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Abstract

The present study has investigated site amplification effects from the analysis of peak
ground accelerations (PGA) and spectral accelerations (SA) of the last two major crustal
earthquakes in central-western Argentina. These data were obtained from 15 accelerom-
eters and 57 seismoscopes, which recorded ground motions during the 1977 (M,, 7.5) San
Juan earthquake, and the 1985 (M,, 5.9) Mendoza earthquake. PGA and SA measurements
were compared with average values predicted by global attenuation empirical relationships
for the same type of crustal earthquakes. The amplifications in ground accelerations were
analyzed according to their distribution and compared with the average shear wave veloci-
ties at 30 m depth (Vs30) where the stations are located. Our results definitively show that
site effects and direction of maximum surface wave radiation strongly amplify the ground
acceleration during moderate to large earthquakes near San Juan and Mendoza (Argen-
tina); this is of importance in seismic hazard analyses.
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1 Introduction

Every detailed evaluation of the seismic hazard for a particular region involves attenuation
relationships, which consider parameters of engineering interest, such as seismic intensity,
peak ground acceleration (PGA) and spectral acceleration (SA). This practice necessarily
assumes having an adequate number of records of the larger earthquakes obtained from
strong motion instruments appropriately distributed over a study area. The central-west-
ern part of Argentina is recognized as the region exposed to the greatest occurrence of
earthquakes and of greater magnitudes in this country (Gregori 1993; Alvarado and Araujo
2011; Gregori and Christiansen 2018) (Fig. 1). In this region a significant seismic activity,
sometimes causing severe damage, is observed within the continental crust of the South
American Plate with focal depths <35 km (e.g. United States Geological Survey earth-
quake catalog). The subducting Nazca Plate also exhibits 100 to 200 km intermediate-
depth earthquakes beneath densely populated areas (Alvarado and Araujo 2011) but their
maximum seismic intensities are comparatively lower than those of crustal earthquakes.
Recorded acceleration data from large earthquakes are very scarce in this region making
difficult to obtain an estimation of the ground acceleration attenuation with distance. In
this study, acceleration data for the last two major reverse-fault crustal earthquakes in cen-
tral western Argentina are compared to global data for other active tectonic regions. The
aim of this study is to understand the attenuation of ground acceleration with distance and
describe site amplification for this hazardous region.

Several analog accelerometers capable of detecting the variation of ground accelerations
have recorded the 1977 (M,, 7.5) San Juan and 1985 (M,, 5.9) Mendoza earthquakes of
Argentina (Fig. 2). These instruments were deployed and maintained since 1962 by the
Instituto de Investigaciones Antisismicas Ing. Aldo Bruschi of the Universidad Nacional de
San Juan, and the Instituto Nacional de Prevencién Sismica (INPRES). Four accelerometer
records were analyzed for the 1977 earthquake (Table 1) and 11 for the 1985 earthquake
(Table 2). In addition, 39 seismoscope records of the 1977 earthquake (Table 3) and 18 of
the 1985 earthquake (Table 4) were analyzed. Paper records from the accelerometers were
digitized in order to estimate the Peak Ground Accelerations (PGA) using the maximum
amplitude of the recorded seismic waves. These records did not show amplitude saturation
in comparison to those from local seismometers. In addition, information from the seismo-
scopes was examined to obtain spectral accelerations (SA).

It is worth to note that the strong motion acceleration records here studied represent the
first instrumental records of large earthquakes in Argentina. These records are compared
with the global empirical attenuation relationships of Abrahamson and Silva (1997, 2008)
and Sadigh et al. (1997) for soil and rock. The main goal was to analyze their predictability
for the 1977 and 1985 crustal earthquake motions. The results are discussed in terms of site
amplifications considering surface-wave radiation patterns for both seismic events. These
values are also compared in a framework of regional-scale information of average shear-
wave velocities at 30 m depth (Vs30).

