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S U M M A R Y
In this study, new intensity-distance attenuation law is presented, using directly the intensity
observations, rather than the subjective, and sometimes controversial, isoseismal lines. This
intensity-distance attenuation law is the only one defined for Portugal mainland, which is
expressed as a function of magnitude. We computed this attenuation law using the slope and
the intercept of the logarithmic regression of 25 events, with magnitudes between 4.4 and 6.2.

Using the Bakun and Wentworth method (1997), this new attenuation law allows performing
better results in the earthquake epicentral position and magnitude estimations of the 1909
Benavente event than the Atkinston and Boore attenuation law (1997). This law also gives
good results in the study of site effects, presenting good matches between intensity residuals
and geological structures where site effects are expected.

Key words: Earthquake ground motions; Earthquake source observations; Seismicity and
tectonics; Seismic attenuation; Site effects.

1 I N T RO D U C T I O N

In low to moderate seismic regions, like the continental part of
Portugal, the computation of attenuation laws is made difficult by
the lack of data. Given that most of the largest earthquakes occurred
before the development of seismic instruments, the instrumental
data are small and are related to low magnitude events.

The attenuation laws are mainly used to compute the seismic haz-
ard. Usually, in regions of moderate tectonic and seismic activity,
such as the study area, the resulting seismic hazard is computed
using pre-existing attenuation laws, developed for similar areas and
for similar ranges of magnitude. In Portugal, Vilanova & Fonseca
(2007) computed the probabilistic seismic hazard using three atten-
uation models (included into a logic tree): Ambraseys et al. (1996),
Toro et al. (1997) and Atkinson & Boore (1997), developed for
target areas of Europe and Middle-East in one case and Central and
Eastern North America on the other two.

Several attempts have been done to evaluate an attenuation law
in the Iberian Peninsula (Muñoz 1974; Martı́n 1984; Lopez Casado
et al. 1992; Sousa & Oliveira 1997; Lopez Casado et al. 2000).
Yet, the results do not directly use the intensity data points of the
available events but the isoseismal maps instead. These isoseismal
lines are set by expert decisions, introducing a subjective part into
the resulting laws. The main advantage of using directly the intensity
data points is that the procedures are explicit so that the results are
reproducible. Moreover, in most of the studies, the attenuation laws

are not expressed as a function of the magnitude, but as a function
of the epicentral intensity I0.

We developed a new intensity-distance attenuation law for the
continental Portugal, using the macroseismic reports of events that
provide intensity data points and instrumental magnitudes. This law
is directly derived from the intensity data points and expressed as a
function of magnitude and epicentral distance.

The methodology includes three steps: (1) the estimation of the
equation form, (2) the study of the attenuation law parameters as a
function of the magnitude and (3) the definition of the attenuation
equation. The attenuation law will be provided with its associated
uncertainties. It is important to notice that the obtained attenuation
law does not take into account the site effects.

Subsequently, two methods are achieved using the new intensity-
distance attenuation law to validate it. The first one consists in
relocating the Benavente earthquake occurred the 1909 April 23
(moment magnitude Mw = 6), located closed to Lisbon, with the
Bakun and Wentworth method (1997), using (1) the Atkinson &
Boore (1997) attenuation law (used in the Portuguese PSHA calcu-
lation) and (2) the new attenuation law, in order to validate whether
the use of the new attenuation law improves the results. The sec-
ond one consists in studying the site effects and check if there is
a correlation between them and the intensity residuals, defined by
the difference between the observed 1909 Benavente event intensity
data points and the ones calculated with the new attenuation law,
into which the site effects are not expressed.
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2 DATA

