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ABSTRACT

Mantle heterogeneities imaged by seismic tomography in the SE-Carpathians contain
information on the present thermal state of the mantle. We develop a model of the present
crustak and mantle temperature beneath the region based on P-wave seismic velocity
anomalies and constrained by heat flow data. The present model temperatures are assimilated
into the geological past using the information on the history of the regional movement in the
Early and Middle Miocene. Prominent thermal states of the lithospheric slab descending in
the region are restored from its diffuse present state. In Miocene times the slab geometry
clearly shows two portions of the sinking body. The northwest-southeast oriented portion of
the body is located in the vicinity of the boundary between the East European and Scythian
platforms, and this portion of the sinking body may be a relic of cold lithosphere that has
traveled eastward. Another portion has a northeast-southwest orientation and is related to the
present descending slab. Above a depth of 60 km the dlab had a concave thermal shape,
confirming the curvature of the Carpathian arc, and a convex surface below that depth. The
slab maintained its convex shape until it split into two parts at a depth of about 220 km. We
propose that this change in the slab geometry, which is likely to be preserved until the
present, can cause stress localization due to the slab bending and subsequent stress release
resulting in large mantle earthquakes in the region. Our results also support the hypothesis of
dehydration and partial melting of the descending lithosphere as the cause of the reduction in

seismic velocities beneath the Transylvanian Basin.
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INTRODUCTION

Repeated large intermediate-depth earthquakes in the southeastern (SE-) Carpathians
(the Vrancea region) cause destruction in Bucharest, the capital city of Romania, and shake
central and eastern European cities several hundred kilometers away from the hypocenters of
the events. The earthquake-prone Vrancea region (Fig. 1) is bounded to the north and
northeast by the Eastern European platform (EEP), to the east by the Scythian platform
(SCP), to the south-east by the Dobrogea orogen (DOB), to the south and south-west by the
Moesian platform (MOP), and to the north-west by the Transylvanian basin (TRB). The
epicenters of the sub-crustal earthquakes in the Vrancea region are concentrated within a very

small seismogenic volume about 70 km x 30 km in planform and between depths of about 70

and 180 km. Below this depth the seismicity ends suddenly: one seismic event at 220 km
depth is an exception (Oncescu and Bonjer, 1997). Vrancea earthquakes occur in response to
stresses generated in the descending lithospheric slab at these depths.

The 1940 My=7.7 earthquake gave rise to the development of a number of
geodynamic models for this region. McKenzie (1972) suggested that this seismicity is
associated with arelic slab sinking in the mantle and now overlain by continental crust. The
1977 large earthquake and later the 1986 and 1990 earthquakes again raised questions about
the nature of the earthquakes. A seismic gap at depths of 40-70 km beneath Vrancea led to
the assumption that the lithospheric slab had already detached from the continental crust
(Fuchs et al., 1979). Oncescu (1984) proposed that the intermediate-depth events are
generated in a zone that separates the sinking slab from the neighboring immobile part of the
lithosphere rather than in the sinking slab itself. Linzer (1996) explained the nearly vertica
position of the Vrancea dab as the final rollback stage of a small fragment of oceanic
lithosphere. Various types of slab detachment or delamination (e.g., Girbacea and Frisch,

1998; Wortel and Spakman, 2000; Gvirtzman, 2002; Knapp et al., 2005; Sperner et al., 2005)



have been proposed to explain the present-day seismic images of the descending slab. Most
recently Cloetingh et al. (2004) argue in favor of the complex configuration of the
underthrusted lithosphere and its thermo-mechanical age as primary factors in the behavior of
the descending dab after continental collision. The origin of the descending lithosphere in the
region, i.e., whether the Vrancea slab is oceanic or continental, is still under debate. Pana and
Erdmer (1996) and Pana and Morris (1999) argue that because there is no geologica
evidence of Mesozoic oceanic crust in the eastern Carpathians, the descending lithosphere is
likely to be thinned continental or transitional lithosphere.

