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Abstract. The northernmost part of Apulia, in Southern 1 Introduction

Italy, is an emerged portion of the Adriatic plate, which in

past centuries was hit by at least three disastrous earthquakégulia region is the south-eastern end of the Italian penin-
and at present is occasionally affected by seismic events o$ula and is constituted by an emerged portion of the Adriatic
moderate energy. In the latest seismic hazard assessment caticroplate, representing the foreland-foredeep area of the
ried out in ltaly at national scale, the adopted seismogenicSouthern Apennine chain. The northernmost part of Apulia,
zonation (named ZS9) has defined for this area a single zonk@cated between the Ofanto river and the Fortore river basin
including parts of different structural units (chain, foredeep, (Fig- 1), is occasionally affected by seismic events of moder-
foreland). However significant seismic behaviour differencesate energy and has been historically hit by strong earthquakes
were revealed among them by our recent studies and, theravhich in some cases caused disastrous effects with thousands
fore, we re-evaluated local seismic hazard by adopting &f fatalities. Recent estimates of seismic hazard conducted in
zonation, named ZNA, modifying the ZS9 to separate areadtaly at national scale (Gruppo di Lavoro “Mappa della Peri-
of Northern Apulia belonging to different structural domains. colosit Sismica”, 2004) were obtained through procedures
To overcome the problem of the limited datasets of historicalbased on Cornell (1968) approach, adopting a new subdi-
events available for small zones having a relatively low ratevision of the Italian territory in seismogenic zones, the so
of earthquake recurrence, an approach was adopted that intéalled zonation ZS9. It was derived by modifying previous
grates historical and instrumental event data. The latter wer@onations to take into account advance in active tectonics
declustered with a procedure specifically devised to procesknowledge in Italy and data derived from the most recent
datasets of low to moderate magnitude shocks. Seismicitgarthquakes, but also to solve the problem of the low num-
rates were then calculated following alternative proceduralber of events reported by seismic catalogues for several small
choices, according to a “logic tree” approach, to explore theseismogenic zones. The data shortage did not allow to well
influence of epistemic uncertainties on the final results and tconstrain the estimates of the seismicity rates, i.e. the num-
evaluate, among these, the importance of the uncertainty ifper of events of different magnitude expected in a fixed time.
seismogenic zonation. The comparison between the result§herefore in zonation ZS9, to enlarge the statistical bases of
obtained using zonations ZNA and ZS9 confirms the wellsuch estimates, areas previously belonging to distinct zones
known “Spreading effect” that the use of |arger SeismogenicWith relatively similar seismotectonic properties were joined
zones has on hazard estimates. This effect can locally detetogether.

mine underestimates or overestimates by amounts that make Some aspects of the ZS9 zonation are controversial. In
necessary a careful reconsideration of seismic classificatioRarticular, with reference to Northern Apulia, a recent study
and building code application. (Del Gaudio et al., 2007), on the basis of an integrated anal-
ysis of the characteristics of historical and instrumentally de-
tected seismic events, raised doubts on the seismic homo-
geneity of the area included in the zone labelled as no. 924:

Correspondence tov. Del Gaudio this zone extends for over 100km crossing, from west to
BY (delga@geo.uniba.it) east, the Apennine chain front, the foredeep and the foreland

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

V. Del Gaudio et al.: Seismogenic zonation and seismic hazard in Northern Apulia

fluence that the proposed local modification of seismogenic
zonation would have on the hazard estimates for the study
area and whether this influence is significant in comparison
to the effect of other epistemic uncertainty factors affect-
ing seismicity rate calculation. For this purpose estimates
of seismicity rates based on integrated historical and instru-
mental datasets were carried out both for the Northern Apu-
lia seismogenic zones defined in the new zonation and for the
zone no. 924 of the ZS9. The effect of other epistemic un-
certainty factors was examined by parallely adopting alterna-
tive procedural choices, according to a “logic tree” approach
(Kulkarni et al., 1984). Seismic hazard estimates were then
obtained by using, for Northern Apulia zones, the seismicity
rates calculated and, for the closest outer zones, those re-
ported by the latest national scale hazard study (Gruppo di
Lavoro “Mappa della PericolositSismica”, 2004). Finally,
comparisons were carried out between the results obtained
by using the ZS9 zonation and that locally modified.

AATremiti isands

42°N

41°N

Fig. 1. Location of the study area and delimitation of the seismo-

genic zones according to the zonation proposed for Northern Apulia i i . i

(solid lines) or the ZS9 zonation (dashed lines): 1=Fortore Iower2 Geological and seismotectonic setting

course — Lesina lake — Tremiti Islands; 2=Gargano promontory; . ) ) .
3=Tavoliere plain; 4=Dauno Sub-Apennine. The two ZS9 zonesFr0m a structural geological point of view, Northern Apulia
outlined are the 924 (to the north) and the 925 zone (to the south). consists of three different zones (Fig. 1):

a) A foreland area to the NE constituted by the Gargano
promontory, a horst elongated towards the Adriatic sea,
generated by the uplift of a carbonate plateau and delim-
ited by steep scarps. This is the most elevated part of a
carbonate platform that towards the inland sinks under
the front of the Apennine chain.

(Fig. 1). In the aforementioned study its identification as
a unique continuous strike-slip fault system responsible for
major historical earthquakes was questioned on the basis of
indications and constraints provided by data analysis and a
subdivision of the area into zones with a differentiated seis-
mic behaviour was consequently proposed.

In the present study such subdivision was assumed as ba-
sis for a locally more detailed seismogenic zonation to re-
evaluate the seismic hazard of Northern Apulia. The lo-
cal adoption of smaller zones re-proposed the problem of
the limited number of events reported by historical earth-
quake catalogue for each of such zones because, even though

b) A large central alluvial plain named “Tavoliere”, con-
stituting a local enlarged section of the Apennine chain
foredeep, characterised by soft sediment deposits over-
lying the carbonate platform.