The data required for the computation of the attenuation law, have
to provide an instrumental magnitude and a felt intensity report.
We obtained, from the Instituto Português do Mar e da Atmos-
fera (IPMA, Portugal; ex-IM), 30 events, covering the period since
1909 until 1997. These events are listed in the Table 1 and mapped
in the Fig. 1. The largest magnitude is Ms = 8.4 for the 1941
November 25 earthquake, located closed to the boundary separat-
ing the Eurasian and the Nubian plates. The intensities are expressed
in the Modified Mercalli scale. The magnitudes are expressed in dif-
ferent scales and are converted to a homogeneous magnitude. The
moment magnitude, Mw, is chosen as reference. The magnitudes
provided by the Instituto Geografico Nacional (IGN, Madrid) are
calculated in mbLg. The ones collected from publications (Buforn
et al. 1988a,b, 1995; Grandin et al. 2007) are expressed as surface
wave magnitude, Ms. We noticed that the magnitudes (mb) provided
by the IPMA are equals to the ones calculated by the IGN. So, we
consider mb = mbLg for the conversions. The relations of Johnston
(1996a) are chosen for the conversions. These empirical relation-
ships are used to convert both teleseismic (Ms and ML) and regional
magnitudes to M0 (dyn cm) for stable continental crust earthquakes.
The relationships are the followings:

log M0 = 24.66 − 1.083Ms + 0.192M2
s for Ms ≥ 3.6 (1)

log M0 = 18.28 + 0.679 mb + 0.077 m2
b. (2)

Due to the small number of observed intensities (only 4), the
1909 December 8 and the 1912 January 23 earthquakes are not
considered in this study.

For this study, the 1909 Benavente event will be considered as a
reference because it is the most documented, owing to the prelimi-
nary work of Bensaúde (1910) and the work of macroseismic field
revision of Teves-Costa & Batlló (2011).

Here we only use epicentral distances because large uncertainties
on the earthquake depths or the lack of value prevent to consider
hypocentral distances. The definition of epicentral distances is es-
sential. The intensity data point refers to a municipality and the
location of this intensity data point is situated in the city centre or
city hall of this municipality. This may lead to an uncertainty in the
calculation of the epicentral distance that depends on the munici-
pality density. An area with a lot of municipalities will have more
accurate intensity data point locations than an isolated municipality.
The quality of the intensity data point itself is also controlled by this
municipality density but also by the population density. Indeed, an
isolated building located on a sedimentary basin, may suffer more
important damage than the closest city, where this intensity obser-
vation will be associated. Moreover, the intensity data point for this
city will be the one based on the damage statement of one isolated
building or the testimony of the few people living there.

3 M E T H O D O L O G Y

The methodology used to compute the attenuation law for the
Portugal mainland is inspired from Bakun & Wentworth (1997).
First we need to estimate the equation form. It consists in defin-
ing for each event the regression line that better fits the intensity
data points as a function of the epicentral distances. We consider
here the median epicentral distance for each range of intensity to

Table 1. Seismic events used to estimate the attenuation law. IPMA, Instituto Português do Mar e da Atmosfera; ISC, International Seismological
Center; IGN, Instituto Geografico Nacional.

Date Latitude (◦) Longitude (◦) Magnitude Type of M Source Mw Number of intensities ID

