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Introduction

Chile, because of its location along the convergent margin between Nazca and South American plates,
presents not only high rates of earthquake activity but also has been the site of the largest earthquakes
worldwide. This makes seismicity one of the most important factors contributing to general natural
hazards in this region.

Ideally, to estimate future ground motion at any given place it would be optimum to have records of the
ground motion at the same site in the past, and have certainty on the recurrence periods of the
earthquakes that give rise to those accelerations.

Unfortunately, in most cases there are only estimations of recurrence of large earthquakes based on one
or two intervals. An exceptional case occurs in central and southern Chile because these regions have
been inhabited for longer times therefore up to four intervals between large earthquakes can be
determined. The other major disadvantage is the lack of records of ground motion at all places within
Chile. At most, there are records only at few selected sites.

The lack of proper records at the desired site forces us to use a probabilistic approach, which is based on
earthquake rates and laws of attenuation of ground motion calculated for generic zones, instead for the
particular region of interest. It is necessary to make use of methods and techniques which allow
estimation of ground motion based on records at other sites and magnitude-frequency distributions of
earthquake production occurring within the region of interest.

Method

The general technique used in this work is the same as that proposed by Cornell (1972) and Algermissen
and Perkins (1976) which later Barrientos (1980) and Martin (1990) adapted for Chile. In the

probabilistic approach, the estimation of maximum acceleration at a given site within a certain time
period involves three steps:

1.- Delineation of source areas,
2.- Analysis of statistical characteristics of historical earthquakes in each seismic source area, and
3.- Calculation of the extreme cumulative probability,F (a) of acceleration for some tinte

Seismogenetic areas

The first step is to determine the size and location of the area containing epicenters of earthquakes that
could affect MMA installations. A region of 250 km of radius centered at the MMA site was selected.
Earthquake catalogs were collected and those events with epicenters located between latitudes 21°-
25.5°S and longitudes 65°-73°W (Figure 1, Appendix I) were selected. Based on this figure, two major
conclusions can be drawn: a) seismicity is mainly constrained to the Wadati-Benioff zone (inclined plane
dipping east from the trench) b) no shallow activity is present near the MMA site (solid star)

According to these observations, the characterization of seismicity will include only one region: the
Wadati-Benioff zone.



Large earthquakes in the area

Along the subduction zone on which Chile is located, the largest earthquakes take place along the
boundary between the oceanic Nazca plate and the overriding South America plate. The coupling region
between these two plates is constrained to the shallowest 50 km (Tichelaar and Ruff, 1992). This region
includes roughly the area between the trench and the coast. One example of these type of earthquakes is
the July 30, 1995, M w =8.1 earthquake. The rupture extension associated with this earthquake is roughly
180 km long by 60-70 km wide with an average displacement of approximately 5 m.

On Dec. 1950, a large Mw=8.0 event took place downdip along the plate subduction (Kausel and
Campos, 1992). This event has been interpreted as rupturing completely the subducting lithosphere and
probably, along with the large thrust earthquakes along the coast, represent the major threat to MMA
installations in the area. This event produced an intendit)/l in Modified Mercalli scale (IV in the

old Chilean intensity scale) as shown in Appendix Il. Kausel (1991) suggests that normal faults in Chile
produce relatively larger intensities than those associated with equivalent thrust events.

Seismicity from catalogs

Fig. 2a shows the number of events, independent of magnitude, as a function of time. First reports of
seismicity began on 1910, corresponding to an earthquake M=7.3 at 120 km depth. Since then, only the
largest earthquakes were reported until mid- 1 920's when the threshold in magnitude was lowered due to
the expansion in number and quality of seismological observatories around the world. The most

significant change came in the early 60's, when the U.S. Geological Survey deployed more than 100
seismological stations around the world under a program named World Wide Standardized

Seismographic Network (WWSSN). These stations, consisting of 3-component instruments of both short
and long period bands, allowed the detection of even lower magnitude events around the world. Errors in
epicenter locations easily reach one degree (about 110 km) for the older events but this number decreases
to about 20 km in longitude and no more than 10 km in latitude in the latter part of the catalog.

The highest peak in the number of events, occurring in 1995, is due to aftershocks of the Mw=8.1 1
earthquake of July 30. Previous relative higher peaks also coincide with a large Ms=7.0 event in March,
1987.