The Neogene to Late Miocene (ca. 11 Myr) evolution of the Carpathian region is
mainly driven by the northeastward and later eastward roll-back or dlab retreat (Royden,
1988; Sperner et a., 2001) of a Carpathians embayment, consisting of the last remnants of an
oceanic or thinned continental domain attached to the European continent (e.g., Balla, 1987,
Csontos et a., 1992). When the European continent started to enter the subduction zone, the
buoyancy forces of the thick continental crust exceeded the slab pull forces and convergence
stopped after only a short period of continental thrusting (Sperner et al., 2005). Continental
convergence in the SE-Carpathians ceased about 11 Ma (Jiricek, 1979; Csontos et a., 1992),
and after that the lithospheric dlab descended beneath the Vrancea region due to gravity. The
hydrostatic buoyancy forces promote the sinking of the slab, but viscous and frictional forces
resist the descent. The combination of these forces produces shear stresses at intermediate
depths that are high enough to cause earthquakes (Ismail-Zadeh et a., 2000, 2005b).

The principal aim of this paper is to present a quantitative model of the thermal
evolution of the descending dab in the SE-Carpathians using a novel approach for
assimilation of present crust/mantle temperature and flow in the geological past (Ismail-
Zadeh et a., 2007). The model of the present temperature of the crust and upper mantle is

estimated from body wave seismic velocity anomalies and heat flux data and is assimilated



into Miocene times. We restore mantle thermal structures and analyze them in the context of

modern regional geodynamics.

PRESENT TEMPERATURE MODEL

Temperature is a key physical parameter controlling the density and rheology of the
Earth’s material and hence crustal and mantle dynamics. Besides direct measurements of
temperature in boreholes in the shallow portion of the crust, there are no direct measurements
of deep crustal and mantle temperatures, and therefore the temperatures must be estimated
indirectly from seismic wave anomalies, geochemical data, and surface heat flow
observations.

We develop a model of the present crustal and mantle temperature beneath the SE-
Carpathians using the most recent high-resolution seismic tomography image (map of the
anomalies of P-wave velocities) of the lithosphere and asthenosphere in the region (Martin et
a., 2005, 2006). The tomography image shows a high velocity body beneath the Vrancea
region and the Moesian platform interpreted as the subducted lithospheric dab (Martin et al.,
2006). The seismic tomographic model of the region consists of eight vertical layers of
different thickness (15 km up to 70 km) starting from the depth of 35 km and extending down
to a depth of 440 km. Each layer is subdivided horizontally into 16x16-km? blocks. To
restrict numerical errors in our data assimilation we smooth the velocity anomaly data
between the blocks and the layers using a spline interpolation.

We follow the methodology by Goes et al. (2000) and Ismail-Zadeh et a. (2005a) for
the inference of temperature estimations from seismic wave anomalies and consider the
effects of mantle composition, anelasticity, and partial melting on seismic velocities (see

Appendix A). The temperature in the crust is constrained by measurements of surface heat



flux corrected for paleoclimate changes and for the effects of sedimentation (Demetrescu et
al., 2001).

Depth dlices of the present temperature model are illustrated in Fig. 2. The pattern of
resulting mantle temperature anomalies (predicted temperature minus background
temperature) is similar to the pattern of observed P-wave velocity anomalies (Martin et al.,
2006), but not an exact copy because of the nonlinear inversion of the seismic anomalies to
temperature. The low temperatures are associated with the high-velocity body beneath the
Vrancea region (VRA) and the East European platform (EEP) and are aready visible at
depths of 50 km. The dlab image becomes clear at 70-110 km depth as a NE-SW oriented
cold anomaly. With increasing depth (110-200 km depth) the thermal image of the dlab
broadens in NW-SE direction. The orientation of the cold body changes from NE-SW to N—
S below the depth of 200 km. The dab extends down to 280-320 km depth beneath the
Vrancearegion itself. A cold anomaly beneath the Transylvanian Basin is estimated at depths
of 370-440 km. According to Wortel and Spakman (2000) and Martin et al. (2006) this cold
material can be interpreted as a remnant of subducted lithosphere detached during the
Miocene along the Carpathian Arc and residing within the upper mantle transition zone. High
temperatures are predicted beneath the Transylvanian Basin (TRB) at about 70-110 km depth.
Two other high temperature regions are found at 110-150 km depth below the Moesian
platform (MOP) and deeper than 200 km under the EEP and the Dobrogea orogen (DOB),

which might be correlated with the regional lithosphere/ asthenosphere boundary.