@ Springer



Natural Hazards (2020) 102:1011-1031 1013

Antartic

Structural section Focal Mechanism

S
——————— . s . N
0 bsmbon o kot elioitus IR e
Structural section Focal Mechanism
e
N
w E

S

i Lower Paleozoic to Neogene
L] gargg?nnéman | lower Mesozoic :Iforelgnd strata

Fig. 1 a Plate tectonic configuration and location of the studied area (red rectangle) in the context of South
America. Coc: Cocos Plate, Car: Caribbean Plate. b Epicentral distribution of shallow seismic events
(M, >3.5) from 1575 to 2017 according to the USGS (2018). ¢ Dashed line rectangle represents the study
area and black squares the main cities. CP Cordillera Principal, SL Sierra de San Luis, CO Sierras de Cor-
doba, PP Sierra de Pie de Palo, PR Precordillera, CF Cordillera Frontal, VF Sierra de Valle Fértil, CH
Sierra de Chepes, AN Sierra de Ancasti, VE Sierra de Velasco, FA Sistema de Famatina. d 3D-view, sche-
matic cross-section A-B at — 31.45° and focal mechanism for the 1977 San Juan multiple earthquake. F'
Foreshock, M Mainshock, e 3D-view, schematic cross-section C-D at -33.11° and focal mechanism for the
1985 Mendoza earthquake ( Modified from Chiaramonte et al. 2000; Alvarado and Beck 2006) (Seismic
source data from the CMT Project catalog, Ekstrom et al. 2012)
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Fig.2 Location of 4 accelerometers (blue circles) and 39 seismoscopes (blue crosses) which provided data
for the 1977 (M,, 7.5) San Juan earthquake. Location of 11 accelerometers (red circles) and 18 seismo-

scopes (red crosses) which provided data for 1985 (M,, 5.9) Mendoza earthquake

Table 1 Maximum accelerations (PGA) recorded during the 1977 (M,, 7.5) San Juan earthquake for four
instruments showing their locations (first three columns), component, Peak Ground Accelerations PGA and
distance to the epicenter R,

Province Locality  Site Lat. Long. Component PGA (Gal) R,,, (km)
San Juan Capital IDIA —31.53389 —68.54385 E-W 166.77 86
N-S 175.60
San Juan Capital INPRES —31.52819 —68.56121 E-W 189.51 87
N-S 186.93
Vertical 150.46
Mendoza Capital C de Ing —32.89018 —68.84411 E-W 80.44 160
N-S 84.37
Mendoza Rivadavia El Carrizal Dam - 32.92412 —68.78272 E-W 81.24 200
N-S 94.84
Vertical 19.20

IDIA (San Juan): Instituto de Investigaciones Antisismicas, Facultad de Ingenieria de la Universidad
Nacional de San Juan, San Juan, Argentina

INPRES: Instituto Nacional de Prevencién Sismica, San Juan, Argentina

C de Ing.: Centro de Ingenieros building Mendoza, Argentina
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Table 2 Maximum accelerations (PGA) recorded during the 1985 (M,, 5.9) Mendoza earthquake for eleven
instruments showing their locations in the first three columns, component, Peak Ground Accelerations
(PGA) values and distance to the epicenter R,,,,

Province Locality Site Lat. Long. Component PGA (Gal) R,,, (km)
Mendoza Capital AMICIS School —-3291782 —68.83207 E-W 332.13 28
N-S 272.26
Mendoza Capital Cde Ing —32.89018 —68.84411 E-W 164.81 24
N-S 79.53
Vertical 67.38
Mendoza Rivadavia El Carrizal Dam —32.92412 - 68.78272 E-W 102.16 20
N-S 111.15
Mendoza Lavalle Municipality —32.88408 —68.82107 E-W 62.98 48
N-S 59.77
Mendoza Las Heras  Municipality —32.84922 - 68.81560 E-W 408.47 30
N-S 191.90
Mendoza Maipu Municipality —32.96725 - 68.78256 E-W 190.16 16
N-S 58.24
Mendoza San Martin Municipality —33.07991 - 68.46948 E-W 78.72 32
N-S 79.73
Mendoza Tunuyin Municipality —33.57011 —69.01274 E-W 112.26 55
N-S 115.68
Mendoza Uspallata  Gendarmeria —32.58988 —69.34559 E-W 114.83 77
N-S 66.80
Mendoza Potrerillos Potrerillos Hotel — 32.95081 - 69.20567 E-W 109.55 40
Mendoza Capital Aguay Energia —31.52819 - 68.84965 N-S 110.39 25
building Vertical 73.25

