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WHAT WE KNOW AND WHAT WE DON'T KNOW ABOUT
THE EARTHQUAKES IN THE VRANCEA REGION
(ROMANIA)

Mircea RADULIAN!, Mihaela POPA2, Raluca DINESCU?

Abstract. Vrancea is one of the few seismic sources on the Globe that generates
major earthquakes (7 to 8 magnitude) at intermediate depth (60 — 180 km) in a very
confined seismogenic volume (seismic nest). Understanding how these earthquakes
are generated is of wide interest both scientifically and considering the major
impact of these earthquakes in Romania and neighbouring countries. The present
paper is an overview of what we know at present and what still remains to be
clarified in the future regarding the seismic process in the Vrancea area. The
prominent features of the Vrancea prone-earthquake system are critically presented
discussing their consistency with observation data, concordances and discrepancies
and how to interpret them in the light of the latest research. Key elements are
analysed related to geodynamic modelling (nature of the cold and dense material
descending into the mantle, coupling of the Vrancea slab with the overlying
continental crust) and seismicity patterns showing specific characteristics as
geometrical configuration in consistence with the predominant focal mechanism and
possible physico-geochemical reactions at critical temperature-pressure conditions.

Keywords: Vrancea seismic source, seismic nest, seismicity patterns, geodynamic
modelling, critical phenomena
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1.Introduction

Vrancea is one of the few seismic sources on the Globe that regularly generates
major earthquakes (magnitudes up to 8) in an extremely limited seismogenic
volume situated at intermediate depths (60 — 180 km). The physico-chemical
modelling of the processes that take place in this volume still remains a mystery
and a challenge for scientists, both at the scale of an individual event and at the
scale of the entire geodynamic system located in the upper mantle beneath the
curvature of the South-Eastern Carpathians arc. Besides the strictly scientific
interest, the problem of understanding of how the earthquakes in Vrancea are
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generated is also of wider interest considering the major impact of these
earthquakes both in Romania and in the neighbouring countries.

This work aims to overview what science offers us as sufficiently reliable
knowledge and what still remains to be clarified in the future regarding the
seismic process in the Vrancea area. At the same time, we will discuss to what
extent the current scientific knowledge provides the framework and the most
effective means to contribute to the reduction of the effects of these earthquakes.

We will revisit the most prominent features of the Vrancea prone-earthquake
system regarding all the significant aspects: geological setting, geotectonics,
physics of the source, role of the fluids, attenuation and anisotropy properties of
the seismic waves radiated by the source, ground motion pattern. We propose to
make a review of these aspects, to discuss their consistency with observation
data, concordances and discrepancies and how to interpret them in the light of
the latest research. We also intend to emphasize the well-defined aspects and
those that are still to be clarified and the impact of all these features on seismic
hazard and risk mitigation in Romania and neighbouring countries. Although the
attention will be focused on the source from Vrancea, we will consider also how
the seismogenic process in Vrancea is linked to the geodynamic processes at the
scale of the entire Carpathian-Pannonian system.

2. Geotectonic setting

In the framework of the Mediterranean Basin area, the Vrancea source belongs
to the type of sources of intermediate depth located in arch-type structures
(Figure 1). Similar sources are located in the Calabrian Arc (Southern Italy),
Hellenic Arc (Aegean Sea) and Alboran Arc (Southern Spain). The largest
earthquakes (M > 7) recorded in this area are located on the one hand in the crust
(depth less than 50 km) along the large transcurrent North and East Anatolian
faults and Dead Sea fault and the crustal part of the Hellenic Arc and, on the
other hand, in the upper mantle (depth greater than 50 km) in the Hellenic,
Calabrian, Alboran and Carpathian arc systems (Figure 2).
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Fig. 1. Sketch map of the tectonics in the Mediterranean Basin (after [84]).

The largest events in the crust were recorded on the North Anatolian fault at
Erzincan in 1939 (My7.8) and on the East Anatolian fault in the Kahramanmaras
province (My7.8), while the largest event in the upper mantle was recorded in
the Vrancea region in 1940 (My7.7) at intermediate depth (150 km) and in the
Gibraltar Strait in 1954 (M,7.8) at deep depth (626 km). Note that both
intermediate-depth earthquakes in the Vrancea and the deep earthquakes south of
Spain are generated in narrow lithospheric pieces, isolated from the seismically
active configuration of faults located in the eastern part of the Mediterranean
Sea.
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Fig. 2. Epicentral map of the largest earthquakes recorded in Europe (My > 7) (source: NOAA,
2019).
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Looking more closely at the tectonic system in which Vrancea earthquakes are
generated (Figure 3), we notice some remarkable features. First of all, the push
movement towards N of the Adria Plate and the transfer of deformations to the
west and east. If we examine the consequences of the eastward movement of the
Adria Plate, a phenomenon on a large scale is noted: the opening of the
Pannonian Basin, the largest extensional basin in Europe. We cannot explain
such a large extensional phenomenon in a collision context unless we introduce
some pulling forces into the tectonic system. Such forces appear as soon as a
lithospheric body descends into the mantle and due to the increase in weight
undergoes a roll-back process. We also draw attention to the important role
played by the East European and Moesian platforms in modulating the
configuration of the Carpathians (double-arcuate shape). The two platforms
acted as resistance blocks in the process of continuous push to the east. A similar
role was played by the Bohemian Massif in the push movement to the north.
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Fig. 3. Sketch of the tectonic forces in the Alpine — Carpathian - Adria region (from [2]).

The Carpathian—Pannonian region where the Vrancea source is located consists
of the Carpathian orogen and the Pannonian back-arc basin system. The system
evolution in Neogene is characterized by the relative movement of two
independently-moving microplates known as the ALCAPA (Alps—Carpathians—
Pannonian Basin) and Tisza—Dacia mega-tectonic units. Thanks to these
movements, a complex system of faults has developed which crosses from the
NE to the SW the Intra-Carpathian area (Mid-Hungarian Line). They were
accompanied by complex phenomena related to subduction, rifting, mantle
upwelling, and Neogene volcanism.
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The tectonic evolution of the Carpathian—Pannonian region in the present-day is
a subject of many debates. The proposed models can be grouped into two
categories: (1) continental collision process and (2) oceanic subduction process
followed by continental collision. The first assumes a gravitational instability
(gravitational collapse of the continental lithosphere, [1]) and active continental
lithospheric delamination under Carpathians (e.g. [34, 21, 23, 9]). The second
group includes the subduction and associated sublithospheric mantle uplift as a
key process in the tectonic development of the Carpathian—Pannonian region
(e.g. [66, 67, 13, 27, 79, 41, 37, 38, 35]). Both types of models can explain the
current presence under the Carpathian arc of a high-velocity lithospheric body
descending into asthenosphere in which the Vrancea intermediate-depth
earthquakes are generated.