DATA ASSIMILATION

Data assimilation in geodynamical models can be defined as the incorporation of
geophysical observations at present and initial physical conditions in the past into a dynamic

guantitative model to provide time continuity and coupling among the geophysical fields



(e.g., temperature, velocity). The basic principle of data assimilation is to consider the initia
temperature in the geological past as a control variable and to optimize the initial temperature
in order to minimize the discrepancy between the observations and the solution of the
dynamic model (e.g., Bunge et a., 2003; Ismail-Zadeh et a., 2003). Once the initia
temperature is determined, the thermal evolution of the mantle can be analyzed (e.g., mantle
plume evolution, Ismail-Zadeh et al., 2004, 2006).

To assimilate present temperature and mantle flow beneath the SE-Carpathians, we
consider a rectangular three-dimensional domain Q =[0,x =1,]x[0,x, =1,]x[0, %, =h] and
solve numerically, backward in time, the momentum, continuity, and regularized heat

equations in the Boussinesq approximation within the model domain (Ismail-Zadeh et al.,

2007):
VP =div[n(T)E(u)]+ RaTe, xe Q, (1)
divu=0, xe Q, (2
OT /ot+u-VT =V2T — SA(JT /dt), te[0,8], Xe Q (3)

with appropriate boundary and initial conditions. Here x=(x1, X2, X3), u=(Us, Uz, Ug), t, T, P,
and 7 are the dimensionless Cartesian coordinates, time, velocity, temperature, pressure, and
viscosity, respectively; e=(0,0,)) is the unit vector; E=g;(u) ={du /dx, +au,/ox} is the
strain rate tensor; V is the gradient operator; div is the divergence operator; [t=0, t=2] is
the model time interval; A(T)=0%T /9% +9*T/ox; +0T/ox3, and B is the
regularization parameter. The Rayleigh number is defined as Ra = agp,4 ATh%4 k™, where
o is the thermal expansivity, g is the acceleration due to gravity, pr« and g are the
reference density and viscosity, respectively; AT is the temperature contrast between the

lower and upper boundaries of the model domain; and x is the thermal diffusivity. Length,



temperature, and time are normalized by h, AT, and h*™, respectively. The physica
parameters of the fluid (temperature, velocity, pressure, viscosity, and density) are assumed
to depend on time and on space coordinates. Parameters used in the modeling are listed in
Table 1. We consider a temperature-dependent Newtonian rheology for the crust and mantle,
although the mantle rocks exhibit more complex rheological properties:

n=14exp(Q/(T /T4 +G)—q/(0.5+G)), 4
where Q =[225/In(r)] —0.25In(r), G =15/In(r) — 0.5, r =1000 (Busse €t al., 1993).

Our ahility to reverse mantle flow is limited by our knowledge of past movements in
the region, which are well constrained only in some cases. In redlity, the Earth’s crust and
lithospheric mantle are driven by the gravitational pull of dense descending slabs. However,
when a numerical model is constructed for a particular region, external lateral forces can
influence the regional crustal movements and hence the style of subduction (flat versus steep
subduction). Yet in order to make useful predictions that can be tested geologicaly, a time-
dependent numerical model should include the history of surface motions. Since this is not
currently achievable in a dynamical way, it is necessary to prescribe surface motions using
velocity boundary conditions.

The simulations are performed backward in time for a period of 22 Myr. We assume
perfect dlip conditions at the vertical and lower boundaries of the model domain. For the first
11 Myr (starting from the present time), when the rates of continental convergence were
insignificant (Jiricek, 1979; Csontos et a., 1992), no velocity is imposed at the surface, and
the boundary conditions are free dip. We impose the northwestward vel ocity in the portion of
the upper model boundary (Fig. 3a) for the time interval from 11 Myr to 16 Myr and
westward velocity in the same portion of the boundary (Fig. 3b) for the interval from 16 Myr

to 22 Myr. The velocities are consistent with the direction and rates of the regionad



convergence in the Early and Middle Miocene (Morley, 1996; Figenschuh and Schmid,
2005; Sperner, 2005).

The heat flux through the vertical boundaries of the model domain is set to zero. The
upper and lower boundaries are assumed to be isothermal surfaces. The present temperature
above 440 km depth is derived from the seismic velocity anomalies. We use the adiabatic
geotherm for potential temperature 1750 K (Katsura et al., 2004) to define the present
temperature below 440 km (where seismic tomography data are not available).

