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Abstract. We used the earthquake catalogue of INGV ex- aftershocks, and earthquake swarm which is not dominated
tending from 1 January 2006 to 30 June 2009 to detect sigby a single principal shock (mainshock). This classification
nificant changes before and after the 6 April 2009 L'Aquila implies that foreshocks precede only some mainshocks and
mainshock i,,=6.3) in the seismicity rate; (events/day), not others which is a common knowledge today. However,
and in b-value. The statistical z-test and Utsu-test were apthis may be only an apparent result given that in the rou-
plied to identify significant changes. From the beginning tine daily seismic analysis low-magnitude shocks, including
of 2006 up to the end of October 2008 the activity was short-term foreshocks, usually escape recognition and are not
relatively stable and remained in the state of backgroundisted in standard earthquake catalogues (e.g. Papadopoulos
seismicity ¢=1.14,5=1.09). From 28 October 2008 up to et al., 2006).

26 March 2009,r increased significantly to 2.52 indicat-  Foreshock sequences are characterized by some dis-
ing weak foreshock sequence; the b-value did not changednct features. Laboratory material fracture experiments
significantly. The weak foreshock sequence was spatiallye.g. Mogi, 1963b; Scholz, 1968) along with numerical mod-
distributed within the entire seismogenic area. In the lasteling in spring-block models (Hainzl et al., 1999) showed a
10 days before the mainshock, strong foreshock signal beelear acceleration of the fracturing process before the main
came evident in space (dense epicenter concentration in thieacture. Studies regarding seismicity in Japan, western
hanging-wall of the Paganica fault), in time (drastic increaseUnited States, Greece, Italy and elsewhere verified this in na-
of r to 21.70 events/day) and in size (b-value dropped sig-ture showing that foreshock activity increases approximately
nificantly to 0.68). The significantly high seismicity rate and as the inverse of time before mainshock (e.g. Papazachos,
the low b-value in the entire foreshock sequence make a sult975; Kagan and Knopoff, 1978; Jones and Molnar, 1979).
stantial difference from the background seismicity. Also, theln the magnitude-frequency or Gutenberg-Richter (G-R) re-
b-value of the strong foreshock stage (last 10 days beforéation

mainshock) was significantly lower than that in the after-

shock sequence. Our results indicate the important value oP9N =a —bM (1)

the foreshock sequences for the prediction of the mainshock —
the parameted usually drops and becomes significantly

lower in foreshocks than in aftershocks or in background
seismicity (Mogi, 1963; Scholz, 1968; Papazachos, 1975;
1 Introduction Jones and Molnar, 1979; Hainzl et al., 1999; Molchan et
al., 1999); whereN is the incremental or the cumulative
The classification of earthquake space-time clusters has begrumber of events of magnitude M + AM anda, b are
examined around the world long ago. Omori (1894) in- parameters determined by the data (Gutenberg and Richter,
troduced the concept of aftershock sequence that is a clust944). Foreshocks occur from hours to a few months, and
ter of shocks following a larger mainshock with power- very rarely about 1.5 years before the mainshock (Jones,
law time decay of the number of events known as Omori-1984; Jones and Molnar, 1979; Molchan et al., 1999; Pa-
law. Mogi (1963a) described three patterns of earthquakegpadopoulos et al., 2000; Sobolev, 2000). However, they pre-
sequences: mainshock-aftershocks, foreshocks-mainshockede only some mainshocks and not others. It seems that
the incidence of foreshocks decreases with increasing depth
of mainshock and possibly depends on the faulting type and
Correspondence tdG. A. Papadopoulos  grientation (Ohnaka, 1992; Abercrombie and Mori, 1996;
BY (papadop@gein.noa.gr) Maeda, 1996; Reasenberg, 1999). Although these difficulties
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The strong My = 6.3) earthquake of 6 April 2009 in
L'Aquila, Central Italy, occurred at 01:32:39 UTC and
caused about 300 deaths and destruction in about 60000
buildings of the area. The geometric and kinematic fea-
tures and the source properties of the earthquake were stud-
ied by Atzori et al. (2009), Cirella et al. (2009) and Walters
et al. (2009). It has been shown that the earthquake rupture
very possibly was associated with the Paganica normal fault
which strikes NW-SE and dips SW (Fig. 1). The seismo-
genic area activated with the earthquake sequence is deter-
mined by the geographic distribution of the aftershock epi-
centers, which is striking NW-SE at a length of about 45 km
and maximum width not exceeding about 15km (Fig. 1c).
Marzocchi and Lombardi (2009) reported on the near real-
time aftershock forecasting based on the ETAS model.