3. Vrancea — seismic nest

The Vrancea earthquake-prone area belongs to the category of nest-type seismic
sources. A seismic nest is a compact and well-defined volume of the Earth's
lithosphere characterized by an intense seismic activity relative to the
surrounding areas and which is generated permanently over time [87]. A
seismogenic region is defined as a seismic nest if three specific requirements are
fulfilled:

(1) intermediate-depth seismicity,
(2) compact seismogenic volume, isolated from nearby activity, and

(3) steady activity over time, not following mainshock-aftershock
sequences or swarm temporal patterns.

Seismic nests appear at the convergent contact between the tectonic plates,
which is no longer necessarily active. They are isolated seismic zones in
complicated tectonic contexts. The most famous seismic nests in the world are:
Bucaramanga in Colombia centred at 150 - 170 km depth, Hindu Kush in
Afghanistan with earthquakes at depths between 170 and 280 km and Vrancea in
Romania with seismic activity between 70 and 180 km. Bucaramanga is located
at the convergence of four plates: North Andes (part of the South American
plate), Panama, Caribbean and Nazca plates; Hindu Kush at the collision
between two distinct slabs from opposite directions and Vrancea at the collision
of three tectonic units: East European, Moesian and Alpine plates.

Tectonic seismic nests provide the best scenario to study the physical
mechanism responsible for intermediate depth earthquakes. Intermediate depth
earthquakes often occur along the subducting lithosphere, they occur at
temperatures and pressures above the point where ordinary fractures ought to
occur, but the physical mechanism responsible for promoting brittle faults is not
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well constrained and remains uncertain. The three main mechanisms proposed
for intermediate depth earthquakes are:

(1) dehydration embrittlement [19, 31, 26], in which hydrated minerals
release fluids at particular pressures and temperatures allowing
brittle failure to occur,

(i1) uncontrolled thermal shear instability [19, 30, 26], which would
occur through positive, rapid feedback between shear strain
localization and thermal heating, and

(ii1) mineral phase transformation [33].

In (i), the dehydration of serpentines results in the generation of fluid volumes
that increase the pore pressure, reduce the effective stress, and finally allow
brittle failure to occur at depth. While dehydration reactions are accompanied by
a decrease in solid volume, it also produces substantial fluid volumes (e.g. [31,
10]), so that brittle failure could include opening tensile failures and thus explain
the resolved isotropic components.

4. Seismicity location and patterns

Production of earthquakes, respectively of rapid release of tectonic energy
accumulated in a certain area of the Earth's outer shell, implies the presence of a
sufficiently rigid material, capable of triggering brittle fracture processes.
Otherwise, we will not have high-frequency and high-energy seismic wave
radiation. There is no doubt that the geotectonic processes that led to the present
configuration of the Carpathian-Pannonian system, also caused the descent of a
sufficiently rigid lithospheric body able to host earthquakes at depths where the
conditions of pressure and temperature do not normally allow this. The presence
of this rigid body is evident in any tomographic image performed in the area of
the Carpathian arc. For example, in Figure 4, we show in parallel two
tomography images on a vertical profile that crosses the Carpathian arc obtained
independently by inverting teleseismic earthquake waveform data (left) and
ambient noise data (right). In both images the presence of a high-velocity body
(blue) located under the bend of the Carpathians that extends into the
asthenosphere to a depth of about 400 km is pointed out.

It is interesting to note that the earthquakes are generated only in a relatively
small part of this body, namely in its upper part up to depths of about 180 km,
the rest of the volume being aseismic (Figure 5). The representation in Figure 5
on a vertical profile, NE-SW oriented, that crosses the Vrancea source is for the
seismic activity recorded for a time interval of 28 years (1982 — 2009), but one
may note that the same spatial distribution of the hypocentres is obtained no
matter what time window is selected (see Figure 6 below). This finding makes
us claim that we are dealing with a configuration that does not have this shape
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by chance, but reflects well-defined physical-chemical processes. Let's note, for
example, the sudden cessation of the production of earthquakes at depths above
60 km and below 180 km. Let's also note the separation of the seismic activity in
the overriding crust (black dots) from that in the upper mantle (red dots).
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Fig. 4. Tomography image on a vertical cross section E-W oriented as obtained from teleseismic
data (left, [90]) and from noise data (right, [68]).
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Fig. 5. Seismicity distribution in Vrancea at surface (left) and on the vertical cross section,
oriented tangent to the Carpathians Arc bend (after [6]).

The tomographic images in Figure 4 reveal another interesting aspect: the
presence of a massive lithospheric body, relatively stiffer and colder than the
surrounding mantle, located between 400 and 600 km deep below the Pannonian
basin. The observation of this remnant body, which is still differentiated by the
elastic properties from the surrounding mantle material, is an argument in favour
of a subduction process at the scale of the entire Carpathian-Pannonian basin
that would have taken place in the geological past of the system. What we see
today in the layer below the upper mantle is the lithospheric plate that has
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separated from the crust. The only portion still attached and seismically active
confines to an approximately vertical finger-like body located under Vrancea.

One striking feature of the intermediate-depth seismicity noticed in any of the
earthquake nests in the World is the persistency of the rate of occurrence in time.
As concerns the seismic activity in the Vrancea nest, a rate of 2 to 5 major
events (magnitude above 7) is observed per century for a time window of several
centuries. The Vrancea historical events can be identified relatively easily
because of their effects distribution, which is unique among the earthquakes
recorded in this part of Europe. The most striking aspect is the huge area where
these events are felt (from south Italy to central Russia). In this way, we
obtained information about the occurrence of earthquakes in Vrancea available
for a period of almost a millennium. The more reliable data spans about five
centuries. If we analyse the time evolution of the earthquakes with magnitude
above 6 starting from 1600 until now, we notice a grouping tendency of the
strongest earthquakes (Figure 6).