Equations (1)-(4) with the prescribed boundary and initial conditions are solved
numerically by the Eulerian spline finite-element and finite-difference methods. The reader is
referred to Ismail-Zadeh et a. (2007) for details of the numerica approach to data
assimilation. To estimate the accuracy of the results of data assimilation, we employ the
temperature and mantle flow restored to the time of 22 Myr ago as the initial condition for a
model of the slab evolution forward in time, run the model to the present, and analyze the
temperature residual (the difference between the present temperature and that predicted by
the forward model). The maximum temperature residua is estimated to be about 40 degrees.

A sensitivity analysis was performed to understand how stable is the numerical
solution to small perturbations in input temperature. The present model temperature has been
perturbed randomly by 0.5 to 2% and then assimilated to the past. We found a small misfit
between the restored temperature related to the randomly disturbed present temperature and

that related to the undisturbed present temperature.

WHAT THE PAST TELLSUS

We assimilate the present temperature model into Miocene times to restore the prominent
thermal features of the lithospheric dab in the SE-Carpathians (Fig. 4). Although there is

some evidence that the slab was already partly subducted some 75 Myr ago (e.g., Sandulescu,
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1988), the assimilation interval is restricted in this study to the Miocene, because the pre-
Miocene evolution of the descending slab, as well as the regional horizontal movements, are
poorly known. Incorporation of poor knowledge into the assimilation model could result in
incorrect scenarios of mantle and lithosphere dynamics in the region. Therefore, we have
avoided assimilation of the data beyond Miocene time.

Early Miocene subduction beneath the Carpathian arc and the subsequent gentle
continental collision transported cold and dense lithospheric material into the hotter mantle.
The cold (blue to dark green) region seen at depths of 40 km to 220 km (Fig. 4b-d) can be
interpreted as the earlier evolutionary stages of the lithospheric slab. The dlab is almost
invisible at shallow depth in the model of the present temperature (see relevant dices in Fig.
2 and Fig. 44). Since active subduction of the lithospheric dlab in the region ended in Late
Miocene time and earlier rates of convergence were low before it, we argue that the cold dlab,
descending slowly at these depths, has been warmed up, and its thermal shape has faded due
to heat diffusion. Thermal conduction in the shallow Earth (where viscosity is high) plays a
significant part in heat transfer compared to thermal convection. The deeper we look in the
region, the larger are the effects of thermal advection compared to conduction: the lithosphere
has moved upwards to the place where it had been in Miocene times. Below 280 km depth
the thermal shape of the dab is clearly visible at the dlices of the present temperature model
(Figs. 2 and 4a), but it is nearly invisible at the dlices of the restored temperature model (Fig.
2b-d), because the slab did not reach these depths in Miocene times.

The geometry of the restored slab (based on the 900 K temperature isotherm) clearly
shows two parts of the sinking body (Fig. 4, b-d). The NW-SE oriented part of the body is
located in the vicinity of the boundary between the EEP and Scythian platform (SCP) and
may be a relic of cold lithosphere that has traveled from the east. Another part has a NE-SW

orientation and is associated with the present descending slab. The geometry shows that the
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restored dlab is laterally thin compared to the present thick slab at depths below 90 km. This
can be explained by the fact that a slab descending into the mantle thickens with depth and
devel ops a sheath of lithospheric material with time (e.g., Ismail-Zadeh et al., 2005b).

An interesting geometrical feature of the restored slab is its curvature beneath the SE-
Carpathians. In Miocene times the slab had a concave surface confirming the curvature of the
Carpathian arc down to depths of about 60 km. At greater depths the slab changed its shape to
that of a convex surface and split into two parts at a depth of about 200 km. Although such a
change in dab curvature is visible neither in the model of the present temperature nor in the
seismic tomography image most likely because of dab warming and heat diffusion, we
suggest that the convex shape of the dab is likely to be preserved at the present time. We
argue that this change in the geometry of the descending slab can cause stress localization
due to slab bending and subsequent stress release resulting in earthquakes, which occur at
depths of 70 to 180 km in the region. Moreover, the results of the assimilation of the present
temperature model to Miocene time provide a plausible explanation for the change in the
gpatial orientation of the slab from NE-SW to NS beneath 200 km observed in the seismic
tomography image (Martin et al., 2006).

The dab bending might be related to a complex interaction between two parts of the
sinking body and the surrounding mantle. The sinking body displaces the mantle, which, in
its turn, forces the dlab to deform due to corner (toroidal) flows different within each of two
sub-regions (to NW and to SE from the present descending slab). Also, the curvature of the
descending slab can be influenced by slab heterogeneities due to variations in its thickness
and viscosity (Cloetingh et a., 2004; Morraet al., 2006).