C de Ing.: Centro de Ingenieros building Mendoza, Argentina

2 The last two large earthquakes in central-western Argentina
2.1 The 1977 (M,, 7.5) San Juan earthquake

The 1977 San Juan earthquake occurred on 23 November at 6 h 26 min local time with
a centroid located at 31.220°S and 67.690°W. The moment magnitude obtained from
modeling of teleseismic waveforms was M,, 7.5 (Langer and Hartzell 1996) and the
maximum Modified Mercalli intensities were Iy, IX to X (INPRES 1977). Seismic
source studies indicate that this earthquake consisted of two sources located at middle
crustal depths separated by approximately 60 km in horizontal distance and 20 s in ori-
gin time (Kadinsky-Cade et al. 1985). Their epicenters have been associated to a blind
reverse-fault system beneath the Sierra Pie de Palo (PP) in the western Sierras Pampea-
nas (Fig. 1). According to Langer and Hartzell (1996) the first M, 7.1 event (Foreshock)
was located at the northeast of this range and the second M,, 7.4 event (Mainshock) at
the southeastern flank of the Sierra Pie de Palo. For the purpose of energy release and
distance calculations, we considered a magnitude M,, 7.5 and the centroid of this earth-
quake located at 20.8 km depth provided by the Global Centroid Moment Tensor Project
(Dziewonnski et al. 1981; Ekstrom et al. 2012). Because of this earthquake, 70 fatal
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Table 4 SA values registered during the 1985 (M,, 5.9) Mendoza earthquake. It is indicated the location of
the instruments in the first three columns, then Cg; denotes the seismic coefficient, SA the spectral accelera-
tion and R,,, the distance to the epicenter as described in the text

Province Locality Site Lat. Long. Cgq  SA R,,, (km)
(T=0.7s)
10%
Mendoza Godoy Cruz Municipality —32.91782 -68.83207 0.37 362.6 22
Mendoza Capital Architecture Faculty ~ —32.89018 —68.84411 0.21 205.8 26
Mendoza Las Heras  Municipality —32.84922 —68.81560 0.27 264.6 30
Mendoza Maipu Municipality —32.96725 —68.78256 0.2 196 15
Mendoza Lavalle Municipality —32.88408 — 68.82107 0.067 65.66 49
Mendoza San Martin  Municipality —33.07991 - 68.46948 0.062 60.76 32
Mendoza Potrerillos  Potrerillos Hotel —32.95081 - 69.20567 0.051 49.98 40
Mendoza Capital Sismological Station ~ —32.89018 —68.84411 0.28 274.4 26
Mendoza Capital Facultad Regional —32.89702 —68.85314 0.18 176.4 25
UTN
Mendoza Capital Galeria Tonsa —32.89008 - 68.83710 0.16 156.8 26
Mendoza Capital Municipality —32.89808 —68.84331 0.11 107.8 25
Mendoza Capital Municipality —32.89808 —68.84331 0.33 3234 25
Mendoza Capital Municipality —32.89808 —68.84331 048 4704 25
Mendoza Capital Goverment House —32.89828 —68.84628 0.026 25.48 25
Mendoza Rivadavia El Carrizal Dam —33.29321 —-68.73158 0.13 1274 20
Mendoza Uspallata Gendarmeria —32.59110 —69.34789 0.08 78.4 77
Mendoza Capital San Antonio Mono- —32.87257 —68.83092 0.044 43.12 28
block
Mendoza Tunuyan Municipality —33.58125 —69.01530 0.08 78.4 55

victims and around 209 seriously injured people were reported in the province of San
Juan (INPRES 1977).

