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Earthquake nests are anomalous clusters of seismicity located far from active collisional systems in intraplate,
locked suture zones, or the deep part of relic subducted slabs, challenging classic earthquake generation
mechanism theories. The Vrancea Seismic Zone in Romania is such an upper-mantle seismic nest located in the
SE Carpathians, releasing the largest strain in continental Europe. To better understand earthquake generation
and the relationship with lithospheric deformation, we estimate earthquake source parameters in Vrancea and
surrounding regions between 2014 and 2020, and determine the stress field via focal mechanism inversion and
unsupervised machine learning. In the crustal domain, maximum horizontal stress is in agreement with surface
fault kinematics and GPS-derived S-SE trending horizontal plate velocities relative to Eurasia, implying that
tectonic stress is vertically coherent on a crustal scale. The stress regime changes from transpression beneath the
orogen to transtension towards the foreland where movement is accommodated along major crustal faults, and
tension further away from the epicentre, in the Moesian Platform and the North Dobrogea Orogen. Inside the
seismogenic body vertical tension and an overall compressive regime dominates, implying that vertical elon-
gation may be the driving mechanism for brittle failure and that stress is transmitted along the sinking slab to the
surface. However, the retrieved stress ratios are low: ~0.2 for mantle earthquakes Mw>4 and ~0.4 for Mw<4,
challenging the brittle failure assumption. Increased pore fluid pressure has been shown to lower stress ratios,
implying that dehydration embrittlement may contribute to generating intermediate-depth seismicity in the
Vrancea slab. Comparisons with seismic tomography and anisotropy studies show excellent correlations between
maximum horizontal stress directions, possible slab strike orientation, and seismic anisotropy, especially below
~130 km depth, suggesting ambient mantle flow may also promote in-slab stress build-up and seismic potential.

1. Introduction

Intermediate-depth earthquake nests are isolated volumes of
concentrated subcrustal seismicity (usually at the depths of 60-300 km)
that are distinct from aftershock sequences or earthquake swarms due to
their persistent seismic activity in time and unusual spatial isolation (e.
g. Zarifi and Havskov, 2003). Earthquake nests are anomalous clusters
because they are not necessarily located in or related to classic oceanic
subduction systems at active plate margins. Three remarkable nests in
the world are located in Bucaramanga (Colombia), Hindu Kush
(Afghanistan), and Vrancea (Romania) (e.g. Prieto et al., 2012). The
Vrancea seismic nest is a vertical cluster of intermediate-depth
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earthquakes located at the bend of the South-Eastern Carpathian
Mountains in Europe (Fig. 1), where oceanic or continental subduction
ended by 8-9 Ma, being followed by crustal deformation associated with
the deeper evolution of a sinking seismogenic mantle body (Ismail-
Zadeh et al., 2012; Matenco, 2017). Studying the tectonic regimes and
stress patterns in Vrancea and other similar seismic nests provides in-
sights into earthquake generation processes beneath apparently locked
collisional boundaries (Ismail-Zadeh et al., 2000), far from active plate
margins, and may provide constraints on the type of the seismogenic
slab (e.g. Chen et al., 2004) as well as its relation with the ambient
mantle deformation (e.g. Carminati and Petricca, 2010; Ismail-Zadeh
et al., 2005a). In this paper, we provide insights into intermediate-depth
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Fig. 1. a. Geologic and tectonic architecture of the South-East Carpathians and the foreland showing the major geological units in the Carpathians, the tectonic
boundaries and major fault systems in the foreland, and regional seismicity in the crust (pink circles) and the upper mantle (dark circles) for which focal mechanisms
were estimated and earthquakes without a mechanism solution (black dots). Fault name abbreviations are: CPO-Capidava-Ovidiu, PCF-Peceneaga-Camena,
SFG-Sfantul Gheorghe, IMF-Intramoesian Fault. IMF is marked with a dashed line because it does not outcrop, being buried under Neogene sediments. Tectonic
region abbreviations are: ND-North Dobrogea, SP-Scythian Platform. The upper left inset shows the location of the Vrancea seismic nest (black ellipse) in Central-
Eastern Europe, at the bend of the SE Carpathian orogenic front (white line). b. Seismic-tomographic image of the Vrancea slab (Martin et al., 2006) and hypocenters
of earthquakes (circles and asterisks indicate the location and magnitude of seismic events). The top surface illustrates the topography. The blue surface represents
the isosurface of 3% positive anomalies of P-wave velocity obtained via teleseismic data inversion. Focal spheres are fault-plane solutions for the four largest Vrancea
intermediate-depth earthquakes in the XXth century. The right panel presents the horizontal slice of the seismic-tomographic image at depth 100 km. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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earthquake generation processes by updating the existing dataset of
local seismicity (Radulian et al., 2019) with new waveform-estimated
earthquake mechanisms from the past six years using multi-point
source inversion (Sokos and Zahradnik, 2008). Furthermore, we deter-
mine the 3D variation of principal stress axes and maximum horizontal
stress within the crust and the seismogenic body, using stress inversion
software (Martnez-Garzon et al., 2014) based on an unsupervised
machine-learning clustering algorithm and cubic gridding of focal
mechanisms. Our results provide new constraints on the tectonic regime
of a possibly coupled crust-mantle system in an anomalous seismic
region.

2. Seismotectonics of the Vrancea region

The deep part of the Vrancea earthquake nest is confined to a narrow
~100km(height) x 70 x 30km volume in the upper mantle beneath the
SE Carpathians (Fig. 1, Radulian et al., 2008) and releases the highest
strain in continental Europe (Oncescu and Bonjer, 1997; Wenzel et al.,
1999). Despite its remote location from the most active European
collisional boundaries, the Vrancea earthquakes pose a significant
seismic risk for the densely populated regions of Romania and neigh-
bouring countries (e.g. Ismail-Zadeh et al., 2007; Sokolov et al., 2009).
Seismic tomographic images reveal positive anomalies of seismic wave
velocities in the upper-mantle beneath the southeastern (SE) Carpa-
thians and the foreland region extending to depths of ~400 km (Wortel
and Spakman, 2000; Martin et al., 2006; Koulakov et al., 2010; Ren
etal., 2012; Zhu et al., 2015; Baron and Morelli, 2017). The seismogenic
zone is located within the shallower part of this elongated mantle
anomaly, with seismicity rates peaking in two distinct depth ranges:
80-110 km and 120-170 km (Trifu and Radulian, 1989), and decreasing
between 40 and 80 km, a depth range often interpreted as a weak
coupling zone between the slab and the crust (e.g. Ismail-Zadeh et al.,
2005b; Heidbach et al., 2007).

