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Abstract

In the Umbria-Marche region, space and time variations concerning the & value were studied by instrumental
seismicity from January 1987 to May 1999, according to the Bender method. Data were divided into two partially
independent data sets. The first set, (January 1987 - December 1996), does not include the Colfiorito seismic
sequence that occurred in the autumn of 1997. The second data set includes all events from January 1987 to May
1999, Using square cell dimensions of 80, 40 and 20 km, the examined area was divided respectively into three
grids. The & value was estimated for each cell using the first data set, thus allowing us to reveal b value space
variations and determine the resolution. To evaluate the stability of our result we estimated the » value on the
basis of historical seismicity within the region. Several synthetic tests were also performed to estimate the stability
of the Bender method and 1o verify its consistency with respect to other methods commonly used. Finally we
estimated the b values using the second dala set to prove the time variations. Results from the area examined
show that the lowest possible spatial resolution of the b value is about 40 km and that there is a correlation
between the b value pattern and the main active tectonic structures of the area. The most important time variations
occur within the Colfiorito area, in which the b value drops significantly within the second data set. Results
suggest two different ways of strain release: the first one produces continuous seismicity that spreads all over the
examined area, while the second, which concerns stronger earthquakes, is localized.

Key words b value — seismicity — Apennines The seismotectonic setting of the Umbria-
Marche region in Central Ttaly (fig. 1) is charac-
terized by three deformation patterns along the

1. Introduction Apennines arc (Lavecchia et al., 1994; Boncio
et al., 1998). Along the Adriatic coast-line, a

The study of seismicity is an important fac- contractional deformation of the outer domain
tor in the evaluation of seismic hazard and to combines Pleistocene layers into the fold and
better understand the different geodynamic as- thrust system, whereas two styles of extensional
pects of a region (Papazachos, 1999, and refer- deformation prevail in the two inner domains
ences therein). Seismicity, by means of the b of the Tuscan ridges and the Umbria pre-
parameter of the Gutenberg-Richter relation, also Apennines. Both T-axes in the inner domains
assists with the determination of return time for and P-axes in the outer domain are oriented
seismic events of a given magnitude. SW-NE or WSW-ENE and this coaxiality re-

flects the situation depicted by the geological
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Fig. 1. Main structural features of the Central and Northern Apennines (barbed lines: normal faults, lines with
triangles: thrusts). The dashed box evidences the studied region (modified from Ambrosetti ef al., 1987).

Central-Northern Apennines (Menichetti, 1991;
Pialli and Alvarez, 1997; Pialli e «f.., 1998;
Boncio and Lavecchia, 2000}, it is possible to
determine a complex tectonic style, with adja-
cent zones having different sismotectonic char-
acteristics (Malinverno and Ryan, 1986; Frepoli
and Amato, 1997). This phenomenon is reflect-
ed in stress ficld heterogeneities and, as a con-
sequence, in variations of the b-value (Guten-
berg and Richter, 1944).

In literature, some authors (Urbancic er al.,
1992; Wiemer and Wyss, 1997; Wyss et al.,
1997) have emphasized that b value anomalies
higher than the usual (b = 1) are connected to
variations in stress, or in the fragmentation con-

dition — both present in the examined area. As a
rule, zones with homogeneous seismogenic set-
tings should be chosen to estimate the b param-
eter to enable assessment of the seismic hazard
level. However, determination of these zones is
not easy if both the geologic and seismotectonic
settings of the studied area change within a
range of a few kilometres due to surface heter-
ogeneities. In this case, division into zones can-
not be made on the basis of seismic distributions
and seismotectonic knowledge alone. It such
complex arcas are divided into zones, or cells, it
is reasonable to suppose that the & value may
vary slightly if some spatial correlation between
adjacent cells is made (Papazachos, 1999).
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The studied area complies with the above
mentioned case due to its complex structural
setting. The aim of our study is to determine the
minimum zone, or cell dimensions required to
obtain a robust estimation of the & parameter of
the Gutenberg-Richter relation, independently
from the structural and seismotectonic aspects.
Furthermore, the result could allow us to con-
sider and to evaluate the variations in the b
value between adjacent cells and in two differ-
ent time intervals,

2. The method

It is possible to determine the connection
between seismic event frequency and magni-
tude, by way of the empirical Gutenberg-Rich-
ter relation

InN(m) = a—pm 2.1
where N(m) is the (non-cumulative) number of
seismic events having a determined magnitude
equal to m within an observed time period, and
where ¢ and f are linked to the well-known a
and b parameters by the relations

a=(nl0)a
£ =(n 10) b.