Martin et al. (2006) interpret the negative velocity anomalies NW of the present slab
at depths between 70 and 110 km (see the relevant temperature dlices in Figs. 2 and 4a) as a

shallow asthenospheric upwelling associated with possible slab rollback. Also, they mention
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partial melting as an additional contribution to the reduction of seismic velocities at these
depths. The results of our assimilation show that the descending slab is surrounded by a
narrow border of hotter rocks at depths of 70 to 110 km (the temperature difference between
the slab and its surroundings is up to 500 K). Although we do not consider the effects of dab
dehydration or partial melting in the modeling, the numerical results obtained support the
hypothesis of dehydration of the descending lithosphere and its partial melting as the primary
source of reduction of seismic velocities at these depths and probably deeper (see temperature
dices at the depths of 130 to 220 km). Some areas of high temperature at depths below 280
km can be associated with mantle upwelling in the region. High-temperature anomalies are
not clearly visible in the restored temperatures at these depths, because the upwelling was

likely not active in Miocene times.

DISCUSSION AND CONCLUSION

Several processes contribute to the stress generation and its release in the Vrancea
region. Among the processes are buoyancy, viscous and frictional forces (Ismail-Zadeh et al.,
2000; 2005a,b), plastic instability at high temperature (Griggs and Baker, 1969), faulting due
to metamorphic phase transitions (Green and Burnley, 1989; Ismail-Zadeh et al., 2000), and
dehydration-induced embrittlement (Ismail-Zadeh et al., 2000; Hacker et al., 2003). We
suggest here that bending forces can contribute to the stress field of the descending
lithosphere in the SE-Carpathians. The images of the restored earlier stages of the thermal
evolution of the mantle in the region show that the descending lithospheric slab changes its
curvature from a concave to convex shape, and the area of the maximum bending coincides
with the area of intermediate depth Vrancea earthquakes. A concentration of earthquakes
associated with slab bending is also seen in other subduction zones, most prominently at the

Fiji end of the Tonga slab (Chen and Brudzinskii, 2001).
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The negative seismic velocity anomalies and high temperatures beneath the TRB are
likely associated with the processes of dehydration and partial melting of wet rocks in the
descending lithosphere, rather than with dlab rollback and asthenospheric upwelling. An
analysis of high-resolution seismic wave attenuation and P- and S-wave seismic tomography
images combined with mineral physics can provide estimates of water and melt contents in
the region.

Using data assimilation we have shown that the geometry of the mantle structures
changes with time, diminishing the degree of surface curvature of the structures. Like Ricci
flow, which tends to diffuse regions of high curvature into ones of lower curvature
(Hamilton, 1982; Perelman, 2002), heat conduction smooths the complex thermal surfaces of
mantle bodies. Present seismic tomography images of mantle structures do not allow
definition of the sharp shapes of these structures. Assimilation of mantle temperature and
flow to the geological past instead provides a quantitative tool to restore thermal shapes of
prominent structures in the past from their diffusive shapes at present.

There are at least two sources of error in data assimilation (apart from the errors
associated with the numerical modeling): data misfit related to the uncertainties in the present
temperature distribution and/or in the surface movements and errors due to the uncertainties
ininitia and boundary conditions.

Many models of mantle temperature are based on the conversion of seismic
tomography data. The key to an appropriate interpretation of seismic velocity anomalies in
tomographic studies is a detailed resolution analysis. Martin et a. (2006) studied the
theoretical resolution of their tomography model for the SE-Carpathians by analyzing the
resolving width (RW) functional. The RW functional presents the quality of the resolution for
the velocity at predefined nodes:. its values decrease for well-resolved nodes and increase

with the amount of smearing. Figure 2 presents the areas, bounded by the white contour lines,
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where the values of the RW functional do not exceed 4.0 (compared to 2.0 in the best case
and 8.0 in the worth case of the tomography resolution). Therefore, the results of temperature
conversion from the seismic tomography model of Martin et al. (2006) should be reliable, at
least in the areas of high tomography resolution.

