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[1] Vrancea, located at the southeastern Carpathians Arc bend, is one of the areas in the Alpine-Himalayan
belt that features strong earthquakes occurring at intermediate depths (60–200 km). In this study we
investigated the crustal and lithospheric structure beneath the Vrancea seismic area using a local
earthquake tomography approach. We used an updated and revised catalog, spanning from 1982 to 2006
that uses data from both permanent and temporary networks in the target area. Simultaneous tomographic
inversion for the Vp and Vs anomalies and the Vp/Vs ratio and source locations was done using the
LOTOS code. The reliability and robustness of the results were rigorously checked using various tests
(e.g., by studying the role of different parameters on the results of the inversion, performing the inversion
using random data subsets, and synthetic modeling). The tomography results clearly indicate the presence
of a high-velocity material beneath Vrancea at a depth interval of about 60–200 km that coincides with the
distribution of intermediate-depth seismicity. This result agrees generally with previous tomographic
studies. We compare two scenarios leading to this structure: (1) subduction and slab detachment and
(2) ‘‘drop forming’’ or delamination. The latter mechanism presumes that the thickening of the crust due to
continent-continent collision causes transformation of the mafic lower crust into denser eclogite. This
material accumulates until it reaches a critical mass, at which point it forms a large drop that begins to fall
down. We propose that the high-velocity anomaly we observe in our tomogram might represent the
descending eclogitic lower crust material enveloped by the entrained lithosphere. It is possible that a
similar delamination process can be observed in other parts of the Alpine-Himalayan belt, such as in the
Pamir Hindu-Kush area.
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1. Introduction

[2] The interaction of lithospheric plates is one of
the most important and intriguing geological pro-
cesses on Earth. Collisions of ocean-ocean and
ocean-continent plates occur through the subduc-
tion of the oceanic plates, and their general mech-
anism is roughly understood and accepted by most
scientists. On the contrary, many aspects of conti-
nent-continent collisions remain enigmatic. In
some continental areas, collisions of continental
plates cause considerable surface shortening that
may reach several hundred kilometers (e.g., in
central Asia due to the India-Asia collision). Many
questions related to this topic are actively debated.
For example, what happens to the mantle section of
the continental lithosphere during the continent
shortening? In such cases we usually observe a
coupling of the crust, but the lithospheric mantle
does not increase in thickness. Why is the stable
cratonic-type lithosphere usually thicker than that
in the collision belts? Why is the lithosphere in
these belts not coupled? What is the mechanism for
recycling the mantle continental lithosphere? Does
it sink, like the oceanic lithosphere?

[3] In some collisional areas of continental Asia,
intermediate-depth seismicity at depths of more
than 100 km is observed (e.g., Pamir-Hindu-Kush,
Zagros, Burma, and Vrancea). To explain this
phenomenon, many authors draw a parallel with
classical subduction of oceanic plates, presuming
the existence of a sinking oceanic lithosphere in the
upper mantle. For the areas of Zagros and Burma
located close to oceanic basins, such a mechanism
seems plausible. However, for the Pamir Hindu-
Kush and Vrancea regions such an explanation is
debatable, since there is no clear evidence of
oceanic basins existing in these regions in the
recent past (e.g., less than 10 MA). In this paper
we conduct a local tomography study for the
Vrancea region and based on our results, we try
to find out which mechanism is most probable for
the Vrancea region. The conclusions made in this

case may be generalized for explaining the mech-
anisms of lithosphere recycling also in other cases
of continent-continent collision.

[4] Understanding the nature of tectonic processes
that take place in the highly populated areas of the
Alpine mountain system is also important for
mitigating seismic risk in the region. The most
intriguing feature of the Vrancea region is the very
active intermediate-depth seismicity, densely con-
centrated in a vertically oriented cluster below a
depth of 60 km. Strong earthquakes (M > 7.0) that
can produce significant damage over large areas
occur periodically in this deep cluster (there are
roughly 2–3 earthquakes per century). Although
many different multidisciplinary geological and
geophysical studies have been performed in the
Vrancea region, the nature of the intermediate-
depth seismicity cluster is still actively debated.
In section 2 we will present the important current
concepts and ideas that are proposed to explain the
occurrence of Vrancea earthquakes.

[5] As will be shown in section 2, the deep
structure beneath the Vrancea region has been
previously studied by many authors. At the same
time we claim that in the present work we have
achieved a certain progress in respect to previous
studies. First of all, in this study, we used a newly
updated local earthquake data set with higher
amount and quality of picks than in previous
studies. This allowed for a more refined image of
the underground structure in the Vrancea region.
Second, we used a code for tomographic inversion
and source location, LOTOS [Koulakov, 2009],
which has some particular features not present in
the codes used in previous studies (see section 3).
We verified the results by performing many different
robustness and synthetic tests (see Appendices A–E).
They were also used to evaluate the optimal values
of the free parameters used in the inversion and
estimate the spatial resolution of the resulting model.

[6] It is worth noting that seismic tomography still
remains an imperfect tool, and different authors
often provide noncoherent images for the same
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areas and even for the same data sets. Thus,
performing independent inversions based on inde-
pendent algorithms and data helps to identify the
most robust results and provides important infor-
mation for the validation of different seismotec-
tonic models.

2. Geotectonic Setting of the Area
and Previous Seismic Studies

[7] The Vrancea region is part of the Carpathian
mountain system, which, in turn, represents a
northeastern branch of the Alpine fold-and-thrust
system (Figure 1). The tectonic development of the
Alpine system began in the Jurassic and is mostly
controlled by the collision of three large continen-
tal plates: the Eurasian, African, and Arabian. This
collision caused the formation of extremely com-
plex tectonic structures, consisting of many micro-
plates and folded belts. The Carpathian orogenesis
appears to be due to the shaping of the boundary of
the East European Platform, which forms a loop in
the Vrancea region (Figure 2). The southeastern
Carpathian Arc bend is located at the confluence of
three main tectonic units (east European plate,
IntraAlpine subplate and Moesian subplate) in the
Vrancea region of Romania (Figure 1). The colli-
sion of this segment of the Alpine belt began in the
Cenozoic as a result of the lateral eastward extru-
sion caused by the continuous convergence in Alps
[Ratschbacher et al., 1991]. In the Vrancea region,
an oceanic basin, floored by an oceanic crust, lays
in the area of the present-day Carpathians which

was consumed by subduction during Tertiary times
[Burchfiel, 1976; Csontos, 1995; Csontos and
Voros, 2004]. A total width of 130 km of the basin
was subducted during the first episode, with a
convergence rate of approximately 2.5 cm yr�1

[Roure et al., 1993; Roca et al., 1995]. The
active shortening process stopped during the late
Oligocene–Early Miocene periods (about 20 MA)
when all the oceanic-type basins were closed
[Ellouz and Roca, 1994; Linzer et al., 1998].