It is necessary to reduce the seismic events ob-
servation field by selecting the minimum
value of magnitude, say m, above which the
eq. (2.1) is experimentally verified.

Various methods to determine the 3 value
and its confidence limits are found in literature;
most of them generally set the upper limit as an
infinite magnitude (Aki, 1965; Cornell, 1968;
Weichert, 1980). However, events have a maxi-
mum dimension, so the Gutenberg-Richter rela-
tion is also limited on the upper side (Cosentino
et al., 1977; Bender, 1983). The lower limit, as
previously stated, is experimentally determined;
the magnitude of the upper limit (m ) is set
considering the historical seismic events cata-
logues (see Section 3).

Supposing that seismic events are independ-
ent in magnitude and regarding them as random
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variables, the probability distribution in the mag-
nitude range m, <+ m_{for magnitude M values
smaller than a fixed magnitude m)

Fom) = PIM <mm,<m<m)

may be written as (Der Kiureghian and Ang,
1977)
N ) — N(m)

F, ()=
o) Nin)=N(m

max )
hence

B )= 1 —exp[—fim —m )] .

1 - EXp[—ﬂ(H? max m 1] )]

(2.2)

However, these statistical methods consider the
Gutenberg-Richter empirical relation as a con-
tinuous function of the magnitude for grouped
data. In order to estimate the b value, it is nec-
essary to divide the magnitude range, m, +m__,
mto n equal intervals of width Am. The proba-
bility P, that an event occurs in the i-th interval
is a factor exp (— 8 Am) less than the probability
P, that an event will occur in the interval

=l

(i —1)-th (Bender, 1983), i.c.
P.=P,  exp(—pAm).

Considering expression (2.2) we can rewrite the
probability as follows:

_ l—exp(—fAm)

= T EXPTPAM) =D BAm].
' l—exp(—nﬁAm)pr[ (=Dpam]

(2.3)

Since events are independent, the probability P,
for N observed data to be distributed in 1z mag-
nitude intervals is a multi-nominial distribution

!
Fllis Bssvess k,,)=LPff

Ik, !
where P, is the probability that an event occurs
in the i-th class, and %, the number of events of
the same class. Considering the expression (2.3)
we can rewrite the probability distribution as
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follows:
Sl ey k)=
N
_N! I—exp(—fAm)
ML k&, ! 1 —exp(—npAm)

exp |:—

The most probable estimate for 8 is the value for
which dlog f/df is null

exp(—fAm)
l—exp(—pAm)

Z

The number of events, g(m )}, within a magni-
tude interval m, — Am/2 < m < m + Am/2 may
be written

ﬂAmi (i—Nk, :|

i=1

_nexp(-nfAm)
1—exp(—nfAm)

t—l)k

+Ami2

q(mi}zNJl

m;—Am}

f(m)dm =expla—pfm,),

where N is the total number of events in the

range m, < nm <m_, and hence

expla) =

~ Nexpl[fm, +Am/2)]
1 7 exp[_ﬁ(r;'l max

[l —exp(-fAm)].
—m)]

The error on b has been widely treated in Ben-
der (1983); for our purposes it is enough to
consider g, = 0.1h when N = 70. As far as the
error da on a is concerned, for the sake of
simplicity we assume da to be the maximum
deviation in the Bender method, and da to be
the standard deviation for least-squares and
maximum-likelihood methods.

For estimation and stability of the b/ value,
we generated five synthetic tests (fig. 2a-e). In
the hypothesis that events might be independent
(or rather they might follow a poissonian distri-
bution), we compaled results of Bender’s Meth-
od (hereinafter BM) with the results of other
frequently used statistical methods, Least
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Squares (L.S) and Maximum Likelihood (ML).

In performing such tests we attempted to
simulate situations that could be considered as
realistic. In all cases we produced a distribution
of events following the Guienberg-Richter rule,
with pre-fixed values of 5 =1.2 and a = 6.0, in
a magnitude range between m = 3 and m = 5.
Each result was then divided into magnitude
classes with Am = 0.2. We then added «noise»
to the resulting distribution, either changing at
random the number of events in some magni-
tude classes, or omitting classes entirely in some
instances.