The Carpathians foreland formed on the lower tectonic plate in the
former subduction system and is made upB59 of a collage of Precam-
brian continental units, some with repeated Paleozoic-Mesozoic de-
formations at the margins of the East European Craton, such as the
Scythian Platform, the Moesian Platform (Sandulescu, 1988; Visarion
et al., 1988), or the Hercynian-Cimmerian North Dobrogea Orogen
(Fig. 1, Saccani et al., 2004; Saintot et al., 2006). Several NW-SE
trending crustal-scale tectonic faults separate these continental units
(Fig. 1), many of them seismogenic with variable kinematics from high-
angle reverse faults beneath the orogen, to strike-slip and normal
faulting in its foreland (e.g. Matenco et al., 2007; Bocin et al., 2009;
Diaconescu, 2017).

In the upper tectonic plate relative to the former subduction system,
the intra-Carpathian domain is made up of two major mega-units
amalgamated during Paleozoic-Mesozoic times, i.e. ALCAPA and
Tisza-Dacia (Csontos and Voros, 2004; Schmid et al., 2020), among
which the latter is relevant for the Vrancea zone of the SE Carpathians
(Fig. 1). The two tectonic plates converged during Cretaceous-Cainozoic
times, including by large scale clockwise rotations of Tisza-Dacia, in
response to the larger Africa-Europe convergence of the entire Medi-
terranean domain (e.g. Van Hinsbergen et al., 2020; Roban et al., 2020).
The last stages of Carpathians subduction and continental collision
peaked during the Miocene until 8-9 Ma, when the subduction system
was locked at crustal levels (e.g. Jiricek, 1979; Sandulescu, 1988;
Matenco et al., 2016). The overall subduction was followed by large
scale differential motions in the orogen and its foreland associated with
limited amounts of shortening, a process restricted to the area of SE
Carpathians and still active, thought to be related to the deep evolution
of the Vrancea seismogenic body (Leever et al., 2006; Matenco et al.,
2007; Ismail-Zadeh et al., 2012).

The overall inherited evolution created the Vrancea seismic zone
situated at the junction of multiple continental units, sometimes defined
as plates or micro-plates (e.g. Radulescu et al., 1976; Besutiu et al., 2017,
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among others). These continental units have heterogeneous seismic
properties and a variable rheology that influenced continental buildup
(e.g. Lankreijer et al., 1997; Cloetingh et al., 2004; Petrescu et al., 2019)
and created a subducted slab of oceanic (e.g. Sperner et al., 2001;
Bokelmann and Rodler, 2014) or continental (Knapp et al., 2005; Fill-
erup et al., 2010) origin. Several geodynamic models have been pro-
posed to explain its origin, ranging from slab retreat and roll-back
(Royden, 1993; Linzer, 1996), various types of delamination (Grbacea
and Frisch, 1998; Chalot-Prat and Girbacea, 2000; Knapp et al., 2005a;
Fillerup et al.,, 2010), slab-detachment (e.g. Sperner et al., 2001),
detachment and delamination (Gvirtzman, 2002; Gogiis et al., 2016) to
gravitational instability (Ismail-Zadeh et al., 2000, 2005a, 2005b; Lor-
inczi and Houseman, 2009). We further refer to Ismail-Zadeh et al.
(2012) for a detailed review of geodynamic mechanisms.

Previous studies have shown that the state of stress inside subducting
slabs and the overlying crust can provide significant insights into the
type of present geodynamic processes at play in the upper mantle and
their effect on the tectonic regimes within the plates involved in the
collision (e.g. Sperner et al., 2001; Carminati and Petricca, 2010; Pet-
ricca and Carminati, 2016) and may explain the mechanisms of earth-
quake generation both inside the slab and the overlying crust (e.g.
Ismail-Zadeh et al., 2000, 2005a, 2005b). Moreover, changes in ambient
mantle flow may play a significant role in the seismogenic potential in
the overlying plate, even more significant than gravitational potential
energy variations or lithospheric heterogeneities (e.g. Faccenna and
Becker, 2010; Becker et al., 2015). Hence, we also explore possible
connections between ambient mantle flow patterns and earthquake
mechanisms. In the Vrancea area, earthquake mechanisms reveal mostly
vertical tension and horizontal compression with widespread directions,
generally thought to be related to vertical elongation inside a hypo-
thetical subducted slab (Heidbach et al., 2007). However, a trend of
mostly NE-SW oriented fault planes with perpendicular NW-SE
compression can be observed inside the seismogenic body and a
possible transition from compression to extension at shallower depth
levels (Radulian et al., 1996; Radulian et al., 1999). In the overlying
crust, seismicity is largely asymmetric (Popa et al., 2003), with most
earthquakes occurring in the foreland and beneath the orogen in the SE
Carpathians area located between the Trotus and Intramoesian Faults
(Fig. 1). Tectonic regimes have been described as heterogeneous with no
particular orientation, and the slab may be decoupled or weakly coupled
(Heidbach et al., 2007; Miiller et al., 2010), which would inhibit stress
transfer to the crust (Sperner et al., 2001). The causative relationship
between mantle and shallow events was investigated by some authors
(e.g. Mitrofan et al., 2014) who showed that focal depths decrease to-
wards the actively subsiding foreland basin (i.e. Focsani Basin, Fig. 1) in
the near-surface continuation of the deep Vrancea slab, providing ar-
guments in favour of possible attachment between the mantle slab and
overlying crust (Lorinczi and Houseman, 2009).