The marginal external front of the Southern Apen-
nine chain, named Dauno Sub-Apennine, consisting of

this area was historically affected by strong earthquakes,
their temporal recurrence is not very frequent. To solve
the problem of the weak constraints that historical seis-
micity provides to the assessment of seismicity rates, we
adopted an approach integrating historical catalogue data

northwest-southeast oriented thrusts of tectonically de-
formed turbiditic formations. The thrust belt front rests
on a clastic wedge which, in turn, overlays the marginal
part of the Apulian foreland carbonate platform.

with a database of low to moderate magnitude events, de- Despite the structural similarity to the rest of the Apu-
rived from the instrumental monitoring of seismicity during lia region, mostly constituted by the same carbonate plat-
the last two decades. In particular the historical and instruform outcropping in the Gargano promontory, seismicity of
mental data were integrated to obtain the coefficients of dts northern part, documented by historical data and instru-
unique Gutenberg-Richter (1944) relationship. The integra-mental monitoring, appears much more active. It includes at

tion of these data required the application of declusteringleast three events (1361, 1627, 1731) that caused effects up
techniques to the instrumental data. to X degree on the Mercalli-Cancani-Sieberg (MCS) scale
Seismic hazard estimates were then obtained by using thand casualties in the order of thousands, but severe damages
code SEISRISK IIl (Bender and Perkins, 1987). In seismicand an uncertain number of victims were reported also for
hazard assessment the outlining of the seismogenic zones hather events (e.g. in 1223, 1414, 1646). In recent years seis-
a considerable influence on the determination of seismicitymic shocks that caused slight damages were recorded in the
rates. We were particularly interested in evaluating the in-Gargano area, like the event of moment magnitijge=5.2
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that hit the north-eastern part of promontory on 30 Septem-
ber 1995. On the contrary, south of the Ofanto river no event
has caused damaging effects comparable with those of ma-
. . . . 42°N
jor Northern Apulia earthquakes and also instrumental seis-
micity shows much lower rates of seismic event occurrence.
Figure 2 shows the spatial distribution of historical and in-
strumentally detected earthquakes, analysed in recent studies
(Del Gaudio et al., 2005, 2007) that provide more details on
the characteristics of regional seismicity. 4N
In the regional differences of seismic behaviour an im-
portant role is played by a spatial variation in structure and
thickness of the lithosphere between northern and southern
part of the Adriatic microplate (Venisti et al., 2004, 2005),
in correspondence of a belt crossing the central Adriatic seato’N
from the Gargano promontory to the opposite Croatian coast.
Along this belt a concentration of intra-plate seismic activ-
ity has been observed, possibly as consequence of the struc-
tural weakness represented by the mentioned structural het-

erogeneity, which can determine a focusing of seismic en-_ o .

ergy release. Fig. 2. Map of historical and instrumentally detected earthquakes of
The integrated analysis of historical earthquake charactert-he Apulia and surrounding regions: red dots represent instrumen-

L. . 2T . tal events located from 1981 to 2002, extracted from the CSI cata-

istics, instrumental seismic data and geological structural el;

) ) ) logue (Castello et al., 2006) with magnitge®.5; blue circles rep-
ements, conducted in a previous study (Del Gaudio et al.yegent focal volumes calculated according to Bath and Duda (1964)

2007), pointed out significant differences also within North- formula for earthquakes extracted from the CPTI 2004 catalogue
ern Apulia. According to this study, the foreland area is (CPTI Working Group, 2004). The circles corresponding to the
characterized by a major concentration of events compatithree major historical earthquakes are identified by the year of their
ble with a transpressive stress field having an approximatelyccurrence.
NW-SE compression axis (P) and NE-SW extension axis (T).
The spatial distribution and energetic characteristics of event
foci suggested a possible differentiation between the south- ] ) )
eastern part of the foreland, constituted by the core of thel S€lSmogenic zonation
Gargano plateau, and the northernmost part, partially sub-
merged by the sea, extending through the area of the Tremitl he aforementioned seismotectonic data suggested the pos-
Islands, the coastal Lesina lake and the mouth-lower coursgible identification in Northern Apulia of four separate seis-
of the Fortore river. In comparison to the Gargano plateaumogenic zones (Fig. 1): two foreland areas, corresponding
the latter area is characterized by relatively shallower event$0 the Fortore lower course — Lesina lake — Tremiti Islands
and a 30—40 counter-clockwise relative rotation of regional (Zone 1) and to the Gargano promontory (Zone 2), a fore-
T and P axis. This area was hit by the strongest earthquakéleep area corresponding to the Tavoliere plain (Zone 3) and
historically documented, i.e. the magnitude 6.7 event of 30the external front of the Apennine chain corresponding to the
July 1627, which affected the Fortore-Lesina area and genefPauno Sub-Apennine (Zone 4).
ated a tsunami which submerged the town of Lesina. To support this hypothesis of zonation (henceforth named
If compared to the foreland, the foredeep area appears reENA) under the aspect of the temporal pattern of seismic
atively less seismically active and the regional stress fieldenergy release, this was comparatively analysed for all the
shows a transitional character towards the prevailingly NE-four zones by examining a catalogue of events recorded for
SW extensional regime of the Appennine chain domain.20years from 1985, generated during a previous study (Del
Indeed the focal mechanisms of events in south-centralzaudio et al., 2007). To avoid a possible bias due to tempo-
Tavoliere plain, even having still a prevailingly strike-slip na- ral change in event list completeness, the minimum magni-
ture, show an accentuation of the relative weight of NE ex-tude was evaluated for which the catalogue can be assumed
tension with respect to NW compression, probably as effeccomplete: this threshold was identified as the minimum mag-
of a reduced efficiency in the transmission of axial compres-nitude for which the diagram of the logarithm of the cu-
sion along the less rigid border of the Adriatic microplate mulative number N of events exceeding a local magnitude
(Del Gaudio et al., 2007). M|, deviates from the linear decrease expected according to
the Gutenberg-Richter relationship (Gutenberg and Richter,
1944) (Fig. 3). On this basis a magnitude value of 1.9 was
assumed as completeness threshold.
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Fig. 4. Cumulative seismic energy release per unit area as function
of time in the four seismogenic zones outlined and, globally, in the

Fig. 3. Diagram of cumulative number of events located in North-
whole study area.

ern Apulia as function of magnitude provided by catalogue CSI
(Castello et al., 2006): deviation from linear decrease at low mag-
nitudes was used to recognize completeness threshold.

year respectively of 0.15 (Zone 1), 4.48 (Zone 2) and
0.08107 (Zone 3)joules/krryear L.
The monthly cumulative energy released per unit area was Examining the time variation (Fig. 4) one can see that in
calculated for each of the four zones and also for the enZone 3 the energy release per unit area has had a relatively
tire study area through a relation proposed by Gutenberg angonstant rate and is systematically lower than the regional

