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Abstract. We report on peak ground accelerations (PGAs) recorded for three
strong earthquakes in Vrancea, Romania (August 30, 1986, moment magnitude Mw =
7.1; depth & = 131.4 km; May 30, 1990, Mw = 6.9 depth 90.9 km; May 31, 1990, Mw =
6.4 depth 86.9 km & October 28, 2018, Mw = 5.5 depth 147.8 km). The PGAs increase
with increasing epicentral distance, and then decrease for larger distances. These real
data may be a new chalenge for the probabilistic seismic hazard studies or other
methodologies, which take the epicentral PGA as a basic input parameter. To our
knowledge, this phenomenom has not been reported elsewhere. Its spatial regularity
leaves open the possibility of ascribing it to the soil particularities, like non-linearities.

Key words: Strong Vrancea earthquakes; distance variability of the PGA; spectral
nonlinear amplification factors.

1. INTRODUCTION

Vrancea region, located at the southeastern edge of the Romanian Carpathians, is
characterized by the occurrence of intermediate-depth and strong earthquakes; it is one
of the most active seismic zones in Europe. It is well-known for its strong earthquakes
(of the order Mw < 7.9 — 8.0) caused by three tectonic units in contact [1]; the East
European plate, the Inter-Alpine sub-plate and Moesia sub-plate (Fig. 1). On geological
time scales, the detachment of the descending oceanic lithosphere is a short-term
process and can be studied only in a few locations on Earth today. The Vrancea region
in the southeastern Carpathians is one these rare places. The seismic activity is both
intermediate and shallow. Here, at sub-crustal outbreak depths (down to 160-200 km),
the tectonic seismicity seems to occur by diving-determined processes relative to active
or a relic of lithosphere plates slabs inside the asthenosphere [1].

We report herein on peak ground accelerations (PGAs) recorded for three
Vrancea earthquakes (August 30, 1986, moment magnitude Mw = 7.1, depth 131.4 km,
epicenter @p = 45.52 N; Ay = 26.49 E; May 30, 1990, Mw = 6.9, depth 90.9 km,
Qo =45.83 N; A =26.89 E; May 31, 1990, Mw = 6.4, depth 86.9 km, ¢y = 45.85 N;
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Ao = 26.91 E); the epicenters of these earthquakes have been very close to each
other. These recordings exhibit a special feature, namely the PGA increase with
increasing the distance from the epicenter, and then decrease for larger distances.
This unexpected result may pose a new challenge to the probabilistic seismic
hazard studies, which take the epicenter PGA as a basic input parameter.
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Fig. 1 — Limits of continental plates and sub-plates in the Carpathian Arc region [2]. 1 = Carpathian
Orogenic Belt; 2 = Focsani—Odobesti Depression; 3 = Fore-Carpathian Zone with faulted pattern;
4 = plate — sub-plate boundary; 5 = sub-plate — sub-plate boundary; 6 = strike-slip fault; 7 = active

subduction; 8 = Neogen “frozen” subduction; 9 = intra-plate-crustal fracture;
10 = (a) crust and (b) mantle earthquake epicenters [1].

2. HIGH PGA VALUES IN EXTRA-CARPATHIAN AREA,
ROMANIA & REPUBLIC OF MOLDOVA

Peak ground accelerations (PGAs) are higher in the extra-Carpathian area
than in the epicenter Vrancioaia during of the last strong Vrancea earthquakes of
August 30, 1986 (Mw = 7.1; h = 131.4 km; ®° = 45.52 N; 1" = 26.49 E); May 30, 1990
(Mw = 6.9; h = 90.9 km; ®° = 45.83 N; .’ = 26.89 E) and May 31, 1990 (My, = 6.4;
h = 86.9 km; ®° =45.85 N; .’ = 26.91 E) [3]. We denote these earthquakes by VR86,
VR90/1 and VR90/2. These data were recorded by all extra-Carpathian seismic
stations from Romania, which belong to NIEP (National Institute for Earth Physics)
and INCERC Bucharest (Institute for Construction Research), and from Republic
of Moldova (Institute of Geophysics and Seismology), seismic stations from the
extra-Carpathian area. The recorded values can be seen in Tables 1, 2 and 3.
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Table 1