Because recurrence times of large earthquakes are longer than those for smaller events, different time
periods are needed to establish their regular rate of occurrence. This is evident, on one end, when
magnitude 5 earthquakes are considered; these events have been detected regularly only during the last
few years, due to increased capabilities of seismological observatories, therefore only the last few years
should be considered to establish the rate of earthquake production. If the interval is long enough, periods
with no reports of earthquakes for this magnitude range will be included, making the rate decrease
artificially. On the other end, at extreme of large earthquakes, a longer interval is needed to include those
events reported at the beginning of the catalogs, which have longer recurrence times.

LogN = a-bM Q)

in which the N is the cumulative number of events with magnitude greater or equal magnitude M. In this
case, a =4.03:~:0.34, b = 0.83~0.5, with a regression coefficient of 0.98; note that the coefficient a has
been normalized by unit area (one degree of latitude by one degree of longitude) and represents the
number of earthquakes with magnitudes greater or equal to O per year in an area of one degree by one
degree; in this case, according to the least squares estimation, there are more than 10700 earthquakes
with magnitude greater or equal than O per degree square.
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Fig 1. Map (above) and cross-section (bottom) view of the selemicity of the area of Interest. The NRAO
site Is represented by a solid star. The Wadatl-Benloff (plate Interface) plane Is represented by the solid
line. The two largest events In the region are the 1950 (epicenter is the solid square) and 1995 (ellipse
shows the approximate rupture region) earthquakes.
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Fig. 2. Time distribution (above) of earthquakes within the region of interest. There Is a significant
Improvement In capabilities of earthquake location In 1964 due to the deployment of the WWSSN
stations. The cumulative magnitude distribution (bottom) Is best represented by Lo' N = 4.03 -0.83 M.



We have used Ms (calculated magnitude from surface waves) in all calculations and, when not available,
we have transformed it from mb (calculated magnitude from body waves) using the relationship

M, = (m,-3.29)/0.4 )

found by Martin (1990) based on all earthquakes, which occurred in Chile, showing both types of
magnitude.

Attenuation of ground motion with distance

To determine the contribution of each of the sources to the seismic hazard it is essential to estimate how
the parameter (peak acceleration or Mercalli intensity) decreases with distance. Horizontal peak
acceleration decays as a function of distance according to:

713683

 (R-60)% )

in which Ms is earthquake magnitude and R is the hypocentral distance (Martin, 1 990).

This attenuation relationship has the same form but the coefficients are slightly different to those
proposed by Saragoni and Schasd (1989), calculated considering the total number of peak accelerations
generated by the 1985 Central Chile earthquake and represents the decay of acceleration for medium
soils (basement or consolidated sediments). Fig. 3 shows the decay for several magnitudes of interest.
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Fig. 3. Horizontal strong ground motion (acceleration) attenuation for three sources with different
maganitudes based on eq. (2). Their depths have been set at 40 km.



Probabilistic Estimate

Accelerations

Once the source characteristics (seismic productivity and location) and the attenuation relationship are
known, it is possible to estimate the probability of exceedence of a certain level of any given
acceleration. For this, the seismogenetic region is divided into several subregions (in our case, we used
25 km long (or quarter of a degree) by 25 km long sources. Since on each of the cells the frequency-
magnitude distribution, given by eq. ( 1), is the same, we determine the number of events within that cell
which do not produce accelerations greater or equal the acceleration of interest according to:

Expected # of occurrences withA a and M< M _._

f(@ = (4)

Total # of occurrences with M M.

This calculation is performed over a minimum magnitude Mmin of interest for each cell, defined in this
study as 5.0

1.0

0 160 200 300
A, (cm/s?)

Fig. 4. R.. (a) represents the probability that a given acceleratipwifhnot be exceeded in 30, 50, or
100 years.

The temporal dependency is included by means of a mean rate of earthquake productivity O (number of
earthquakes per year per unit area with magnitude greater than Mmin):

Finax, (@) = €70 ()



which can be interpreted as the probability that a given acceleration a will not be exceeded in t years.
Equivalently, the complement of E (a), calculated as [1:5, (a),], will be understood as the
probability that any given acceleration a will be exceeded in t years. Curveg,qf(&), for 30, 50 and

100 years are presented in Figure 4.