48 ani 46 ani
8] 2ani )
i 32 ani 22 ani 15ani
75 | — — — — - — — —
e i
=] _ .
2
g) 7 4:-—— — — — — —
E ] @ ee
* @ o0 @
65 — @ @ oe o0 @ e @@ a»
1 @
i @ @
| @ &)
- @ @ @ @ e @ oG ©
6 L L O O |9HC§KQO\ | @| T ‘O"l_‘

1580 1600 1620 1640 1660 1680 1700 1720 1740 1760 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 2020

Fig. 6. Time occurrence in the Vrancea earthquakes with magnitude above 6 since 1580. Six
clusters of increased activity of major events are illustrated by ellipses.

We separated the earthquakes into two large categories: those with a magnitude
above 7 and those below 7 (red dashed line in the figure). The events under 7 are
supposed to be incomplete in the catalogue. As proof, let's note the significant
increase in statistics starting with the 19th century comparatively with the older
time interval. Instead, we consider that the statistics is complete for magnitudes
above 7 over the entire time interval considered in the figure. Note the tendency
of major earthquakes (M greater than 7) to occur in clusters: intervals of intense
activity separated by low-activity intervals. The length of these intervals varies
from a few years to tens of years and apparently looks like a random variable.
We are at present in a low-activity interval lasting for almost 37 years (since the
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major shock of 1986). Only one preceding interval of low activity exceeded it,
that of the 19th century (55 years). Considering the variability of the interval
distribution in time and the limited interval of observation (six centuries), it is
impossible to issue any prognosis for the next cluster of major events in Vrancea
only based on statistical grounds.

Seismicity patterns which characterize the earthquake production in the Vrancea
source show first of all a few striking geometrical features:

(1) concentration in a narrow epicentral area elongated along NE-SW direction;

(2) a well-defined domain in depth between 70 and 180 km with a sharp cut-off
outside this domain;

(3) the seismicity in the subducting slab is significantly more abundant and
stronger than that in the overriding crust.

The tomography image obtained by inversion of local earthquake data [36] in a
vertical projection across Carpathians Arc bend (Figure 7) shows a tight
connection between the distribution of hypocentres (black dots) and geometry of
the high-velocity body (represented in blue). The image points also a strong
contrast in velocity and Vp/Vs ratio between the crustal and the subcrustal
domains. Taking into account that the seismic rays for the local earthquakes are
passing through an environment located at depths lower than 180 km (the largest
hypocentral depth), this tomography image is not representative for depth below,
such as in Figure 4 (obtained using teleseismic or seismic noise data).
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Fig. 7. Tomography image for a vertical cross section in Vrancea obtained using local
earthquake data for P-wave velocity (left), S-wave velocity (middle) and Vp/Vs ratio [36]. Black
dots are hypocentres.
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The geometrical configuration of the hypocentre distribution plotted on two
vertical cross sections at the Carpathians Arc bend (Figure 5) was interpreted by
various authors as representing a proof of the inhomogeneous structure of the
seismically active zone beneath Vrancea. It was thus discussed about a vertical
structure with the following stratification (in a simplified representation in
Figure 8):

- crustal layer: moderate activity (M less than 5.5)

seismic gap between 40 and 60 km depth (only sporadic and small events)

upper active segment (named A in Figure 8): major events of 1977 (My
7.5) and 1990 (double shocks of My 6.9 and 6.4)

transition layer around 100 km depth: relative deficit of earthquakes
(corresponding at the same time with the Middle Lithosphere
Discontinuity, see below)

- lower active segment (named B in Figure 8): major events of 1940 (My
7.7) and 1986 (My 7.1)

a single isolated event located below 200 km depth (M, 3.7)

M,,
X <35 Crustal earthquakes
4O
Seismic gap
60
“ Upper active segment (A)
100
< 5.0 Low seismicity

120

depth (km)

Lower active segment (B)

170

Seismic gap

3.7 one Isolated earthquake

Fig. 8. Schematic representation of the inhomogeneous structure characterizing the seismogenic
volume in the Vrancea region (after [49])
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Fig. 9. Intermediate-depth seismicity in two vertical cross sections in the Vrancea seismogenic
zone for different 10-year independent time windows.

In Figure 9 we represent comparatively geometrical configurations of the
hypocentre distribution plotted on two vertical projections in the Vrancea
oriented as shown in Figure 5 (one parallel and other perpendicular to the
Carpathians curvature) for different completely independent time windows of 10
years length. Obviously, the change in the configuration located around 100 km
depth is preserved in all windows suggesting that this is not a simple random
configuration, but highlights an intimate underlying physico-chemical process
related to the earthquakes generation.

Seismic activity history in time, represented separately for the two active
segments in Figure 10, emphasizes two interesting features: a background
seismicity quasi-stationary in time (~ 8 events/6 months in A and ~ 40 events/6
months in B) and a sharp increase due to the aftershock activity following the
major events (1977 and 1990 in A and 1986 in B).



69 Mircea RADULIAN, Mihaela POPA, Raluca DINESCU

60

A
= 50 H
g 40 4March 1977 30 May 1990
£
2
=
51
[-~1
60 — 30 August 1986
B
g 50
é 40
= 30
2 20 ]
Q2
C 10 4
0 T \ T T T 1
0 50 100 150 200 250 300

time (number of months)

Fig. 10a. Number of earthquakes per 6 months in the two active segments of the Vrancea
seismogenic zone (after [4]).
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Fig. 10b. Background seismicity time evolution in the two active segments of the Vrancea
seismogenic zone. Practically the same activity as in Figure 68a after extracting the anomalous
activities associated with the major events.