Other sources of uncertainty in the modeling of mantle temperature come from the
choice of mantle composition, the seismic attenuation model, and poor knowledge of the
presence of water at mantle depths. There are no available data on the composition of the
mantle beneath the SE-Carpathians, except a few petrological studies of igneous rocks from
the Neogene eastern Carpathian volcanic zone (Nitoi et al., 2002). The drop of electrical
resistivity below 1 Q m (Stanica and Stanica, 1993) can be an indicator of the presence of
fluids (due to dehydration of mantle rocks) below the SE-Carpathians, however, the
information is very limited and cannot be used in quantitative modeling. Therefore, if the
present mantle temperature model is biased, the information can be improperly propagated to
the geological past.

The conditions at the boundaries of the model domain used in the data assimilation
are, of course, an approximation to the real temperature, heat flux, and movements, which are
practically unknown and, what is more important, may change over time at these boundaries.
The results of data assimilation will hence depend on the model boundary conditions.
Moreover, errors associated with the knowledge of the temperature (or heat flux) evolution or
of the regiona horizontal surface movements can propagate into the past during data
assimilation.

Though interpretation of seismic tomography in terms of temperature and temperature
assimilation are somewhat uncertain, we believe that data assimilation is useful for improving
our understanding of the thermal and dynamic evolution of the Earth’s crust and mantle. New

high-resolution experiments on seismic wave attenuation, improved knowledge of crustal and
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mantle mineral composition, accurate GPS measurements of regional movements, and precise
geological paleoreconstructions of crustal movements in the SE-Carpathians will help refine

the present model and our knowledge of the regional thermal evolution.
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APPENDIX A: INVERSION OF P-WAVE SEISMIC VELOCITY ANOMALIESINTO

TEMPERATURE

Non-linear teleseismic body wave tomography with data of the 1999 Carpathian Arc
Lithosphere X-Tomography experiment in Romania provides high-resolution imaging of the
upper-mantle structure (Martin et al., 2006). 194 teleseismic events are used for the seismic
tomography study in the SE-Carpathians. All data were recorded at the 110 seismic stations
(including 24 broad-band stations with a sampling rate 250 Hz in the field), which were
located densely around the Vrancea region. All seismograms were bandpass filtered between
0.5-2 Hz to enhance the suitable phases P and PKP, and all earthquake hypocenters were
taken from the relocated earthquake catalogue of Engdahl et al. (1998). Source effects and
path effects between source and model are effectively removed in tel eseismic tomography by
using weighted relative residuals for each event (e.g., Evans and Achauer, 1993). Smearing

from strong crustal velocity anomalies into the upper mantle was suppressed by travel-time
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corrections with a priori three-dimensiona regiona crustal velocity model (Martin et al.,
2005). Travel-time residuals were calculated relative to the IASPI1 earth model (Kennett and
Engdahl, 1991).

The seismic velocity anomalies in the upper mantle can be attributed to variations in
temperature (Forte et al., 1994, 1995), athough several factors other than temperature can
also exert an influence on seismic velocity, e.g., composition (Griffin et al., 1998),
anelasticity (Karato, 1993), and presence of melt or water (Karato, 2004). Therefore, in the
forward modeling of synthetic P-wave seismic velocity anomalies beneath the SE-
Carpathians we consider the effects of anharmonicity (composition), anelasticity and partial
melting on seismic velocities.

The anharmonic (frequency independent and non-attenuating) part of the synthetic
velocities is calculated on the basis of published data on laboratory measurements of density
and elastic parameters of the main rock-forming minerals (Bass, 1995) at various
thermodynamic conditions. We accept the following model of a composite mineralogy:
57.9% Ol, 16.3% CPx, 13.5% Opx, and 12.3% Gt for the crust and mantle (Green and
Falloon, 1998) and 69% Ol, 10% CPx, 19% Opx, and 2% Gt for the slab (Agee, 1993). For

each single mineral constituting the models of crust/mantle composition density p , thermal
expansivity «, the elastic bulk modulus K and shear modulus # and their pressure and

temperature derivatives should be estimated at ambient condition (To, Pp) to determine the
anharmonic part of the velocity Vo depending on temperature T and pressure P (Goes et al.,
2000).