o ‘N Apart from destruction the earthquake generated also great
; concern among the population as regards the possible pre-
cursory phenomena that supposedly were evident before the
mainshock but were not taken into account for the prediction
of the mainshock. Two are the main types of precursors in-
volved: radon emission and foreshocks. However, the only
scientifically documented precursor so far was described by
Biagi et al. (2009) who reported on a radio emission in asso-
e ciation to that earthquake. In this paper, we analyze a poste-
riori the seismicity before and after the L'Aquila earthquake,
Fig. 1. Epicentral distribution of earthquakes in the time interval of with the aim to detect foreshock signals bearing precursory
background seismicity from 1 January 2006 to 27 October 2808  value for the prediction of the mainshock.
in the time interval of foreshock sequence from 28 October 2008 to
6 April 2009 before the mainshock occurrerfbg, in the time inter-
val of aftershock sequence from 6 April 2009 to 30 June 2@09
The cloud of aftershocks determines the seismogenic area activated.

This is the area where epicenter plot has been made in panel (b). e herformed three-dimentional analysis of seismicity, that
panel (a) a more wide area was used for reasons explained in the '

text. IS in the space, time and size domains, before and after the
L'Aquila strong earthquake. The earthquake catalogue pro-
duced by the Istituto Nazionale di Geofisica e Vulcanolo-
make earthquake prediction from foreshocks prone to severajia (INGV: http://bollettinosismico.rm.ingv;it last access
uncertainties, foreshocks are generally considered as one &0 June 2009), for the time period from 1 January 2006 to
the most promising tools for the prediction of earthquakes.30 June 2009, was the data source for our analysis.
Swarm-type activity is characterized by very high b-value The date 1 June 2006 was selected as the beginning of
but the time distribution of events does not follow a particular the earthquake catalogue considered in our analysis because
pattern. before that date the catalogue of INGV is inhomogeneous.
In periods of earthquake space-time clusters, it is of par-The termination date of the catalogue was selected so that to
ticular interest to recognize in near real-time the foreshock,nclude a long part of the aftershock sequence.
mainshock, aftershock or swarm nature of the seismic ac- As a first step we examined the spatial distribution of seis-
tivity. A recent case was studied near Samos Island, Easmicity in a broad area much larger than the seismogenic
Aegean Sea, with two strong shocks occurring on 17 Octo-area and in several time intervals all of them starting on
ber 2005 y1,, 5.6 andM,, 5.8) and another one on 20 Oc- 1 June 2006. This examination showed that from the be-
tober 2005 Yy 5.9). Seismologists were unable to eval- ginning of 2006 up to the end of October 2008 no particu-
uate in near real-time the foreshock, mainshock or afterdar earthquake activation was noted in the seismogenic area
shock nature of the strong events of 17 October 2005 andFig. 1a). On the contrary, from the end of October 2008
of 20 October 2005. A posteriori seismicity analysis showedup to the occurrence of the mainshock of 6 April 2009 the
that the event of 20 October 2005 was the mainshock and thateismogenic area was notably active (Fig. 1b). After these
it was preceded by foreshock activity for at least one weekfindings we focused our analysis in a target area centered
the two strong events of 17 October 2005 being included inat the mainshock epicenter with radi&s=50 km which is
the foreshock sequence (Papadopoulos et al., 2006). slightly larger than the seismogenic area of the earthquake