The greatest damage and number of victims occurred in the city of Caucete, which is
located 30 km to the southeast of downtown San Juan (Fig. 1). In addition, minor damage
was reported for some buildings in Cérdoba, 400 km to the east of the epicenter. The vibra-
tions were also felt in Buenos Aires, Santiago (Chile), Montevideo (Uruguay), Asuncién
(Paraguay) and even in the high buildings of Porto Alegre and Sao Pablo (Brazil) as far as
1500 km away. Collapses and serious structural damage occurred in adobe constructions
without reinforcements (INPRES 1977). Liquefaction effects were quantified in an area of
around 1000 km? causing damage to vineyards, irrigation canals, routes and railroads. Fig-
ure 3 shows the derailment of a freight train that was circulating at a low speed during the
1977 earthquake near Caucete, due to the strong motion produced by near-field seismic
waves.

2.2 The 1985 (M,, 5.9) Mendoza earthquake

On Saturday 26 January 1985 at 00 h 07 min local time, a seismic event occurred in Men-
doza with a magnitude M, 5.9 and maximum intensities Iy, VII to VIII (INPRES 1986).
The centroid location provided by the Global Centroid Moment Tensor Project (Dzie-
wonnski et al. 1981; Ekstrom et al. 2012) indicated 33.11°S and 68.75°W and 28.4 km

@ Springer
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Fig.3 Derailment of a freight train at approximately 31.5°S and 67.6°W that was traveling at a low speed
due to the strong motion of the (M, 7.5) San Juan earthquake on 23 November 1977 (Photograph courtesy
of the Instituto de Investigaciones Antisismicas—UNSJ 1977)

depth. Local studies determined the hypocenter at 33.12°S and 68.82°W, 12 km depth,
on a blind thrust fault associated to the Barrancas anticline in the southwest of Mendoza
city (Chiaramonte et al. 2000). In Godoy Cruz, at an approximately epicentral distance of
37 km, the locality of Villa Hipédromo (32.91°S, 68.83°W) recorded the total collapse of
the old Hospital del Carmen. Although its moderate magnitude M,, 5.9, this earthquake
caused the death to 6 people, injures to 238 people and severe damage to more than 12,000
houses, which were mainly built of adobe (Fig. 4). Overall, the cities of Mendoza and Las
Heras were more affected, as well as those areas located in paleochannels (INPRES 1986).
This earthquake in 1985, however, is not considered the most damaging in history. In fact,
a previous earthquake on 20 March 1861 devastated almost the entire city of Mendoza
leaving in ruins the Foundational San Francisco area located at an approximately epicen-
tral distance of 15 km. The number of deaths was about 6000 to 8000 over a population of
13,000 to 18,000 as reported by INPRES (1986).

3 Data and methods

Peak ground acceleration (PGA) data were obtained from analog strong-motion AR-240,
Ishimoto and SMA-1 photographic tri-axial accelerographs with maximum accelera-
tion record of 1 g. Four observations were acquired for the 1977 earthquake (Fig. 2 and
Table 1). The network was expanded by the time of the 1985 earthquake occurrence pro-
viding 11 PGA observations (Fig. 2 and Table 2). The data from the film were converted to
paper copies and then, recovered by manual digitalization to obtain ASCII files. Figure 5
shows the more than one-minute horizontal E-W component acceleration record of the

@ Springer
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Fig.4 Totally collapsed houses after the Mendoza (M,, 5.9) earthquake on 26 January 1985 (Diario Los
Andes, Mendoza, Argentina in the 2016 earthquake anniversary edition)
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Fig.5 Accelerogram of the 1977 (M,, 7.5) San Juan earthquake recorded at 86 km epicentral distance at the
building of the Instituto de Investigaciones Antisismicas of the Universidad Nacional de San Juan, San Juan
Argentina

1977 San Juan earthquake. Maximum amplitude of 166.8 Gal was observed for the E-W
component at a distance of 86 km to the southwest of the epicenter.

Figure 6 shows the E-W horizontal component of one accelerogram of the 1985 Men-
doza earthquake. This record with duration of about 5 s was obtained in Las Heras at a
distance of 30 km north of the epicenter. The maximum recorded acceleration was 408
Gal (E-W component), which was greater than that in the N-S component (192 Gal) at the
same location. PGA values were considered for the closest site-to-rupture distance (R,,,) in
order to compare them to global empirical databases.