Richter (1942): average (black line in Fig. 4). In the other two zones the
energy release appears to proceed through major bursts oc-
logE =29+ 1.9M} — 0.024Mz Q) curring episodically, which in some periods confer to these

zones energy release higher than the regional average. For

whereF is the energy released in joules ai is the local  zpne 1, two thirds of the total energy were released from
magnitude of events. 1986 to 1990 through events of magnitude around 4.0 iso-

On the whole, during the considered 20 years, the seistated or included in a sequence, occurred in the area between
mic energy released through the overall study area was equghe Lesina lake and the Tremiti Islands. For Zone 2, 95% of
to 8.410'?joules, however its spatial and temporal distribu- energy was released through the seismic sequence of 1995
tion was extremely irregular and variable for the different (with a main shock ofif;=5.4). As a consequence of this
zones. About 60% of this energy was released by a seismigemporal pattern, these two zones have exchanged the role of
sequence including two major shocks #f;=5.4 and 5.3,  the area releasing most of the seismic energy (Fig. 4).
which in 2002 hit the left side of the Fortore river middle  on the whole also this analysis supports the idea that the
course, at the border between Molise and Apulia regions. lioyr outlined zones may have significant differences in the
was located in Zone 4, which, on the other hand, before thapattern of seismic energy release, which justifies their sep-
event had released only 012" joules through an average garation in the seismogenic zonation used for the following
of 3—4 events per year, mostly of magnitude 2.1-2.4, with anggts,
energy release rate of 014 joules/knf-year 1. Thus this
area was practically quiescent before to be hit by the 2002
earthquake. The seismic record of this zone (both historica4  Methodology
and instrumental) reports only another event of similar ener-
getic characteristics, i.e. an earthquake of intensity IX MCSThe influence of the proposed zonation modification on seis-
occurred in 1125. These observations suggest that Zone #hic hazard estimates was evaluated by calculating the spa-
is characterised by a very weak seismic activity punctuatedial distribution of a parameter commonly used in hazard as-
by rare moderately energetic events having rather long measessment (see Giardini, 1999), i.e. the peak ground acceler-
return time. ation having an exceedence probability of 10% in 50years

A different behaviour is shown by the other 3 zones (PGAq.10 50), Which is a usual reference for seismic building
which present a more frequent activity, even though withcodes. PGA1q 50 values were calculated through a stan-
different rates: in the examined 20 years, these zones hawaard program (SEISRISK IIl, Bender and Perkins, 1987) on
released seismic energy with rates per unit area and pea grid of points spaced by an angular distance of 0.05 degrees
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1.0

both in N-S and in E-W direction. The calculation pro-

cedure requires the definition of the seismicity rates for
each seismogenic zone relevant for the assessment of haz- s
ard in the study area. Furthermore, an attenuation relation-z o
ship is used to provide probabilistic estimates of PGA ex- %06
pected at a given distance for an earthquake of given mag-f§ 0s
nitude: at this regard we adopted the relationship obtainedg 04
by Sabetta and Pugliese (1996), calibrated on an Italian ac-3 o=
celerometric database.

0.9

0.2

The calculation of seismicity rates poses some problems. o+
Hazard estimates conducted in Italy to provide reference for 00

building code have been based on a quite rich historical doc-
umentation available in form of earthquake catalogues span-
ning approximately the last 1000 years. However the reduced

165
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size and the relatively moderate rate of earthquake occurfig. 5. Cumulative frequency distribution of inter-event times of the

rence characterising the seismogenic zones considered in thf§iginal dataset and of those declustered with the code DECLPOI
study would lead to derive seismicity rates from small num- (PECLP) and with the Reasenberg (1985) technique (REAS). Each

bers of historical events reported, which might provide unre- -~

liable results. in br
To overcome this problem we adopted a procedure which

integrates historical and instrumental data to constrain the co-

frequency distribution is compared with that expected for a Poisso-

distribution having the same mean inter-event tifr{eeported
ackets).

efficienta andb of the Gutenberg-Richter law (1944):

Generally declustering procedures proposed in literature

have been developed for catalogues in which main shocks
(2) are expected to have moderate to high magnitude (e.g. not

less than 4.0), so that their effectiveness, when applied to low
whereN (M) is the number of events of magnitude equal to magnitude events, cannot be taken for granted. Indeed, pre-
or larger thanM occurring in a given area during a fixed |iminary tests carried out on a catalogue of Northern Apulia
time interval. The instrumental data recorded in the last tworecent events showed that the results of declustering with the
decades provide constraints for this relationship at low magReasenberg procedure have still an excess of short inter-event
nitudes (down to 2-3), whereas historical data do the same atmes (and a deficit of longer ones) in comparison to what
the highest magnitudes observed in each zorfedr more).  expected for a Poissonian distribution having the same mean
Integrating both kinds of data one can obtain better con-inter-event time (Fig. 5). Therefore as alternative procedure
strained values of andb, which can be used to estimate we tested a new purposely developed technique. It is based
the number of events expected also at intermediate magnion the assumption that the sequence of main shocks must
tude (4-5) for which both historical and instrumental cata- have the properties of a Poissonian process, which implies
logue might not provide reliable estimates of seismicity ratesthat the probabilityP that one or more independent events
(the historical catalogues for incompleteness, the instrumenoccur during a time intervahs is:
tal ones for temporal shortness). B AT

Since a basic assumption in the application of SEIS-ID =1-e ©)
RISK Ill code is a Poissonian model of seismic event time re-where T represents the mean interval between successive
currence, earthquake historical catalogues developed in Italgvents (mean inter-event time).
for hazard assessment were declustered by removing after- The proposed method adopts an iterative procedure imple-
shocks and foreshocks and including only main shocks (Slemented in a code named DECLPOI, consisting of the follow-
jko et al., 1998). ing steps:

Therefore, to integrate instrumental data with historical
ones, a declustering procedure needs to be applied also to
the instrumental catalogue. A standard procedure used for
the identification of cluster of interdependent events is that
proposed by Reasenberg (1985). The procedure is based on
the identification of an “interaction zone”, i.e. a space and a
time span around the location and time of each event, cal-
culated as function of event magnitude, such that following

logN(M) =a — bM

1. the cumulative frequency distributidn(Az) of each the
inter-event times\#; observed in the catalogue is com-
pared with the value® (Ar) expected, according to the
Eqg. (3), for a Poissonian distribution having the same
mean inter-event time of the catalogue and thg’
value is found for which the differend&(Ar;)— P (At;)
is maximum;

events occurring within these space-time limits are consid- 2.
ered as events “stimulated” by the previous one, that is as
“genetically dependent” events belonging to a same cluster.