Methodology and data
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e o N oos00__, get area in several segments (Table 1). In each test we com-
- : pared two earthquake samples as for the change of the pa-
| 7 rameters- andb from one segment of the catalogue to the
v J other. With the aim to secure reliability of the statistics, each
aom__/ ]
i test for the change of or b was performed in earthquake
} o samples containing more than 100 events. In addition, only
v statistically complete earthquake samples were tested. Data
// A completeness was examined on the basis of the magnitude-
S s A AT AT MM M~ —aan e e T frequency or G-R diagram of the Eqg. (1). Deviation of the G-
R diagram from linearity in the left-hand side signifies data
Fig. 2. Cumulative number of earthquakes of magnitade3 as  incompleteness. The minimum earthquake magnititigs,
a function of time. Earthquakes occurring within the target areaas well as the magnitude cut-off/, for data completeness
of radius 50 km and 30 km from the epicenter of the mainshock ofwere found to vary in the several segments of the earthquake
6 April 2009 were counted ite) and(b), respectively. catalogue (Table 1). In the time period before the mainshock
occurrence Mnin varied from 0.2 to 0.7. However, in the
. . . . first day of the aftershock sequenkg,in = 1.3, which is at-
sequence, thus_ aII_owmg for some error mvolyed in the ®P"tributed to that because of the occurrence of a great number
ceniral determinations. Plot (.)f the qumu_latwe number 0fof events, seismograms of small events occurring very close
earthquake events as a function of time in the target areg, e are overlapping and, therefore, many small events are
(Fig. 2) clearly shows that from 28 October 2008 the earth'not detected. On the contrary, in the next stages of the af-
quake activity increased but the increase became drastic if, o0k sequencimin graduaily dropped to 0.0. Before
the last 10 days before the mainshock occurrence. Then W8 e mainshock of 6 April 2009 maximum value b, = 1.3
putforward three hypotheses: (A) Erqm 1 Jan_uary_2006 up tcQ/vas found and, therefore, magnitude cut-bff = 1.3 was
the end of Octobe.r 290.8 the seismicity remained in the stat@ 5 nsidered for all the earthquake samples tested. In the after-
of background seismicity; (B) By the end of October 2008 shock period, maximum value 8¢ = 2.4 was found which

the seismicity entered in the state of weak foreshock se- - ; ;
is the magnitude cut-off inserted in the earthquake samples
quence which lasted up to the 26 March 2009; (C) In the Iasttesteol forg'lchat period g P

10 days before the mainshock, that is from 27 March 2009

up_lfo 6hApL'I chOOQ, I§(tjf<t)ng fforeSEOth?]Ct'V'ty occurr?d. q are listed in Table 1 where the segments are ranked in three
0 check the validity of our hypotheses we performe ‘?‘types and remarked according to the three hypothetical styles
series of statistical tests investigating significant changes mof seismicity: BG for background seismicity, FOR for fore-
the state of seismicity in both the time and size domains. Sig'shock sequénce AET for aftershock sequénce Al calcu-
Qg:gﬁ;gﬁg?;tijs(iwéczg'tg}g;;ngya_rezgf]t)e:m:negde\gzte;;r_'?ations were performed with the statistical software EQStat
nificance level of at leasP=0.95 according to the statistical (Barthquake Statistics) developed by our team.
z-test. In the size domain, the paramétevas calculated by
the maximum likelihood approach introduced by Aki (1965)

and Utsu (1965). In this approach

270309 _

The several segments of the earthquake catalogue tested

3 Seismicity analysis and results

Nloge 5 In the entire period of background seismicity (BGALL), the
b= N (2) activity was relatively stable in both the size and time do-
> Mi—NM. mains and there is no evidence that foreshock activity oc-
i=1