[8] In contrast with the eastern Carpathian branch,
where the convergence of the plates seems to be
currently inactive, complex active processes still
take place beneath Vrancea in a very confined area.
The brightest manifestation of this process is a
cluster of intermediate seismicity beneath Vrancea
in a narrow nearly vertical volume at depths below
60 km, which is clustered along a NE–SW direc-
tion [e.g., Wenzel et al., 1999; Radulian et al.,
2008; Radulian and Popa, 1996]. Large interme-
diate-depth events with magnitude M = 6.5 occur
two to five times per century. During the last
century there were four large events: in 1940 (M =
7.7), in 1977 (M = 7.5), in 1986 (M = 7.2) and in
1990 (M = 6.9) which caused serious damages in the
neighboring areas. The shallow seismicity in this
area is much weaker.

[9] Several seismic tomography studies have been
previously performed in this region. The first
studies investigating the three-dimensional velocity
structure in the Vrancea area used the P wave
arrivals from teleseismic earthquakes recorded by

Figure 1. Main tectonic elements in Carpathian-Mediterranean region. The rectangle marks the area of interest for
this study. Abbreviations are as follows: IZ, Ivrea Zone; MP, Moesian Platform; NAF, North Anatolian Fault;
PB, Pannonian Basin; TB, Transylvania Basin; VR, Vrancea.
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the Romanian Seismic Network [Fuchs et al.,
1979; Oncescu, 1982, 1984; Oncescu et al.,
1984; Koch, 1985]. Later studies [Wortel and
Spakman, 1992; Lorenz et al., 1997; Fan et al.,
1998; Popa et al., 2001] inverted for the velocity
structure using P and S phase arrivals and attenu-
ation [Popa et al., 2005] from local and regional
events. Significant advances in the understanding
of the deep seismic structure and seismicity in the
Vrancea region were achieved as a result of the
CALIXTO’99 experiment [Wenzel et al., 1998]. In
particular, important results about the 3-D velocity
structure in the mantle beneath the Vrancea area
were obtained by Martin et al. [2005, 2006] from
inversion of teleseismic data recorded within this
experiment.

[10] The aforementioned tomographic studies
based on local, regional and teleseismic earthquake
data put into evidence the high-velocity body
located between 60 and 200 km depth, which
sinks into the asthenosphere almost vertically. This
velocity pattern can be observed in the region where

the Vrancea subcrustal seismic activity occurs.
Studies of conversion waves coming from earth-
quakes that occurred in the Vrancea region and
recorded at seismic stations in Romania [e.g.,
Enescu et al., 1982] also suggest the presence of
a quasi-vertical lithosphere fragment, located
between depths of about 80 to 200 km. The tele-
seismic tomography by Martin et al. [2005] also
evidenced a change in the orientation of the high-
velocity body, from a NE–SW direction in the
upper part to a N–S direction in the lower part. The
P wave velocity anomalies in this pattern are
estimated to be at about 3% with respect to the
1-D reference model. Above this high-velocity
anomaly, the tomography results reveal the exis-
tence of a low-velocity structure. These findings
have also been supported by analysis of seismic
attenuation along rays from deep events beneath
Vrancea performed by Russo et al. [2005].

[11] The occurrence of the intermediate-depth seis-
micity within the high seismic velocities in the
upper mantle is interpreted as the transportation of

Figure 2. Southeastern Carpathian arc bend tectonic map (modified after Badescu [2005]).
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cold and dense lithospheric material into the upper
mantle. However, one major question that arises
when trying to explain this process concerns the
type of the descending material: is it a subducted
oceanic lithosphere fragment or a delaminated
continental material?

[12] Early geodynamical models [e.g., McKenzie,
1970] suggested that the intermediate-depth earth-
quakes beneath Romania occur in a relic oceanic
slab sinking vertically within the mantle beneath
the continental crust. Based on the existence of a
gap in seismicity at a depth of 40–60 km [Fuchs et
al., 1979; Constantinescu and Enescu, 1984;
Oncescu, 1984] and on the shape of seismic anoma-
lies in aforementioned tomographic studies, many
authors propose a mechanism of slab detachment
beneath Vrancea. However, given the hypothesis of
a complete detachment, it is hard to explain the
relatively high strain rates inside the slab (probably
associated with the strong slab pull forces). Moreover,
a complete decoupling is not compatible with the
gravitational instability mechanism. Therefore, a pro-
gressive decoupling along the Carpathian arc is
proposed by some authors [e.g.,Wortel and Spakman,
1993;Matenco et al., 1997; Sperner et al., 2001]. One
of the strongest arguments in favor of subduction of
an oceanic slab beneath the eastern Carpathians is the
presence of a linear arc of Neogene volcanism within
the hinterland [e.g., Seghedi et al., 2004]. This volca-
nic chain, which is composed of both calc-alkaline and
alkaline magmas, was active from the Middle Mio-
cene to Quaternary time (13.4–0.2 Myr), and mi-
grated successively from north to south [Mason et
al., 1998], even though major and trace element
geochemistry of the calc-alkaline lavas suggest they
are subduction-related [e.g., Pecskay et al., 1995;
Mason et al., 1998; Seghedi et al., 2004].

[13] Delamination is one of alternatives to subduc-
tion mechanism of the lithosphere ‘‘recycling.’’
This mechanism has been used for explaining the
geodynamical processes in different areas after
classical work on continental lithosphere sinking
beneath the Colorado plateau by Bird [1979].
Delamination mechanism seems to be suitable for
some cases of continent-continent collision [e.g.,
Nelson, 1991; Houseman and Molnar, 1997;
Ducea and Saleeby, 1998; Gilbert et al., 2007]
and, particularly, for the Vrancea region [e.g.,
Knapp et al., 2005]. It may also explain occurrence
of mantle seismicity, as, for example, shown by
Seber et al. [1996] for the area of Alboran Sea.
Delamination presumes a periodical localization of
denser lithosphere material until it reaches a critical

mass, at which point it forms a large drop that
begins to fall down. For the Vrancea region,
Lorinczi and Houseman [2009] have recently mod-
eled the Rayleigh-Taylor gravity instability due to
higher density in the lithosphere in respect to the
asthenosphere. They obtained a downgoing drop of
the lithosphere material and estimated the strain
rates caused by this process which appear to be
consistent with the focal mechanisms of the inter-
mediate seismicity beneath Vrancea. Kay and Kay
[1993] have proposed that the delamination pro-
cess can be triggered by eclogitization of the lower
crust material. Sobolev et al. [2006] and Babeyko et
al. [2006] have modeled this situation for a colli-
sion area in the central Andes. They have shown
that coupling of the continental crust in the
collision areas may cause eclogitization of the
lowermost crust, that results at accumulation of
anomalously high density material in the bottom of
the crust. This increases the gravity instability and
favors forming falling ‘‘drops.’’