23/04/1909 38.9 −8.8 6 Mw Teves-Costa & Batlló (2011) 6.0 504 1
04/05/1909 38.9 −8.8 4.5 mb IPMA 4.6 20 2
11/06/1909 38.9 −8.8 5 mb IPMA 5.0 14 3
17/08/1909 38.9 −8.8 5.19 mb IPMA 5.2 17 4
08/12/1909 38.9 −8.8 5.19 mb IPMA 5.2 4 5
09/02/1911 41.7 −8.9 5 mb IPMA 5.0 7 6
12/08/1911 36.5 −7.8 4.8 mb IPMA 4.8 17 7
23/01/1912 38.8 −7.8 5 mb IPMA 5.0 4 8
11/07/1912 36.5 −7.8 5 mb IPMA 5.0 18 9
18/10/1912 41.5 −8.5 5 mb IPMA 5.0 36 10
27/10/1913 41.67 −8.72 5 mb IPMA 5.0 18 11
23/09/1914 38.9 −8.8 5.3 mb IPMA 5.3 12 12
25/09/1914 38.9 −8.8 5.3 mb IPMA 5.3 83 13
11/07/1915 37 −10.5 6.2 Ms ISC 6.3 71 14
02/03/1924 38.9 −8.8 5 mb IPMA 5.0 17 15
28/02/1926 38.5 −8 5.5 mb IPMA 5.5 104 16
10/02/1930 37.4 −8.1 5 mb IPMA 5.0 38 17
25/11/1941 37.5 −18.5 8.4 Ms Buforn et al. (1988) 8.7 61 18
27/12/1941 36 −10.5 6.8 Ms ISC 6.7 16 19
02/10/1947 38.5 −9.9 5.1 mb IPMA 5.1 47 20
12/08/1948 40.1 −8.6 5.2 mb IPMA 5.2 33 21
05/12/1960 35.6 −7.2 5 mb IPMA 5.0 7 22
10/02/1961 41.51 −6.02 5.2 mb IPMA 5.2 14 23
15/03/1964 36.09 −7.86 6.2 Ms Buforn et al. (1995) 6.2 81 24
28/02/1969 35.94 −10.85 8 Ms Grandin et al. (2007) 8.2 194 25
24/12/1969 36 −10 5 mb ISC 5.0 7 26
14/06/1972 36.7 −8.4 5.2 mbLg IGN 5.2 20 27
04/04/1982 39 −10.3 4.4 mbLg IGN 4.5 16 28
10/08/1986 41.03 −7.16 4.3 mbLg IGN 4.4 41 29
21/05/1997 42.43 −7.17 5.2 mb ISC 5.2 72 30
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Figure 1. Map of the seismic events used to estimate the attenuation law
(the 1941 earthquake of Ms = 8.4 is out of this map). Numbers in the map
correspond to the ID of the earthquake (see Table 1)

minimize the weight of extreme values, which might be erroneous
or exaggerated. Three different kinds of regression are tested: lin-
ear, exponential and logarithmic. For each event, the regression
coefficient of the different tendencies is calculated and compared
each other. The tendency that presents the best regression coeffi-
cients over all events is used to define the form of the attenuation
equation.

Once we obtained the form of the attenuation equation, we study
the behaviour of its parameters as a function of the magnitude. These
parameters correspond to the slope and the intercept of the attenua-
tion law. The slope of the logarithmic regression of each earthquake
is represented as a function of its corresponding magnitude. Then,
the evolution of the slope with the magnitude is estimated. Sim-
ilar plot is obtained using the intercepts instead of the slopes, to
evaluate the behaviour of these intercepts with the magnitude. This
allows defining the analytic form of the different parameters that
are introduced into the attenuation equation.

Finally, from the complete analytic expression of the attenuation
equation, the attenuation law is obtained using a weighted least-
square method. This method provides the uncertainty associated to
the attenuation law.

Then, we tested our attenuation law by relocating the 1909
Benavente event with the Bakun and Wentworth method (1997)
and by comparing the results with a relocation using the Atkin-
son & Boore (1997) attenuation law. We expect a better earthquake
epicentral position with the law developed in this study.

We also tested our attenuation law by studying the site effects.
Because our attenuation law does not include site effects, the posi-

Figure 2. Intensity data versus Epicentral distance of the 1909 Benavente
event. Blue dots represent intensity data. Yellow triangles and orange dia-
monds represent, respectively, the mean and median epicentral distance for
each intensity range. The green, red and orange curves are, respectively, the
linear, exponential and logarithmic regressions of the median epicentral dis-
tances. Plot in the top-right corner shows the best fit line of the logarithmic
regression for the 1909 Benavente observed intensities.

tive intensity residuals (that is the difference between the observed
and theoretical intensities: Iobs – Itheo) should match with Portuguese
regions where site effects are known (Bezzeghoud et al. 2011), like
the Meso-Cenozoic basins.

4 R E S U LT S

4.1 Equation form

In order to estimate the form of the attenuation law, several plots
representing the intensity data points versus the epicentral dis-
tances, have been achieved for every earthquake. Different regres-
sion curves (linear, logarithmic and exponential) have been calcu-
lated to identify which one best fit the data (Fig. 2). This regression
is achieved for the median epicentral distance of every intensity
range, to avoid giving an important weight to the extreme values
that might be erroneous or exaggerated.