Viscoelastic relaxation at high temperature leads to frequency dependence of seismic
wave velocities and attenuation of seismic waves (e.g., Kanamori and Anderson, 1977

Karato, 1993). Shear anelasticity in minerals at high temperatures and low frequencies can be
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represented by the following relationship: Q,(@,P,T) = B&® exp(%), where the Q-factor
is defined as the ratio of elastic energy stored in a system to the energy loss per unit cycle, B
(=0.148) is a normalization factor, w (=1 Hz) is the frequency, a (=0.15) is the exponent
describing the frequency dependence of the attenuation, H (=5x10°Jmol™) is the activation
enthalpy, and R is the universal gas constant. The values for B, a, and H are based on various
experimental data (e.g., Karato, 2004). The frequency is consistent with the seismic
frequency of PREM (Dziewonski and Anderson, 1981) and AK135 (Montagner and Kennett,

1996). Therefore, the synthetic velocity Vs, accounting for the anelasticity can be calculated

as

_ _QY(@,PT)
VSVn(P1T) _Vanh(P’T)|:1 Ztan(ﬂ_alz)} ’

where Q= (1-L)Q +LQ,", L=4vZ/3vZ, and Q = 57822 (Dziewonski and Anderson,
1981). Once the synthetic velocities are calculated for a first-guess temperature, an iteration

process is used to find the temperature T" =T, +JT", minimizing the difference between
the synthetic oV, = (Vyn(P.T ) ~Vau(P.T)) Ny (P.T ;) and ‘observed 8V, (in seismic

tomography experiments) velocity anomalies:

V.
a‘r"+1=a“r"+Fd(a\/obs—a\/M)/ Srmina T<Ty,

N+ n av n aV n .
OT™ = 6T +Fd(évobs—évwn—a;n5mj/ a_Fy —min at T>T,,
V.
where F, __rmai2 is the damping factor. The values u are obtained
™ tan(ral 2) oom

experimentally (Sato et al., 1989), and 6m is the degree of partial melting obtained from

McKenzie and Bickle (1988). We used the solidus temperature T, of a dry peridotite
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(Takahashi, 1986). The laterally averaged temperature in the crust and mantle modeled by

Demetrescu and Andreescu (1994) was chosen as the background temperature T, for the

inversion of seismic velocity anomalies to temperature (see Fig. 3, Ismail-Zadeh et al.,
2005a). The temperature in the shallow levels of the region is constrained from measured
surface heat flux corrected for paleoclimate changes and for the effects of sedimentation
(Demetrescu et a., 2001).

We note that the model of the present temperature by Ismail-Zadeh et al. (2005a) is
based on the previous seismic-tomographic model of Martin et al. (2003), where the
variations in crustal thickness were not considered in travel time calculations. The seismic-
tomographic model by Martin et a. (2006) is now used to convert the seismic velocity

anomalies beneath the region into temperature.
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TABLE 1. Model parametersand values

Parameter

Horizontal dimensions
Depth of domain
Acceleration due to gravity
Thermal expansivity
Thermal diffusivity
Reference density

Reference temperature
Surface temperature

Temperature drop
Reference viscosity
Rayleigh number

Regul arization parameter

Symbol
11,12 (11 =12)
h

g

a

K

Pref

Tres

Tourt

AT= T - Taurf

Tres
Ra

25

Value

1005 km
670 km
9.8ms?
3x10° K™
10° m?s*
3400 kgm*
2000 K

300 K

1700 K

10%* Pas

5.2x10°
10
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FIGURE CAPTIONS

Fig. 1. Topography map of the SE-Carpathians and epicenters of Vrancea earthquakes
(magnitude > 3). Upper right panel presents hypocenters of the same earthquakes
projected onto the NW-SE vertical plane AB. DOB, Dobrogea orogen; EEP, Eastern
European platform; MOP, Moesian platform; SCP, Scythian platform; TRB,
Transylvanian basin; and VRA, Vrancea.

Fig. 2. Present temperature model as the result of the inversion of the P-wave velocity model.
Theoretically well-resolved regions are bounded by dashed line (see text and Martin et

al., 2006). Each dlice presents a part of the horizontal section of the model domain

corresponding to [x =177.5 km, x, =825.5 km]x[x, =177.5 km, x, =825.5 km], and the

isolines present the surface topography (also in Figs. 3 and 4).

Fig. 3. Imposed model surface velocity in data assimilation for the time interval from 11 Myr
to 16 Myr (a) and for that from 16 Myr to 22 Myr (b).

Fig. 4. Present temperature (a) and temperatures obtained by the assimilation of the present

temperature to the time of 11 Myr (b), 16 Myr (c), and 22 Myr(d).
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