[14] After presenting our tomographic results, in
section 5 we will compare the subduction and
delamination mechanisms for the Vrancea region
in the light of the new findings.

3. Data and Method of Analysis

3.1. Data Description

[15] The earthquake data were provided by the
CALIXTO’99 experiment and K2 network within
the CRC461 program of University of Karlsruhe
(Germany) [Wenzel et al., 1998; Bonjer et al.,
2000; Bonjer and Rizescu, 2000; Bonjer et al.,
2002] and Romanian Seismic Network [Neagoe
and Ionescu, 2009]. The data set consists of P and
S wave arrival times of 994 local events (Figure 3a)
that were recorded from 1982 to 2006. The earth-
quakes were selected by requiring a minimum of
six P wave arrivals with a clear onset per event, and
an RMS smaller than 0.5 s. There are 687 inter-
mediate-depth events and 307 crustal events that
fulfilled this criterion. The distribution of temporary
and permanent seismic stations that recorded the
earthquakes is shown in Figure 3b. The temporary
network was in use during the CALIXTO’99
experiment and consisted of 30 broadband and 90
short-period stations, installed in a region of about
350 km in diameter and centered in the Vrancea
area. There were 160 local events (ML = 2.0) that
were recorded in a period of six months during
CALIXTO’99. In 2006, the Romanian Seismic
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Network had about 120 stations in the area between
43.5 and 48�N latitude and 21–29�E longitude.
Most of the stations are located in the eastern and
southern Carpathians and are primarily designed to
survey the Vrancea seismic region, at the Carpathi-
ans Arc Bend. The initial event locations were found
using the HYPOPLUS program [Oncescu et al.,
1996], which is used byNIEP for routine earthquake
locations [Oncescu et al., 1999]. The quality of the
initial earthquake locations is relatively high, with a
mean value of RMS travel time residuals below 0.5
s. To select data for the tomographic inversion we
performed additional analysis to reject the outliers
and events with less than 10 picks. The final data set
consists of 16199 arrival times from 653 events with
8529 P wave and 7670 S wave arrival times.

3.2. Inversion Method

[16] The 3-D tomography inversion was performed
using the LOTOS code which is freely available at

http://www.ivan-art.com/science/LOTOS. The
code is described in detail by Koulakov [2009].
Here we present very briefly the main steps of the
algorithm.

[17] The input files for our calculations include the
list of the stations with coordinates and elevations,
and a catalog of the arrival times from local earth-
quakes. The algorithm does not require any infor-
mation about coordinates and origin times of the
sources. However, using the preliminary locations
of sources allows us to speed up the calculations.
In addition, a starting 1-D velocity model and a set
of free parameters for different calculation steps
should be defined.

[18] The calculation begins with preliminary earth-
quake locations in a 1-D velocity model. At this
stage, the source coordinates and origin times are
determined using a grid search method [Koulakov
and Sobolev, 2006a]. The method ascertains the
maximum of a Goal Function (GF) that reflects the
probability of the source location in the 3-D space.
The model travel times are computed using tabu-
lated values calculated in the 1-D velocity model at
a preliminary stage. This makes the preliminary
location step relatively fast and stable. The location
of sources in the 1-D model alternates iteratively
with the optimization step for the 1-D model,
which is based on matrix inversion for the 1-D
velocities (Vp(z), Vs(z)), source coordinates and
origin times.

[19] After performing the preliminary locations and
optimization for the 1-D model, the main stage of
the tomographic inversion begins. It consists of
several steps that are performed sequentially and
looped iteratively. In the first step, the sources are
relocated in the 3-D velocity model. The rays are
traced using the bending method [Koulakov, 2009].
In the first iteration, the relocation is performed in
the 1-D model, and in the following iterations it
uses previously updated 3-D models. The second
step is parameterization grid construction. The
LOTOS-09 code gives two possibilities for the
parameterization: with cells and with nodes. Here
we use only the node parameterization, which we
found to be more robust. The main feature of the
parameterization in the LOTOS code is the mini-
mization of any effect of grid configuration upon
the result. This is achieved by reducing the node
spacing to values that we assume to be significantly
smaller than the expected size of anomalies. Fur-
thermore, we reduce the bias of the chosen grid
configuration on the final tomographic images by
repeating the inversion using grids with different

Figure 3. Data used in this study. (a) Earthquake
distribution. Red and black dots show intermediate-
depth and crustal events, respectively. (b) Seismic
stations: blue for temporary network from CALIXTO
and red for stations which are sending data to RO-NDC.
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basic orientations (e.g., 0�, 22�, 45�, and 67�) and
averaging the results. The matrix inversion for P
and S velocity and source parameters (dx, dy, dz
and dt for each source) is performed using the
LSQR method [Paige and Saunders, 1982; Van der
Sluis and van der Vorst, 1987]. The inversion can
also be performed for P velocity and the Vp/Vs
ratio using the algorithm described in Koulakov et
al. [2007]. The amplitude and smoothness of the
solution are controlled by two additional matrix
blocks. The weights of these blocks play an im-
portant role in tuning the resulting model. These
parameters, as well as weights for source correc-
tions and other free parameters, are estimated using
synthetic modeling.

4. Results

4.1. One-Dimensional Model
Optimization

[20] Data processing started with preliminary
source location and optimization for the 1-D
velocity model. To assess the robustness of this
procedure, we performed a series of tests (Figure 4)
using the observed and synthetic data. The 1-D
model that best explains the observed data was
determined using different starting velocity models
(Figure 4a). We experimented with different veloc-
ities and velocity gradients above and below Moho
and used different thickness values for the high
gradient layer, which represents the transition from
the lower crust to the upper mantle. As an example,
some of them are shown in Figure 4a by dotted
lines. The RMS values of residuals for five models
after their 1-D optimizations are presented in Table 1.
All models have significantly different starting

values for P and S wave velocity in the crust.
The resulting velocity distributions are closer to
each other (especially for the S model); however
for the P model the difference remains quite
significant. Regarding the results related to the
mantle, it is shown that the P velocity solution is
less robust than that of the S velocity. In fact, for
model 1, the resulting distribution of P velocity
concurs with the results obtained for other starting
models only in the uppermost mantle depth (50–
70 km depth). For the deeper layers the result
remains close to the starting value. For the S model,
the optimization provides similar results for signif-
icantly different starting models. It is surprising that
for the S wave velocity model the solution appears
to be more robust than for the P wave model.