3. Methods and data
3.1. New waveform-estimated moment tensor solutions

Earthquake source parameters data used in this study includes the
REFMC catalogue comprising 193 focal mechanisms from the
1952-2012 period in our study area of the SE Carpathians (Radulian
et al., 2019, and references therein), and a 2013 seismic swarm from a
microseismic zone SE of Vrancea comprising 17 mechanisms (Craiu
et al., 2017). We update these data with a new set of 18 moment tensor
solutions of earthquakes Mw>3.5 from the 2014-2020 time period (see
Supplementary Materials), estimated with a full waveform inversion
algorithm as implemented in the ISOLA program package (Sokos and
Zahradnik, 2008). The algorithm uses the method of least-squares to
estimate the moment tensor and a grid search of the centroid position
and time assuming a single point-source and an a priori moment-rate
time dependence. The inversion is performed in the time domain
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while the Earth response is represented by Green’s functions computed
using 1-D velocity model and discrete wavenumber algorithm (Bouchon,
1981). The frequency interval selected for the waveform inversion de-
pends on the velocity model resolution (for high-frequency) and the
signal-to-noise ratio (for the low-frequency inversion limit). Considering
the moment rate as a delta function, the high-frequency limit also de-
pends on the corner frequency of the earthquake. We ran the inversion
using the 1-D velocity model proposed by Koulakov et al. (2010) for the
Vrancea area. The grid search of centroids was performed on a set of
predefined trial focal depths, coordinates, and origin times. We then
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manually focus on narrower search intervals for a fixed epicentre posi-
tion until a satisfactory solution is obtained.

While tools for estimating earthquake source parameters have been
long standing, associated uncertainties are not standardised and are
usually derived from deviations from a particular assumed model, which
makes it difficult to objectively compare our results with previous so-
lutions (Radulian et al., 2019). In this study, a number of complemen-
tary inversion metrics are used concurrently to determine the reliability
and quality of the inversion solution (see Supplementary Material).
These are the signal-to-noise ratio (SNR), variance reduction (VR), the
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Fig. 2. Example of focal mechanism estimate with waveform inversion using the ISOLA code package (Sokos and Zahradnik, 2008). Top left: Focal mechanism
solution information and map of earthquake epicentre and seismic stations used in the analysis. Top right: Cross-correlogram showing data fitness and trade-off
between earthquake origin time and sources distributed between 108 km and 126 km depth, corresponding to the 1st and 10th source position, respectively.
Bottom: Seismic waveforms used in the inversion and fitted synthetic waveforms corresponding to the inverted solution. Blue numbers are variance reduction values
for each component. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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condition number (a measurement of inversion reliability purely from a
source-station configuration viewpoint), focal mechanisms variability
index (the mean Kagan angle of all acceptable solutions for which the
correlation between observed and synthetic waveforms is above 0.9),
and the space-time variability index, measuring the area of acceptable
solutions in the depth-origin time correlation plot, above the specified
threshold (Sokos and Zahradnk, 2013). An example of a focal mecha-
nism inversion solution from the Vrancea seismic nest estimated using

Strike-Slip

Crustal earthquakes
(Depth<50km)
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local broadband seismic stations through the ISOLA package can be seen
in Fig. 2.

To characterise the type of tectonic regimes present in the crust and
the upper mantle, the type of faulting mechanism was determined using
the software of Alvarez-Gémez (2019), which also includes oblique-slip
regimes, based on the Johnston et al. (1994) classification. Ternary di-
agrams were produced with the Kaverina et al. (1996) projection, which
is an improved version of the Frohlich (1992) method, for a range of
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Fig. 3. a. Maps of the Vrancea region showing earthquake mechanisms classified into seven types according to the values of the P, T and B centroid moment tensor
axes (Alvarez-Gémez, 2019) with insets representing Kaverina diagrams (Kaverina et al., 1996). Earthquakes are represented in two depth ranges: 0-50 km (left map)
and >50 km (right map). b. Cross-sections of seismicity (black dots) with focal mechanisms viewed from the south (left section) and from the east (right section). The
topography is represented with black on top and locations of sections are marked as yellow lines in a. The right diagram is a histogram of earthquake number in 10
km depth bins. c. Kaverina diagrams of earthquake mechanisms of Mw>4 coloured with respect to their hypocentral depth (left diagram) and mechanisms coloured
with respect to magnitude Mw occurring in the crustal (right) and upper mantle domain (centre), respectively. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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hypocentral depths and magnitudes to probe whether secondary tec-
tonic regimes appear in lower magnitude earthquakes or change with
depth (Fig. 3c).

3.2. Earthquake data clustering

Focal mechanisms were first grouped into two main categories: those
occurring within the crust, if their hypocentral depths were less than 50
km (approximated from 47 km, the maximum Moho depth in the SE
Carpathians, Hauser et al., 2007; Diehl and Ritter, 2005; Petrescu et al.,

[ccusters | 2

F,
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2019), and subcrustal earthquakes occurring below this depth (Fig. 3).
The majority of crustal earthquakes is located in the foreland of the
Carpathians, while the back-arc crustal region comprises local clusters of
microearthquakes mostly located in volcanic structures (Fig. 1) for
which there are no well-constrained focal mechanisms or moment tensor
solutions available. The minimum and maximum geographic co-
ordinates of the area likely influenced by the Vrancea slab dynamics
were thus chosen between 24° — 29° in longitude (E) and 44" — 47° in
latitude (N) ranges (Fig. 3). Subcrustal earthquakes are limited to an
epicentral area of ~70 kmx30 km and within a narrow upper-mantle

&
R best = 0.64 Hori I
K-cluster orizontall p value | Stress regime
axes

Vrancea 0,,0, 0.64 Compression
Scythian Platform 0,,0; 0.75 Strike-slip
North Dobrogea 0,,0,4 0.34 Extension
East Moesian n/a 0.72 Undefined
Intra-Moesian 0,,0, 0.25 Extension
South Carpathians 1 n/a 0.72 Undefined

South Carpathians 2| O ,0, 0.61
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Peri-Carpathians 0,,0,
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Fig. 4. a. Crustal earthquake mechanisms clustered using the k-means partition algorithm. Lines are boundaries of the Voronoi cells generated by the algorithm for
the considered area. Colours reflect the inversion solution for the dominant tectonic regime in each cluster: extensional (red), compressional (blue), strike-slip
(green), and undefined (dark grey). Right inset: classification of tectonic regime, modified after Zoback and Zoback (2002). b. Examples of stress inversion re-
sults for selected clusters of focal mechanisms. These include stereonets showing the best-fit stress inversion solutions for the orientation of 61 (red), o5 (green), and o3
(blue) axes and their confidence intervals defined by the spread of the bootstrap resampling solutions (coloured dots). Each solution includes a histogram of the stress
magnitude ratio value for each cluster. c. Table of stress regimes interpretations based on the directions of the principal axes and the value of the stress magnitude
ratio, R. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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volume extending to ~200 km depth (Fig. 3), so we chose a model grid
with corner coordinates of 25.5° — 27.5° longitude (E) and 45° — 46.5°
latitude (N).