Spectral Acceleration (SA) data were obtained from Wilmot-type seismoscopes (Hud-
son 1958; Cloud and Hudson 1961). This instrument is a damped two-degree-of-freedom
oscillator capable of recording the pendulum trajectory in a horizontal plane. Using a
needle on a smoked glass, this instrument traces a hodogram representing the response

rup
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Fig.6 E-W component accelerogram for the 1985 (M,, 5.9) Mendoza earthquake recorded at the Munici-
pality of Las Heras (Mendoza) at an epicentral distance of 30 km

of a lightly damped pendulum to the earthquake excitation (Lomnitz 2012). The resulting
record indicates the direction and amplitude of the horizontal motion, but without time
record (Fig. 7).

Using the smoked plates it was possible to estimate the C;, parameter as stated in the
equation C;, = tan (S - d), where S is the sensitivity in radian/mm usually provided by the
manufacturer (e.g. mean value of §=0.023 rad/mm, approximately); and d is the maxi-
mum distance in millimeter to the center of the glass record. These C;, values obtained
from the seismoscopes can be correlated with the building dynamic parameters. Using the

Las Chacritas Airport
Eartquake 1977

Rawson School (Concepcidn)
Earthquake 1977

Fig.7 Wilmot-type seismoscope and two records obtained during the 1977 (M,, 7.5) San Juan earthquake
(see locations in Table 3 and Fig. 2)
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C,, database, we calculated the spectral accelerations SA corresponding to 0.7 s period
and 10% damping. This was done using the equation SA = C; - g, where g is the gravity
average value (980 Gal). As a result, 39 SA values were calculated for the 1977 San Juan
earthquake (Fig. 2 and Table 3) and 18 SA values for the 1985 Mendoza earthquake (Fig. 2
and Table 4).

Due to the lack of information, PGA and SA data were not corrected for source direc-
tivity and topographic amplification as suggested by other authors (e.g., Harmsen 1997;
Somerville et al. 1997).

3.1 Empirical response spectral attenuation relations

Empirical response spectral attenuation relationships relate magnitude, distance and mac-
roseismic intensity data to predict the accelerations caused by a seismic event. Less dam-
age of an earthquake is expected as the distance from the rupture area increases. This is due
to the seismic wave propagation in the crust, including geometrical spreading (a decrease
in amplitude of the waves with distance at successive wavefronts) as well as anelastic and
scattering attenuation.

Abrahamson and Silva (1997) have proposed a spectral acceleration attenuation rela-
tionship based on distance and magnitude for different structural periods, using shallow
earthquakes of magnitudes greater than M, 4.4. Thus, a set of curves characterize differ-
ent tectonically active regions worldwide and different types of faults. Sadigh et al. (1997)
have developed attenuation relationships for peak accelerations and response spectral
accelerations for crustal earthquakes of magnitudes greater than 4 in the western United
States. In both cases, rock and soil site conditions were considered. In addition, Abraham-
son and Silva (2008) obtained curves valid for earthquakes ranging from M,, 5 to 8.5 and
for spectral periods of O to 10 s. In these curves, the site category is parameterized by aver-
age shear wave velocities at 30 m and 1000 m depths corresponding to models Vs30 and
V51000, respectively.

In this study, measured PGA values were compared with mean theoretical values pre-
dicted by Abrahamson and Silva (1997, 2008) and Sadigh et al. (1997). Similarly, SA val-
ues were compared to those by Abrahamson and Silva (1997) for a period of 0.7 s and a
10% damping in soil and rock.

3.2 Surface wave radiation pattern

Due to the shear failure mechanisms of earthquakes, amplitudes of seismic waves vary
with the azimuth from the epicenter and the wavenumber (Rosler and van der Lee 2020).
In this context, the surface-wave radiation pattern determines the azimuthal variation of
the amplitude and sense of motion of the wavefronts near the source (Lay and Wallace
1995). It depends on the source process, the depth and the frequency of the seismic waves
(IRIS DMC 2020). Basically, the radiation pattern shows spectral amplitudes in [m/Hz],
which have been calculated assuming a continental lithosphere model (e.g. the iasp91
Earth model) for Rayleigh and Love waves (Rosler and van der Lee 2020). In this work,
the surface-wave radiation patterns were calculated considering the geometry of the faults;
this information is obtained from data in the CMT World Catalog (Dziewonski et al. 1981;
Ekstrom et al. 2012) for events in 1977 and 1985. The assumed geometry of the fault and
depth of the source for the 1977 San Juan earthquake are a strike=4°, dip=46°, slip=90°
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and focal depth=20.8 km; while for the 1985 Mendoza earthquake are strike=5°,
dip=37°, slip=80° and focal depth=12 km.