Considering the regression coefficient, we obtained a mean value
of 0.682 for the linear regressions, 0.693 for the exponential ones
and 0.710 for the logarithmic ones. According to these regression
coefficients, the logarithmic regressions better fit the data, and are
used to define the equation form.

This leads to an attenuation equation of the following form:

I = C0(Mw) ln(D) + C1(Mw), (3)

where I represents the intensity data point, M the magnitude and D
the epicentral distance. C0 and C1 are the slope and the intercept
of the attenuation curve, respectively. So far, we do not know their
dependency with the magnitude.

4.2 Behaviour of the parameters C0 and C1 related to the
magnitude

To estimate the magnitude dependence of C0, the slope of the loga-
rithmic regression of each earthquake is plotted as a function of its
related magnitude (Fig. 3). Note that the median slope is considered
for same magnitude events. We observed that the slopes are constant
for magnitude lower than 6.2 and seem to decrease for higher mag-
nitudes. The same behaviour is observed in Fig. 4, representing the
intercepts of the logarithmic regression of each earthquake versus
its related magnitude. The intercepts increase linearly for M ≤ 6.2
and, increase with different coefficients for larger. If the constant
slope and the linear increase of the intercepts for the M < 6.2 events
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Figure 3. Slopes of the logarithmic regressions versus the magnitudes. The
linear regression has been done using events of M ≤ 6.2.

Figure 4. Intercepts of the logarithmic regressions versus the magnitudes.
The linear regression has been done using events of M ≤ 6.2.

are obvious, the linear trend of the decreasing slope and the increas-
ing intercept, for M ≥ 6.2, are not evident. This is due to the small
number of events of M ≥ 6, and to the lack of intensity data points
of small epicentral distances, introducing large uncertainties in the
calculation of both slope and intercept. We decided to restrain the
attenuation law to the magnitude interval [4.4–6.2].

Constant slope and linear increase of intercepts lead to the fol-
lowing expressions of C0 and C1:

C0(Mw) = C0 (4)

and

C1(Mw) = k1 Mw + k2. (5)

The k1 and k2 parameters correspond, respectively, to the slope and
the intercept of the linear regression between the intercepts and the
magnitudes (Fig. 4).

4.3 Attenuation laws

From the equation form and the expressions of its parameters, we
can define the attenuation law.

The attenuation law is expressed as follow:

I = C0 ln(D) + k1 Mw + k2. (6)

Using a weighted least-square fit we obtain the following
expression:

I = −1.9438 ln(D) + 4.1Mw − 9.5763. (7)

The standard deviation of the residuals is obtained comparing
the obtained intensities from the previous attenuation relation with
the observed intensities. We obtained a rms standard error of 0.63.
Concerning the parameters, the rms are 0.37, 1.19 and 5.69 for the
C0, k1 and k2, respectively. The attenuation law is represented with
all the data of M ≤ 6.2 events in the Fig. 5, plotted for the magnitude
4.5, 5.0, 5.5 and 6.0.

The comparison between the observed and the theoretical inten-
sities are expressed in the Fig. 6. We observed that the attenuation
laws tends to underestimated the intensities lower than 5 and to
overestimate the intensities larger than 5.

Figure 5. attenuation law plotted for M = 4.5, M = 5.0, M = 5.5 and M =
6.0.