The next step was to create a suitable model grid for the subsequent
stress inversion and/or clustering of earthquakes based on their loca-
tion, magnitude, depth, faulting regime, or association with a particular
seismotectonic zone such as those classified by Bala et al. (2019). For
crustal earthquakes, we used the unsupervised machine-learning k-
means-++ algorithm to cluster events based on their latitude-longitude
coordinates. This is an iterative data partitioning technique that sepa-
rates convex clusters by minimizing the average square distance be-
tween cluster points given pre-defined parameters such as a maximum
number of clusters and or a maximum number of data points in each
cluster (Lloyd, 1982; Arthur and Vassilvitskii, 2006). We chose not to
normalise coordinates prior to clustering, due to small feature variance
and unit similarity. For our data, we found that the combination of input
parameters of a maximum of k = 10 clusters with a minimum cluster size
of 10 earthquakes, 200 iterations, and 5 random restarts yielded 8 stable
regional clusters (Fig. 4) that are similar to previously classified seis-
motectonic zones (Bala et al., 2019). Increasing the number of maximum
clusters did not affect the partitioning significantly due to the minimum
forced cluster size. Although the number of iterations needed to ensure a
convergence of k-means ranges from 20 to 50 (Broder et al., 2014), we
set this parameter to 200, to capture five random restarts, while also
ensuring minimum convergence after each restart. The narrow
subcrustal seismogenic domain (50-200 km) was optimally para-
meterised with a 3D cubic grid with latitude and longitude increments of
0.2° and 0.25°, respectively, and 30 km depth increments with a 20%
overlap.

3.3. Stress inversion of focal mechanisms

Stress inversion was performed using the MSATSI software (Martnez-
Garzon et al., 2014) to find the best-fitted orientations of the principal
stress axes of the reduced stress tensor (67 > o6 > o03) and the stress
magnitude ratio R = Z=22 for each cluster/grid cell of focal mechanisms
(see Supplementary Materials). We enforce a minimum of 10 earth-
quakes per grid cell (Fig. 4) to decrease the effect of outliers or focal
mechanisms biased by potentially lower SNR. The R value is often
overlooked and mostly used to assess the reliability of an inversion so-
lution. Extremely low or high values of R imply either radial extension or
radial compression, respectively, which in terms of strain suggest that
deformation is related to either vertical elongation or vertical contrac-
tion. More recent research has shown that variations in the stress ratio
correlate with injection rates in geothermal fields (Martnez-Garzon
et al., 2016), opening the possibility to investigate fluid pressure
changes and deformation instability.

Like the majority of most stress inversion software, this method is
based on the classical principle of conjugate faults and the Wallace-Bott
criterion (Anderson, 1951; Wallace, 1951; Bott, 1959), which implies
that slip on faults occurs in the direction of maximum resolved shear
stress and is based on a number of assumptions, such as the slip direction
must be parallel to the resolved shear stress direction, an isotropic me-
dium, or the fault offset is negligible when compared with its di-
mensions. Although common in seismological research (e.g. Hardebeck
and Hauksson, 2001; Kato et al., 2011; Martnez-Garzon et al., 2013;
Vavrycuk et al., 2015; Xu et al., 2016; Warren-Smith et al., 2019), fault
mechanics and kinematic analysis have pointed out some weaknesses of
such an approach, in particular when dealing with the uncertainties of
resolving an incomplete stress tensor, reactivations, intersecting faults,
large offset faults or shear zones, anisotropies or partitioning of strain in
structures with different kinematics, such as observed in the SE Carpa-
thians. Such limitations of the inversion methodology are otherwise
well-discussed in fault-mechanics, paleostress and some geophysical
studies (e.g. Orife and Lisle, 2003; Lund and Townend, 2007; Sperner
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and Zweigel, 2010; Célérier et al., 2012; Hippolyte et al., 2012). How-
ever, these types of inversions are useful to derive average stress solu-
tions that are consistent with observed strain patterns in places where
the crustal kinematics of the main faults are well-constrained (e.g.
Simon, 2019, and references therein), such as the SE Carpathians.

Moment tensor solutions may be more heterogeneous in areas with a
higher degree of strain partitioning, such as adjacent to large-offset
faults or shear zones, but such effects are detected by kinematic and
strain analysis, combined with GPS studies for active faults. A higher
degree of confidence is given by coupling with the regional present-day
stress derived from independent criteria (e.g. Heidbach et al., 2018). The
quality of the stress inversion is assessed by estimating the 95% confi-
dence region determined through a set of 500 bootstrap resamplings
(Efron and Tibshirani, 1991) within each cluster of events. A damping
parameter is also optimally defined during inversion based on the trade-
off between model length and data misfit, which makes the solution
more stable and uncertainties better constrained (Hardebeck and
Michael, 2006). Example of stress inversion results, bootstrap-defined
confidence intervals and R histograms for selected crustal regions, as
well as the tectonic regime significance for each R-6 combination, are
illustrated in Fig. 4. Further, the estimation of the direction of Sgax
represents another challenge. Often, it is calculated as the projection of
the ¢ that is closest to the horizontal, but this proxy can differ from the
real Symax axis by as much as 24°. Here, we calculate the direction of
SHmax using a combination of o1, 05, and R, from the partial stress tensor
solution in each cluster (Lund and Townend, 2007).

We specifically note that our inversion methodology was applied also
to the Vrancea mantle earthquakes by assuming a brittle failure mech-
anism, an assumption far from obvious given the uncertain mechanics of
intermediate-depth mantle earthquakes and alternative proposed hy-
potheses. These include mineralogical phase changes (e.g. Kirby et al.,
1991), dehydration embrittlement (e.g. Ismail-Zadeh et al., 2000), or
shear-heating and thermal runaway (e.g Kelemen and Hirth, 2007; John
et al., 2009).