curred in BGALL. In fact, b-value was found equal to 1.09
where N=number of events, Mj=ith event and whichisin favour of hypothesid that the period from 1 Jan-
Mc.=magnitude cut-off in the sample, that is the lower uary 2006 up to 27 October 2008 represents background seis-
magnitude threshold for data completeness. Theoreticallymicity. Mean seismicity rate of=1.14 events/day was cal-
b=1 for background seismicity but in practice often culated. To examine further the seismicity features of the
deviates from unit because of the local seismotectonics angeriod BG it was divided in six time segments remarked
the types of seismicity, e.g. background seismicity, swarmsas shown in Table 1. In these segments the b-value varied
aftershocks etc. Significance of difference between b-valuesround unity, that is from 0.93 to 1.22, which again favours
at level of no more tharp=0.05 was tested with the test hypothesisA that in that period the activity was in the state
introduced by Utsu (1992), which is based on AIC and of background seismicity. The seismicity rate ranged from
allows to calculate the probability that two samples may0.85 to 1.54 events/day. Some clustering of swarm-type
come from the same population. may have occurred in the segments BG3 and BG5 which are

In practice, we produced several statistical samples ofcharacterized by higher b-value with respect to the BG2 and
earthquakes by dividing the earthquake catalogue of the tarBG4 segments, respectively.
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Table 1. List of the catalogue segments tested in this study and results of tests. Each catalogue segment is tested for,chadgesith
respect to- andb in the catalogue segment preceding it in the list. For testing explanations see in the text. Key: BG =background seismicity,
FOR =foreshock sequence, AFT = aftereshock sequéiige,magnitude cut-off My, = minimum earthquake magnitude in the catalogue

segmenty = number of earthquakes= seismicity rate in events/daly= parameter of the G-R relatio®, = significance level for the change
of r according to the z-tesp = significance level for the change of b according to the Utsu-test.

Catalogue Segment From To Mc  Mpin b P P
BG1 1 Jan 2006 00:00:00 30 Jun 2006 23:59:59 1.3 0.5 197 1.09 1.20 - -
BG2 1 Jul 2006 00:00:00 31 Dec 2006 23:59:59 1.3 0.7 222 1.13 0.93 67.36 0.013
BG3 1 Jan 2007 00:00:00 30 Jun 2007 23:59:59 1.3 0.3 138 0.85 1.20 99.85 0.028
BG4 1 Jul 2007 00:00:00 31 Dec 2007 23:59:59 1.3 0.3 169 0.96 1.03 84.61 0.156
BG5 1 Jan 2008 00:00:00 30 Jun 2008 23:59:59 1.3 0.5 331 168 122 99.90 0.073
BG6 1 Jul 2008 00:00:00 27 Oct 2008 23:59:59 1.3 0.2 229 154 101 67.00 0.036
BG ALL 1 Jan 2006 00:00:00 27 Oct 2008 23:59:59 1.3 0.2 1286 1.14 1.09 - -
FOR1 28 Oct 2008 00:00:00 25 Jan 2009 23:59:59 1.3 0.4 230 231 1.09 99.90 0.368
FOR2 26 Jan 2009 00:00:00 26 Mar 2009 23:59:59 1.3 0.5 154 246 097 5199 0.193
FOR3 27 Mar 2009 00:00:00 6 Apr2009 01:32:00 1.3 0.6 198 217 0.68 98.68 0.002
BG ALL 1 Jan 2006 00:00:00 27 Oct 2008 23:59:59 1.3 0.2 1286 1.14 1.09 - -
FOR ALL 28 Oct 2008 00:00:00 6 Apr 2009 01:32:00 1.3 0.4 582 2.85 0.88 99.90 0.000
BG ALL 1 Jan 2006 00:00:00 27 Oct 2008 23:59:59 1.3 0.2 1286 1.14 1.09 - -
AFT ALL 6 Apr 2009 01:33:00 30 Jun 2009 23:59:59 2.4 0.0 720 4.23 0.97 99.90 0.015
FOR3 27 Mar 2009 00:00:00 6 Apr 2009 01:32:00 1.3 0.6 198 21.70 0.68 - -
AFT1 6 Apr 2009 01:33:00 8 Apr 2009 23:59:59 2.4 12 236 96.10 0.84 98.21 0.034
FOR3 27 Mar 2009 00:00:00 6 Apr 2009 01:32:00 1.3 0.6 198 21.70 0.68 - -
AFT2 6 Apr 2009 01:33:00 9 Apr 2009 23:59:59 2.4 12 282 4580 0.81 99.25 0.053
FOR3 27 Mar 2009 00:00:00 6 Apr2009 01:32:00 1.3 0.6 198 21.70 0.68 - -
AFT3 6 Apr 2009 01:33:00 10 Apr 2009 23:59:59 2.4 1.0 305 4120 0.82 98.87 0.037