[21] Based on the analysis of the resulting velocity
distributions and the RMS of residuals, we can
conclude that the most probable 1-D velocity
distribution in the Vrancea region corresponds to
model 5, which is presented in Table 2. According
to this model, the P and S velocities in the mantle
are about 8.2–8.3 km/s and 4.8–4.9 km/s, respec-
tively. These values are significantly higher than
those used for routine locations of earthquakes in

Figure 4. Optimization of the 1-D model for observed and synthetic data. (a) Optimization results with observed
data and different starting 1-D models. Different colors indicate different models, dotted lines are the starting models,
and bold lines of corresponding colors are the optimization results. (b) Optimization results for halved data subsets in
the odd/even test. (c) Optimization results for synthetic data in the checkerboard test presented in Appendix D.

Table 1. Values of the RMS After Optimization for the
1-D Velocity Distribution With Different Starting
Models

Starting Model RMS of Residuals (s)

Model 1 0.5339
Model 2 0.5131
Model 3 0.5021
Model 4 0.4988
Model 5 0.4968
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this area (7.94–8.17 km/s and 3.86–4.58 km/s for
P and S models, respectively) and are closer to the
values of the minimum 1-D model determined
using the VELEST inversion algorithm [Kissling
et al., 1994; Popa et al., 2001].

[22] The stability of the solution in the presence of
random noise affecting the observed data was
assessed by using the ‘‘odd/even’’ event test [e.g.,
Koulakov et al., 2007]. The test consists of carry-
ing out independent inversions of two randomly
selected data subsets (obtained, for example, by
selecting from the whole earthquake data set the
odd and even numbers of events in the database).
The results of the 3-D inversions for this test are
presented in Appendix B. Here, we show the
optimization results for the 1-D velocity models
(Figure 4b). The starting models for the subsets
with odd and even events, and for the entire data
set, are the same and correspond to model 5 in
Figure 4a. It is shown in Figure 4b that the
optimization results in all cases are similar. Only
for the crustal layers, where slightly higher veloc-
ities are derived for the odd data subset, are differ-
ences found. This test shows that the chosen set of
data does not affect significantly the stability of the
1-D model optimization.

[23] The stability and robustness of the 1-D veloc-
ity optimization was also investigated using syn-
thetic modeling. In Figure 4c, we present the
optimization results for the checkerboard test.
The 3-D reconstruction of the checkerboard model
will be discussed in section 4.5. Here, we show the
1-D optimization results based on two presumably

incorrect starting velocity distributions. In the first
case, the starting P and S velocities (violet lines)
are lower than the ‘‘true’’ ones (red lines) by a
constant value of 0.2 km/s. In the second case
(green lines), the velocities are regularly higher by
the same value. It is shown that for the crustal
depth the optimizations provide values that are
close to the ‘‘true’’ ones, while, for the lower part
of the model, the velocity does not deviate from the
starting values. This can be attributed to the fact
that the majority of the sources are deep and the
trade-off between focal depth, origin time and
seismic velocities prevents us from obtaining stable
solutions for absolute velocities. Again, as in the
cases of measured data inversions, for the synthetic
reconstructions we observe better stability for the S
velocity optimization. It is important to note that in
these two checkerboard analysis the RMS of resid-
uals after optimization have similar values: 0.5005
s and 0.4988 s. The fact that considerable velocity
variations cause very small changes of RMS
explains the rather low stability for absolute veloc-
ity determination in this case. At the same time, it
will be shown later that the relative 3-D anoma-
lies, which are based on different reference mod-
els, are reconstructed similarly. This shows a
higher stability of relative anomaly determinations
when compared to absolute values in this obser-
vation scheme.

4.2. Three-Dimensional Tomographic
Inversion

[24] The LOTOS code allows us to perform the
inversion in two schemes: for the Vp-Vs and Vp-
Vp/Vs ratio. Performing the inversion for both
schemes provides additional constraints for the
relationship between the amplitudes of P and S
anomalies. Note that in the former scheme we
minimize the P and S residuals, while in the latter
scheme we process the P and P-S differential
residuals. This means that the solutions obtained
for the S model using the two schemes are inde-
pendent, which provides additional information to
verify the robustness of our results. In this section,
we present the 3-D velocity results using Vp-Vs
inversion scheme which were selected as the main
result of this study. The inversion results for Vp-
Vp/Vs scheme are presented in Appendix A. They
include Vp, Vs anomalies and Vp/Vs ratio in
horizontal and vertical sections (Figures A1–A3).
Comparing the results derived independently using
these two schemes provides a possibility to assess
the robustness of the reported patterns.

Table 2. P and S Velocities in the Reference 1-D
Model After Optimizationa

Depth (km) Vp (km/s) Vs (km/s)

0 5.51 3.18
10 5.68 3.20
20 6.18 3.63
30 6.67 3.72
40 7.02 3.98
50 7.89 4.54
60 8.29 4.76
70 8.32 4.83
90 8.28 4.86
110 8.32 4.90
130 8.38 4.88
150 8.37 4.86
170 8.34 4.85
190 8.33 4.84
210 8.32 4.83
220 8.31 4.83

a
Model 5.
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[25] In all cases the inversion was performed in
five iterations, which was a compromise between
calculation time and the quality of the solution
(reducing the nonlinear effect). Increasing the
number of iterations would roughly be equivalent
to decreasing the damping for an unchanged num-
ber of iterations. The RMS of residuals after the 1st
and 5th iterations are shown in Table 3. In general,
the Vp-Vp/Vs scheme leads to larger RMS than
the Vp-Vs inversion. However, this does not mean
that the former scheme provides a worse solution
than the latter, when taking into account that the
inversion for Vp-Vp/Vs ensures minimization of
differential P-S residuals, while Vp-Vs scheme
minimizes the P and S residuals that are accounted
for in the reported RMS.

[26] Figures 5–7 show the results for P and S
anomalies in eight horizontal and two vertical

sections that correspond to the Vp-Vs inversion
scheme which are the main result of this study. The
resulting locations of sources after five iterations of
coupled inversion around each section are also
shown. These anomalies and their possible inter-
pretation will be discussed in detail in section 5.