4. Results
4.1. Distribution of the updated focal mechanism data

Mantle earthquake focal mechanisms show a dominant thrust
faulting regime with fault plane strikes scattered around a mean NE-SW
direction (Fig. 3a), in agreement with previous studies (Oncescu and
Trifu, 1987; Radulian et al., 2000). Local occurrences of strike-slip,
oblique-slip, and normal faulting are observed in the lower earthquake
magnitude ranges (Fig. 3c). The distribution of earthquakes appears to
outline a plane dipping at ~70° and three clusters of seismicity peaking
in distinct depth ranges: 0-60 km, 80-110 km, and 120-170 km
(Fig. 3b), similar to previous observations (Trifu and Radulian, 1989). At
~60 km depth, thrust faulting mechanisms show a transition to a vol-
ume with mixed focal mechanisms, ranging from thrusting to normal-
faulting, and corresponds to a decrease in seismicity (Fig. 3b). This
transition is visible on the depth-coloured earthquakes plotted on the
Kaverina et al. (1996) diagram in Fig. 3c as well as on the W-E oriented
cross-section in Fig. 3b. Radulian et al. (1996) suggested that there is a
transition from compression to extension around this depth, but the
improvement in data seems to point to a rather heterogeneous distri-
bution at shallower levels. The longer recording period and improved
station coverage during the past decade (Neagoe et al., 2019) show that
earthquakes occur at the depth interval of 40-60 km, previously
considered a seismic gap (Hurukawa et al., 2008). Shallow seismicity
(<50 km) is pervasive throughout the foreland and exhibits two
different seismotectonic regimes depending on earthquake magnitude:
Mw>5 earthquakes have a prevalent strike-slip and oblique-to-normal
slip regime, while lower-magnitude events are more diverse (Fig. 3c).
Hypocentral depths cluster and progressively increase beneath the
foreland Focsani Basin, where pre-existing crustal structures such as
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inferred rift-like features beneath the basin may play a role in localising
seismicity (Panea et al., 2005; Tarapoanca et al., 2004). Beneath the
basin hypocenters appears to outline a bending plane on the SE side of
the hypothetical slab interrupted by a few off-slab events (Fig. 3b). This
is perhaps the strongest evidence in favour of coupling between the
crustal and subcrustal seismogenic domains. Two seismicity peaks are
evidenced in the intermediate depth range (Fig. 3b) but the transition
between these two clusters is not marked by a change in focal mecha-
nisms (Fig. 3c¢).

4.2. Stress patterns in the crust and upper mantle

The Vrancea cluster located above the seismogenic slab in the SE
Carpathians bend zone is dominated by a compression regime with a N-S
o1 (and Sgmqy) direction (Fig. 5a,b). A similar regime is estimated further
west in the South Carpathians, with a NNE-SSW trending ;. The Peri-
Carpathian cluster located in the foreland basin on the outer flanks of
the SE Carpathians (Fig. 5b), overlying the slab bending region (Fig. 3b),
shows a dominantly strike-slip regime with N-S trending o7, suggesting
dextral (pure or changing to transpressive or transtensive) kinematics
along the bended geometry of the Capidava-Ovidiu Fault, deeply buried
in these locations at depths of up to 13 km (Fig. 5b). Another strike-slip
dominated cluster is located NE of the Vrancea area at the intersection
between multiple major faults (Fig. 5b). Here, 61 and Sgimayx trend NNW-
SSE, approximately parallel to the Peceneaga-Camena Fault close to its
intersection with the Trotus Fault (Figs. 1, 5a,b). Further away from the
Vrancea epicentral area in the foreland, stress regimes change to tension
with dominantly N-S oriented Sgmqy in North Dobrogea, and tension and
transpression in the Moeasian Platform, with NE-SW oriented Sgjpqy near
the Intramoesian Fault (Fig. 5a,b). The transition from compression to
strike-slip to tension thus appears to correlate with increasing distance
from the Vrancea epicentral area, and is marked by regions of less well
defined tectonic regimes, comprising oblique-slip mechanisms (trasn-
tension or transpression).

The subcrustal seismogenic domain shows a more homogeneous
stress pattern than the overlying crust, dominated by a systematically
vertical and well-constrained o3 and horizontal o7, without a preferred
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orientation (Fig. 6). Vertical extension is thus predominant. However,
the slab is not completely vertical (Fig. 3) and is thus at an angle with the
extension direction and oblique to the maximum horizontal compres-
sion. The inversion for earthquakes with magnitudes Mw<4 versus those
Mw >4 (see Supplementary Materials) shows a change in the stress ratio
values between the two distributions (Fig. 6b,c): R-values for larger
magnitude earthquakes are <0.3 (a prolate stress ellipsoid, o7 close to
03), while lower magnitude earthquakes R-values are as high as 0.7,
increasing with decreasing depth, indicating a compressive regime.

Similar with 67, Symax orientations also vary within the slab at
different depth levels (Fig. 7). Down to 120 km, directions display both
NW-SE and NE-SW azimuths, with variable confidence angles and no
particular correlation with either side of the elongated seismogenic
body. In the ~120-150 km depth range, Sgmax directions are more
coherently oriented NE-SW with better constrained confidence intervals
towards the northwestern plane of the seismogenic body. Directions are
less constrained towards the southeastern side. Below 150 km, seis-
micity becomes confined in a progressively narrower volume, but the
NE-SW direction dominates across the slab.

5. Discussion
5.1. Stress relationships with past and present crustal deformation

The results of stress inversions of crustal earthquakes (Fig. 5a) are
generally in agreement with the results of previous kinematic, struc-
tural, geophysical and geomorphological studies of the post-Miocene
deformation (e.g. Necea et al., 2005; Fielitz and Seghedi, 2005; Leever
et al., 2006; Matenco et al., 2007; Bocin et al., 2009, and references
therein), which showed a rapid change between reverse faulting in the
orogen and the western part of the Focsani foreland basin, normal
faulting along the eastern part of the Focsani basin and North Dobrogea
unit, to strike-slip deformation limited to the transition zone between
the SE Carpathians with the East and South Carpathians. These studies
are consistent with our estimated stress field, ranging from compression
in the SE Carpathian orogen and in the western part of the foredeep, to
(trans)tension in the eastern part of the foredeep and North Dobrogea.
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Fig. 5. a. Map of crustal stress inversion stereonets (white circles) containing principal stress axes (6,-red, ox—green, and os-blue lines, respectively) and their
bootstrap resampling solutions (coloured dots) estimated using MSATSI from crustal earthquake mechanisms clustered with the k-means algorithm. Stereonets are
placed at the coordinates of each k-centroid. Relative stress magnitudes are also shown as coloured squares above each stereonet. b. Map of maximum horizontal
stress (Sumax) Orientations estimated from focal mechanism stress inversion solutions based on Lund and Townend (2007), coloured with respect to the tectonic
regime. Other indicators for Sgmq, include solutions from breakouts and geological indicators from the World Stress Map database generated using CASMO (Create a
Stress Map Online, Heidbach et al., 2018). The yellow vector field represents the interpolated horizontal velocity vectors from geodetic measurements (Van der
Hoeven et al., 2005). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The agreement between surface observations and deeper stress regime
estimates based on earthquake focal mechanisms suggest that the stress
field is vertically coherent on a crustal-scale, implying that similar
deformation and seismogenic processes extend at mid-to-lower crustal
depths. The margins of the deforming domain along the Trotus Fault and