In the catalogue segment FOR1, that is from 28 Oc- It is characteristic that the weak foreshock activity which
tober 2008 to 25 January 2009; increased signifi- developed from 28 October 2008 to 26 March 2009 spa-
cantly to 2.31 events/day which doubled the mean rate otially did not concentrated around the mainshock epicenter
1.14 events/day found in BGALL. Howevel, (=1.09) re-  but it was widely distributed within the seismogenic area
mained unchanged. In segment FOR2, from 25 January 200@ig. 1b). On the contrary, the strong foreshock sequence
to 26 March 2009, increased further to 2.46 events/day from 27 March 2009 up to the occurrence of the mainshock
andb dropped to 0.97 but these slight changes with respecbn 6 April 2009 was concentrated in the hanging-wall do-
to FORL1 are not significant. By considering FOR1 and main of the normal Paganica fault, that is in area of no more
FOR2 together we found that increased significantly at than about 15km from the mainshock epicenter (Fig. 2b).
level P=0.999 with respect te in BGALL, while b dropped  These results indicate that although with the weak fore-
slightly but insignificantly. The largest foreshockdf =4.1, shock activity the entire seismogenic area became unstable
which is the largest event that occurred in the target area fronthe strong foreshock activity of the last 10 days caused nu-
1 January 2006 and before the mainshock of 6 April 2009 cleation of the main rupture in the Paganica fault.
took place on 30 March 2009. These results are consistent The distinguished features of the entire foreshock se-
with hypothesisB that in the period from 28 October 2008 quence FORALL, that is of FOR1, FOR2 and FOR3 con-
to 26 March 2009 the seismicity was in the state of weaksidered together, with respect to the features of the back-
foreshock activity. ground seismicity BGALL, become quite evident from that

The state of seismicity changed drastically in the catalogughe mean seismicity rate increased from 1.14 events/day in
segment FORS3, that is in the last 10 days before the occurBGALL to 2.85 events/day in FORALL and that the b-value
rence of the strong earthquake of 6 April 2009. In fact, dropped from 1.09 in BGALL to 0.88 in FORALL with the
increased to 21.7 events/day at significance |e%20.987  significance levels being very high?.=0.999 andp — 0. At
and at the same timedropped to 0.68 at significance level the same time, the b-value changed significantly from the
p=0.002. Thus, hypothesi€' that the time period from foreshock sequence to the aftershock sequence. In fact, the
27 March 2009 to 6 April 2009 was a strong foreshock se-b-value increased from 0.68 in FOR3 to 0.84, 0.81 and 0.82
guence was verified. (p < 0.053) in the first stages of the aftershock sequence, that

is from 6 April 2009 to 10 April 2009 (AFT1, AFT2 and
AFT3).
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4 Conclusions mainshock gradually changed from background seismicity
to weak foreshock activity and then to strong foreshock se-
The cloud of aftershock epicenters indicates that the seisquence. Those three states of seismicity lasted for nearly
mogenic area activated with the L'Aquila mainshock of 3 years, 5 months and 10 days, respectively. One may argue
6 April 2009 was of about 45km in length and 15km in that in a scheme of regular seismicity analysis and evalua-
width. Analysis for the identification of significant changes tion based on the daily updating of the earthquake catalogue
in the state of seismicity in a target area of 50 km around thefrom the national seismograph center, the ongoing state of
epicenter of the L'Aquila mainshock led us to the following weak foreshock activity would be detectable in about one or
conclusions. two months before the mainshock. Furthermore, the detec-