[27] Any tomographic inversion guaranties obtain-
ing some results, but just reporting the derived
seismic structure without sufficient verification
seems to be not adequate. We have performed
dozens of different tests with real and synthetic
data and some of them are presented in Appendices
B–E. It particular, it seems to us very important to
explore the effect of starting 1-D model on the
resulting velocity anomalies (Appendix B). The
results of 1-D model optimization (section 4.1)
shows that for some depth interval it does not
provide stable solution. Does it affect the results

Table 3. Values of RMS of P and S Residuals in First and Fifth Iterations in Cases of Different Starting Models and
Inversion Schemes

Model Description
RMS of P Residuals,
One Iteration (s)

RMS of S Residuals,
One Iteration (s)

RMS of P Residuals,
Five Iterations (s)

RMS of S Residuals,
Five Iterations (s)

Ref model 5, Vp-Vs scheme 0.3637 0.6214 0.2037 0.3301
Ref model 1, Vp-Vs scheme 0.3686 0.6278 0.2113 0.3362
Ref model 5, Vp-Vp/Vs scheme 0.3637 0.6214 0.2090 0.3672

Figure 5. Horizontal sections of P velocity anomalies, in percent with respect to the optimized 1-D velocity model,
resulting from the ‘‘Vp-Vs’’ inversion scheme. Dots depict the relocated sources around the corresponding depth
levels. Locations of profile presented in Figure 7 are shown in the 10 km depth plot.
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of 3-D inversion? Comparing the velocity anoma-
lies in the main model (Figures 4 and 5) and ones
based on another reference model shows rather
good correlation. This means that the reported
velocity anomalies appear to be more robust than
absolute values. A similar observation has been
made by Koulakov et al. [2007]. The effect of
random noise, which is considerable in the used
data set, can be evaluated using independent inver-
sion of two data subset (odd/even test). The results
of this test which are discussed in Appendix C
reveal the minimal size of trustworthy patterns
provided by the existing data set.

[28] In this study we pay much attention to
performing synthetic modeling which allows us
to find optimal values of free parameters (e.g.,
damping), to evaluate the spatial resolution, and
to estimate the realistic amplitudes of the anoma-
lies. When performing the synthetic tests we sim-
ulate as close as possible realistic situations when
neither location of sources, nor reference 1-D
model are known a priori. In this case the synthetic
modeling reveals conservative resolving capacity
of tomographic inversion, and it allows us to avoid
overinterpreting some questionable anomalies. In
Appendix D we describe in details the conditions
of performing the synthetic modeling and show the
results of 3-D checkerboard test. One of the most
important results of this test is that it shows that we

have sufficient vertical resolution to distinguish an
anomalous body below 65 km depth. Another
synthetic test which is presented in Appendix E
consists in construction of a model which after
consequent performing the forward modeling and
inversion enables the same structure as in the case
of observed data. If the inversions with identical
parameters provide similar models for the cases of
real and synthetic data, the synthetic model may
adequately represent the velocity distribution in the
real Earth. In particular, this test is important to
evaluate realistic values of amplitudes of seismic
anomalies. Based on a comparison of synthetic and
real images we can draw some important conclu-
sions about the amplitudes and shapes of anoma-
lies, which are presented in section 5.

5. Discussion of the Resulting Velocity
Patterns and Interpretation

[29] Figures 5–7 show the presence of a high-
velocity material in the depth interval of 60 to
180 km, which coincides with the distribution of
active intermediate-depth seismicity. These findings
generally corroborate the results obtained in previ-
ous tomographic studies [Wortel and Spakman,
1992; Lorenz et al., 1997; Martin et al., 2005,
2006]. Our results are in qualitative agreement with
S velocity model derived from inversion of surface

Figure 6. Same as Figure 5 but for the S velocity anomalies.
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waves by Boschi et al. [2009] who found a slow
heterogeneity under the Carpathians, underlain by a
fast one, with the transition at�100–150 km depth.
The tomography investigations using teleseismic
data [Wortel and Spakman, 2000; Martin et al.,
2006] pointed out a well-defined high-velocity body
extending down to a depth of about 400 km. Our
results, obtained from the inversion of local data,
generally agree with the previous studies, showing,
however, a better resolved geometry for the crust
and upper mantle down to about 200 km beneath the
Vrancea seismic area. The velocity anomalies in the
crust are generally negative and continue beneath
the Vrancea region down to a depth of around 60
km, where very few seismic events are detected
(Figure 7). In our study, higher data quality and
many different tests performed allow us to single out
the most confident features and to see the processes

beneath Vrancea from another point of view. In the
following, we consider both the slab detachment
and delamination models for the lithosphere recy-
cling beneath Vrancea.

[30] In Figure 8a we present an interpretation
cartoon for a subduction and slab detachment
scenario beneath the Vrancea region, which is
overlapped by our tomographic results in a vertical
section. In our tomogram, the deep high-velocity
body is clearly separated from the high-velocity
Moesian block, which does not agree with the
concept of current progressive decoupling [e.g.,
Wortel and Spakman, 1993; Matenco et al., 1997;
Sperner et al., 2001]. In the vertical section, we see
that the distance between these high-velocity bod-
ies is about 50 km. Seismic activity inside the deep
body indicates that it cannot be suspended in a
steady state and that it should progressively move

Figure 7. P and S velocity anomalies derived from the ‘‘Vp-Vs’’ inversion scheme in two vertical sections.
Locations of the profiles are indicated in Figures 5 and 6. Dots depict the relocated sources at distances of less than
40 km from the profile.
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down. Let us consider an underestimated rate of
sinking at 1 cm/year which is much slower than
2.5 cm/yr rate of pre-Oligocene convergence esti-
mated by Roca et al. [1995]. With a lower rate, the
stresses would probably be too low to produce
seismic activity. Dividing the 50 km gap between
high-velocity bodies to this rate, we can estimate
that the detachment occurred about 5 Ma or less. If
we associate this detachment with the closing of an
oceanic basin, this brings us logically to a conclu-
sion that before this age in Vrancea area there was
an oceanic lithosphere. However, if an ocean-
floored basin was consumed during the formation
of the eastern Carpathians, evidence for the former
boundary between two distinct continental plates
should have been recorded in both the surface
geology (suture zone) and the underlying crustal
structure. To date, no conclusive evidence has been
found for such a recent (5 Ma) crustal (and
lithospheric) boundary. On the other hand, some
authors argue that detachment does not need to
occur immediately after subduction stops. For
example van de Zedde and Wortel [2001] show
that due to a rather long transition zone of the
lithosphere from the oceanic to continental type,
there can be a delay of millions of years. However,
according to [Ellouz and Roca, 1994; Linzer et al.,
1998], active shortening stopped at about 20 MA.
It means more than 15 million years of delay
between closing of the oceanic basin and detach-
ment of the slab. At the same time, results of
numerical modeling usually provide much shorter
time of the break-off occurrence [e.g., Buiter et al.,
2002]. Furthermore, this explanation presumes that

the detached lithosphere is not of oceanic type, but
mostly continental. The relatively low density of
this detached block prevents fast sinking which is
necessary for producing the observed high strain
rates.