In the first test (case A), only approximation
errors are present in the distribution. If we use
the least squares method, the b value (b = 1.15)
is very different from its pre-fixed value. It is
possible to obtain a better estimate (b = 1.19)
using the maximum likelihood method, where-
as the Bender method gives an estimate of
b =1.22 (fig. 2a).

In case B (fig. 2b), lower magnitude classes
were undervalued, that is the event number is
less than in case A, leaving other classes un-
changed. Using this approach, the b value de-
creases and the greatest variation of 0.04 occurs
with the maximum likelihood method.

In case C (fig. 2c), lower magnitude classes
were overestimated and upper magnitude class-
es were underestimated. For this test, the b
value increases and the most notable variation
(Ab =0.11) is due to the least squares method.
To allow us to simulate a situation in which the
events distribution is referred to an excessively
short time period, we set the events number in
an upper magnitude class to zero, reflecting an
incomplete catalogue.

Following on from test C, distribution re-
sults in cases D (fig. 2d) and E (fig. 2¢) were
obtained by using zero settings in the magni-
tude classes m = 4.25 and m = 4.65 respectiv-
ely. The b value does not change in either test
when using the maximum likelihood method,
whereas there is a variation of 0.03 in only one
case when using the least squares method. How-
ever, the & value alters considerably when fol-
lowing the Bender method, with a variation of
Ab = (0.06 in the case D and Ab = 0.02 in the
case E. Results for all three methods have been
summarized in table L
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Fig, 2a-e. Frequency-magnitude distribution of &
events with a pre-fixed & = 1.2 value, computed using
the Least Squares (LS), Bender Method (BM), and
Maximum Likelihood (ML) technique. a) case A,
initial calculus; b) case B, underestimating the lower
magnitude classes; ¢) case C, overestimating the lower
magnitude classes and underestimating the upper
ones; d) case D, the same as case C without the 4.2
magnitude class; ¢) case E, the same as case C without
the 4.6 magnitude class. Results in table 1. See text
for [urther details.
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Table I. Values of b and a and associated errors for the 5 tests shown in fig. 2a-e. 8 is the standard deviation for

LS and ML or the maximum error for BM.

htao, atd,
Method LS BM ML LS BM ML
Case A 1.15 2 0.01 1.22+0.12  1.19£0.06 5.82+0.06 605040 595x0.04
Case B 1.13 £ 0.02 1L19+0.12  1.15+0.06 5.75+0.07 596+ 040 5.82x0.04
Case C 1.26 £ 0.04 1.26+0.13 1.24£0.06 6.23£0.15 521042  6.14+0.04
Case D 1.26 £0.05 1.32+0.13  1.24£0.00 6.2440.21 042+044  6.14£0.04
Case E 1.29 £ 0.06 1.28+0.13  1.24+0.06 6.33+£0.24 6281042  6.141+0.04
Results of these synthetic tests show that the ] &
maximum likelihood method allows a more sta- & ~—8— Case"A’
ble estimate of the & value. Nevertheless, we 2 ¥ —= ~lges ©
preferred to use the Bender method in view of g=LamE
the fact that it considers the magnitude range to -
be limited in the upper part. This method also z
takes into account any slight variations in each 2.
class frequency, together with uncertainties in -
evaluating magnitude. With data extracted from
fig. 2a-e, in fig. 3 we summarise distribution 7 8
results from test cases A, C and E, using the G
Bender method only. 0 : ‘ ‘ |
magnitude 4 5

3. Data

In this paper we have analysed instrumental
and historical seismicity in the Umbria-Marche
region as bounded in longitude by 11°E and
14°E and in latitude by 42°N and 45°N.

We considered earthquakes shallower than
20 km, occurring between January 1987 and
May 1999, as recorded by the Italian National
Seismic Network (RSNC).

The data have been divided into two partially
independent sets; data set [ concerns 3895 events
occurring between January 1987 and December
1996, data set II concerns 7885 events occurr-
ing between January 1987 and May 1999. Data
set I does not include the Colfiorito seismic
sequence that occurred in the autumn of 1997.
Owing to the time period overlap, we attempt to
evidence how the b estimate may change with
the occurrence of a noteworthy seismic sequence.
Figure 4 shows the studied area, together with
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Fig. 3. Comparison of fit results computed by the
BM for different synthetic tests: A, C and E cases only.
Fit results in table I

the epicentres of seismic events occurring prior
to the end of 1996 (data set ).