From the beginning of 2006 up to the end of October 2008tion of the strong foreshock signal would require at least 4
the seismicity was relatively stable and remained in theor 5 days after its onset on 27 March 2009. Then, the strong
state of background seismicity with mean seismicity rateforeshock signal, being evident in space (dense concentration
r=1.14 events/day and paramets¥1.09. However, from of epicenters in a very narrow area), in time (drastic increase
28 October 2008 up to the 26 March 2009 the ratereased  of the daily number of events) and in size (drastic drop of b-
significantly to 2.46 events/day which implies that the seis-value) would be detectable a few days before the mainshock
micity was in the state of weak foreshock sequence. Thepccurrence.
b-value did not change significantly. The weak foreshock It is evident that a strong foreshock signal, such as the
sequence was spatially distributed within the entire seismoone described here before the L'Aquila earthquake, bears
genic area. important predictive information for the forthcoming main-

In the last 10 days before the occurrence of the mainshoclshock. The mainshock could be expected to occur at high
the foreshock sequence concentrated in the hanging-wall dgarobability level within few days from the detection of the
main of the normal Paganica fault, that is in an area of nostrong foreshock signal. In fact, in the Corinth Gulf, Central
more than about 15 km from the mainshock epicenter. TheGreece, which is one of the most active seismic zones in the
activity became very strong with significant drastic increaseEuropean-Mediterranean region, it has been found that the
of the seismicity rate at=21.70 events/day. At the same strong foreshock activity occurs in about the last 10 days be-
time the b-value dropped significantly to 0.68. The largestfore the mainshock at probability level of 0.83 (Papadopou-
foreshock ofdf =4.1 took place on 30 March 2009. This is los et al., 2000). In the classic example of Haicheng, China,
the largest event that occurred in the target area from 1 Jarhigh number of foreshocks occurring in a very narrow area
uary 2006 but before the mainshock of 6 April 2009. were detected a few days before the mainsha¢k7.3) oc-

The significantly very high seismicity rate and the very currence in the evening of 4 February 1975 (Wu et al., 1978).
low b-value in the entire foreshock sequence make a substarPrediction statement for a very strong earthquake to occur
tial difference from the background seismicity. In addition, very soon was released by seismologists in the morning of
the b-value of the strong stage of the foreshock sequence (lagt February 1975, while evacuation orders were also released
10 days before mainshock) was significantly lower than that(Wang et al., 2006).

in the aftershock sequence. In the space dimension, the concentration of the strong
foreshock sequence in a very narrow zone of L'Aquila re-
5 Discussion gion would indicate well-enough the possible epicentral area

of the forthcoming mainshock. However, the magnitude of

The results of this study were obtained by considering a tarthe forthcoming strong earthquake would remain uncertain.
get area of radiu®=50 km around the epicenter of the main- In fact, no physical relation or empirical rule has been found
shock of 6 April 2009. It has been explained that the tar-so far between the magnitude of the mainshock and the fore-
get area is slightly larger than the seismogenic area activateghock properties. For example, the magnitude of the main-
with the earthquake sequence. To check the possible depeshock, My, does not depend on the magnitude of the maxi-
dence of our results on the selection of the target area wenum foreshock) _1, or on the time length of the foreshock
repeated our calculations for target areakef30 km. It was  sequence. Therefore, the only possible assessment could be
found that this change in the target area selection does nahat My > M_1.
affect our results (Fig. 2b). The only influence is that in  To conclude, the most important lesson learned is that
some of the earthquake samples tested the number of evenfisreshock activity is quite promising for the prediction of
is lower than that in the respective samples for target area ofhe mainshock. For a systematic investigation of the predic-
R =50km, which creates some instability in the results. tive value of foreshock activity we need to organize real-time

In the remaining part of this section, we investigate the experiments, incorporating selection of target areas, regular
lessons learned from the example of the L'Aquila earthquakeupdating of the earthquake catalogue in the target areas, seis-
case and their potential value for the short-term predictionmicity analysis and evaluation in near real-time conditions,
of the mainshock. The present a posteriori analysis leaveproduction of prediction statements, and finally evaluation
no doubt that the state of seismicity before the L'Aquila of the success or failure of the prediction statements.
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