The fact that the occurrence of a major earthquake in one of the segments does
not disrupt in any way the background (current) activity in the other segment (as
pointed out in Figure 10a) makes us assume that there is a strong decoupling
between these segments and that the processes to prepare the triggering of major
earthquakes are taking place to a great extend separately in the two segments.
This is also highlighted in the depth distribution of aftershocks of the major
earthquakes recorded in A and B (Figure 11). Note that the aftershocks of the
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events generated in A segment (associated to 1977 and 1990) are spread in a
limited depth range of less than 100 km, while the aftershocks of the event of
1986 generated in B segment are spread in a limited depth range of more than
100 km. It follows that the transition layer between A and B segments acts either
as a barrier of resistance (difficult to be broken), or on the contrary as a zone of
weakness (incapable of accumulating deformation to generate large
earthquakes). Considering the hypothesis of the presence of fluids in this layer
(as we will discuss in the following sections), we would rather prefer the second
hypothesis.
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Fig. 11. Depth distribution of earthquakes in Vrancea (left) and depth distribution of aftershocks
for 1977, 1986 and 1990 major events (right).

5. Fault plane solutions and stress field

In terms of the earthquake production mechanism, there are a few remarkable
characteristics based on the analysis of the observational data:

(1) One of the well-established characteristics of the Vrancea source is the
predominance of a single type of focal mechanism over the entire depth domain
where intermediate-depth earthquakes are generated. Thus, all the previous
studies on the subcrustal seismic activity in the Vrancea region outlined a
predominant dip-slip, reverse faulting, characterizing both the moderate and
strong earthquakes [15, 48, 50]. In most of the cases, the principal T axis tends
to be vertical, the principal P axis tends to be horizontal and oriented
perpendicular to the Carpathians arc, and one nodal plane is dipping about 70
toward NW, while the other nodal plane is dipping SE. This kind of fault-plane
solution is commonly explained by a slab-pull down process which controls the
kinematics of the system.
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(2) All mechanisms for earthquakes with magnitude above 6.5 for which
fault-plane solutions are available are almost identical (Figure 12A). From the
analysis of the aftershock distribution, we can assume that the nodal plane close
to vertical, slightly plunging toward NW (to the Transylvanian basin) is the real
rupture plane.

(3) The rupture plane of the major shocks roughly coincides with the
alignment NE-SW on which all the Vrancea earthquakes are located (Figure 5)
and apparently the dimension of the source on horizontal plane for the largest
shocks (around 70-80 km) coincides with the horizontal dimensions of the
seismicity pattern (Figure 5).

Certainly, in order to reach the conclusion that these features are invariant over
time, we would need observation data extended over significantly longer time
intervals. The predominance of reverse focal mechanism (1) seems to be well
founded considering that mechanisms with normal faulting or strike-slip are
reported only sporadically and for smaller earthquakes. Therefore, we can
explain these deviations through processes of stress accommodation at local
scale in the slab. They do not change the general image of a dominant field of
horizontal compression and vertical extension. A tendency to change the focal
mechanism in a narrow band around 100 km depth was also suggested [49, 50,
62], but for now the observations are not enough to confirm this for sure.

The similarity of failure in case of major earthquakes (2) is not as certain. First,
there are cases of earthquakes below 6.5 with the fault plane oriented
perpendicular to the NE-SW plane. The best-known case is the second shock of
31 May 1990 (My 6.4) that followed a few hours after the major shock of 30
May 1990 (Mw 6.9). The 90-degree rotation of the nodal planes partially
explained the differences between the distributions of macroseismic effects and
peak accelerations among the two shocks. However, as pointed out by [40], we
should be careful when interpreting such distributions since the focal mechanism
seems to play a secondary role in controlling them [57]. Also, there are some
doubts when interpreting the macroseimic observations for the largest estimated
Vrancea earthquake of 1802 (My 7.9). The analysis of the historical data led to
the conclusion that, except Bucharest, the largest macroseimic effects were
recorded in the eastern Transylvania [69]. To explain this result, we can consider
either a focal mechanism different from the typical one, or an eccentric
hypocentre position (towards Transylvanian Basin or below 150 km depth).

A clue factor which could tentatively explain in an integrated view the
observational features pointed above could be the coupling of the seismic
processes at different scales. Thus, we may assume [60, 61, 81, 82] that the
occurrence of large events is prepared in time by the background seismicity.
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Such model would provide an explanation for the coincidence of the strong
earthquake source spatial dimension with the dimension characterizing the
seismicity (item (3)) and the existence of two types of fault plane solutions with
perpendicular rupture planes. If the rupture process for major earthquakes can be
produced only where background seismicity is generated, then the limitation of
the focal mechanisms with the rupture plane oriented across Carpathians arc
bend to events with magnitude below 6.5 could be explained by the geometrical
limitation of the seismicity in this direction (~ 30 km), while the rupture process
for the largest earthquakes can be deployed only on a perpendicular plane (NE-
SW oriented) since the seismicity dimension on this direction allows the rupture
extensions up to ~ 70 km.

Bala et al. (2021) [5] analysed the stress regime on depth in the Vrancea region
by inverting the fault plane solutions. They found a predominant downdip
extensive regime in the entire seismogenic volume in the upper mantle, as well
as in the crustal layers located above the Vrancea slab. The stress field computed
by applying the inversion separately for two active segments, one located in the
upper part of the seismogenic volume (55 — 105 km), the other in the lower part
(105 — 180 km), is practically identical with a nodal plane dipping toward NW
closer to vertical. It is interesting to note that the similarity observed for the fault
plane solutions of the major Vrancea earthquakes (e.g. [65]) fits the principal
mechanisms as they come out from the inversion approach (Figure 12). This is a
strong argument to consider that the stress field regime acting upon the entire
slab volume generating intermediate-depth earthquakes in Vrancea is compatible
with a plane which defines at the same time the seismicity pattern. In other
words, the stress regime inferred by us from inversion of focal mechanisms is
controlling the earthquake generation at all scales.