the northern part of the Peceneaga-Camena Fault (PCF), characterised
mostly by a strike-slip stress field locally passing to transtension in the
foreland (Fig. 5), are likely controlled by active crustal-scale movement
along the PCF. The change from transtention to transpression towards or
beneath the orogen correlates with an increased bending of the slab as
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Fig. 7. Left: Depth slices of the best-fit principal stress axis solutions (crosses) inverted from the focal mechanism solutions of subcrustal earthquakes, and individual
solutions from bootstrap analysis (coloured circles). Right: Maximum horizontal stress axes for each stress inversion solution.

outlined from seismicity (Fig. 3), suggesting that earthquakes here may
be generated due to the slab bending (or unbending) forces acting in the
shallower levels of the crust.

Present day horizontal and vertical movements in the Vrancea area
have been estimated with GPS observations using temporary and per-
manent campaigns (Dinter et al., 2001; Van der Hoeven et al., 2005;
Schmitt et al., 2007). Vertical velocities show an alternating pattern of
uplift and subsidence in the SE Carpathians, with ~10 mm/yr relative
uplift rates (Van der Hoeven et al., 2005) or even as high as 22 mm/yr
(Dinter et al., 2001). Uplift coincides with the location of the earthquake
cluster where we obtained a compressive stress regime (Fig. 5b), with
horizontal NNW-SSE oriented o1 axes and near-vertical o3. In the fore-
land basin and the majority of the eastern Moesian Platform, subsidence
rates amount to ~10 mm/yr especially in the region between the IMF
and PCF (Fig. 1), where the stress regime varies from strike-slip in the
Peri-Carpathian cluster to dominantly tension farther away. In terms of
strain, extension seems to be the main deformational effect ~100 km
away from the Vrancea seismic nest. Active subsidence affected the
foredeep since the 8-9 Ma and is probably still related to the negative
buoyancy of the Vrancea slab (Ismail-Zadeh et al., 2005a, 2005b, 2012).
Subsidence rates decrease towards the contacts with the Scythian and
East European Platforms, where strike-slip is observed, switching to
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uplift in parts of the North Dobrogea Orogen (Van der Hoeven et al.,
2005). The associated tension in the latter may indicate extension in the
foredeep flexural bulge due to the high amount of cross-sectional
bending of the lower tectonic plate (Fig. 3).

The horizontal velocity field reveals a movement towards the S-SE
relative to Eurasia, of the entire SE Carpathian bend zone and its fore-
land, with rates on the order of 3 mm/yr or less (Van der Hoeven et al.,
2005). Comparing the horizontal GPS-velocity field with our estimated
Sumax and previous stress measurements shows that the stress pattern
closely correlates with the observed regional deformation (Fig. 5b). The
post-9 Ma contraction recorded by large-scale folding of the foreland
basin flanks and restricted to the SE Carpathians (Leever et al., 2006;
Bocin et al., 2009) may have been transferred laterally to the foreland as
transcurrent motion along the Trotus and Intramoesian faults (Fig. 1).
This is consistent with the horizontal velocity measurements showing a
large scale NNW-SSE movement that follows the curved trend of these
faults and largely correlates with our estimated Symq, Orientations
(Fig. 5), suggesting the present day stress-field may be evidence of
ongoing compression distributed along the crustal-scale faults that mark
the boundary between blocks of different mechanical strength. Never-
theless, this does not preclude a potential coupled slab scenario, if the
magnitude of induced stresses outweighs the signature of the slab-pull.
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5.2. Crust-mantle coupling versus second-order stress controls on crustal
tectonics

The question “whether the Vrancea seismogenic mantle body (slab)
is attached to the crust or not” is open. It has been suggested that the
Vrancea slab is only partially coupled to the overlying crust (e.g.
Heidbach et al., 2007) or that there is no coupling at all (e.g. Miiller
et al., 2010). Miiller et al. (2010) modelled a cylindrical coupling region
which resulted in a circular pattern of Symgy distributions in the crust,
contrary to observations (Fig. 5), from which the only conclusion

Tectonophysics 799 (2021) 228688

possible was that the slab is only weakly or not coupled at all. Never-
theless, coupling scenarios often follow a simple geometry and do not
always take into account the variable mechanical strength of the litho-
spheric blocks that make up the foreland (e.g. Lankreijer et al., 1997;
Cloetingh et al., 2004). Our new results on stress patterns provide in-
sights into the (de)coupling process, especially when checked against
more complex numerical models. Geodynamic scenarios of delamina-
tion and break-off (Gogiis et al., 2016), weakly coupled (Fig. 8a,b) and
already decoupled (Fig. 8c,d) slab (Ismail-Zadeh et al., 2005b) show that
the modelled stress pattern in the slab and in the crust above it and those
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obtained in this work have similarity. Namely, the tectonic stresses are
predominantly compressional in the slab, and strike-slip faulting sur-
rounding the body (compare to Figs. 3b, 6a). The decoupled model
(Fig. 8c) shows a cluster of crustal compressional stresses just above the
sinking body, also consistent with crustal shortening and thickening
predicted above the presumed delaminating hinge, at the periphery of
the hanging slab (Gogiis et al., 2016). Stress patterns indicate a change
to predominantly strike-slip with some tensional components when
moving further from Vrancea (compare to Fig. 5). Modelled normal
stresses dominate at the depths of about 50-60 km (and down to ~140
km) at some distance from Vrancea. Similarly, our study obtained a
dominantly tensional stress field beneath the Moesian Platform and
North Dobrogea (see Figs. 3 and 5). The crustal stress patterns could be
seen already on a smaller scale in the weakly coupled model (Fig. 8a)
and are likely indicative of crust-slab decoupling initiation and rear-
rangement of mantle/crustal flow (Fig. 8b,d). Meanwhile our estimated
orientations of principal stress axes (Fig. 6) are also compatible with the
stress field induced by temperature contrasts in the upper mantle
(Manea and Manea, 2009). In the latter model, the estimated maximum
shear stress value can be as high as 200 MPa (Manea and Manea, 2009),
while the detaching slab scenario predicts shear stress values of ~10
MPa in the crust and ~50 MPa in the 80-150 km depth range (Ismail-
Zadeh et al., 2005b). This discrepancy raises the question whether
temperature variations play a more important role in generating stress
and whether formal stress inversions alone are able to discriminate be-
tween different mechanisms.