www.nat-hazards-earth-syst-sci.net/9/161/2009/

for all the couples of events whoge; is smaller than
or equal toAy;’, a space-time distancésy is calcu-
lated according to the criterion proposed by Davis and
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Frohlich (1991), which associates time separati@amd However, considering the peculiar characteristics of the

space distance through the expression datasets used in this study, a potential source of bias might
affect also MLM estimates in consequence of the underrep-

dsp = \/m (4) resentation of intermediate magnitude classes at the passage

from the magnitude range covered by instrumental data to

. . - . that covered by historical ones. Indeed, it is to take into ac-
whereC is a transformation coefficient of time separa- . )
L ) ) ... _countthat the MLM estimates are based on the calculation of
tion into space distance and is equal to 1 km/day; if in .

. , . . ... the average differencesf(— Mmin) between the dataset event
previous iterations the two events have been identifie ; N .
. . : magnitudes and their minimum value (see Aki, 1965) and

as belonging to clusters, thely; is calculated consid-

. e . . ; rovide increasing b values as such average decreases. Since
ering the minimum time separation and space distanc

. . the number of events diminishes exponentially with magni-
between the corresponding clusters, rather than the dis: : ; ) . .
. ) tude increase, possible lack of data at intermediate magni-

tance between the single events; .
tudes, due to the temporal shortness of instrumental cata-

3. the couple of events withs; minimum is identified as logue and to the incompleteness of the historical ones, would
belonging to a common cluster and the event of smallerc@use an underestimate of the average{(Mmin) and a con-
magnitude is marked to be excluded in the final cata-S€duent overestimate bf
logue: then the frequency distributions af; values Considering that the two methods may produce results af-
(both for the catalogue and for the comparative Pois-fécted by opposite sign errors, they were both used to de-

son distribution) are recalculated excluding the markedive alternative estimate of the Gutenberg-Richter relation-
events: ship coefficients. Then this relationship was used to calcu-

late the number of events of different magnitude intervals ex-
4. for the At; values of the modified catalogue the coeffi- pected in 100 years, to be provided as input to SEISRISK II.
cient of variationCy (i.e. the ratio between the standard
deviation and the mean afr; values) is calculated and
if larger than 1 (i.e. the value expected for a Poissonian® Data processing

distribution) the steps from 1 to 4 are repeated, other-
wise the procedure stops. The adoption of different zonations has an obvious influence

in the calculation of the seismicity rates of the seismogenic

At the end the declustered catalogue for which the quantityzones, which can considerably modify the results of hazard
|Cy—1| is minimum is adopted as final catalogue. Figure 5assessment. Therefore, one of the main purposes of the test
shows that, applying such a procedure, the final declusteredarried out in this study was to evaluate whether the modifi-
catalogue shows inter-event time frequency in very closecations of seismogenic zonation ZS9 suggested according to
agreement with what expected for a Poissonian distribution.the indications of our previous work (Del Gaudio et al., 2007)

Seismic events located in each seismogenic zone of Northimply significant variations of seismic hazard estimates for
ern Apulia were then extracted both from the declustered in-Northern Apulia, i.e. variations which would modify seis-
strumental datasets and from the historical catalogue and thmnic classification and building code application in some part
number of the events of different magnitudes were groupedf this territory. For this purpose, the previously described
into fixed intervals. The number of events in each intervalmethodology was used to calculate P§34 50 values both
was normalised multiplying it by a factor 1007, where by adopting the zonation ZS9 and, in alternative, by replac-
AT is the temporal extension in years of the used part of cating in it the Northern Apulia zones (Zones 924 and 925)
alogue, which is defined according to the result of complete-with the four zones outlined for the zonation ZNA. For the
ness analyses carried out both on historical and instrumentalone 924, which largely overlaps the study area, the seis-
catalogues. These data were used to determine the coeffinicity rates were also recalculated following the same pro-
cientsa andb of the Eq. (2) for each zone both by using a cedure adopted for ZNA, in order to avoid the introduction of
simple linear regression (LS) and by applying the “maximum differences related to the peculiarity of the calculation meth-
likelihood” method (MLM) (Aki, 1965; Bender, 1983). ods followed (in particular the integration of historical and

A recent study pointed out that the MLM technique should low magnitude instrumental data). For the Zone 925, which
be preferred (Sandri and Marzocchi, 2007) because LS esticovers only marginally the southern part of the study area,
mates are affected by a bias causing an underestimate of thand for external zones the seismicity rates used were those
coefficientb, particularly in case of small datasets. Accord- reported by the published national scale estimates (Gruppo
ing to these authors, this bias is mainly caused by the logadi Lavoro “Mappa della PericolositSismica”, 2004).
rithm transformation of the number of events used in regres- Since at some stages of the procedure of seismicity rate
sion and by the underrepresentation of negative fluctuation atalculation alternative choices could be made in data selec-
higher magnitudes, due to the exclusion of magnitude classeson or methodology, epistemic uncertainties associated to
having zero events. these choices were explored through a “logic tree” approach

Nat. Hazards Earth Syst. Sci., 9, 1674, 2009 www.nat-hazards-earth-syst-sci.net/9/161/2009/
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(Kulkarni et al., 1984): at each stage proposing alternative2004. The choice of using only events from 1985 was mo-

choices, the calculation procedure branches to follow all thetivated by the outcome of the cited study (Del Gaudio et al.,

possibilities, so that at the end PGA values are obtained witt2007) which showed as the poor seismic network coverage in
any combination of procedural choices. The use of this ap-Southern Italy existing before that year makes the catalogue
proach allowed to compare the influence of the seismogenicather incomplete and affected by large location uncertain-
zonation choice with that of other factors of seismicity rate ties.

uncertainty. A completeness analysis of both datasets was carried out
using two methods, i.e.:
5.1 Earthquake catalogue selection 1. the analysis of the deviation from linearity expected for

_ . ) ) ) log N(M) according to the Eq. (2) (as made before in
The first stage of data processing consisted in the extraction  gect. 3, preliminarily to the energy release estimates):

of events located in the examined seismogenic zones from  gych deviation at low magnitudes is considered to reflect
historical and instrumental earthquake catalogues. With re-  gataset incompleteness;

gard to historical seismicity, the catalogue CPTI04 (CPTI

Working Group, 2004) was used adopting as magnitude val- 2. the examination of the slope change in the cumulative
ues those reported as moment magnitude. CPTI04 is arecent number of events as function of time, for different mag-
version of an Italian seismic catalogue specifically designed ~ hitude thresholds, according to the method proposed by
for hazard assessment, i.e. satisfying two main requirements: ~ Tinti and Mulargia (1985).