Maximum ground accelerations recorded in Romania & Rep. of Moldova.Vrancea 1986.
August 30, 1986 (Mw =7.1; h = 131.4 km; ®° = 45.52 N; 1° = 26.49 E) [3]

N Seismic station Epicenter distance Nfs2 Ef\?\g v ,
(km) (cm/s?) (cm/s?) (cm/s?)
1 | Vréancioaia 42.60 95.70 162.60 48.90
2 |Ramnicu Sarat 46.67 140.30 105.12 93.88
3 [Valenii de Munte 51.55 186.90 162.40 139.53
4 |Focsani (Focsani.3) 57.37 296.90 292.20 110.73
5 |Focsani (Hotel) 57.74 198.80 287.83 111.10
6 |Focsani (Focsani.2) 57.96 166.80 237.65 91.59
7 |Ploiesti 75.31 219.33 207.23 58.11
8 |Onesti 84.92 147.70 102.12 50.33
9 |Peris 100.98 116.70 150.17 100.42
10 |Vaslui 112.35 154.33 171.30 135.87
11 | Otopeni—Bucuresti 113.00 123.65 219.84 61.01
12 |Galati 120.50 150.74 157.61 81.50
13 |Barlad 121.00 152.20 168.62 60.20
14 | Bucharest (Magurele) 135.51 140.50 116.70 50.34
15 |Tasi (C) 203.83 119.21 180.80 36.53
16 |Chisindu 244.96 187.42 211.80 116.30
Table 2
Maximum ground accelerations recorded in Romania & Rep. of Moldova.Vrancea 1990/1.
May30, 1990 (Mw = 6.9; 1 =90.9 km; ®° =45.83 N; A" =26.89 E [3]
N Seismic station Epicenter distance Nfs2 EfV\; A% )
(km) (cm/s”) (cm/s”) (cm/s?)
1 | Vrancioaia 13.23 119.77 156.58 63.72
2 | Onesti 48.77 123.85 241.64 100.76
3 |Réamnicu Sérat (2) 51.44 125.25 160.43 97.85
4 | Vaslui 69.21 133.65 130.04 112.13
5 |Barlad (2) 74.00 122.12 148.43 108.00
6 |Barlad 74.76 143.75 151.92 65.34
7 |Buziu 76.29 155.65 196.32 111.10
8 [Bacau (2) 82.04 132.45 122.76 33.00
9 | Valenii de Munte 98.00 133.60 148.20 55.78
10 | Galati (Tiglina) 99.29 155.46 139.53 94.56
11 |Cahul (Rep.Moldova) 101.88 126.43 135.42 86.40
12 |Campina 118.47 158.23 205.07 64.23
13 |Campina (Center) 119.90 226.64 270.60 61.22
14 |Carcaliu 121.91 164.02 88.85 41.40
15 |Slobozia 145.36 139.10 85.64 74.86
16 |Peris 145.46 184.86 241.43 99.65
17 |Branesti 158.73 126.00 142.20 78.54
18 |Tasi (C) 159.66 109.54 126.23 80.43
19 |Panduri (Bucharest) 169.18 131.33 151.12 81.00
20 |Bolintin Vale 178.09 215.00 218.34 89.65
21 |Chisindu 2 197.33 172.65 188.23 64.12
22 | Chisindu 3 198.72 121.32 143.75 82.33
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Table 3

Maximum ground accelerations recorded in Romania & Rep. of Moldova. Vrancea 1990/2.
May 1990 (Mw = 6.4; h = 86.9 km; ®° =45.85 N; . =26.91 E [3]

Nr Seismic station Epicenter distance NfS2 Ef\?\g v )
’ (km) (cm/s”) (cm/s?) (cm/s?)