Second order stress controls in the crustal domain may include
gravity potential of regional topography (e.g. Xu et al., 2016), stress
reorientation at fault tips (e.g. Saucier et al., 1992), lithospheric het-
erogeneities (e.g. Zhan et al., 2016), or contrasting mechanical strength
or density between adjacent blocks (Matenco et al., 2007). The kine-
matics of the Trotus Fault and its various branches are thought to record
the interaction between the northern segment of the East European
Craton which underplates the East Carpathians, and a locked foreland
segment to the south (Cloetingh et al., 2004). To the southeast, the PCF
is documented to record foreland bulge uplift at the maximum Carpa-
thian curvature due to increasing slab dip through time (Tarapoanca
et al., 2004; Cloetingh et al., 2004) or perhaps due to the migration of
the delaminating hinge (Gogiis et al., 2016), although bending-related
stresses may have decayed already since the Late Miocene when the
Vrancea slab supposedly steepened (Miiller et al., 2010). The estimated
NNW-SSE trending Spmqex patterns obtained from earthquake mecha-
nisms at the Trotus-PCF intersection show a dominantly strike-slip
regime (although with large stress magnitude ratio uncertainty) that
turns into extension further away along the North Dobrogea Orogen
(Figs. 4,5). These patterns are consistent with models where both
coupled slab dynamics and mechanical strength heterogeneities
contribute to the observed foreland deformation (Cloetingh et al., 2004;
Matenco et al., 2007).

5.3. Slab stretching and possible dehydration embrittlement

From our results, one of the possible interpretations is that vertical
elongation (in terms of strain) of the slab is driving the potential brittle
failure and is the main mechanism affecting the orientation of the
inferred stress field, where the direction of o3 is aligned along a slab
geometry that is not completely vertical (Fig. 6), but horizontal short-
ening does not have a preferential orientation.Local 3D models of
contemporary mantle flow and tectonic stress in the SE Carpathians
(Ismail-Zadeh et al., 2005a, 2007) show that the dense slab or mantle
drip sinking gravitationally beneath the Vrancea region (as imaged by
Martin et al., 2001, Martin et al., 2006) induces mantle downwelling and
associated upwelling, but the slab dynamics could be complicated at
intermediate-depths by toroidal (in horizontal planes) and poloidal (in
vertical planes) flows. These patterns are consistent with a slab or
another kind of lithospheric body that is gravitationally sinking and
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stretching (Ismail-Zadeh et al., 2005a, 2007), experiencing secondary
deformational overprint possibly induced by more complex flow pat-
terns or heterogeneous slab structure.

The mechanisms producing earthquakes at intermediate depths are
still under debate, especially because at temperature-pressure condi-
tions below 50 km rocks are expected to yield by creep or flow, so other
mechanisms are required to enable brittle failure at such depths. Among
the wide research available on the relationship between earthquakes
and fluid flow dynamics (e.g. Snell et al., 2020, and references therein),
the stress ratio has also been inferred to negatively correlate with
changes in near-lithostatic pore fluid pressure for R<0.6 (Martnez-
Garzon et al., 2016). Specifically, the poroelastic response to increasing
pore fluid pressure is larger in 67 and o3 than in ¢, in an anisotropic
medium such as fractured subducting slabs, thus lowering R (Healy,
2012; Warren-Smith et al., 2019). An increase in pore fluid pressure can
arise from slab dehydration, enabling brittle failure at intermediate-
depths. The change in stress ratio values from 0.3 to 0.7 for Mw>4
and Mw<4 earthquakes, respectively, suggest that small earthquakes
are more clearly associated with preferential vertical elongation in the
slab, while larger earthquakes could be generated by other mechanisms
such as dehydration embrittlement.

5.4. Does mantle flow influence tectonic stresses?

Other 3D viscoelastic models taking into account external forces such
as ambient mantle flow suggested that the angle between imposed flow
and slab geometry can significantly contribute to the evolution of the
stress field in the subducting lithosphere (e.g. Carminati and Petricca,
2010; Petricca and Carminati, 2016). One of the simulations included a
slab that is concave and an ambient mantle flow direction opposing
subduction (Petricca and Carminati, 2016). In this scenario, vertical
tension and horizontal compression develop inside the slab (Petricca
and Carminati, 2016), similar to the Vrancea observations (Figs. 6,7).
Two sets of tensional axes are predicted by the models in this situation:
those associated with the down-bending of the lithosphere in the
shallow depth intervals, consistent with the vertical tension observed in
the Vrancea epicentral area in the crust (Fig. 5), and those related to slab
differential retreat due to mantle push affecting the intermediate levels.
Down-dip tension and horizontal compression couples also rotate to-
wards the slab edges (Petricca and Carminati, 2016), similar to the
Vrancea patterns: Symqy directions rotate from N-S and NW-SE in the
shallower levels to dominantly NE-SW below ~130 km (Fig. 9).

Mantle flow is often inferred from seismic anisotropy studies such as
SKS splitting (Ivan et al., 2008; Petrescu et al., 2020) or surface wave
analysis (e.g. Zhu et al., 2015). Petrescu et al. (2020) detected large-
scale NW-SE oriented flow below the Pannonian and Transylvanian
Basins switching abruptly in the South and SE Carpathians, likely
deviating along the edges of the thick lithosphere Moesian Plaform.
Unlike previous seismic tomography studies, Ren et al. (2012) shows the
Vrancea body connected to the SW with a wider positive anomaly
extending beneath most of the Moesian Platform and the South Carpa-
thians. The Vrancea nest lies at the northeastern tip of this seismic
anomaly (Fig. 9) and is bounded by two seismically slow regions to the
NW and SE. Mantle flow likely impacts the slab from the NW, switching
to a NE-SW orientation (slab-parallel) in the SE Carpathians with
localised asthenospheric upwelling on its front-side and N-S oriented
flow behind it (Petrescu et al., 2020). In the shallower levels of the
seismogenic body (80-130 km) Sgyma, directions are more heteroge-
neous, displaying a mixture of NW-SE and NE-SW directions, without an
obvious correlation with SKS fast anisotropy axes (Fig. 9). At deeper
levels (>130km), however, Sgmqx correlates well with the SKS directions
estimated within the positive anomaly region and along its edges
(Fig. 9). This correlation at depth is somewhat hard to explain since SKS
splitting should, in theory, reflect the orientation of anisotropic a-type
olivine crystals in the direction of maximum extension, while Sgmqy is
the direction of maximum horizontal compression. Preferential
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Fig. 9. Depth slices of P-wave tomography from Ren et al. (2012), Symax estimated in this study (magenta lines), and SKS anisotropy fast directions (green bars)
plotted at their piercing points at depths 89 km, 113 km, 137 km, and 161 km, respectively, from Petrescu et al. (2020). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