Since 1987, the RSNC has used the same
type of instrumentation and, in the studied area,
the network coverage can be considered ap-
proximately uniform. These hypotheses allow
us to compare results referring to different time
intervals.

The examined data were grouped into (.2
magnitude intervals. They presented a 2.4 thresh-
old magnitude, as shown in fig. 5 for the data set
I, and a b value of little more than one, as previ-
ously shown by other authors in the same area
{Console et al., 1990: Mantovani er al., 1990).
For «magnitude» we mean the duration magni-
tude or, where present, the local magnitude.
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Fig. 5. Frequency-magnitude distribution of data
set I, from January 1987 to December 1996, with
respect to magnitude intervals of width 0.2. The empty
triangles correspond to the M < 2.4 threshold and are
not included within the fit. The » = 1.24 £ 0.12 value
results from application of the BM for M = 2.4,

We considered 2187 historical earthquakes
reported since 1500, with equivalent magnitude
of M_= 4.0 (Boschi et af., 1999). This data set is
complete for M = 4.0 since 1925, for M, =2 4.5
since 1870, for M = 5.0 since 1780, for M = 6.0
since 1635 and M, = 6.5 since at least 1500.
Figure 6Ga-f shows the cumulative number ver-
sus time curves for some magnitude intervals in
order to evidence slope changes. We assume
that the most recent change in slope occurs
when the data became complete for magnitudes
above the reference as already pointed out by
Boschi ef al. (1997). Based on this assumption,
the usable data set is constituted by 272 histor-
ical earthquakes. In the next section we will use
such completeness information to apply the
«mean method», as in Papazachos (1990), to
estimate the reliability of instrumental data re-
sults.

In order to evaluate the b value by way of the
Bender method, we divided the analysed area
into three sectors and considered the maximum
magnitude of each sector by Boschi ez al. (1999).
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This resulted in a m_ = 6.2 for latitude greater
than 43.44°N, m = 6.8 for latitude between
42.54°N and 43.44°N, and m_ = 7.0 for lati-
tude less than 42.54°N.

4. Data analysis

Using square cell dimensions of 80 km
(fig. 7a), 40 km (fig. 7b) and 20 km (fig. 7¢), the
examined arca was divided respectively into
three grids. All three grid dimensions selected
were sufficient to consider events generated by
several faults in every cell. Given a maximum
acceptable error of 0.1 b, we aimed to determine
the lowest possible cell size in such a way that
a further decrease in the dimension would not
increase the resolution of b, i.e. b varies less
than 10%. According to Bender ([983), if the
cell contains at least 70 events, the error on b is
lower than 10% within a confidence level of
90%. Therefore in this work calculations are
made only for cells which contain at least 70
events.

To determine the lowest possible cell dimen-
sion in which the b value is stable, we carmed
out a study in which the cell dimensions were
reduced until the b variations were significant.
The first grid (80 km) was progressively divided
to establish the lowest possible resolution value.
When comparing the three grids using the data
set 1, the b values of four cell 40 km square cells
(fig. 7b) differ from the & value of the corre-
sponding 80 km square cell (fig. 7a) by more
than error. Whereas, & values of 40 km square
cells when compared with corresponding b val-
ues of 20 km square cells (fig. 7c) differ less
than 10%. These results indicate that if the cell
dimensions are reduced below a fixed value
(40 km in this case), the information required to
assess the b parameter is not enhanced. On av-
erage, this is due to the number of events de-
creasing in proportion to the cell size. conse-
quently giving an increased error value to the &
estimate.

In order to obtain slow variations of b value,
we applied a spatial smoothing to the grids with
cells of 20 km and 40 km. The smoothing en-
tails weighting data of adjacent cells by 1 for
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e— ranea.