1 Vrancioaia 14.28 43.41 101.89 27.12
2 Focsani 2 27.63 83.75 161.85 44.95
3 Onesti 46.94 59.15 113.65 50.00
4 Ramnicu Sarat (2) 53.75 50.22 66.40 40.40
5 Barlad 72.13 88.15 91.34 35.00
6 Galati (Tiglina) 98.93 65.12 74.33 35.86
7 Vaslui 109.74 49.35 51.32 40.32
8 Barlad 112.94 80.3 85.87 27.96
9 Bacau (2) 117.99 63.05 84.55 29.42
10 | Cahul (Rep.Moldova) 132.60 56.12 94.45 33.15
11 | Iasi© 157.02 31.2 76.20 41.00
12 | Chiginau 2 194.717 75.65 87.65 28.12

From the records of August 30, 1986 event (Mw = 7.1; h = 131.4 kim; red triangle)
the expected attenuation effect with distance is visible: 10 stations (out of 16) have
recorded hi%her PGA'’s than the epicenter Vrancioaia (VR) (max horizontal acceleration
162.6 cm/s”). Large amplifications with respect of epicentral value are shown by the
3 stations located in Focsani city (296.9 vm/s* FOC3 station) having around 57 km
epicentral distance and in Ploiesti (219.33 cm/s’) at 75.3 km from the epicentre.
These stations are located inside and the western edge of the Focsani Depression-a
NW-SE oriented basin formed in the Carpathian foreland — where the depth of the
Badenian-Quaternary sediments reaches ~ 13 km [1, 4]. While these amplifications
can be expected due to the presence of “young sediments” or unconsolidated
sediments/layers in the local superficial structure, more dificult is to explain the
recoded values at large distances like 219.84 cm/s® at Otopeni station or the NE of
the capital city (113 km epicentral distance) and 211.8 cm/s” in Chisindu — the capital
of Moldavian Republic — at 244.9 km from the epicentre. Actually, the August 30,
1986 (VR86) event damaged 3 residential buildings in Chisinau city, although the
reported macroseismic intensity was VII MSK. The event of May 30, 1990 (6.9 Mw
at 90.9 km depth) generated higher accelerations (blue squares in Fig. 2) at the free
surface than the VR 86 event; one can observe a very low attenuation of the recorded
PGA with epicentral distance. Among the stations that record higher accelerations
than the epicentral one (156 cm/s” at VRI at 118 km distance), both are located and
consolidated sediments/rocks. Due to their local geological structures, stations in
Focsani Depression show also amplifications with respect of the nearest record from
the epicenter. An interesting aspect is that at several seismic stations, the recorded
PGA of the event Mw = 6.9 were higher than those recorded in case of the previous
earthquake with Mw = 7.1. The amplification effect of the geological structure being
visible on all components of the record. A certain (small) amplification of the seismic
motion induced by this event can be noticed also on the records of ONS (Onesti)
station located outside of the above-mentioned sedimentary basin of 47.94 km from
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the epicenter (113.65 cm/s* compared to 101.89 cm/s” recorded at the epicentral
station VRI). The PGA of the horizontal components recorded during May 31, 1990

event (green circles in Fig. 2) decrease with ep

icentral distance’ except for the values

recorded in Focsani Depression (161.85 cm/s” recorded at 27.63 km from epicenter,
another value of 246 cm/s” on each direction at Biicoi/Ploiesti etc.) [5].
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Fig. 2 — (Color online) PGA records for VR86,VR901 & VR902 [3] (Table 1-red triangle,
Table 2 — blue triangle & Table 3 — gree triangle). Red triangles mean Ln of maximum
ground accelerations recorded in Romania & Rep. of Moldova after Vrancea earthquake
on August 30, 1986 from Table 1 and Figure 3, etc.
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Fig. 3 — (Color online) Peak ground accelerations (PGA) are higher in the extra-Carpathian area then
in epicentre Vrancioaia PGA = 8.65 cm/s’; M, =5.8; Mw=5.5; h=147.8 km [3]. Red rectangular
colours are only for accelerations larger than epicentral value from Vrancioaia during of deep
Vrancea earthquake on October 28, 2018, Mw =5.5; deep 4 = 147.8 km [3] and data

from Table 4 and Figure 4.
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Fig. 4 — (Color online) Map with main peak ground accelerations (PGA) which are higher in the extra-
Carpathian area than in epicentre Vrancioaia PGA = 8.65 em/s’; My =5.8; Mw=5.5; h = 147.8 km [3].

