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Abstract

The Carpathians orogenic system, with its along-arc variations in topography developed in the aftermath of
continental collision, is associated with unusual foredeep basins, large-scale strain and seismicity concentration and
high-velocity mantle bodies. The East Carpathians continental collision was non-cylindrical, leading to large-scale
variations in thrust nappe kinematics, orogenic uplift patterns and foredeep subsidence, controlled by the mechanics
and geometry of the lower plate. Thermo-mechanical modelling demonstrates that in this low-rate convergence
regime, the subducted lithosphere had enough time to interact with the mantle to advance towards a thermal
resettlement. This is favored by the low degree of metamorphism, mechanical weakness of the lower plate and the lack
of active surface processes at the contact with and in the upper plate. In contrast, low-buoyant, thick lower crust and
active surface processes keep the continuity of the slab intact and promote the development of typical foredeep basins.
The model explains in a self-consistent manner the unusual geometry of the Vrancea seismogenic slab in the bend
zone of the Romanian Carpathians. The model is also consistent with the presence of two high-velocity bodies
inferred from seismic tomography studies and explains the depth zonation of seismicity in the Vrancea area.
Differences between the northern part of East Carpathians and the southeastern bend of the Carpathians arc are
largely controlled by lateral variations in crustal structure, topography emplacement and surface processes along the
arc. Mechanical heterogeneity of the Carpathians subduction leads to the development of two end member modes of
collision, allowing a study of these states and their transition. Lithospheric configuration and tectonic topography
appear to be prime factors controlling variations in slab behavior. In the SE Carpathians, at the terminal phase of
continental convergence, slab delamination, roll-back and depocenter migration appear to play a more limited role at
shallow and lithospheric levels.
© 2003 Published by Elsevier B.V.
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1. Introduction

The Carpathians orogenic system has a spa-
tially varied along-arc tectonic topography devel-
oped in the aftermath of continental collision. It
represents a natural example for the study of un-
usually developed foredeep basins associated with
large-scale strain and seismicity concentration and
high-velocity mantle bodies. Over the last few
years, attention has been focused on spatial and
temporal variations in thrusting along the Carpa-
thians arc and their relationship to unusual fore-

deep geometry and lateral variations in flexural
behavior. The reconstruction of uplift and erosion
history in and around the Carpathians (e.g. [1]),
coupled with subsidence modelling in its foreland
[2], have elucidated the complex interplay of flex-
ural downloading during collision, followed by
unroofing linked to unflexure and isostatic re-
bound [3,4].

The timing of Carpathians continental collision
reflects the stage when non-thinned lower plate
starts to underplate during convergence. This col-
lision has been demonstrated to be a non-cylindri-

Worn “a
5 s A% "ﬂ}\ A
o o SRR P
T o f,)"-—\, sy
3 0} 75, 150,
® 7 -~ - l."F_
& : 5 \ PR
-
o o Fig. 4B 7
R
e 23 East - Europe 3
:{rﬂk\ W 4 &
ol (o 3
/ . 3y @ths‘jr]aftl_
N - 1 y Fig,.,4<;l
E&J; . i /Ira-m—syl’vam_‘ _ 5 5 .
Vieuntaim; Basin_ Y &, PR ‘
S ﬁ'%ﬁ?"f : &'E} P @% A\ ‘ ~‘~|
\"-‘""‘".« ‘f’/ %‘& 3 y
= . ; il .I \ {
! Focsani
‘ ) i ans Dep ssiony,
| A i “
5 %
. 00 ) ‘7_': Moesial(CD) f
. -75 MoesiasD) . - 7
O = N
@ o = —
| i
| b 2
|:| : % e o,
|| S NG s
0 - e,
O - o
i °