[31] Detailed comparison of the intermediate-depth
seismicity with the shape of the high-velocity body
does not corroborate the idea of slab detachment.
Indeed, intermediate seismicity in classical oceanic
subduction zones is localized close to the upper
surface of a slab. In some cases, it can form double
seismic zones [e.g., Nakajima et al., 2001], how-
ever, both earthquake planes are parallel to the slab
upper interface. In the case of Vrancea, the deep
seismicity begins at a depth of 60 km where we can
still observe low velocity (in area with question
mark in Figure 8a). Deeper, the cluster is traced
down almost vertically. It passes throughout the
central part of the high-velocity ‘‘slab,’’ while in
the classical subduction model it should be ob-
served closer to the upper (left in the presented
section) border of the subducted lithosphere. Fur-
thermore, the large variety of focal mechanism
solutions for Vrancea earthquakes and the com-
plexity of the compression and tension axes ori-
entations [e.g., Enescu and Enescu, 1998] are also
difficult to explain using the framework of classical
subduction. Based on the arguments presented in
the above paragraphs, we assume that the concept of
subduction and slab detachment in the Vrancea case
contradicts some of the estimates and observations.

[32] Delamination, as an alternative to subduction
mechanism of the lithosphere ‘‘recycling’’ was

Figure 8. Interpretation cartoons based on the concept of (a) subduction and slab detachment and (b) delamination.
Background is the velocity distribution and events resulting from the tomographic inversion (P anomalies,
section A–A0), same as in Figure 7.
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initially proposed by Bird [1979] and further de-
veloped by other authors [e.g., Kay and Kay, 1993;
Sobolev et al., 2006; Babeyko et al., 2006].
According to some authors, the delamination
mechanism is suitable for the cases of the Vrancea
region [e.g., Knapp et al., 2005]. A possibility of
the two alternative mechanisms, slab detachment
and delamination, is also discussed by Russo et al.
[2005] based on attenuation of seismic waves from
deep events beneath Vrancea.

[33] Interpretation of our tomography results in
terms of delamination mechanism is presented in
Figure 8b. This scenario can be supported by results
of Babeyko et al. [2006] based on 2-D numerical
modeling [Babeyko et al., 2006, Figure 24.4]. In this
model, the crust consists of two layers: these are
felsic upper and mafic lower crust. At the initial
step of compression, the crust is laterally homoge-
neous and the lithosphere is slightly thinned in the
central part of the model. The compression causes
maximal deformations in the central part of the
model where the lithosphere is weakest [e.g.,
Lankreijer et al., 1997]. This deformation leads to
considerable thickening of the crust (both felsic
and mafic layers). Due to the deepening of the
mafic material and the changing of the P-T con-
ditions, it is transformed to eclogite, which is much
denser than the underlying lithosphere. When a
critical mass of the eclogitic lower crust is accu-
mulated, it forms a drop surrounded by unstable
lithosphere material that begins to fall. According
to estimates presented by Babeyko et al. [2006], the
sinking velocity of this drop is very high and can
reach several dozen centimeters per year. It is
obvious that such a high speed can cause abrupt
changes in P-T conditions inside the lithospheric
drop and very strong stresses that are responsible
for the active seismicity. The possibility cannot be
excluded that such a fast process leads to phase
transitions of the remaining crustal material inside
the delaminating drop, which is associated with
the release of fluids. In turn, these fluids might
decrease the melting temperature of the overlying
rocks and may lead to the formation of volcanoes
in the area similarly as in the case of oceanic
subduction. After delamination, the crust above
the falling drop consists mostly of a thick felsic
part that can be expected with low seismic veloc-
ities. Our tomographic result shows low velocities
in the crust beneath Vrancea and seems to corrob-
orate this idea. Also, Sobolev et al. [2006] have
shown that delamination leads to high topography,
which is clearly seen in the Carpathians.

[34] Inferences based on the work of Babeyko et al.
[2006] must be made with caution, as the model-
ing exercise conducted by those authors is limited
to 2-D, while in the Vrancea area the general
structures are 3-D. The natural question when
passing from 2-D to 3-D setup is whether these
falling material forms in map view isometric
‘‘drops’’ or elongated ‘‘walls.’’ Three-dimensional
modeling of Rayleigh-Taylor gravity instability
[e.g., Lorinczi and Houseman, 2009] demonstrates
the isometrical character of drops. Intuitively it is
clear that elongated ‘‘walls’’ are unlikely. Indeed,
in the case of a wet flat ceiling in a bathroom, the
drops of water fall more or less chaotically and they
are isometric. Even the existence of long beams on
the ceiling does not change this feature: the drops are
originated as isometric features located at some
distances from each other along the beams.

[35] The delamination process and slab detachment
seem to be mutually exclusive mechanisms; their
combination in the Vrancea region is not likely.
The subduction process presumes a continuous
penetration of high-velocity material into the man-
tle, while the delamination mechanism is related to
periodic falling of discrete ‘‘drops.’’ The time of
accumulation of critical mass of the eclogitic
material according to the modeling results
[Babeyko et al., 2006] is more than ten times
longer than that of its falling. We expect that in
Vrancea there is a chance to observe a rare process
of drop falling, which lasts for a relatively short
time when compared to the time of accumulation.

[36] Saying about delamination in Vrancea we
should draw parallels with other areas where sim-
ilar mechanism has been proposed by other
authors. Delamination of continental lithosphere
is a geodynamic process that has been popular
ever since a classic paper on the Colorado Plateau
[Bird, 1979]. There is a large body of literature on
the Sierra Nevada batholith where ongoing aseis-
mic delamination is proposed by Ducea and
Saleeby [1998], Gilbert et al. [2007], and many
others. A comprehensive analysis of various data
(seismicity, gravity, seismic attenuation and others)
for the Alboran Sea in western Mediterranean leads
to the conclusion about active delamination of a
piece of continental lithosphere [Seber et al.,
1996]. Complex interaction of ongoing subduction
and delamination of continental Brazilian litho-
sphere is proposed in the central Andes [e.g., Kay
and Kay, 1993; Sobolev et al., 2006]. The image of
the high-velocity anomaly beneath the Vrancea
region is somehow similar to the results obtained
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for the Pamir Hindu-Kush region [Koulakov and
Sobolev, 2006b]. We suppose that a similar delam-
ination mechanism might take place there on a
larger scale. In the Pamir Hindu-Kush region, a
large high-velocity body in the upper mantle fits
with the clusters of very active intermediate-depth
seismicity (down to 300 km). This pattern is almost
vertical and, in planar view, it is almost isometrical.
The seismicity is traced inside this body, not along
its border, as presumed in the case of subduction.
Furthermore, the subduction concept presumes the
sinking of a high-velocity oceanic lithosphere that
requires the closing of an oceanic basin in the
recent past. However, there is no geological evi-
dence for such a process in the Pamir Hindu-Kush
region in the past 50 million years.