4 Results and discussion

4.1 Maximum accelerations recorded during the 1977 (M,, 7.5) San Juan
earthquake

Four PGA measurements for the 1977 San Juan earthquake were obtained at R, distances
of 60 to 80 km and 160 to 200 km, showing maximum values of 166 Gal and 85 Gal,
respectively for the horizontal components. These values were compared to those pre-
dicted by Abrahamson and Silva (1997, 2008) and Sadigh et al. (1997) for a similar seismic
source of magnitude M,, 7.5 and a reverse faulting mechanism. For R, distances of 60 to
80 km, PGA values are 100 Gal above the Abrahamson and Silva (1997) predictions for
soil and rock and 130 Gal above the Abrahamson and Silva (2008) values for rock predic-
tions. For R, distances of about 180 km, these differences are between 30 and 60 Gal

above the Abrahamson and Silva (1997) and 55 to 75 Gal above the Abrahamson and Silva
(2008) predictions (Fig. 8). This evaluation indicates that the approximation gets better
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Fig.8 Comparison of PGA data for the 1977 San Juan (M,, 7.5) earthquake with PGA attenuation curves
determined by different global studies for shallow earthquakes as a function of the R,,, distance. The pre-
dicted curves assume a similar M,, 7.5 seismic source magnitude and a reverse faulting mechanism

@ Springer



1024 Natural Hazards (2020) 102:1011-1031

when comparing our values with those from the Abrahamson and Silva (1997) curve for
soil and rock.

The comparison using the Abrahamson and Silva (2008) curve produces greater differ-
ences in PGA values at any R, distance. It is worth to note that the average Abrahamson
and Silva (1997) attenuation curve assumes a Vs30 of 550 m/s while the Abrahamson and
Silva (2008) curve considers a Vs30 of 760 m/s. Thus, an optimal attenuation curve able
to predict our PGA observations should involve smaller than 550 m/s Vs30 values. A final
comparison of our PGA values to those predicted by Sadigh et al. (1997) for rock produces
higher differences.

Because the PGA results are better predicted by the attenuation curves from Abraham-
son and Silva (1997) for soil and rock, we decided to use the same database for a similar
comparison between SA values. In this case, a structural period of 0.7 s and a damping of
10% were considered. Figure 9 shows the SA values estimated from records of seismo-
scopes as a function of the R, distance. Superimposed are the corresponding predicted
SA curves by Abrahamson and Silva (1997). SA observations can be separated in two
groups G1 and G2. Group G1 represents data at R,,,, distances between 60 and 100 km and
SA values between 220 and 550 Gal; these values are above those predicted by the average
attenuation curves by Abrahamson and Silva (1997). Differences in SA values among 100
and 400 Gal are observed for rock conditions while smaller differences of 50 to 350 Gal are
obtained for soil conditions. Group G2 represents data at R, distances between 150 and
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Fig.9 Comparison between the attenuation curves from Abrahamson and Silva (1997) as a function of the
R, distance (for crustal earthquakes) with the SA maximum horizontal component values observed for
a structural period of 0.7 s and a 10% damping during the 1977 San Juan (M,, 7.5) earthquake. Data in
Groups G1 and G2 are discussed in the text
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380 km. Although the SA values for this group (G2) show some dispersion, both Abraham-
son and Silva (1997) average attenuation curves for soil and rock produce a better fit to the
SA observations in comparison to those of Group G1.

Our results suggest that the amplification in the SA values at R, distances of less than
100 km (group G1) could be explained due to the presence of site effects. The observed SA
values at longer R, distances (group G2) are consistent with the predicted values by Abra-

hamson and Silva (1997) using a Vs30 of 550 m/s.