0 50

Fig. 7a. Contour lines of b computed by GMT (Wessel and Smith, 1991) where the event number inside every
cell is = 70. Grid cell dimension: 80 km.
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0

Fig. 7b. Contour lines of b computed by GMT (Wessel and Smith, 1991) where the event number inside every
cell is = 70. Grid cell dimension: 40 km.
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Fig. 7c. Contour lines of & computed by GMT (Wessel and Smith, 1991) where the event number inside every
cell is 2 70. Grid cell dimension: 20 km.
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contiguous and by V2 for diagonal cells. In a
square grid, this is an approximation of a dis-
tance-dependent weighting that simplifies the
computing algorithm. In this way, it is possible
to allow for epicentral location error, considered
to be lower than 10 km in the area covered by
our study (Di Giovambattista and Barba, 1997).
Spatial smoothing was not applied to the 80 km
grid for which the epicentral location error was
ignored.

To summarize, the b value of instrumental
seismicity was calculated for data sets Tand IT in
three different-size grids, using the Bender meth-
od and considering only cells that have at least
70 events of magnitude greater than 2.4. The
error on the b value is less than 10%. The max-
imum magnitude has been suggested by histor-
ical data and set to m, = 7.0 in latitude range
42.00° +42.54°, m = 6.8 in 42.54° + 43.44°
and m_, = 6.2 in 43.44° = 45.00°.

Historical data have been analyzed by way
of a slightly different process in order to obtain
a representative sample of data covering the
longest time period and the widest magnitude
range. Based on this assumption, the usable
data set from the area studied is constituted by
272 historical earthquakes.

The whole time interval for which data is
available was separated into reliable data subin-
tervals, as shown in the previous section. The
number of events in each subinterval was com-
puted for classes of magnitude Am = 0.5 and
Am = 0.2, and normalized to 100 years. The
start year, corresponding completeness magni-
tude and the number of events occurring in
each subinterval for Am = 0.5 (YYYY, MAG,
N) are; 1500, 7.0, 1; 1500, 6.5, 3: 1635, 6.0, 5;
1780, 5.5, 20; 1775, 5.0, 39; 1870, 4.5, 95;
1925, 4.0, 109. The ending year for all subinter-
vals is 1990. The Bender method was then ap-
plied to the normalized event numbers result-
ing into a b =0.89 for Am=0.5and a b = 0.98
for Am = 0.2, both with a standard deviation of
slightly less than 10%. Figure 8a,b shows the
normalized event numbers along with the fit.
We observe that the number of usable historical
events, 272, is not sufficient to mesh the ana-
lyzed area, as performed with the instrumental
data.
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Fig. 8a,b. Number of historical earthquakes
normalised within a 100 year period, with respect to
magnitude classes of width (a) 0.2 and (b) 0.5. See
text for details. The & values computed through the
BM are (a) 5=0.98 £ 0.10 and (b) 5 = 0.89 £ 0.09.

5. Results and discussion

Results of previous tests show that the max-
imum likelihood method is the most stable tech-
nique to assess the b variation, particularly when
a class is lacking. Furthermore, with this meth-
od the b variation from a pre-fixed value b= 1.2,
is less than to the two other methods discussed.,
randomly changing the frequency of some class-
es. In this paper, we preferred to use the Bender
method as the Gutenberg-Richter relation is up-
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per limited and there are fluctuations in every
class, either in event number, or in magnitude.

When the square cell dimensions become
smaller than a fixed value (40 km in this case),
the information required to assess the b param-
eter is not enhanced. This is because, on aver-
age, the number of events occurring within a
smaller cell decreases, and consequently the b
estimate is subject to greater error. Also, in
using a 40 km grid, more than one fault can lie
in each cell and also the epicentral error can be
neglected.

Figure 7b shows the b values computed into
the 40 km grid for data set T (January 1987 -
December 1996). To evidence how b may change
when a noteworthy seismic sequence occurs,
we compared the values with those computed
using the same procedure and grid size for data
set 1T (January 1987 - May 1999), in which the
Colfiorito seismic sequence is present. With the
addition of the later events the data number is
almost doubled. These data have the same 2.4
threshold magnitude as those of data set I. The
difference in b values between data set I and
data set II are within acceptable error margins
for most of cells. However, differences are most
notable between cells that lie within the Colfio-
rito zone (43.0°; 12.9°) and neighbouring cells.
These b values, as shown in table I1, range from
b values 1.30 + 1.41 for data set I to b values
1.13 = 1.17 for data set 1L