:I)vittr;]eéggquas'?nn Oéf(r)gclgtlsthaenrc;]Eilil)ntizogls(zrg;zilsrg:‘ctismeguiﬁ?;f%mh methods converge to indicate that the seismic datasets
ging of Northern Apulia are complete from 1985 for magnitude

val of completeness at different magnitude levels. About th?greater than or equal to 2.0 or 1.9 (depending on whether

latter aspect, the completengss intervals for different magnicor| or csl magnitudes are adopted).
tudes were assumed according to the results of the estimates
carried out prevailingly on the basis of historical analysis,5 2 Estimates of seismicity rates
indicated in the published national scale estimates (Gruppo
di Lavoro “Mappa della PericolositSismica”, 2004) as the To estimate the seismicity rates of each zone, data from the
preferred criterion. historical catalogue and from the instrumental datasets were
Concerning the instrumental catalogue, a dataset ofntegrated after having declustered the latter. Two declus-
1789 events occurred from 1985, relocated with a local vetering procedures were tested as alternatives, i.e. the tech-
locity model in a previous work (Del Gaudio et al., 2007) nique reported by Reasenberg (1985) and the new method
was taken into consideration. Local magnitudés of these  described in Sect. 4 (code DECLPOI). Declustering was pre-
events were derived from three sources: the catalogue CSTiminarily carried out on the whole instrumental dataset of
— “Catalogo Strumentale dei Terremoti Italiani dal 1981 al Northern Apulia and then separate datasets for each zone
1996” (Gruppo di Lavoro CSTI, 2001), reporting events were obtained cutting away the events with magnitude be-
recorded up to 1996; the catalogue CSI — “Catalogo delladow the previously found completeness thresholds &2.0
Sismicit Italiana 1981-2002" (Castello et al., 2006) cover- and 1.9, respectively for datasets with CSTI- and CSl-based
ing a time span up to 2002; the seismic bulletins publishedmagnitudes).
by the Italian “Istituto Nazionale di Geofisica e Vulcanologia  Table 1 shows the results of the declustering procedure in
— Centro Nazionale dei Terremoti” (INGV — CNT), available terms of number of cluster identified, events left and events
online at:ftp://ftp.ingv.it/pro/bollet/ removed from the catalogue for the two datasets and the
The catalogue CSI was the result of an extension and retwo techniques adopted. One can notice that the DECLPOI
vision of the previous catalogue CSTI: the revision affectedprocedure removes 2—3times more events and identifies 5—
particularly the magnitude attribution to seismic events oc-6times more clusters than the Reasenberg method. Most of
curred until 1996, which, according to the results obtainedthese clusters consists in couple of events occurred at close
by Gasperini (2002), appears to have been overestimatekbcation and within a short interval of time (from few hours
for magnitude smaller than 2.5 and underestimated for thos¢o few days), so that the number of events per cluster turns
larger than 5.0. Even though the most recent catalogu®ut much lower for DECLPOI (approximately one half in
should be considered more reliable, we assumed the differeomparison to Reasenberg method). This result suggests that
ences between the two catalogues as representative of uDECLPOI is more efficient in recognising inter-dependence
certainties affecting magnitude estimate methods, thus wdetween couple of events of low magnitude, which could be-
carried out parallel seismicity rate calculations using bothlong to clusters whose other events, having a still lower mag-
sources, in order to evaluate the influence of such uncernitude, may have not been recorded or located. Furthermore
tainties on the final results. Therefore two separate datasefSECLPOI is less sensitive to difference of magnitude esti-
were prepared, one based on CSTI and the other on CShates: for the two magnitude sources used (CSTI and CSI)
both integrated by the INGV — CNT data for the period until the number of events left in the declustered datasets differs
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Table 1. Results of declustering with the new procedure described in the text (DECLPOI) and with Reasenberg technique: CAT=catalogue
used as source for event magnitude; N. ev=total number of events in the initial dataset; Rem.=number of removed events; Res.=number o1
residual events left in the dataset; Cluster=number of clusters identified; N./clust=mean number of events per cluster.

DECLPOI REASENBERG
CAT. N.ev Rem. Res. Cluster N./clust Rem. Res. Cluster N./clust
CSTI 1789 1179 610 171 7.9 442 1347 34 14.0
CSli 1789 1175 614 167 8.0 518 1271 26 20.9

only by 4 units on a total of~600 events, since magnitude  Table 2 shows the results obtained calculating Gutenberg-
affects the removals only in case that difference of estimateRichter « and » with both LS and MLM techniques, to-
causes an exchange between the removed event and the Igiether with 95% confidence interval derived for least squares
one in a couple of inter-dependent shocks of similar magni-from standard deviation and for “maximum likelihood” by
tude. Comparatively Reasenberg technique shows a largghe method of Tinti and Mulargia (1987). Data declus-
differences in the number of events removed (about 5-6% ofered with the Reasenberg technique provided systematically
the events left in the declustered dataset) because magnitudggher values of botla andb in comparison with those pro-
affects space-time extension of the “interaction” zone. cessed with DECLPOI: this is clearly an effect of the larger

Declustered and historical datasets were then used tgdumber of low magnitude events left in the datasets by the
gether to calculate the coefficientaindb of the Gutenberg- first procedure. Furthermore, LS and MLM estimates are in
Richter relation (Eq. 2) both with least squares (LS) and90od agreement for Zones 1 and 2, whereas in the other two
“maximum likelihood” method (MLM). For this purpose Zones LS gives significantly lower values (beyond the 95%
events were grouped into magnitude classes at intervals cﬁonﬁdence interVﬁlS) than MLM and quite similar to those of
0.2. The number of events for each class, derived from histhe previous zones. Considering that the less seismically ac-
torical data at magnitudes larger than 4.5 and from instruive Zones 3 and 4 provided poorer datasets (particularly for
mental data at lower magnitudes, was normalised on a timéhe historical part covering the higher magnitude range), the
interval of 100 years. As previously specified, estimated mo-discrepancies observed between LS and MLM results can be
ment magnitude values were considered for historical data€xplained as a consequence of the maximisation of the di-
whereas local magnitude®; were used for instrumental Verging bias effects discussed above (see Sect. 4).
events. The merging of these two kinds of magnitude is jus- Finally, thea andb coefficients were used to calculate the
tified by the observation that at magnitude lower than 4.5 theseismicity rates of each zone in terms of number of events
M values are comparable with thMy, ones within the few  expected in 100years at different magnitude intervals from
tenths of unit uncertainty commonly affecting magnitude es-4.6 to a value corresponding to the maximum magnitude his-
timates (see Utsu, 2002). torically documented for each zone. The minimum magni-