4.2 Maximum accelerations recorded during the 1985 (M,, 5.9) Mendoza
earthquake

Figure 10 shows 11 PGA values between 60 and 408 Gal for the 1985 Mendoza earthquake
as a function of R, distances of 18 to 80 km. Superimposed in the same figure are the
attenuation curves of Abrahamson and Silva (1997, 2008) and Sadigh et al. (1997) assum-
ing a same sized magnitude and a reverse fault seismic source.

Most of the PGA values are above those predicted by the attenuation curves. In particu-
lar, observations at R, distances of 28 and 30 km show exceptional high values of 332
and 408 Gal, respectively. The attenuation curves are located approximately 350 Gal below
the observed PGA values for the same distances. These locations correspond to the locali-
ties Maipt (10 km to the southeast of Mendoza city) and Las Heras (5 km to the north
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Fig. 10 Maximum PGA values recorded for the horizontal components during the 1985 Mendoza (M,, 5.9)
earthquake as a function of R, distance. Also shown, is a comparison between these values with global
average attenuation estimations for crustal earthquakes. The predicted curves were generated for a M,, 5.9
magnitude and a reverse fault seismic source
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Fig. 11 Comparison between SA attenuation curves from Abrahamson and Silva (1997) as a function of
R,,, distance (for shallow earthquakes) with the maximum horizontal component values calculated for a
structural period of 0.7 s and a 10% damping during the 1985 (M,, 5.9) Mendoza earthquake

of downtown Mendoza) evidencing a significant amplification of the ground acceleration.
Overall, the Abrahamson and Silva (1997) curve for soil conditions shows a better approxi-
mation to the observations.

18 SA observations for the 1985 Mendoza earthquake are shown in Fig. 11. These
values were obtained from seismoscopes at R,,, distances between 15 and 77 km and
compared to the global attenuation curves. 16 SA values lie above the predictions from
Abrahamson and Silva (1997) for soil and only two values are below this curve. For R,
distances between 20 and 30 km, SA values vary between 110 and 450 Gal; the predicted
values in the same distance range indicate lower values of 50 to 70 Gal.

PGA and SA values for the 1977 and 1985 earthquakes, which were caused by similar
blind reverse-fault activity, indicate higher values than those predicted by global attenu-
ation empirical relationships. The 1985 Mendoza earthquake produced very high ground
accelerations although it had a moderate magnitude M, 5.9. This event occurred beneath
the most populated area of Mendoza and was associated to a shallow depth seismic source
of about 12 km.

4.3 Regional-scale V430 information and surface wave energy radiation
The acceleration amplifications with respect to the mean theoretical values as a function

of the azimuth to each seismic event were evaluated. The available information was inte-
grated with data from the United States Geological Service Vs30 Global Server (https://
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earthquake.usgs.gov/vs30/). Several studies have discussed the advantages and disadvan-
tages of using the average shear wave velocities at 30 m depth (Vs30) for evaluating global
seismic site conditions (e.g., Castellaro et al. 2008; Allen and Wall 2009; Sairam et al.
2011). Moreover, these data were compared with the theoretical values of the surface wave
radiation patterns for both earthquakes generated using the IRIS Data Services (IRIS DMC
2020).

For the 1977 San Juan earthquake, only four maximum horizontal PGA values are avail-
able at two R, distances of approximately 60 kmand 200 kmwith azimuths ranging from
220° to 270° (Figs. 2, 8, 12). While this amount of data is very limited with respect to the
azimuthal coverage, an amplification of up to 150 Gal can be noted for this range. Fur-
thermore, the values obtained in areas with low Vs30 are the most amplified. On the other
hand, the distribution of SA for the 1977 earthquake almost completely covers the full
range of azimuths at Rmp distances from 60 to 400 km (Figs. 2, 9, 12). In this case, a pref-
erential direction of 240° in the amplifications (values up to 400 Gal) is observed for sta-
tions in low Vs30 zones. In contrast, accelerations at those stations located in areas of high
Vs30 were not significantly amplified. Overall, the maximum amplification directions are
consistent with the diagrams of surface-wave radiation pattern, especially for Love waves.