—— 10 November 1940 (Mw 7.7, 150 km)

——— 4 March 1977 (Mw 7.4, 94 km)

—— 30 August 1986 (Mw 7.1, 131 km) VNI A (55 - 105 km) VNI B (106 - 180 km)
— 30 May 1990 (Mw 6.9, 91 km)

Fig. 12. Comparative illustration of the similarity between the individual fault plane solutions for
the major Vrancea earthquakes (A) and the solutions obtained by inverting the groups of fault
plane solutions for the events in the upper segment (VNI A) and lower segment (VNI B),
considered separately. From [5].
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The release of the deformation in the Vrancea intermediate depth domain is
controlled both at small scale (small and moderate magnitude) and at major
earthquake scale by a predominant faulting plane NE-SW oriented and inclined
toward NW. We assume that it is not by chance that this plane coincides with the
plane around which the seismicity in Vrancea is located.

6. Geodynamic modelling

The current geotectonic context in the Carpathians Arc bend area is represented
by the collision of at least three tectonic plates/subplates: East-European,
Moesian and Intra-Alpine, which are all of continental type. A key question is
how the tectonic system reached the current situation with the presence of a rigid
lithospheric piece down in the mantle, isolated like a finger, and how it is
possible to release unusually large tectonic energies in such a compact
lithospheric volume.

Several geodynamic models have been proposed to explain the nature of the
seismogenic body beneath the Vrancea region [28]. One crucial issue about
these models is the nature of the material of the slab. Three models were
discussed:

(1) a relic oceanic lithosphere, either attached or already detached from the
continental crust

(2) a continental lithosphere that has been delaminated, after continental
collision and orogenic thickening

(3) a combination of a relic oceanic lithosphere and delaminated continental
lithosphere.

In any of these three cases, to explain the completely particular position and
geometry of the slab, we have to take into account a process of
detachment/delamination that arises after the continental collision comes into
play. A few possible scenarios are represented in the Figure 13: (A) Break-off of
the oceanic subducting lithosphere; (B) Oceanic slab roll-back followed
eventually by a progressive tearing process; (C) Delamination of the continental
lithosphere.
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Fig. 13. Three possible scenarios to explain the present geometry of the slab beneath Vrancea
region [34].

6.1 Subduction of an oceanic relic lithosphere

Considering that the tectonic system configuration nowadays, at least as it
appears at the surface, does not involve any oceanic piece, we must admit the
hypothesis of the presence of an ocean basin sometime in the history of the
area's evolution. Thus, according to some authors, a marginal oceanic basin once
occupied the Carpathian—Pannonian region (e.g. [11, 73]. It sunk into
asthenosphere as a result of the collision forces. The basin closed in the Tertiary
and active subduction stopped about 10 Ma ago [88], followed by a continental
collision. Currently, the collision is almost blocked at the surface, while the
process continues to be active at depth in the area of the Carpathian Arc bend.

Evidence for subduction and closure of an ocean basin during Miocene
formation of the Eastern Carpathians is preserved in ophiolites (Transylvanides)
between the Southern Carpathians and northern Apuseni Mountains [72, 73].
Mainly two alternative models regarding the reconstruction of the past evolution
of the system were proposed: (1) an oceanic lithosphere attached to the East
European craton that was subducted W- and SW-ward along the Carpathians
during Miocene time [3, 13] and (2) a subducting basin attached to the Moesian
platform that was subducted NW-ward beneath the Carpathian orogen [41, 22,
47].

The slab probably underwent a retreat process from NW to SE that lasted the
entire time interval of subduction [41]. The retreat process led to the Adriatic
Plate intrusion to the east and to the curvature of the Carpathians range [71], as
shown in Figure 3. At the same time, the retreat process explains the nearly
vertical position of the Vrancea slab at present as the final stage of the rollback
process [41].
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In the final stage of the subduction, when the oceanic slab was practically
completely consumed, the ocean-continent collision regime changed to a
continent-continent collision regime. The thicker and more buoyant continental
plate (portion of East European or Moesian platform continental lithosphere)
created an additional pressure upon the subducted oceanic plate able to tear it.
Possibly, the subducted plate has undergone lateral tearing which migrated along
the Carpathians orogen strike [90, 77]. Such a model is in agreement with:

- the migration and diminution of Neogene calc-alkaline magmatism in the
Eastern Carpathians from northwest to southeast along the arc [47], and
- the NW-dipping geometry of the Vrancea seismic body [22].

Probably one of the strongest arguments for subduction of an oceanic slab
beneath the Eastern Carpathians is the presence of a linear arc of Neogene
volcanism within the hinterland. This volcanic chain, comprised of both calc-
alkaline and alkaline magmas, was active from Middle Miocene to Quaternary
time (13.4-0.2 Ma), and migrated successively from north to south [47]. The
geochemistry of the calc-alkaline lavas suggest they are subduction-related (e.g.
[55, 47)).

There has been recently some debate (e.g. [75, 28]) on the hypothesis of a slab
detachment having propagated along the entire length of the Eastern Carpathians
range; such a controversy still does not preclude the possibility that currently,
lateral tearing could be developing just within a slab fragment preserved in
Vrancea area (as suggested by [90, 25, 8]). More than that, it is still an open
question if the subducted lithospheric block is currently completely separated
from the overriding crust [20] or if the slab is still partially attached to the upper
lithosphere [77].

6.2 Arguments for a relic oceanic slab in Vrancea

The results of [6] regarding the dispersion of P waves and the hypothesis of a
“double seismic zone” [7, 12, 64] bring evidence in favour of an oceanic nature
of the subducting lithosphere. Analysing in detail the characteristics of the
seismicity, [7] brought into discussion the hypothesis of a double seismic zone.
Going in the same direction, [64] and [12] showed that two somewhat distinct
active segments accommodate the major Vrancea earthquakes (see Figure 8
above). The existence of a double seismic zone is characteristic for oceanic
subduction as it assumes the existence of some dehydration processes that can
only take place in the minerals of the oceanic lithosphere (e.g. [32]).