Figure 6 shows an example of the event number distri-tude considered in seismicity rate definition was chosen for

bution with magnitude. These diagrams suggest that thdlomogeneity with the value adopted in national scale es-
completeness thresholds of instrumental catalogues migHimates (Gruppo di Lavoro “Mappa della Pericolasis-

be slightly higher than thoseM;=1.9 or 2.0) derived by mica”, 2004), in view of the planned comparative analysis.
ana|ysing cumulative frequencies before dec|ustering_ HowHowever a test carried out eXtending the magnitude intervals
ever it should be taken into account that grouped magnitudélown to 4.0 showed that, in the studied area, the contribu-
frequency distribution shows a |arger Scattering (See F|g G;ion to hazard estimate from events of magnitude lower than
related to the superimposition, on the linear trend expectedH6 is negligible, causing localised increases of B&so at
according to the Gutenberg-Richter law, of statistical fluctu-most by 0.02g.

ations that cumulative frequencies tend to smooth. Such fluc- The seismicity rates obtained are shown in Table 3. In
tuations become more prominent examining the event numZones 1 and 2 the values obtained from Gutenberg-Richter
ber included within narrow magnitude intervals, particularly coefficients calculated with LS are generally lower than those
when, as in the studied case, datasets contain a limited nunderived using MLM, whereas the opposite occurs for Zones 3
ber of events. Thus the consequent data scattering can deteand 4: these differences reflect the differences in b values (in-
mine a misidentification of the “slope change point” defining fluenced by the aforementioned biases), the seismicity rates
the completeness threshold. Nevertheless, these sources isulting higher as b values are lower. Furthermore, ex-
uncertainties have a limited influence on the determinationcept for the case of Zone 4 datasets processed with MLM,
of seismicity rates, considering that the Gutenberg-Richterseismicity rates derived from datasets declustered by DE-
coefficients can be quite well constrained by using frequencyCLPOI are smaller at lower magnitudes in comparison with
estimates spanning a large magnitude interval. data declustered with Reasenberg technique, whereas the
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c) d)

Fig. 6. Diagrams of grouped magnitude frequency distribution normalised on 100 years for Z@)ardd(b) are referred to datasets whose
magnitudes were derived from the catalogue C%d)land(d) to datasets with magnitudes derived from C@l; and(c) are referred to

datasets declustered with the code DECLR®B),and(d) to datasets declustered with the Reasenberg technique. Full circles represent fre-
quencies derived from historical data, open circles are referred to instrumental data. Linear trends according to the Gutenberg-Richter (1944)
relationship and derived using the least squares (LS) and the “maximum likelihood” method (MLM) are shown with solid and dashed lines,
respectively.

situation tends to be inverted at the highest magnitudes: thishe PGA 10,50 values in a grid of nodes covering the study
reflects the more efficient capacity of small event removalarea. Figures 8-9 show the map of minimum and maximum
characterizing DECLPOI. Finally the use of datasets with PGA values among those obtained with the eight calculation
magnitude estimates based on the catalogue CSTI appeasshemes both for ZNA and ZS9, respectively.

to produce higher rates, especially for lower magnitudes, in o iowing the approach adopted in Italy for recent assess-
comparison to those based on CSl data, possibly as effect ¢hent of seismic hazard (Gruppo di Lavoro “Mappa della
the systematic differences of magnitude estimates betweepericolosia Sismica”, 2004), weighted medians were also
the two catalogues (see Sect. 5.1). calculated for PGA at each node of the grid, by attributing
relative weights to the alternative choices at each stage of the
seismicity rate calculation, and thus obtaining by multiplica-
The alternative choices considered with regard to instrumention a final relative weight for each combination of procedu-
tal dataset magnitude source, declustering procedure anl choices. Different weighing schemes were tested ranging
Gutenberg-Richter coefficient determination were adoptedrom the attribution of equal weights to all the choices, to
through a “logic tree” approach which led to define eight weights unbalanced in favour of choices deemed preferable
possible combinations for the calculation of seismicity rates,(i.e. CSl vs. CSTI, DECLPOI vs. Reasenberg, MLM vs. LS).
according to the scheme represented in Fig. 7. This schem&he results obtained turned out quite similar: Fig. 7 shows
was followed both for the seismogenic zonations ZS9 andone of the weighing scheme adopted and Fig. 10 shows the
ZNA. Thus, eight different input datasets were prepared formaps derived from this scheme for the two zonations. Fi-
each zonation to calculate, through the code SEISRISK lll,nally, Fig. 11 shows the spatial distribution of differences

5.3 “Logic tree” development

www.nat-hazards-earth-syst-sci.net/9/161/2009/ Nat. Hazards Earth Syst. Sci., B{4&D09



170 V. Del Gaudio et al.: Seismogenic zonation and seismic hazard in Northern Apulia
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Fig. 7. Logic tree scheme adopted to calculate seismicity rates with any combination of procedural alternative choices at the stages of the
selection of the instrumental data magnitude source (catalogue CSTI or CSlI), of the instrumental data declustering (DECLP=by DECLPOI;
REAS=by Reasenberg, 1985) and of the estimate of the Gutenberg-Richter coefficuls (LS=by least squares; MLM=by maximum
likelihood method). The relative weights associated to each procedural choice and the weight relative to each branch are those attributed tc
the results of each procedural sequence for the calculation of the weighted medians mapped in the following Fig. 10.