Fig. 1. (A) Topographic map of the Romanian Carpathians with the location of modelled cross-sections (N-N" and S-S’). Note
the clustering of earthquakes (red dots) in the Vrancea seismic area in the bend zone of the Carpathians arc and the topographic
difference between the East European/Scythian—North Dobrogean (EESB) and the Moesian domains (MB). Black and gray lines
mark location of major crustal scale fault zones (see Fig. 4 for further details). (B) Bouguer gravity map of Romania, anomalies
in mgal (after [8]). Black boxes mark the areas affected by the collision with the EESB and MB which are characterized by differ-
ences in thermo-mechanical age of the underthrusted lithosphere, coinciding with the offset in the gravity anomaly at the location

of the crustal-scale Trotus fault (TF).
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cal process, leading to strong deviations from 2D
strain geometries. This is associated with large-
scale variations in thrust nappe kinematics, oro-
genic uplift patterns and foredeep subsidence, in
relation to the mechanics and geometry of the
lower plate [2,5]. As for most other collision or-
ogens, the Carpathians continental collision takes
place at significantly lower rates than oceanic sub-
duction, due to the buoyancy of the continental
crust involved in subduction/underthrusting.
Upper continental crust cannot be involved di-
rectly in subduction and convergence can contin-
ue only when it is decoupled/delaminated from
the mantle or transformed into higher-density ma-
terials (e.g. [6]). As a result of low convergence
rates, the subducted lithosphere has enough time
to interact with the mantle and to advance to-
wards thermal re-equilibration. This latter process
is enhanced [7] by low degrees of metamorphism,
a mechanically weak lower plate and by gentle
topography and lack of active surface processes
at the contact with and in the upper plate. In
contrast, dense, thick lower crust, coupled with
high topography/active surface processes keeps
the slab intact and facilitates the development of
typical foredeep basins.

In this paper we show that the contrasting char-
acter of the underthrusted East European/Scythi-
an (EESB) and the Moesian (MB) blocks could
have played a significant role in the subduction
mechanism and the associated development of
overlying foredeep basins (Fig. 1A). The contrast
in lithosphere geometry is dramatically expressed
in the Bouguer gravity anomaly (Fig. 1B), dem-
onstrating a clear offset at the transition be-
tween EESB and MB, coinciding with the Trotus
fault.

The Carpathians represent one of the birth-
place areas of the slab break-off and slab tear
migration models, thanks to seismic tomography
studies (e.g. [9,10] and references therein) (Fig. 2).
Variations of the same model include slab-tearing
in various parts of the underthrusted lower plate
(e.g. [12]), slab detachment and/or slab delamina-
tion (e.g. [13]). All these models assume differen-
ces in time and space in the subduction/collision
process along the Carpathians arc with, at the
scale of the whole orogen, a lower plate acting

as a continuous, mechanically constant body at
various depths. Collision mechanics in the Carpa-
thians arc also strongly affects extensional basin
formation and inversion in the Pannonian domain
[14].

1.1. Unusual foredeeps and orogenic arc seismicity

One of the most striking features of Carpathi-
ans dynamics is the formation and evolution of
the Focsani Depression, a 13 km thick Miocene—
Pliocene basin (e.g. [15]), situated in the vicinity of
the Vrancea earthquake cluster (e.g. [16]) in the
southeastern part of the orogenic chain (Fig. 1A).
Whether or not this represents the present posi-
tion of a Benioff plane is disputed, mostly because
the peculiar 85° dip of the downgoing lithospheric
slab is situated almost in the front of the orogen.
This has been so far explained as a late Miocene
to Pliocene roll-back effect in the SE Carpathians,
which could have culminated when the subducting
slab tore (slab detachment sensu [10]) along the
trend of the orogenic arc (see [9,12,17] and refer-
ences therein). The latter is commonly thought to
have induced a rebound in the northern, torn,
parts of the slab, and subsidence of the lower
plate in the bending area, where the slab still
holds its integrity: this occurred simultaneously
with a fast migration towards the foreland, lead-
ing to the opening of the thick foredeep (Focsani)
basin. In the SE Carpathians bend zone, deforma-
tions along the sole thrust are well dated by Late
Miocene to Pliocene sedimentary cover, the final
shortening and collisional event having taken
place at 11 Ma [18]. Thus younger shortening
cannot account for the subsidence migration
along orogenic strike (e.g. [18]). Seismic reflection
data in the Focsani basin show normal faults as-
sociated with subsidence in the middle of the ba-
sin and asymmetric rapid Quaternary uplift on
each flank. The internal geometry of the basin,
recently studied in detail (e.g. [15]), indicates
that Miocene to Quaternary sedimentation was
roughly symmetrical, in contrast with the wedge-
shape pattern characteristic of classical, flexural-
controlled foredeep basins. The structure of the
crust beneath is similar to the intermediate crustal
architecture below Focsani basin [19].