These results can be interpreted in the following manner: for a period of 30 years there is a 90% chance
of not exceeding 200 cnf/§20% of g). If that period is expanded to 50 and 100 years, there is a 90%
probability level of not exceeding 220 cri{®2% g) and 250 cm?{25% g) respectively.

Intensities

An alternative, and complementary, method of estimating future ground motion at any given site, can be
performed over another variable, Intensities. These are reported by observers all along Chile and their
number is much greater than those observations for accelerations. The intensity attenuation (measured in
the Modified Mercalli scale) as a function of distance and magnitude (Barrientos, 1980) is well
represented by I(r) = 1.38M - 3.7410g(r) - 0.0006r + 3.85 ( 6 ) in which M is magnitude Me and r is the
hypocentral distance.

Following the same procedure as the one performed in the previous section over accelerations, using the
same seismic sources, it is possible to estimate probability levels of not exceeding a given intensity, lo.
The results of this analysis, shown in Fig. 5, indicate that there is a 90% probability of not exceeding
intensities between VI-VII and VII for 30, 50 and 100 years.

1.0

|, (M.M.S.)

Fig. 5. K. ((I) represents the probability that a given intensijtwill not be exceeded in 30, 50, or 100
years.



Discussion

The MMA site near Antofagasta, Chile is exposed to mainly two types of seismic events, regarding the
size of them. These are the regular thrust earthquakes, which take place along the contact of the Nazca
and South American plates (usually with rupture areas located offshore, about 300 km away from the
MMA site), and the tensional events which represent the fracturing of the Nazca plate itself, at nearly

100 km depth, just beneath the MMA site. While in the former the maximum magnitudes can reach

values well over 8, in the latter they are expected to be around 8. Even though the associated maximum
magnitudes are less than those corresponding to the thrust events, these tensional events produce higher
hazard at the MMA site because of their relatively closeness. Fortunately, these events are not located
close enough, they are at 100 km depth so attenuation plays an important role in decreasing wave
amplitude. As the best example, one earthquake of these characteristics took place in 1950 producing the
intensities shown in Appendix Il. Intensity IV in the old Chilean scale corresponds to Mercalli intensity
between VIl and VIII. According to the relationship betwessteleration and Mercalli intensity for

Chilean earthquakes,

Loga = — - — (7)

(Saragoni et al., 1980), an intensity 7.5KVIIl) corresponds to an acceleration of 231 cA(33%g).

Note that this is the type of earthquake that, due to its closeness to the site and its large magnitude, is
expected to represent the major threat to the site. These are maximum expected accelerations which
could be slightly modified according to the local geological conditions.

Large thrust events which could affect MMA installations are repetitions of the 1868 (southern Peru-
northern Chile) and 1877 (northern Chile) events. At the MMA site, the corresponding intensities were V
and VI-VII (Modified Mercalli scale). These maximum intensities correspond to accelerations between
27 and 155 cm/fg2.7-16%g). Expected accelerations, associated with the last Antofagasta earthquake of
July 30, 1995, are of the order @0 cm/s (7.1%g), based on the attenuation relationship (3).

According to the seismic productivity levels of the region, its location along the Wadati-Benioff zone,
and the ground motion attenuation relationship with distance and magnitude, it is expected that 25%g
will not be exceeded within 100 years at 90% probability levels.

Lower estimates are found when using Intensities instead of accelerations, 90% probability levels of not
exceeding intensities between VI-VII and VIl for 30, 50 and 100 years are found. Whén) ésjused,
intensity levels of VII (for 100 years) correspond to the order of 16% g.
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Earthquake Catalog
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Appendix Il

Isoseismals for Large Earthquakes
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Fig. 1. Isoseismals and rupture area associated with the 1868 earthquake (southern Peru and northern
Chile). The intensity at MMA site reached a value of V in the Modified Mercalli Intensity scale.
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Fig. 2. Isoseismals and rupture area associated with the 1877 earthquake (northern Chile). The intensity

at MMA site reached a value of VI-VII in the Modified Mercalli Intensity scale.
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Fig. 3. Isoseismals produced by the 1950 earthquake (northern Chile). The intensity at MMA site
reached a value of IV in teh old Chilean scale which correspondsltgN in the Modified Mercalli

Intensity scale.