Figure 6. Observed intensity versus theoretical intensity, obtained from the
attenuation law. Red line represented the 1:1 trend line. Blue line represents
the best-fitting line.
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5 VA L I DAT I O N

5.1 Relocation using the Bakun and Wentworth
methodology (1997)

The methodology of Bakun & Wentworth (1997) allows estimating
the epicentral region and the moment magnitude of an earthquake,
from its intensity data points. The method consists in defining a
magnitude MI and its related error (noted rms[MI]) over a grid of
assumed epicentres. MI corresponds to the mean of the Mi, where
Mi is the magnitude calculated from the attenuation law related to
the ith intensity data point. The rms[MI] is defined by rms[MI] =
rms(MI – Mi) – rms0(MI – Mi), where rms is the root mean square
and rms0(MI – Mi) is the minimum of rms over the grid of assumed
epicentres. For each point of this grid, a value of MI and rms[MI] is
calculated. The epicentral region is bounded by contours of rms[MI],
while the estimated magnitude is bounded by the MI values. These
empirical contour values are estimated for different levels of confi-
dence, associated to the quantity of intensity data points available.
This method is particularly appropriate for the evaluation of histor-
ical earthquakes, for which the only available data are sparse set of
intensity observations.

The earthquake of Benavente occurred the 1909 April 23, in the
region of the Lower Tagus Valley. This earthquake is associated to
the city of Benavente because it was the city the most damaged.

According to the estimation of Choffat & Bensaude (1912),
around 40 per cent of the building collapsed or had to be demol-
ished and another 40 per cent required major repairs. This earth-
quake is considered as the largest crustal earthquake in the Portugal
mainland.

This event is located in the Low Tagus Valley, where severe earth-
quakes already occurred (1344, 1531), and is associated to the fault
system of the Low Tagus Valley (Cabral et al. 2000, 2004). The
epicentre location was estimated at 38.9◦N, 8.8◦W, using the avail-
able macroseismic information, by Kárnı́k (1969). From different
studies, based on the seismic moment estimation, the moment mag-
nitude, Mw, was estimated between 6.0 and 6.2 and Ms close to

6.3 (Teves-Costa et al. 1999, 2005; Dineva et al. 2002; Stich et al.
2005).

Stich et al. (2005) determined a focal mechanism of a reverse
faulting. This is in agreement with other focal mechanisms cal-
culated for this region (Borges et al. 2001). However, this focal
mechanism is not well constrained due to the lack of data.

Several authors have proposed an isoseismal map for this event
(Mezcua 1982; Moreira 1991; Senos et al. 1994; Teves-Costa &
Batlló 2011). They underline an east–west extension of the isoseis-
mal curves. This extension may be explained by local site effects or
by cascading events.

This event is the most documented, owing to the preliminary work
of Bensaúde (1910) and the work of macroseismic field revision of
Teves-Costa & Batlló (2011) and because of its occurrence in the
continent.

Using the attenuation law developed in this study, we re-estimated
the epicentral region and the magnitude of the 1909 Benavente event
with the Bakun and Wentworth method (1997). The resulting map
is presented in the Fig. 7 with the previous results obtained using
the Atkinson & Boore (1997) attenuation law.

First, we observe that we obtained a magnitude estimation of
M = 6.1 (Fig. 7, right-hand side). This is slightly larger than the
instrumental magnitude (Mw = 6.0), but better than the estimation
done with the Atkinson & Boore (1997) law. We also notice that
the Kárnı́k (1969) estimation is still within all the confidence level
contours.

The minimum of rms[MI] is getting closer to the Kárnı́k (1969)
estimation and the confidence level contours become closers. The
N–W extension, presented in the first resulting map (Fig. 7, left-
hand side), disappeared.

From these results, we can conclude that the use of the computed
attenuation law, appropriate for this region, allows performing better
resulting maps of earthquake epicentral position and magnitude es-
timations. The significant improvement, using this attenuation law,
is the estimation of the magnitude that is close to the instrumental
one, while the one defined with the Atkinson & Boore (1997) at-
tenuation law underestimates it (Fig. 7, left side). We also observe a

Figure 7. Resulting magnitude and earthquake epicentral position of the 1909 Benavente event, using the Bakun and Wentworth method (1997) with the
Atkinson & Boore (1997) attenuation law (left-hand side) and the attenuation law computed in this study (right side). Solid lines represent the contours of
M. The red dot represents the epicentre estimated by Kárnı́k (1969). The red triangle represents the location of the minimum value of rms[MI] over a grid of
assumed epicentres. The rms[MI] contours corresponding to the 50, 80 and 95 per cent confidence levels for location are shown as the innermost, middle and
outermost contours of the dotted lines, respectively.
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Attenuation laws for the Portugal mainland 1283

better earthquake location with a tightening of the confidence level
contours and a minimum of rms[MI] coming closer to the epicentre
estimation of Kárnı́k (1969).