[37] We suppose that delamination is one of the
main mechanisms of lithosphere recycling in areas
of continent-continent collision. In the Alpine-
Himalayan belt, the falling of the delaminating
drops may occur in any part of the collision zone.
However, the time of accumulation of the unstable
material is much longer than the time of falling.
Therefore, we now have a chance to observe these
drops only in two places: in Vrancea and Pamir-
Hindu-Kush. Two other areas in Asia where inter-
mediate-depth seismicity can be observed, Zagros
(Iran) and Burma, are more likely ascribed to the
classical subduction of oceanic plates.

6. Conclusions

[38] The results presented in this study, obtained
from the tomographic inversion of local data,
generally concur with the results of previous stud-
ies, showing however a more highly resolved
geometry for the crust and the upper mantle down
to about 200 km beneath the Vrancea seismic area.
Taking into account the fact that seismic tomogra-
phy is still an imperfect tool, the observed corre-
lation with the previous results is an informal
argument for the robustness of the main patterns
derived independently by different authors based
on different data sets.

[39] The main resulting feature of the tomographic
model derived in this study (as well as in most
previous studies) is a high-velocity pattern located
below a depth of 60 km, which generally coincides
with the distribution of intermediate-depth seismic-
ity. Most of the previous studies interpreted this
anomaly as a detached part of an oceanic slab. We
present several arguments that contradict this
model, such as:

[40] 1. Taking into account the considerable
descending speed of this high-velocity ‘‘oceanic
lithosphere’’ (at least 1 cm/year), the detachment
occurred not earlier than 5 million years ago, which
presumes closing of the oceanic basin at the same
time. However, there is no evidence of the exis-
tence of any oceanic basin in Vrancea in the recent
past.

[41] 2. If this body is suspended and does not move
down, no seismic activity would be observed in
such a steady state system.

[42] 3. The seismicity cluster passes through the
central part of the high-velocity body, and is not
located close to its upper surface, as presumed by
subduction.

[43] We propose an alternative concept of delam-
ination, which can explain most of the existing
facts. According to this concept, we currently
observe a falling ‘‘drop’’ consisting of eclogitic
lower crust material surrounded by untrained lith-
osphere material. This delamination occurs after a
long stage of accumulation of denser eclogitic
material in the bottom of the crust. These eclogites
are the result of phase transition in the mafic layer
due to the thickening of the crust. We propose that
this process of accumulation and delamination of
eclogitic material might take place in most zones of
continent-continent collision. However, the active
phase of the falling ‘‘drop,’’ which is relatively
short compared to the phase of accumulation, is
currently observed only in few places (e.g., Hindu-
Kush and Vrancea). We hypothesize that delami-
nation, and not subduction, is the main mechanism
of recycling the lithosphere material in the conti-
nent-continent collisional belts.

Appendix A: Inversion for Vp-Vp/Vs
Scheme

[44] Besides the main results which were obtained
using the Vp-Vs inversion scheme shown in
section 4.2 (Figures 5–7) we present the results
computed independently according to Vp-Vp/Vs
scheme. The values of the Vp/Vs ratio in horizontal
sections derived by inverting the Vp and Vp/Vs
ratio are presented in Figure A1. Values of Vp, Vs
and Vp/Vs in a vertical section A–A0 are shown in
Figure A2. Note that in this case, values of Vs are
computed by dividing the resulting Vp by Vp/Vs.
Distributions of Vs derived from Vp-Vs and Vp-
Vp/Vs schemes are compared in two horizontal
sections in Figure A3. The results obtained using
the two schemes show similar features for the S
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velocity anomaly, however only at a qualitative
level. Although we performed calculations for a
dozen sets of free parameters (amplitude damping,
smoothing and weighting balance between Vp and
Vp/Vs ratio) in each case, we could not achieve an
ideal correlation of the amplitudes and shapes of
the anomalies. The difference between the results
obtained using the two inversion schemes could be
related to fundamental differences in the two

approaches, namely, minimizing the P and S resid-
uals and the differential P-S residuals.

Appendix B: Effect of the Starting
Velocity Model Upon the Resulting
3-D Velocity Anomalies

[45] In section 4.1 we discussed the problem of the
relatively low stability of the 1-D reference model

Figure A1. Vp/Vs ratio in horizontal sections derived from the ‘‘Vp-Vp/Vs’’ inversion scheme. Dots depict the
relocated sources around the corresponding depth levels.

Figure A2. P and S velocity anomalies and Vp/Vs ratio derived from the ‘‘Vp-Vp/Vs’’ inversion scheme in the
vertical section A–A0 shown in Figure 5. Dots depict the relocated sources at distances of less than 40 km from the
profile.
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optimization. It is important to check how the
uncertainty of absolute velocity determination in
the starting model for the 3-D inversion affects the
relative velocity anomalies. To answer this ques-
tion, we have performed the full iterative inversion
with the same free parameters as for the model
presented in Figures 5–7, but based on a different
reference model (model 1, blue line in Figure 4a).
The resulting patterns in this case, as shown in
Figure B1, are almost identical to those in the main
model (Figures 5–7), and the RMS value, which is
reported in Table 3, is not considerably different. It
shows that the relative perturbations are much
more robust than the absolute velocity values. A

similar observation has been made by Koulakov et
al. [2007].

Appendix C: Odd/Even Test

[46] Study of the posterior residuals after the in-
version shows that the data set used in this study is
rather noisy. The contribution of the random noise
upon the final result can be estimated using the
‘‘odd/even test’’ (see also section 4.1). The inver-
sion procedure is identical to the one used to derive
the major results (Figures 5–7) and includes the
step of 1-D model optimization. The resulting 1-D
distributions for the odd and even data subsets are

Figure A3. S velocity anomalies obtained using the inversion schemes (top) for Vp-Vp/Vs and (bottom) for Vp-Vs
in two horizontal sections. Dots depict the relocated sources around the sections.
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shown in Figure 4b. It can be seen that despite
some discrepancies in the models in the crust, for
the major parts the curves appear similar. The
results of 3-D P and S velocity reconstructions
for the two subsets are presented in horizontal and
vertical sections in Figures C1 and C2. Looking at
these images, one can immediately identify which
anomalies are trustworthy andwhich ones are caused
by noise. For example, at a depth of 30 km, the
patterns that are smaller than 30 km are probably
not robust. At the same time, a large negative
anomaly in the central part of the study area seems
to be reliable. Most importantly, the positive anom-
aly patterns in lowest sections seem to be robust in
both shape and amplitude. Comparing these test
results with the main results presented in section 4.2

shows that halving the data set also has some effect
upon the results and makes the solution less stable.