4 S.A.P.L. Cloetingh et al.| Earth and Planetary Science Letters 6931 (2003) 1-20

s S!
N A Transylvania basin East Carpathians Foredeep N’
2007 Topography (m)
1000 :
¢ Upper crust (km)
Lower crust (km)
Mohe
B0 feras msen s we
3
=
=
2100 |-
(=]
150 +
50 km
200 L - 200
5 ————— . 15

|

-1.5% +1.5%
Fig. 2. (A) Crustal-scale cross-sections across the East Carpathians (modified after [11]). Red lines represent the northern cross-
section in the area affected by the collision with the East European/Scythian rigid block. Blue lines represent the southern cross-
section in the bend area influenced by the collision with highly buoyant Moesian block. Red dots represent earthquake projection
into the southern section trace. (B) Seismic tomography (after [10]) across the bend zone of the East Carpathians in the MB do-
main. Blue and red: positive and negative P-wave anomalies corresponding to the presence of cold and hot mantle in the area,
respectively. Open circles give the location of Vrancea earthquakes.
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Whereas seismicity is minor in the central-
northern segments of the Carpathians chain, the
southern part of the belt is the site of the largest
strain accumulation in Europe [9]. The high earth-
quake recurrences (10 years for My >6.5, 25
years for M, >7, and 50 years for M, >7.4)
are limited to a spatially restricted, 40X 80X 200
km, seismogenic volume [16], laterally shifted to-
wards the southeast by ~ 100 km with respect to
the expected position of the plate boundary in a
typical geometry of a collision system (Fig. 2).
High-resolution local seismic tomography studies
[20] have demonstrated the presence of two high-
velocity bodies in the SE Carpathians. This inter-
nal geometry of the high-velocity structure of the
Vrancea slab confirms previous inferences from
regional tomography (e.g. [10,21]). The Vrancea
earthquakes cluster mostly within the first, north-
eastern high-velocity body. The second one, fur-
ther southeast, has no significant seismicity signa-

ture, being apparently separated from the first, at
least at crustal levels. In addition, the first velocity
body appears to contain zones of thinning distrib-
uted vertically [20].

1.2. Lateral variations in collision mechanics

The main collisional event was coherent and
simultaneous along the entire chain at approx.
11 Ma (e.g. [18]), but its mechanics and effects
are different in the two sectors of the chain (Fig.
3A). Collision in the central-northern domain was
controlled by the dense EESB, a cold cratonic
lithosphere with a thermo-mechanical age of at
least 150-200 Ma: this corresponds to a strong
mantle lid and large lithosphere bulk strength
(see [22]). This block has a thick crust below
syn- and post-collisional sediments and a typical,
3-6 km wedge-shaped foredeep. As a result of the
stable indentation, up to 5 km of uplift and sub-
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Fig. 3. (A) Spatial variations in uplift and erosion along the Romanian Carpathians inferred from geothermochronology studies
(after [1]) and thickness of foredeep sediments in the Romanian Carpathians foreland. Elliptical boxes indicate the time of uplift
in the upper plate, while square boxes indicate the main moment of subsidence. Note the pronounced lateral differences in uplift
ages along the arc, while the main subsidence period is coeval along the studied area. (B) Location and distribution of Neogene—
Quaternary igneous rocks in the Romanian Carpathians backarc zone (modified from [36]). 1, 2: pre-collision acidic calc-alkaline
volcanism (1: buried, 2: outcropping), 3, 4: syn- and post-collision intermediate calc-alkaline magmatism (3: intrusive outcrop-
ping, 4: stratovolcanic outcropping), 5: shoshonitic magmatism, 6: alkali-basaltic volcanism, 7: transition area from calc-alkaline

to alkali-basaltic magmatism.
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sequent erosion took place during the collision [1],
pre-dating minor deformation and sedimentation
in the Pliocene—Quaternary (Fig. 3A).