5.2 Site effects

The computed attenuation law does not incorporate site corrections
and site effects are not taken into account. By calculating the inten-
sity residuals, �I, expressed as the difference between the observed
intensities (Iobs) and the intensities calculated from the attenuation
law (Itheo), we can study where they are situated and if they can
be correlated with geological structures that present site effects. A
positive value of �I expresses an underestimation of the theoreti-
cal value of the intensity Itheo, in regards to the observation value
Iobs, explained by an amplification. These intensity residuals may be
represented through a geographic information system (GIS) with a
map of the geological structures. The intensity residuals are then
correlated to the topographic slope. Site effects are expected where
the topographic slope is low.

We use this methodology with the 1909 Benavente event, which
presents a large number of intensity data points with small epicen-
tral distances (0–200 km). The intensity residuals are interpolated
and are represented in a GIS (QGIS) with the main basins of Por-
tugal (Fig. 8). We expect positive values of the intensity residuals
in the basins, expressing an effect of amplification. The study of
Bezzeghoud et al. (2011) shows that the Portuguese Meso-Cenozoic
basins (Lusitanian basin, Low Tagus basin, Arrabida basin and Al-
garve basin) are plausible regions for site effects.

Figure 8. Intensity residuals map and their interpolation.

The northern part of Portugal presents mainly negative intensity
residuals, with few positive ones near the ocean. In the central part,
the intensity residuals are mainly positives. Some negative values
are located in the occidental part of Lisbon, with low punctual
residuals around the Tagus river mouth. The southern part is clearly
dominated by negative intensity residual values, except some posi-
tive values detected in the region of Algarve.

From the intensity residual interpolation map, we may clearly
delimitate the different geological structures. The positive values
match well with the limits of the Meso-Cenozoic basins, where
site effects were already highlighted. We can also isolate the south
Portuguese zone and the central Iberian zone, where the intensity
residuals are negatives, from the Ossa-Morena zone where inten-
sity residuals are positives. In the south Portuguese zone and in the
Central Iberian Zone the negative intensity residuals are best ex-
plained by the bedrock made of consolidated rocks (mainly gran-
ites). No explanations may explain the positive values of the
Ossa-Morena zone as this zone is also mainly composed of gran-
ites and should present negatives intensity residuals, because of the
high velocity of the seismic wave propagation. The Algarve basin
is evidenced by positive values. Even if no limits can be made up
between the Lusitanian basin and the Low Tagus basin, both of them
can be extracted from the other formations. In spite of the few data
in the Arrabida basin, it is possible to differentiate this basin from
the Low Tagus basin. The large negative residual values detected
around the Tagus river mouth highlight the volcanic complex of
Lisbon. Indeed, the fast propagation of seismic waves into volcanic
rocks leads to negative intensity residual values. The negative resid-
uals observed in the northwest of Lisbon may be explained by the
presence of relief, limiting the rule of the geologic site effects. Un-
fortunately the lack of data in Spain prevents the intensity residual
interpolation map to be interpreted.

A cross-section has been achieved and is represented in the Fig. 9.
The part of the graphic with low elevation and low topographic
slope corresponds to the Low Tagus basin. We observe a connec-
tion between the elevation and topographic slope with the intensity
residuals. Positive values are found at the level of the basin, while
negative values are observed in the part with higher elevation and
slope. This confirms the correlation of the positive intensity residu-
als with the site effects in the Meso-Cenozoic basins. Nevertheless,
we observe another patch of positive intensity residuals, between
the kilometres 35 and 45 of the cross-section. Even if few of these
intensity residuals may be explained by the intensity location prob-
lem, this concentration of positive residuals may be related to the
basin edge effect (Choi et al. 2005; Paolucci & Morstabilini 2006)
or by a transition zone (change of rock composition).