alignment of fluid-filled cracks have been widely invoked to explain
stress-aligned anisotropy especially in the crustal domains (e.g. Crampin
and Lovell, 1991; Boness and Zoback, 2004), although extending this
hypothesis to the upper mantle is less likely. Nevertheless, the correla-
tion between azimuthal anisotropy and maximum horizontal compres-
sion below 130 km is strong, opening the possibility for a physical
connection between ambient mantle flow and earthquake generation in
the descending lithospheric body.

5.5. Comparison with other seismic nests

The Hindu Kush nest, located in the eastern India-Asia collision zone
in Afghanistan, has also been studied extensively (Prieto et al., 2012)
and likely represents a zone of active delamination and roll-back (Kufner
et al.,, 2016). When compared to Vrancea, earthquakes in the Hindu
Kush extend deeper, down to ~280 km, and display a larger variation in
tectonic regimes: no obvious preferred orientation is found at depths
<180 km (Lister et al., 2008), but reverse-faulting dominates between
180 and 280 km. It has been suggested that Vrancea is an end-member of
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slab detachment (Sperner et al., 2001; Wortel and Spakman, 2000) and
probably represents the fate of the Hindu Kush slab which might switch
to a dominant vertical tension in the future, akin to the Vrancea dy-
namics. The Bucaramanga nest in Colombia comprises the highest
concentration of intermediate-depth seismicity in the world (Zarifi and
Havskov, 2003). Although P-T axes display significant scatter there
(Cortés and Angelier, 2005), a slight tendency for SE-dipping tension
may exist (Zarifi et al., 2007), suggesting the presence of a sinking slab
that is breaking off similar to Vrancea. Some studies of seismic radiation
patterns suggest earthquakes may also be generated via thermal shear
instability in the Bucaramanga (Poli et al., 2016a) and Hindu Kush (Poli
et al., 2016b) nests, especially in the detachment or “necking” region
(Kufner et al., 2017). Vrancea earthquakes also exhibit depth-dependent
clusters of seismicity and crust-mantle detachment most likely occurs in
the 60-70 km range corresponding to reduced seismicity and a change in
focal mechanism diversity (Fig. 3). However, more research into
earthquake rupture processes is needed to probe thermal instability al-
ternatives to earthquake nucleation in Vrancea. Local tectonic configu-
rations may vary in these three unique intermediate-depth seismic zones
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leading to a variation in stress within slabs. However, vertical extension
seems to characterise each slab, albeit with different degrees of scat-
tering, likely due to other factors such as regional mantle flow, slab
origin, temperature and/or density heterogeneities.

6. Conclusions

The Vrancea Seismic Zone in Romania hosts a nest of intermediate-
depth seismicity with frequent large magnitude earthquakes and is
thought to represent an end-member of slab detachment where the
subduction process was locked at crustal levels at 8 Ma. To investigate
the tectonic regime and the geodynamic processes acting in the Vrancea
area we estimated stress patterns through focal mechanism inversion.
We updated the existing data with an extra 6 years of waveform-
estimated earthquake source mechanisms and used an unsupervised
machine-learning and cubic gridding to obtain seismic clusters in the
crust and upper mantle, respectively. The present study brings argu-
ments in favour of weak coupling (or an initiation of decoupling) be-
tween the sinking slab and the overriding crust, through seismicity
distribution and stress regime patterns. The distribution of hypocenters
show a progressive deepening towards the orogen, outlining a smooth
bending of the SE side of the slab. Vertical tension and an overall
compressive regime governs the stress field in the descending litho-
spheric body and seems to be transferred along the slab to the surface in
the overlying crust, supporting a still coupled crust-mantle model where
vertical elongation and down-bending are the driving mechanisms for
brittle failure. We also identified a striking decrease in stress ratio (from
0.7 to 0.3) with increasing earthquake magnitudes (threshold Mw = 4),
implying that small earthquakes are dominantly thrust-fault types
associated with vertical elongation. This pattern speculatively suggests
that other mechanisms such as mineralogical phase changes or dehy-
dration embrittlement may potentially generate larger earthquakes at
intermediate-depths. Our estimated stress patterns are also consistent
with 3D viscoelastic stress models of a combination of slab-pull and
mantle push (Petricca and Carminati, 2016), emphasising the seismo-
genic potential of ambient mantle flow. Comparisons with seismic to-
mography and anisotropy show excellent correlations between the
average NE-SW slab strike, mantle deformation and maximum hori-
zontal stress, especially below 120 km, suggesting that ambient mantle
flow may be related to or promotes deformation within the slab, espe-
cially in its deeper levels.

In the crustal domain, maximum horizontal stress is mostly NNW-
SSE oriented, in good agreement with the strike of most crustal faults
in the foreland, and consistent with previous measurements of the
horizontal velocity field as estimated with GPS observations which
indicate a movement of the entire SE Carpathian bend zone and its
foreland towards S-SE relative to Eurasia (Van der Hoeven et al., 2005).
The stress regime changes to strike-slip, locally passing from tran-
pression beneath the orogen to transtension in the foreland, and domi-
nantly tensional further away, in the Moesian Platform and North
Dobrogea Orogen. This pattern is consistent with results from previous
geodynamic numerical models of a scenario where the slab is coupled to
a crust composed of terrains with different rheological properties (e.g.
Ismail-Zadeh et al., 2005b; Cloetingh et al., 2004). Our results thus
provide enhanced insights into the origin of intermediate-depth earth-
quakes in a locked collisional setting, the deformation of a sinking
detaching slab in its final stage and possible connections with ambient
mantle flow, and suggests a causal connection with the tectonic regime
distributions in the overlying crust.
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