Table 2. Estimates of: andb coefficients of the Gutenberg — Richter relationship, obtained with least square (LS) and with “maximum
likelihood” approach (MLM) from integrated historical and instrumental datasets, for the four seismogenic zones of the new zonation
(ZNA): M SOURCE=source of magnitude estimates for instrumental data (catalogues CSTI or CSl); DECLUST. PROCED.=procedure used
for declustering (DECLP=DECLPOI, REAS=Reasenberg, 1985). For each coefficient 95% confidence intervals are reported 4¢onf. int.
conf. int.b) and for LS theR? determination coefficients of regressions are shown.

ZONE M DECLUST. LS MLM
SOURCE PROCED.
a conf.inta b conf.int.b  R? a conf.int.a b conf. int.b
1 CSTI DECLP 407 3.75-439 0.64 0.56-0.72 0.95 3.89 3.81-400 057 0.53-0.62
REAS 442 412-472 072 0.64-0.79 0.96 419 4.12-428 0.61 0.58-0.66
Csl DECLP 3.94 355433 063 053-072 0.92 391 3.83-4.01 0.60 0.56-0.66
REAS 431 4.00-463 0.70 0.63-0.78 0.95 430 4.23-439 069 0.65-0.74
2 CSTI DECLP 410 3.66-4.55 0.65 0.55-0.75 0.90 4.02 3.95-4.13 0.60 0.56-0.65
REAS 448 4.06-491 073 0.63-0.82 0.92 445 438-454 0.69 0.66-0.74
Csl DECLP 418 3.73-463 0.67 0.57-0.78 0.90 419 411429 0.68 0.63-0.73
REAS 455 410-5.01 075 0.65-0.86 0.92 460 453-469 0.77 0.73-0.81
3 CSTI DECLP 3.77 3.49-4.06 065 0.58-0.72 0.96 423 4.06-4.42 0.84 0.76-0.94
REAS 419 3.95-442 073 0.67-0.78 0.98 449 436-4.64 0.86 0.80-0.94
csl DECLP 3.73 332-414 064 054-0.74 0.93 442 425-461 095 0.86-1.05
REAS 401 356-446 069 0.58-0.80 0.93 465 451-480 0.98 0.90-1.06
4 CSsTI DECLP 409 3.48-470 0.73 0.58-0.89 0.88 448 4.33-464 0.88 0.81-0.96
REAS 467 4.14-521 085 0.72-0.99 0.92 523 5.12-536 1.07 1.01-1.13
Csl DECLP 3.67 3.17-4.16 0.63 0.50-0.77 0.88 434 4.18-451 091 0.82-1.00
REAS 422 3.64-481 074 058-091 0.88 514 5.01-528 112 1.05-1.19
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Table 3. Seismicity rates obtained for the four zones (Z) of the zonation ZNA, expressed as mean number of events expected in
100 years for magnitude classes defined at intervals of 0.2 and identified by the central value of each class. Seismicity rates are re-
ported for each combination of choices between instrumental dataset magnitude sources (M.S.=CSTI or CSlI), declustering procedure
(DECLUST. PROCED.=DECLP or REAS, for DECLPOI or Reasenberg, respectively) and Gutenberg-Richter coefficient estimate (G-R=LS
or MLM for least squares and “maximum likelihood” method, respectively).

Z M.S. DECLUST. G-R MAGNITUDE CLASSES
PROCED.
47 4.9 5.1 5.3 5.5 5.7 5.9 6.1 6.3 6.5 6.7 6.9
1 CSTI DECLP LS 338 251 187 139 104 0.77 057 043 032 024 0.18 0.13
MLM 436 335 258 199 153 118 091 070 054 041 032 0.25
REAS LS 377 271 195 140 101 0.73 052 038 027 019 0.14 0.10
MLM 582 439 332 250 189 143 108 081 061 046 035 0.26
CsSl DECLP LS 286 214 161 120 090 068 051 038 028 021 0.16 0.12
MLM 336 255 193 146 111 084 064 048 037 028 0.21 0.16
REAS LS 333 241 174 126 091 066 048 035 025 0.18 0.13 0.09
MLM 371 270 197 143 104 076 055 040 029 021 0.16 0.11
2 CSTI DECLP LS 348 259 192 143 106 079 058 043 032 024 0.18 0.13
MLM 459 349 265 201 153 116 088 067 051 039 029 0.22
REAS LS 395 283 202 145 104 074 053 038 027 019 0.14 0.10
MLM 494 359 261 189 138 100 0.73 053 038 028 0.20 0.15
CSl DECLP LS 326 239 175 129 094 069 051 037 027 020 015 0.11
MLM 320 234 172 126 092 067 049 036 026 019 0.14 0.10
REAS LS 367 260 184 130 092 065 046 033 023 0.16 0.12 0.08
MLM 350 246 173 121 085 060 042 029 0.21 015 0.10 0.07
3 CSTI DECLP LS 164 122 091 067 050 037 028 021 0.15 0.11 0.08 0.06
MLM 0.72 049 033 023 015 0.10 0.07 0.05 0.03 0.02 0.01 o0.01
REAS LS 197 141 101 072 052 037 026 0.19 014 0.10 0.07 0.05
MLM 110 0.74 050 033 022 015 0.10 0.07 0.05 0.03 0.02 o0.01
Csl DECLP LS 161 120 090 067 050 037 028 021 015 0.12 0.09 0.06
MLM 039 025 0.16 011 0.07 0.04 0.03 002 001 0.01 0.00 0.00
REAS LS 181 132 09 069 051 037 027 019 014 0.10 0.07 0.05
MLM 051 033 021 0.13 0.08 005 003 0.02 0.01 0.01 0.01 0.00
4 CSTI DECLP LS 150 1.07 076 054 039 028 020 014 0.10 0.07 0.05 0.04
MLM 090 060 040 0.27 018 0.12 008 0.05 0.04 0.02 0.02 0.01
REAS LS 182 123 083 056 038 025 017 0.12 0.08 0.05 0.04 0.02
MLM 0.81 049 030 0.18 0.11 0.07 004 0.03 0.02 0.01 0.01 0.00
Csl DECLP LS 144 108 081 060 045 034 025 019 0.14 0.10 0.08 0.06
MLM 050 033 0.22 014 0.09 0.06 0.04 003 002 0.01 0.01 o0.01
REAS LS 183 130 092 066 047 033 023 017 0.12 0.08 0.06 0.04