6 D I S C U S S I O N

As mentioned before, the data used to compute the attenuation
laws are few and, sometimes, of poor quality. Indeed, only three
earthquakes of M ≥ 6.2 have been collected, without any event
intensity data point of epicentral distances lower than 200 km. This
lack of nearby intensity data is explained by the offshore location
of largest earthquakes. Because of the offshore position of these
events, the uncertainties related to their location and their magnitude
calculations are considerable.

The attenuation law needs to be updated when new data are
available.

The intensity data estimation also contributes to the uncertainty
in the attenuation law contribution. Indeed, as explained before,
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Figure 9. Relation between the geographic slope, the elevation and the intensity residuals. The orange curve represents the geographic slope along the profile.
The blue curve represents the elevation along the profile. Red dots represent the intensity residuals.

the location of an intensity data is associated to the closest mu-
nicipality. So, the calculated epicentral distance corresponds to
the distance between the earthquake epicentre and this munic-
ipality, instead of the location of the observed intensity itself.
According to the municipality density, this association may con-
tribute to large uncertainties. Moreover, this intensity may be ex-
aggerated if it results from a single testimony or a single damage
statement.

Even if this attenuation laws present good results with the Bakun
and Wentworth method (1997), or with the study of site effects,
more steps of validations are required before using it into a Proba-
bilistic Seismic Hazard Analysis. The attenuation law needs to be
adapted according to different soil conditions. The map of residual
intensities can be used to detect regions where site effect studies are
suitable. Then, local site amplification effects will be accounted for
by using empirical corrective coefficients.

Indeed, to use in PSHA calculation, the calculated intensities
needs to be convert into spectral accelerations that may lead to
largest uncertainties. After the intensity to acceleration conversion,
the empirical accelerations need to be compared with accelerometer
data.

7 C O N C LU S I O N

A new method for computing attenuation law for the Portugal main-
land has been presented in this paper. This method uses the intensity
observations directly, rather than the areas enclosed by isoseismal
lines, made up by subjective expert decisions. The significant ad-
vantage in using individual intensity observations directly is that
the procedures are explicit so that the results are reproducible. An-
other improvement of this attenuation law is that it is expressed as
a function of the magnitude.

From the logarithmic regression of each collected event and the
study of their slope and intercept behaviour with the magnitude, we
obtained the following attenuation law:

I = −1.9438 ln(D) + 4.1Mw − 9.5763.

The range of validity corresponds to moment magnitude values
between 4.4 and 6.2. So far this attenuation law may be used in
Portugal mainland, but can be extend to a wider area by incorporat-
ing additional events of stable region (e.g. additional events from
Spain to obtain an attenuation law for use in the Iberian Peninsula).
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Using the new attenuation law with the methodology of Bakun &
Wentworth (1997), we obtained better results in the 1909 Benavente
earthquake epicentral position and magnitude estimation, than the
use of the Atkinson & Boore (1997) attenuation law. We reached to
a magnitude estimation of 6.1 for the 1909 Benavente event that is
close to the instrumental one. This attenuation law does not consider
the site effects. Comparing the intensity observations of the 1909
Benavente event to the ones computed with the attenuation, we
can detect regions of amplification. The positive intensity residuals,
considered as amplified intensities, match really well with the Meso-
Cenozoic basins, known for their potential site effects. These local
site amplification effects can be accounted for by using empirical
corrective coefficient.
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Teves-Costa, P. & Batlló, J., 2011. The 23 April 1909 Benavente earthquake
(Portugal): macroseismic field revison, J. Seismol., 15(1), 59–70.

Teves-Costa, P., Borges, J.F., Rio, I., Ribeiro, R. & Marreiros, C., 1999.
Source parameters of old earthquakes: semi-automatic digitization of
analog records and seismic moment assessment, Nat Hazarads, 19, 205–
220.
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