. after the point C' in Fig. 12a in), is imputable
to a delayed effect, likely related to the pore pressure diffusion in
the volume (see Talwani 1997). The same is valid for the unloading
curve, even if this process appears to occur more slowly (e.g. see
the curve A'-B’ Fig. 12a).

The reservoir induced seismicity location is generally governed
by the nature of faulting below or at the edge of the reservoir (Gupta
1985; Simpson et al. 1988; Talwani 1997). In particular, Roeloffs
(1988), investigating the role of an oscillating reservoir relative to
the nearby faults, found that a reservoir located in the hanging wall
of a normal fault has a destabilization effect on the normal fault
system, striking parallel to the lake. This is perfectly compatible
with locations (Fig. 12) and focal mechanisms (Fig. 10) observed
to the south of the basin.

8 CONCLUSIONS

The seismicity is distributed in a NW-trending volume along the
western flank of the Val d’Agri basin. To the south, intense swarm-
type microseismicity defines a major cluster, ~5 km wide, from 1
to Skm depth, whereas in the central portion, earthquakes with a
clear normal-faulting kinematics are aligned along a 50°NE-dipping
plane between 1 and 6 km depth, defining an active normal fault. The
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upward continuation of this structure coincides with an active strand
of the Monti della Maddalena (or western) normal fault system. On
the contrary, the eastern fault system appears to be aseismic during
the 1-yr-long experiment.

Nevertheless, this observation is not sufficient to define which
fault system is accumulating significant deformation and establish
the hierarchy between the two faults bounding the basin. As a con-
sequence, we cannot propose a unique seismogenic source for the
M 7.0 1857 event, which remains undefined.

We find a positive correlation between the rapid water level
changes in the nearby Pertusillo reservoir and the intense swarm-
type seismicity rate of the cluster located to the south of the basin.
We interpret this seismic activity as a clear example of reservoir
induced seismicity. The loading/unloading phases of the reservoir
generate subsequent poroelastic effects, which seem to mould the
seismic rate changes. We still do not know the physical processes
that govern the initiation, propagation and arrest of the seismic rup-
ture on a fault plane. For this reason, we cannot exclude that, in
the future, these induced minor ruptures may dynamically trigger a
larger event on the closest (i.e. western) fault system, which is also
favourable oriented with the local stress field.
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APPENDIX: AUTOMATIC P-WAVE
ARRIVAL TIMES PICKING
(MANNEKEN PIX)

We applied a recently developed picking system called ‘Manneken-
Pix’ (hereinafter MPX; Aldersons 2004) based on a single trace
approach (Allen 1978, 1982; Baer & Kradolfer 1987), working on
each seismogram independently. The main advantage of using an
automatic picking system is the reduced time required to examine
large data sets to obtain P-wave arrival times picking. In addition to
the classic picking systems, MPX allows to obtain, for each P-wave
onset, related polarities and error estimations, the latter based on a
weighting engine rigorously calibrated on a reference data set (see
Aldersons 2004 and Di Stefano ez al. 2006 for details). This pick-
ing system has been successfully used to analyse local and regional
events recorded by the RSNC (Di Stefano et al. 2006).

During the calibration process, to accurately set the weight-
ing mechanism, we selected a reference subset of more than 700
vertical-component waveforms from 120 events. The selected wave-
forms are representative of the entire data set (namely different char-
acteristic frequencies of first arrivals due to different magnitudes,
source—receiver distribution and local structure heterogeneities af-
fecting the wave propagation). P-wave arrival times were accurately
hand-picked, and errors were estimated based on the weighting
scheme shown in Table 1. We defined the error boundaries of each
class according to the noise level in the waveforms and the sampling
rate. This calibration process is intended to make the picking system
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Table 4. Performance table of the calibration phase showing the correspon-
dence between MPX (AP) and reference picks (RP) classes.

AP classes

Class 1 Class2 Class3 Class4 Rejected Total

RP Class 1 287 71 34 0 2 394
Classes
Class 2 20 76 32 3 1 132
Class 3 8 19 22 18 2 69
Class 4 0 5 15 24 5 49
Rejected 2 2 10 10 35 59

mimic the behaviour of an expert human analyst, trying to predict
the same picking uncertainties estimated by the user. Results of the
calibration show that MPX was able to locate 107 of the 120 seis-
mic events of the reference data set (corresponding to an efficiency
of 89 per cent). MPX attributed 63 per cent of the analysed wave-
forms to the same class as the human analyst (diagonal elements in
Table 4), whereas the leakage toward the off-diagonal elements is
small. In particular, the leakage of classes 1 and 2 decreases quickly
off-diagonal. This ensures that high-quality picks are not too much
downgraded.

To process the data set, we included MPX into a five steps proce-
dure. First, P triggers are searched in all the available seismograms
to detect rough phase onsets (see light blue line in Fig. Al). For
each event, MPX analyses the available triggers, applying an outlier
detection algorithm to eliminate blunders and to define a common
safety time window, where to look for P onsets (Fig. Al). In the
second step, MPX tries to pick all seismograms accordingly (MPX
Run 1; dashed red line in Fig. A1) and not only the seismograms
from the triggered stations. This ensures a very high number of
pickings. Then (third step), the procedure yields preliminary 1-D
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Figure Al. Example of MPX picked waveform. The main steps of the MPX
automatic procedure are reported.

event locations by using the Hypoellipse code (Lahr 1989) and cal-
culates predicted arrival times at unpicked stations (violet line in
Fig. Al). In the fourth step, MPX searches for accurate P-wave on-
sets in each seismogram (MPX Run2; green line in Fig. A1), taking
into account either the reference values from MPX Run 1 or the
predicted traveltimes. In the fifth and last step, new locations are
produced using the high quality picks of Run 2. In both Run 1 and
Run 2, MPX attributes to each pick, an error estimation based on
the results of the calibration process.
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