Fig. 5 — (Color online) Maximum Peak Ground Acceleration (PGA) values recorded on horizontal
components of free-field or free-field assimilable seismic stations, during the 1986 earthquake
(Data from Table 1).
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On October 28, 2018, time 03:38:11.39; ®: 45.6079; A: 26.4068 in Vrancea
seismic area it was an earthquake of magnitude M; = 5.8; My = 5.5 [3]; depth,
h=147.8 km [3]. In Table 4 and Figure 6 are giving maximum accelerations
recorded in Romania & Rep. of Moldova.

Table 4

Maximum ground accelerations recorded in Romania & Rep. of Moldova. Peak ground accelerations
(PGA) are higher in the extra-Carpathian area than in the epicenter Vrancioaia.
Numbers 1, 2,... are seismic station numbers [3]

Nr. Selgmlc PGA max I, MSK Locality District/
station County
1 NEHR 17.75 cm/s? v-v Nehoiu Buzau
2 CLIR 66.4 cn/s’ VI Clinceni Ilfov*
3 BISC 45.94 cm/s* VI Catelul Sector 3
4 OEBI 20.26 cm/s? v Odobesti Vrancea
5 | SGRR 20.79 cm/s® | IV-V | Singureni Giurgiu
6 STFAR 26.86 cm/s? \'% Stefanesti Arges
7 | RMVG 1517 cm/s> | IV-V | Ramnicu-Valcea Vilcea
8 VLDR 39.33 cm/s? A% Vladesti Galati
9 VARL 25.08 cm/s? A% Varlezi Galati
10 | INMR 22.19 cm/s’ v INMH Sector I
11 | BUZR 20.13 cr/s’ v Buziu Buziu
12 | INCR 31.01 cm/s? \% INCERC Sector 2
13 | LEOM 64.59 cm/s’ VI Leova R. Moldova*
14 | GRER 20.10 cm/s? v Greabanu Buzau
15 | LEHL 30.97 cm/s? \Y Lehliu Calarasi
16 | PANC 21.43 cm/s? v Panciu Vrancea
17 | BSTR 25.54 cm/s? vV-v COS Sector 1
18 | PLAR 68.64 cm/s? VI Ploiesti Astra Prahova"
19 | GISR 13.18 cr/s? v Galati ISU Galati
20 | BTMR 21.97 cm/s? v-v Geotec Sector 2
21 | CVDA 9.63 cm/s? -1V Cernavoda Constanta
22 | VRI (epicenter) 8.65 cny/s® | -1V Vrancioaia Vrancea”
23 | CIOR 43.50 cm/s? V-VI Ciorogarla Ilfov
24 | BUCI 50.47 cm/s> VI Migurele Ilfov
25 | HUMR 52.58 cm/s? VI Humele Arges
26 | SLCR 17.86 cm/s? v Slobozia Conachi Galati
27 | COSR 22.47 cm/s? v COSR Cosmesti Prahova
28 | BIR 37.38 cm/s? A% Barlad Vaslui
29 | AMRR 15.93 cr/s? v-v Amara Talomita
30 | TATR 21.08 c/s? | IV-V | Tatarca Galati
31 | BAPR 24.89 cm/s? v Parcul Copiilor Sector 4
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Fig. 6 — (Color online) Maximum Peak Ground Acceleration (PGA) values recorded on horizontal
components of free-field or free-field assimilable seismic stations, during the 1990/1 earthquake

(data from Table 2).
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Fig. 7 — (Color online) Maximum Peak Ground Acceleration (PGA) values recorded on horizontal
components of free-field or free-field assimilable seismic stations, during the 1990/2 earthquake

(Data from

Table 3).
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4. CONCLUDING REMARKS

The PGA at intermediate distance from the epicenter of an earthquake are
higher than in the epicentral zone; for larger distances the PGS decrease appreciably, as
expected. This new phenomenon is highlighted here for three Vrancea earthquakes
(August 30, 1986, Mw = 7.1; May 30, 1990, Mw = 6.9; May 31, 1990, Mw = 6.4
and October 28, 2018, Mw = 5.5 depth 147.8 km). Similar data are included for the
Vrancea earthquakes of October 28, 2018, Mw = 5.8.