In the hypothesis of an oceanic lithosphere, it comes naturally from the
lithospheric layer initially located on the earth's surface. This layer contains
before entering into subduction a low-velocity layer (the oceanic crust) together
with a high-velocity mantle lid. We can assume that the layer keeps its structure
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as it progresses in the subduction process, with the difference that the layer will
change its position, from a horizontal one to an inclined one and finally to a
vertical one, as it is the case in Vrancea. [6] studied the dispersion of the body
waves coming from Vrancea intermediate-depth source as they are recorded by
the stations located above the slab (Figure 14). They observed that the first-
arriving P waves at high frequencies (~ 8 Hz) show an anormal dispersion, in the
sense of being delayed relative to 0.5 Hz by an average of 0.7 s. This anomaly is
attributed to the existence of a thin low velocity layer on top of the slab
(corresponding to the oceanic crust, rotated to vertical position at present), which
acts as a waveguide for high frequencies, but is too thin to be “recognized” by
long wavelengths. Therefore, the observed dispersion is consistent with the
presence of a subduction zone composed of oceanic lithosphere under the
Eastern Carpathians.

a) L b) ! ) {/ 7// |

/
/ /
/
/
f Qfetachment?
100 km J
\ d

low velocity —

high velocity

Fig. 14. Schematic representation of an oceanic slab beneath Vrancea. Red spots — hypocentres;
red lines — first P-wave paths for epicentral stations, located in and close to the low-velocity lid
(yellow); black lines - first P-wave paths for stations located away from epicentre (modified after

[6].
[17] starting from the 3D tomographic image under Vrancea, showed that in the
conditions of pressure and temperature at depths of 80-180 km associated with
earthquakes, dehydration reactions of minerals typical for the superficial oceanic
mantle are favoured.

High-resolution 3-D tomography image as obtained using data from the
CALIXTO experiment [45] can be used as basis for subsequent modelling. For
example, Ferrand and Manea (2021), starting from 3D tomography image in
Vrancea infer the pressure and temperature conditions for the Vrancea
intermediate-depth earthquakes. The pressure—temperature diagrams associated
to hypocentres match the thermodynamic stability limits for the minerals typical
of the uppermost oceanic mantle (antigorite dehydration between 2 and 4.5
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GPa). So, their work provides evidence of the current dehydration of an oceanic
slab beneath Carpathians.

6.3 Continental delamination process

In major contradiction with the hypothesis of the presence of an oceanic plate in
Vrancea, a series of authors advanced the hypothesis of the presence of a piece
of continental lithosphere. Thus, [52] and [53] showed that there is no geological
evidence for the presence of an oceanic crust in the Eastern Carpathians
evolution since Miocene. The lithosphere descending in the mantle is likely a
narrow continental crust or of transition. On the same line, [34] and [18] argued
against the interpretations on oceanic origin of the seismogenic body in Vrancea
taking into account that they are not consistent with the geological constraints in
the Eastern Carpathians and adjacent foreland. According to [34], the Neogene
strata of the Eastern Carpathians are found much to the west, in the Transylvania
Basin, while the geological structure in the Carpathians foredeep area, including
Moho are sub-horizontally oriented toward east and above the Vrancea
seismogenic zone. At the same time, the present interpretations of existing data
from petroleum exploration and reprocessing of deep seismic reflection data
suggest a continuity of continental crust beneath the external nappes of the
Eastern Carpathians and beneath the Vrancea seismic zone as well. These
surface and subsurface data appear to preclude the possibility that a slab, either
still attached or now detached, was subducted either in place within the
Carpathian foreland (e.g. [90]) or beneath the Eastern Carpathians (e.g. [88, 22,
24)).

The tectonic and geodynamic consequences of lithospheric delamination are
generally agreed to include:

post-orogenic extensional collapse,
regional uplift,

deep-seated alkaline magmatism,
elevated heat flow,

subcrustal seismicity

6.4 Arguments for a continental slab in Vrancea

In their paper [70] explained the strong contrast in the attenuation of the seismic
waves generated in the Vrancea intermediate-depth source for the stations
located on one side and the other side across Carpathians Arc bend assuming a
model of delamination of continental lithosphere beneath Vrancea region (Figure
15).
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Fig. 15. Model of delamination of the continental mantle lithosphere beneath Vrancea region
(vertical section across Vrancea zone NW-SE oriented - left) and justification of the strong
asymmetry in the seismic waves propagation from the intermediate-depth source towards NW
versus SE. Example for three stations located symmetrically relative to the Carpathians Arc bend
[70].

The process of delamination of the continental lithosphere and the descending
movement towards the present-day vertical position (caused by the increased
weight of the continental material as a result of the thickening of the layer by
collision and the triggering of phase transformations in the thickened part that
reaches the depths at which the critical conditions of temperature and pressure
allow this process) induces an upward movement of the hotter and more plastic
material of the asthenosphere behind the delaminated plate. We can explain the
strong asymmetry in attenuation behind the orogenic arc compared to its front by
this influx of asthenospheric material that significantly attenuates the
propagation of seismic waves. For example, for a moderate Vrancea earthquake,
the amplitude of the ground motion recorded at OZU station (behind orogenic
arc) is by a factor of about 10 smaller than the amplitude recorded at stations
located symmetrically on the other side of the orogenic arc (such as GRE and
LUC).

Recently, [39] investigated the possibility to trigger delamination in a thickened
continental mantle lithosphere. The most common mineral in the continental
lithosphere that contains water is pargasite. It is stable at pressures and
temperatures lower than ~3 GPa and ~1100 OC respectively (which correspond
to a depth of ~100 km). When these values are reached, the pargasite becomes
unstable and suddenly releases ‘water’-rich fluids in a narrow zone (up to a few
kilometres) in the upper mantle between the Moho and the LAB (Lithosphere-
Asthenosphere Boundary) which is defined as MLD (Middle Lithosphere
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Boundary) in older continental lithospheres or in locked continental collision

settings. In this way, a horizon of weakness is created around the depth of 100
km (Figure 16).

Pargasite hypothesis is very attractive from two points of view: it can directly
explain how a process of delamination of the lithosphere is feasible and why the
geometric configuration of the seismicity suddenly changes at a depth of ~100
km (see section above “Seismicity location and patterns”).
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Fig. 16. Schematic view of the thermal-tectonic structure of a continental lithosphere. The
position of the pargasite-rich layer coincides with the Mid Lithosphere Discontinuity (MLD),
situated above the Lithosphere-Asthenosphere Boundary (LAB). Positions of ponded melts,
fluids and plumes are also plotted [39].

In any of the proposed models, with or without oceanic subduction, the
intervention of a decoupling process and a retreat process (after slab break-off or
delamination) is assumed during the evolution of the system. The retreat process
gradually led to plate migration from NW to SE some 130 km into its present
position beneath Vrancea (steepening the sinking lithosphere dip to near
vertical).