MLM 039 023 0.14 008 005 003 002 001 001 0.00 0.00 0.00

between the values obtained for the two zonations, derivingcedural sequences are locally at most of 0.10g. Major ef-
them from the maps of Fig. 10. fects on these variations appear to derive from the choice

of the method for Gutenberg-Richter coefficient determina-

tion, with LS causing, in comparison to MLM, decreases
6 Discussion and conclusions in foreland zones and increases in chain-foredeep zones by

up to 0.06g. The adoption of magnitudes from CSI cat-
The results obtained with the currently national referencealogue, instead that from CSTI, tends to cause a gener-
zonation (ZS9) and with the one hypothesised in this workalised decrease also up to 0.06 g throughout the study area if
by including local modifications for Northern Apulia (ZNA) Gutenberg-Richter coefficients are obtained with MLM, but
were comparatively examined. This comparison shows thaproduces minor differences (negative in foreland and posi-
the variations of PGAio50 estimates using different pro-
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Fig. 8. Maps of the minimun{a) and maximum valueg) of PGA  Fig. 9. Maps of the minimum(a) and maximum valuegb) of
with a 10% exceedence probability in 50years (RGés0), 0b-  PGAg 10 50, Obtained using the zonation ZS9.
tained using the zonation proposed in this study for Northern Apulia

ZNA).
(N estimate obtained with ZS9 (see Figs. 8 and 9). Elsewhere
in the study area (e.g. in some parts of the Dauno Sub-
tive in foredeep-chain zones) if LS is the technique adoptedapennine) the opposite can also occur, with maximum of
for the calculation of: andb. The choice of the declustering ZNA estimates lower than ZS9 minimum: this concerns ar-
method seems to have less influence on the results, causing @as where seismic hazard obtained with ZNA zonation is be-
most differences by-0.03 g, particularly in the two foreland |ow the regional average.
Zzones. For a synthetic comparison, median values mapped in
In comparison to the effects of the procedural choicesFig. 10 can be considered. The results mapped in Fig. 10b
adopted in hazard estimates, differences related to the choicgppear in quite good agreement with those reported for
of seismogenic zonation appear however more prominentthe study area by the reference national hazard estimates
being evident the zonation influence on the “geometry” of (Gruppo di Lavoro “Mappa della PericoloaitSismica”,
the spatial distribution of PG#y g 50 values and on the max- 2004), which confirms the compatibility of the adopted ap-
ima reached by them. The zonation ZNA provides more pro-proach with the standard procedures used in that study.
nounced maxima: in some areas (northern coast of Gargano The comparison between the results obtained with ZS9
promontory, Tremiti Islands) even the minimum P& so and ZNA was focused on the area to the north of the Ofanto
estimate obtained with ZNA is not less than the maximumriver because to the south of this limit major discrepancies
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Fig. 10. Maps of the medians of PG g, 50 Weighted according to
the scheme shown in Fig. 7 for the seismogenic zonation ZNA
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Fig. 11. Map of the differences between the weighted medians of
PGA 10,50 obtained with the zonations ZNA (Fig. 10a) and ZS9
(Fig. 10b).

tended seismogenic zones: the assumption of homogenous
seismicity rates in a seismogenic zone tends to “distribute”,
throughout the entire zone extension, the hazard associate to
seismic activity observed in a delimited portion, providing
more uniform hazard estimates and smoothing local differ-
ences. Therefore, the adoption of smaller zones, thanks to
the integrated use of data derived from historical catalogue
and instrumental datasets, can determine more territorially
differentiated hazard estimates. Areas where seismic activity
is more frequently observed (like the zone of Lesina lake and
Tremiti Islands) show an increase of P&, 50, whereas a
decrease is observed where seismic activity is more rare (like
the Dauno Sub-Apennine zone).

Indeed, in comparison to the results based on ZS9, those
derived with zonation ZNA provide increases and decreases
that locally can be in the order of 0.1 or even more: the
maximum difference is found for the Tremiti Islands because
they are outside any seismogenic zone of ZS9, whereas are

are caused by the exclusion in zonation ZNA of Zone 925,well inside an active zone, according to ZNA. Considering
marginally overlapping the southern part of Zones 3 and 4that the seismic classification of Italian territory is based on
(see Fig. 1): this determines an underestimate of hazard foPGAg 10,50 intervals of 0.1 g, such differences, if confirmed,
the area of Zone 925 extending outside the limits of the zonawould imply a modification of classification for some locali-
tion ZNA. Actually there are controversial aspects also in theties of the study area.
definition of this zone and of its seismic characteristics: how- The latest approach adopted by Italian regulations for seis-
ever a more specific study of the hazard for this area is bemic building code reduced the importance of seismic classi-
yond the scope of this paper. fication which, previously, fixed the scale factor of the design
Overall the PGA 10, 50 values obtained with the proposed spectrum on the basis of a single Pg# so value adopted
zonation ZNA are not excessively dissimilar from those de-throughout the extension of a municipality. The new regula-
rived from ZS9, discrepancies being comprised i@05g  tions, at present, prescribe criteria for the calculation of de-
interval for most of the study area (see Fig. 11), howeversign spectra, based on a dense grid of calculateddi 4o
local significant differences can be found. These are the convalues covering the entire national territory. This approach
sequence of the well known “hazard spreading effect” of thereduces possible abrupt variations of building criteria across
Cornell approach, which is enhanced by the use of more exthe boundaries of administrative territorial units and should
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allow to better fit the spatial variation of hazard factors. How- Davis, S. D. and Frohlich, C.: Single-link cluster analysis. synthetic
ever a full exploitation of this approach requires a more de- earthquake catalogues, and aftershocks identification, Geophys.
tailed recognition of such variations. In this regard, our J.Int, 104, 289-306, 1991.

results demonstrate the importance of a better compreher2€! Gaudio, V., Pierri, P., Calcagnile, G., and Venisti, N.: Charac-
sion of seismic behaviour of seismogenic structures and of teristics of the low energy seismicity of central Apulia (southern

the recognition of inhomogeneities in this behaviour. For  '&l¥) and hazard implications, J. Seismol., 9, 33-59, 2005.
this purpose an important role can be played by the int(_}grapel Gaudio, V., Pierri, P., Frepoli, A., Calcagnile, G., Venisti, N.,
and Cimini G.: A critical revision of the seismicity of Northern

tion of historical datasets with low energy event instr_umental Apulia (Adriatic Microplate — Southern ltaly) and implications
datasets properly processed (e.g. through declustering proce- ¢ the identification of seismogenic structures, Tectonophysics,
dures devised specifically for this kind of data). 436(1/4), 9-35, 2007.
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