Appendix D: Checkerboard Test

[47] To assess the spatial resolution of the model
we performed a synthetic test using the standard
checkerboard input model with alternating positive
and negative velocity variation patterns. When
performing the synthetic modeling, it is important
to carry out the simulations in a manner as close as
possible to observed data processing. In particular,
it is necessary to adhere to several rules:

[48] 1. The parameterization of the synthetic model
used for the forward calculation of the travel times
should be different from that used during the

Figure B1. P and S velocity anomalies from Vp-Vs inversion based on another reference model. Dots depict the
relocated sources around the sections.
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Figure C1
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inversion. For example, defining the synthetic
patterns in the same parameterization nodes/blocks
used for inversion is not appropriate as it fixes the
periodicity of anomalies in the most convenient
way for the algorithm. In reality, such predefinition
of structural periodicity is, of course, not available.

[49] 2. The concept of the optimal 1-D model used
for computing synthetic times should be substituted
with a more realistic acceptance of starting from an
approximated 1-D model. It was showed that in
terms of relative variation of velocity, the results
are not affected by this choice [Koulakov, 2009].

[50] 3. After computing the synthetic travel times,
the coordinates and origin times of sources should
not be used in the inversion procedure. In fact,
ideally, the synthetic data file should not contain
any information about the sources, and their loca-
tion should begin from the initial stage. However,

one can also begin the inversion procedure using
the rough source locations in the 1-D velocity
model because they are generally different from
the ‘‘true’’ 3-D locations, thus respecting the rule.

[51] 4. When reconstructing the synthetic model,
all parameters and procedural steps should be
absolutely identical to observed data processing.

[52] The synthetic testing performed according to
these rules allows not only the assessment of the
resolution of the model, but also estimation of
optimal values of the free inversion parameters
(e.g., amplitude damping and smoothing), which
can be then used to enhance the real data results.
For this study, we inverted synthetic and observed
data in turn several times to obtain the best values
for the parameters.

[53] The synthetic travel times are computed by
bending ray tracing through the synthetic model,

Figure C2. Same as Figure C1 but presented in a vertical section. Location of the section is indicated in Figure C1.

Figure C1. Odd-even test. Results for two halved subsets are presented for P and S anomalies in three horizontal
sections. Dots depict the relocated sources around the sections.
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which is represented by alternating positive and
negative velocity anomalies summed up with the
1-D velocity model indicated in Figure 4c by a red
line. Laterally, the size of the patterns is 30 km
along the latitude and longitude. In the vertical
direction the change of sign is defined at 65 km and
140 km depth. The configuration of the model is
shown in Figure D1 with thin black lines in map
view and in vertical sections. The amplitudes of the
anomalies were ±5% and ±7% for P and S models,
respectively. The computed synthetic times were
perturbed with random noise that have a realistic
distribution histogram constructed previously from
analyses of many different actual data sets. This
histogram is slightly biased with respect to the
traditionally used normal Gaussian distribution.
The average amplitude of noise was defined at
0.1 s and 0.15 s for P and S synthetic travel time
data, respectively.

[54] The reconstruction begins with the relocation
of the sources and the optimization of the 1-D
velocity model. We have performed the reconstruc-
tions with two starting models, which are indicated
in Figure 4c by violet and green lines. Here, we
present the result that corresponds to the violet
lines; however, for the other case, the obtained

anomalies are identical. This shows again that the
tomography inversion for this observation scheme
provides the relative anomalies more robustly than
absolute velocities, which should be interpreted
carefully. The results of reconstructed P and S
anomalies in the checkerboard tests are shown in
Figure D1 in map view at depths between 30 and
110 km and in two vertical sections. It can be seen
that in the upper section the periodic anomalies are
reconstructed in most parts of the study area, while
for the deeper layers the anomalies are recon-
structed only in the central part where earthquakes
occur. We detect some diagonal smearing that
should be taken into account when real data results
are interpreted. In vertical sections, both P and S
models demonstrate a rather robust reconstruction
of the level at 65 km where checkerboard anoma-
lies change sign. This seems to be important for
considering the real data results where a change of
sign also takes place at this depth.

Appendix E: Reconstruction of Realistic
Patterns

[55] The result of seismic tomography inversion is
like a photograph taken by a camera with a blurred

Figure D1. Checkerboard test performed according to Vp-Vs scheme in (top) two horizontal sections and (bottom)
two vertical sections. Initial synthetic patterns are highlighted with thin black lines. Locations of the profiles are
indicated in all maps. Relocated sources are shown with black dots.
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and deformed lens, which biases the shapes and
‘‘colors’’ (amplitudes) of the true images. There-
fore, it appears to be inadequate to report the
quantitative parameters obtained after inversion of
observed data as real data. We propose a test that
allows for the investigation of the properties of the
‘‘camera’’ (inversion algorithm) and to retrieve
information about probabilistic shapes and ampli-
tudes of velocity anomalies on Earth. Furthermore,
this test allows us to find the optimal values of free
parameters (e.g., damping) used for inversion.

[56] The purpose of this test is to build a synthetic
model, which, after performing forward and inverse
modeling, reproduces similar patterns as in the case
of observed data inversion. Note that the inverse
procedure (tomography + source location) should
be performed absolutely identically and with the
same free parameters as in the case of observed
data. The initial locations of sources and ‘‘true’’
reference model should be ‘‘forgotten.’’ Further-
more, after computing synthetic travel times, a
random noise should be added, and its level is
defined to provide the similar variance reduction,
as in reality. When the inversion resembles the

retrieved models in both the real and synthetic
cases, the synthetic model may adequately reflect
the structures on the real Earth. However, we admit
that this procedure is theoretically nonunique and
several models may lead to similar reconstructions.
For example, such nonuniqueness due to vertical
smearing was shown with two models for the Toba
area, N. Sumatra [Koulakov et al., 2009]. This
modeling allows us to investigate this effect and
take it into account.

[57] The synthetic model with realistic patterns for
P wave velocity anomalies is shown in horizontal
and vertical sections in Figures E1 and E2. For the
S model, the shape of patterns remained the same,
but the amplitudes were 20–30% higher. The
anomalies are defined in prisms that may have a
complex shape when seen in map view and remain
unchanged within a fixed depth interval. The
prisms are defined in the depth ranges indicated
in Figure E1, except for one deep high-velocity
anomaly, which is defined from 100 to 200 km. We
performed several trials testing the, shapes and
amplitudes of the synthetic patterns. The final
model, which is presented in Figures E1 and E2,

Figure E1. Synthetic test aimed at reproducing the results of the real experiment. Only results for P velocity
modeling are shown in horizontal sections. (top) Synthetic model defined in 3-D prisms. Values of anomalies are
indicated by nu anomalies; depth diapason of prism definition is given above each plot. (bottom) Reconstruction
results for P velocity anomalies and source locations (black dots).
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is quite similar to the actual anomalies shown in
Figures 5 and 7.
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