Starting from their inversion using velocity and gravity data, [80] proposed a
geodynamic model in Vrancea as a combination of a relic oceanic subduction
and a continental lithospheric delamination. The distribution of the ratio Vp/Vs
(P-wave velocity / S-wave velocity) on depth (Figure 17) reveals significant
changes differences in the material above and below the 100 km depth. As it is
known, the value of the ratio can be directly related to the presence of fluids in
the respective material: a high Vp/Vs value indicates a high percentage of fluids,
while a low Vp/Vs value indicates a rigid and cold material. Thus, the high
Vp/Vs values in the seismic gap (40 — 80 km) may result from delamination of
the European mantle lithosphere and the upwelling of hot asthenospheric
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material. The decrease of Vp/Vs below ~ 100 km depth is interpreted as
characterizing an old oceanic slab, while the upper part is related to continental
lithosphere. The 100 km horizon is considered as a transition from continental to
oceanic slab. This variation of the properties of the subducted material in the
mantle coincides with the position of the Vrancea hypocentres. The transition at
about 100 km depth from high to low values of the Vp/Vs ratio also corresponds
to the transition from two regimes of intermediate-depth seismicity, as revealed
by the seismicity patterns (segments A and B in Figure 8). It also coincides with
the MLD horizon proposed by [39] as weakened zone due to the critical release
of fluids at this level.
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Fig. 17. Distribution on depth of the Vp/Vs values beneath Vrancea seismic region. A vertical
NW-SE cross section is plotted [80].

7. Distribution of effects

Analysis of the macroseismic and instrumental data from the intermediate-depth
Vrancea earthquakes revealed several peculiarities of the earthquake effects (e.g.
[28, 40, 44]) that can be summarized as follows:

— Extended areas, N-W elongated, are strongly affected.

— NE-SW enhancement of effects coincides with the geometry of seismicity and
of the fault-plane solutions.

— Source directivity caused by particular rupture orientation can play a
significant role in distributing asymmetrically the intensity effects at regional
scale.
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— Local and regional geological conditions can control the amplitudes of
earthquake ground motion to a larger degree than magnitude or distance.

— Apparently the focal depth can shape to some extent specific patterns in the
ground motion distribution.

Figure 18 illustrates the concordance among different aspects characterizing
Vrancea source: seismicity NE-SW alignment, typical focal mechanism, source
directivity and effect distribution following the same alignment.

Our interpretation regarding the correlations revealed in Figure 13 is that they
cannot be simple coincidences, but reflect some underlying common processes
and properties.

The asymmetric distribution of the effects is obvious both in macroseismic maps
for the Vrancea major shocks (one example for 1977 event is shown in Figure
19), peak ground acceleration maps and naturally in the seismic hazard maps.

lat (N}

10 November 1940 —— 30 August 1986
~—— 4March1977  —— 30 May 1980

Fig. 18. Predominant NE-SW alignment for the Vrancea source (after [64, 65])
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Fig. 19. Examples showing the asymmetric distribution of the effects recorded for Vrancea
major events NE-SW: macroseismic map for 1977 event (left), shakemap of the 1986 event
(bottom right) and hazard map in terms of 10% exceeding probability of PGA (top right) [54].

8. Properties of seismic wave propagation

The seismic waves coming from the Vrancea intermediate-depth source travel
across a lithosphere—asthenosphere structure beneath the SE-Carpathians with
strong lateral variations, particularly beneath the arc bend in Vrancea. One major
feature of the structure in this area is the sharp contrast between the high-
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velocity body sinking into the mantle and the asthenospheric upwelling located
NW behind the arc (Figure 15). This is considered to be the main cause of the
particular shape of the distribution of effects, and of the seismic hazard
respectively (Figures 18 and 19) with direct impact on the populated areas.

The strong attenuation of the seismic waves propagating toward inner side of the
Carpathians in contrast with those travelling toward outer side of the Carpathians
has been reported in many studies (e.g. [51, 57, 70]). Attenuation effect observed
for strong events is pointed out for small and moderate events as well. Thus, [57]
and [63] investigated the waveform characteristics recorded for small and
moderate Vrancea intermediate-depth earthquakes and showed the asymmetric
pattern relative to the epicentral area of the ground motion. The velocity
amplitudes are reduced by a factor of 20 on average in the Transylvanian Basin
and in the East Carpathians (along the inner volcanic chain) relative to the values
recorded in front of Carpathians at similar hypocentre distance. At the same
time, the high frequencies are strongly attenuated in the inner side of
Carpathians compared to the foreland platform. Note that the areas of strong
attenuation include the regions of recent volcanic activity (Persani Mountains
and the volcanic chain along inner side of the Eastern Carpathians).

The anisotropy of the seismic waves is a common phenomenon observed in any
of the tectonic setting of the Earth. The degree of anisotropy is measured from
the polarization of the S phase and the delay between the fast and slow S-wave
travel times. It is generally accepted that the main source of seismic anisotropy
is the alignment, coherent at large scale, of minerals in the crust and mantle (e.g.
[42]). Since olivine, which is the most abundant and anisotropic mineral in the
mantle, follows the maximum shear stress orientation or the maximum extension
direction, the anisotropy provides key insights into upper-mantle deformation
and flow.

The analysis of the SKS waves (core-refracted shear phases) splitting is one of
the best methods to constrain upper mantle azimuthal anisotropy (e.g. [74, 76]).
When an initially radially-polarised shear wave enters an anisotropic medium, it
splits between two orthogonally polarised waves, resulting in elliptical particle
motion and energy on the radial and tangential seismogram components. The
polarisation direction of the fast shear wave and the delay time provide
information on the orientation, strength, and/or thickness of the anisotropic
layer.