During the 1985 (M,, 5.9) Mendoza earthquake, 11 PGA values were measured at R,,,
distances between 15 and 80 km covering much of the azimuthal range (Figs. 2, 10, 13).
These values show acceleration amplifications of up to 350 Gal for an azimuth of 330°. The
observations of SA for the same earthquake also show a preferential amplification towards
330° (Fig. 13), but with higher values that reached 450 Gal. As in the case of the 1977 San
Juan earthquake, both graphs show that the greatest amplifications were produced in areas
of low Vs30.

The analyzed data from the 1985 Mendoza earthquake (Fig. 13) revealed that the great-
est amplifications in the ground accelerations (values up to 450 Gal) occurred to the NNW
of the epicenter and mainly in areas of low Vs30. The maximum amplification direction
coincides with the NW quadrant of the surface wave radiation pattern diagram for love
waves.

Figure 14 shows the direction of maximum amplification of the seismic waves super-
imposed on a map of Vs30. The red star for the 1977 San Juan earthquake represents the
mean distance between the foreshock and the mainshock. As presented on the map, the
cities of San Juan and Mendoza are located in areas of low Vs30, with values of 287 m/s
and 368 m/s, respectively. This suggests that during an earthquake, populated areas in the
near source areas would be under acceleration amplifications regardless of the direction of
maximum earthquake energy radiation.

Given the small amount of data available for both historical earthquakes, it is very dif-
ficult to precisely attribute the amplification of the ground accelerations to site effects or
the direction of maximum energy radiation of the earthquakes. Nevertheless, both factors
contribute to the total acceleration values measured with accelerometers and seismoscopes.

5 Conclusions

We provide evidence that site amplification effects are present in the measured ground
accelerations caused by moderate-to-large earthquakes during 1977 and 1985 in western
central Argentina and should be considered in seismic hazard analyses. However, these
effects can be enhanced by directionality of maximum wave radiation. The comparison of
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Fig. 12 Analysis of the 1977 San Juan earthquake data. a Centroid data from the Global CMT Project and
Langer and Hartzell (1996). b Surface wave radiation pattern obtained from IRIS DMC (2020). ¢ Focal
mechanism obtained from the Global CMT Project. d PGA amplifications and Vs30 velocities vs. azimuth
from the epicenter of the seismic event. e SA amplifications and Vs30 velocities vs. azimuth from the epi-
center of the seismic event

the data acquired during the 1977 (M,, 7.5) San Juan earthquake with the global attenua-
tion curves, shows that ground acceleration amplifications of up to 394 Gal is consistent
with a preferential azimuth of 240°, mainly towards the cities of San Juan and Caucete.
The measured acceleration value of 539 Gal represents an increase of 270% with respect
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Global CMT Project. d PGA amplifications and Vs30 velocities versus azimuth from the epicenter of the
seismic event. e SA amplifications and Vs30 velocities versus azimuth from the epicenter of the seismic

event

to the expected theoretical acceleration of 145 Gal generated by an earthquake of similar

characteristics.

The 1985 (M,, 5.9) Mendoza earthquake generated ground acceleration amplifications
with a preferential azimuth of 330° towards the city of Mendoza and the surrounding area.
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Fig. 14 Vs30 map for the study area. Red stars indicate the epicenters of the 1977 San Juan and 1985 Men-
doza earthquakes and blue arrows show the directions of maximum surface wave radiation

In this region, an amplification of 420 Gal was recorded. The measured value of 470 Gal is
840% higher than the 50 Gal expected in the area for a similar theoretical earthquake. This
explains why a moderate magnitude earthquake produced ground accelerations with capa-
bility of damage of entire buildings.

Although site amplification effects are complex, it can be observed that these occur in
areas of low Vs30 and with a preferential orientation of surface wave radiation pattern. In
contrast, regions with high Vs30 values did not record large amplifications. Future large
crustal earthquakes will probably have more detailed observations like horizontal and ver-
tical accelerometer data, which are desirable in site amplification studies.
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