Table II. & values concerning the Colfiorito area for
both data sets I and 11

Latitude  Longitude  Data set [ Data set IT
(N) (E) (1987-1996) (1987-1999)
42.54 1225 1.30 1.13
42,54 12.75 1.35 1.15
42.54 13.25 1.30 1.15
42.90 12.25 1.35 1.13
42.90 12.75 1.37 1.15
42.90 13.25 1.30 1.15
43.26 12.25 1.39 1.17
43.26 12.75 1.41 1.15
43.26 13.25 1.32 1.15
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Fig. 9. Rate of instrumental carthquakes per vear,
from 1987 to 1998, divided into magnitude classes;
small-dashed line, large-dashed line and solid-line
represent magnitude classes of 2.5-2.9, 3.0-3.4 and
3.5-3.9 respectively; the symbols represent higher
magnitudes (see the legend).

The b variations can be strongly connected
to stress variations or fragmentation conditions
(Wyss et al., 1997). After one or more large
earthquakes, which may change the stress or
fragmentation condition, the b-value must be
the same if different intervals of magnitude are
examined. To verify that the decreasing b value
for data set II is really due to the Colfiorito
sequence, we have estimated the b value by
taking into consideration the magnitude range
m =24 tom=4.0. The computed b value for the
Colfiorito zone is 1.15 + 1.22, therefore the b
value decreases with respect to data set I. This is
also true if the magnitude range is limited to
m = 4.0. Results prove that the b variation de-
pends on the Colfiorito sequence due to the fact
that the slope of the Gutenberg-Richter relation
is the same when based on the whole of data set
11, as for when limited to in = 4.0. These results
indicate that in the presence of several segment-
ed active faults, earthquakes occur in a larger
magnitude range and at a higher rate than back-
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12° 13

Fig. 10. Contour lines of b (black) for cell grid of width 40 km (same as fig. 7b) and main structural features in
the area (light grey), as in fig. 1.
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ground seismicity. This phenomenon seems to
lead to a different slope of Gutenberg-Richter
and to dominate the previous seismicity, as ev-
idenced also by Scholz and Gupta (2000). Our
study is further confirmation that b variations
depend strongly on the examined time period,
because the number of event varies across time
for several classes. Figure 9 shows the annual
rate fluctuations for different ranges of magni-
tude. If the time period for data extraction is too
short, events of large magnitude can be absent
and the instrumental seismicity can be insuffi-
cient to estimate the b value (fig. 9). Therefore,
areas with a high rate of seismicity can be deter-
minated by examining background seismicity
within a short time period, say 10 years, but to
estimate the & value it is necessary to examine a
longer time period, to take large-magnitude
earthquakes into account.

In order to verify if seismicity can evidence
different seismogenetic settings, in fig. 10 we
overlaid the contour lines of fig. 7b (40 km
cells) on the structural setting of the area (from
fig. 1). This comparison shows that 5 values
closely follow the main tectonic structures of
the Apennine are, letting us think that a contin-
uous dynamic process generates background
seismicity.

6. Conclusions

The b value estimate for square cells of di-
mensions no less than 40 km and event numbers
greater than 70, has emphasized that the param-
eter can change with respect to space (fig. 7b)
and it can be different from the b value of the
whole area (fig. 5).

Considering the events of data set [, greater
b values lie along the Apennine arc, with the
maximum of these being on the chain axis
(fig. 10). In contrast, when considering the events
of data set IT in which the Colfiorito sequence is
present (Autumn 1997), cells with longitude
between 12.0° and 13.5° and with latitude near
43° have greatly decreased b values (table II). A
decrease is also notable il we consider a limited
magnitude range within data set I1. These differ-
ent & values (between data set I and data set II)
infer that seismicity within the first set should
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be considered background seismicity. On the
contrary, data set 11 b values within and near to
the Colfiorito zone indicate a reduction in the
average value to b = 1.15.

An area with a high rate of seismicity can be
determinated by examining background seis-
micity, but to estimate the & value it is necessary
to examine a long time period to account for
large-magnitude events.

Background seismicity is possibly generated
by a continuous dynamic process, whereas the b
variation in the Colfiorito zone infers that large
earthquakes are due to a process located in space
and time. This qualitative correlation lets us
conclude that the occurrence study of seismicity
is an important factor in allowing a better under-
standing of the geodynamic aspects of a region.
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