Application of SKS splitting method in the Pannonian-Carpathian system by
several papers emphasized a complex flow field around the Vrancea slab in
Romania. The general trend observed in the Central and Eastern Europe is the
NW-SE orientation of the polarisation of the fast shear wave (e.g. [29]). This is
in agreement with the recent stress and deformation characterizing the region
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attributed to the counter-clockwise rotation of the Adria microplate (Figure 3).
Fast polarisation directions gradually rotate in the Transylvanian Basin and
across the East Carpathians, paralleling the orogen and the craton margin, but
the most striking perturbation is observed at the South-East Carpathians corner,
where the steeply sinking seismogenic lithospheric block that experienced lateral
tear-off and possible rotation is located. The fast polarisation direction here
suddenly rotates by 90° to a position tangent to the orogen arc [29, 56, 58, 78].
This perturbation is likely to be in connection with the processes of subduction
and slab roll-back which introduce poloidal and toroidal flow patterns in the
surrounding asthenosphere (e.g. [16, 85, 86). On the other side, the smaller SKS
delay times measured to the NW side of the Vrancea region (in the
Transylvanian Basin), which reveal weaker anisotropy [56], is consistent with
the asymmetric upwelling adjacent to the slab, slower mantle velocities, and
recent volcanism. Thus, we note that the anisotropy features fit well the
tomography investigations, attenuation properties and geodynamic modelling.

9. Repeated earthquakes

Earthquake nests have seismicity which is highly localized in space and has the
tendency to have earthquakes that occur repeatedly at the same or almost the
same location. The question that arises is whether a significant number of these
earthquakes represent repeated rupture of the same fault plane. Typically,
repeating earthquakes can be identified because they exhibit nearly identical
seismograms at common stations, suggesting nearby locations, similar focal
mechanisms and rupture of the same asperity or patch (see for example [83]).

The observation of possible repeating events and their precise location is key for
constraining the physical mechanism involved in intermediate-depth and deep
earthquakes. [89] interpret the repeating earthquakes they found as rupturing the
same fault patch, and suggest that these earthquakes are due to a thermal shear
runaway process. Mechanisms involving dehydration embrittlement or phase
transformations might not be expected to foster repeating earthquakes.

[59] investigated the detectability of repeated earthquakes in the Vrancea nest
and the seismicity patterns of repeated earthquakes in space, time and size in
order to detect potential interconnections with larger events. Even though they
show that there is a relatively high probability to identify repeated earthquakes
in the Vrancea subducting slab, it remains an open question if the repeated
earthquakes are located in a close proximity or if they are really rupturing the
same patches.
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10. Conclusions

This paper represents a critic review of the known or less known aspects
characterizing the unusual geodynamic phenomenon of the Vrancea source. In
the presentation we balance what we know and what we don't know about the
seismogenic process and what are the most critical issues that are at present
reliably constrained and what we have to further investigate. Considering that
Vrancea represents a key element of the Carpathian-Pannonian system and is
assumed to be part of a key stage of the evolution of the subduction systems, the
subject of our presentation is of particular interest to the scientific community.
At the same time, taking into account the major impact of the Vrancea
earthquakes that have caused major damage over time in Romania and in the
neighbouring countries, as well, the interest for society is as great as for science.
Scientific knowledge provides the framework and the most effective means to
contribute to the reduction of these effects.

First of all, we show that there are a few fundamental aspects related to the
process of generating earthquakes in the Vrancea area. We present them
outlining the aspects we know with sufficient precision, as they result from
studies and observational data and in balance the aspects that are less known and
that raise many question marks to be clarified by future research.

As concerns the geodynamic modelling a key issue is the nature of the cold and
dense material that is descending into the deeper mantle: Oceanic lithosphere —
paleosubduction or continental lithosphere: subduction or delamination. The
tomography results, regardless of the data used (earthquake teleseismic or local
data, seismic noise data), unanimously highlight the presence of a high-velocity
lithospheric body in the mantle, but cannot resolve the ambiguity oceanic
subduction/continental collision. There are arguments in favour and against
these two types of models. Oceanic-type models involve break-off process [20,
77, 90], lateral migration of an oceanic slab [22, 24], or subduction and lateral
tearing of a slab [46, 88, 90]. Continental-type models involve active
delamination [34, 36] or gravitational instability [43, 68].

An important question: is the Vrancea slab still attached to the crust or has been
already detached? The models assuming a complete detachment of the sinking
slab from the continental crust [20] are in agreement with the apparent gap of
seismicity between the crust and the slab (40 — 60 km), as illustrated in Figure 5.
They would also explain to some extent the weak coupling between the deep
seismic activity and the shallow one in the overriding crust. The geodetic
measurements [14] revealing relative uplift rates of at least 10 mm/year (mean
uplift rate of 22 mm/year with an average confidence range of 13.4 mm/year) in
the Vrancea region, provide an additional argument for the decoupling (or still
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decoupling) of the descending slab from the overlying crust. Hence the load of
the slab decreases, and as a result the released crust starts to uplift. On the other
hand, the focal mechanisms of the Vrancea earthquakes clearly indicate a
predominant process of vertical extension that cannot be explained only by the
presence of gravitational forces, but would also involve coupling forces in the
upper part of the slab. To reconcile these aspects, a combined model was
proposed that assumes a partial decoupling at the upper edge of the slab. For
example, [22] assumed first a break-off affecting only the crustal portion of the
slab, followed then by the horizontal delamination of its lower portion.

The seismicity patterns and focal mechanism characteristics at the SE
Carpathians Arc bend should reflect in some way the tectonic and geodynamic
features of the earthquake-prone system. A significant feature worth to mention
is the fitting of the fault plane solutions of the major shocks with the geometrical
configuration of the seismic activity. This possibly reflect an intrinsic coupling
of the background seismicity stationary production with the critical triggering
mechanism leading to the larger events.

The  lithosphere-asthenosphere  structure = shows  significant lateral
inhomogeneities across Carpathians Arc bend with implications on seismic
tomography, seismic wave attenuation, thermal field, seismic anisotropy. The
properties of seismic waves attenuation and seismic anisotropy outline strong
perturbations in the area corresponding to Vrancea intermediate-depth source.
Investigating and understanding why these perturbations occurred and imaging
with increased resolution their space-time distributions will increase our ability
to model the complex processes, such as retreat, break-off and rotation, that have
acted recently at the South-Eastern Carpathians arc bend and to better predict the
seismic hazard and risk produced by the Vrancea strong earthquakes.
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