The Moldavian Platform and the Moesian Platform are pre-Carpathian geo-
structural units with a platform structure. In their composition, the two structural
elements specific to this type of structure are distinguished: a lower one, cut, forming
the base, which corresponds to the stage in which the Moldavian space, for example,
evaluated as a labyrinth area, and the other one, the cover, corresponding to the stage
Moldavian space has evolved as a stabilized field (pleated, folded, wrinkled,
ricked...). From the latest researches made in the Vrancea area by using a 2-D model
for the P and S velocity of the sedimentary structure and crystalline crust, Moho
discontinuity depth did not exceed 43—45 km (Fig. 4) in Vrancea region.

Several drillings were made in the Moldavian platform, some of them in Iasi,
Todireni, Batranesti, at depth of about 1000 m, which penetrated into the socle of
the platform, made up of mezzo-metamorphites and masive granites [4, 5]. Mezo-
metamorphites are represented by quartz-diorite, gneiss with biotite, hornblende
and diopside.

During strong Vrancea earthquakes (for example, 1986 earthquake, Mw = 7.1)
there is a strong nonlinerar effect. The sub-basment of lasi, for example, consistes
of structural elements of the Moldavian Platform, composed of mesometamorphis
formations, migromagnetic granitoid navy and metamorphosed formations in
granultitic facies described in Ref. [7].

Between Carpathians and Balkans there exists the Moesic Platform, formed
in the foundation of blocks with transverse movements. This socle area has evolved
as a sedimentation basin, where deposits have grown to reach thousands of meters
in thickness. The sedimentary layers consists of a thick stak of deposits, on average
over 3000 m, consisting of clays and marls, sands and clays, grit-stones and sands,
marls and clays, clays and sands, gravel and sand, gravel, sands, loess deposits etc.
Several drillings have been made in the areas of Bals, Diosti and Slatina [4]. At
depths of 3000 km, the drills encountered mezzo-metamorphic crystalline shale,
mainly represented by amphibolites (a granular metamorphic rocks consisting mainly
of hornblende, actinolite, as well as plagioclase) and crystalline epi-metamorphic
shale represented by chlorite-quartz shale, chloro phyll etc. [4, 6]. The seismic
anisotropy is a characteristic feature of the Earth, is being present near the surface
due to aligned cracks, in the lower crust, in the upper and lower mantle, due to
mineral preferred orientation. The lower mantle remains a vast region of exploration
for mineral physics and seismology where many interpretations remain very
speculative [8].
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NOTE: Bulletin of the Seismological Society of America, Vol. 86, No. 6. pp. 1714-1723,
December 1996 (https:www.researchgatwe.net/publication/260388418) published the following paper:
The Anomalous Seismic Response of the Ground at the Tarzana Hill Site During the Northridge
1994 Southern California Earthquake: A Resonant, Sliding Block? by Jose Rial, University of North
Carolina at Chapell Hill. In abstract we can read: “The Northridge, California, earthquake of
17 January 1994 (Mw = 6.7) caused widespread damage in the San Fernando valley and adjacent areas.
In many places, the earthquake motion was amplified or strongly modified by local ground rersponse,
but the most localized and extreme site effects occured at Tarzana, a small hill of gentle topography at
the northern edge of the Santa Monica mountains where strong amplification (horizontal peak
acceleration of 1.82 g) and other unsual site effects to a small area 50 m in radius around the station,
beyond which the ground shaking was down to its theoretically expected level. If strong ground
motion can vary so much in such a small scale, microzonation of urban areas may be an impossible
goal at worst or, at best, only reliable at those sites where ground response has previously been
measured. Hence, to cleary understand the dynamic response of the ground at the Tarzana site
has become an important problem in earthquake hazard assessment and microzonation.”
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