In contrast, collision in the southern domain
was controlled by the highly buoyant MB fore-
land, which was affected by recent (14-15 Ma)
extensional re-heating of the lithosphere [15],
leading to a considerable reduction of its bulk
strength. This block has a thin crust below thick
syn- and post-collisional sediments. 2-4 km of
largely post-collision (4-0 Ma) uplift and erosion
was coeval with deformation and sedimentation
of up to 9 km syn- and post-collision deposits
(Fig. 3A).

Thermal modelling of the collision process in
the East Carpathians (e.g. [23]) indicates that oce-
anic subduction during continental pre-collision
has also important effects on the thermal and
rheological structure of the lithosphere. Rheolog-
ical modelling [23,24] demonstrates that crustal
and mantle deformation, associated with the
deep earthquake zone in the area dominated by
the MB, are decoupled.

Below we will argue that the nature of the lith-
osphere involved in the East Carpathians collision
plays a key role in the relationship between sedi-
mentary basin formation, deep lithospheric pro-
cesses and near-surface deformation. Quantitative
analysis of bulk rheology, P-T-t data and ther-
mo-mechanical modelling provide essential con-
straints on both the loading evolution of the
thin-skinned belt and the analysis of local kine-
matic deformation.

We will demonstrate that, although complex,
the Carpathians tectonic setting with mechanically
heterogeneous subducting/underthrusting plates
provides an opportunity to study in detail end
member modes of collision and transition between
these states.

2. Geological and geophysical data

New constraints have become available recently
on the timing and magnitude of strain localization
and vertical motions along the Carpathians arc.
In particular, a large database has been developed
for the Miocene to Recent (see [25,20]).

2.1. Timing of continental collision

The Alpine tectonic evolution of the Carpathi-
ans can be divided into a Triassic to Early Creta-
ceous phase of extension followed by Middle Cre-
taceous to Miocene shortening (e.g. [18,27] and
references therein). The Carpathians consist of a
nappe pile of crystalline rocks with a Late Paleo-
zoic to Mesozoic sedimentary cover and, in an
external position, an Early Cretaceous to Tertiary
thin-skinned belt. The present contact between the
upper Carpathians nappe pile and the lower con-
tinental plate is situated in the ‘outer-Dacidian
trough’, a thinned continental [27] to supposedly
oceanic embayment (e.g. [17] and references there-
in) developed at the contact between the Rhodo-
pian fragment (sensu [28]) and the stable Euro-
pean to Moesian foreland. A large retreating
subduction zone was defined at the boundary be-
tween the East Carpathians foreland platforms
and the orogenic belt [29]. Interpretations like
that of Csontos [30] (see also [17,31,32]) assume
that the upper plate kinematics is the effect of
clockwise rotation of a small continental block
(Tisza-Dacia) in the southern part of the Carpa-
thian chain, around the Moesian promontory.
During Paleogene—Early Miocene times, this rota-
tion caused NNE-SSW to ENE-WSW shortening
in the internal Moldavides nappes. Middle Mio-
cene (Badenian and Sarmatian, 16-10 Ma) defor-
mations led to E-W shortening [18], possibly driv-
en by the roll-back suction of the lower plate [29].
Though all the Miocene events supposedly under-
thrust continental (thinned) crust [27], the youn-
ger, Sarmatian, deformation represents the princi-
pal stage of continental collision, marking the
onset of Carpathians thrusting over the stable
non-thinned platform-type foreland. Later Plio-
cene to Quaternary NW-SE (to N-S) shortening
in the East Carpathians led only to small-scale
out-of-sequence deformation, mainly concen-
trated in the external parts of the junction zone
between the East and South Carpathians. In the
foreland units of the Carpathians bend area Plio-
cene to Recent deformation was widespread, with
major subsidence in the Focsani basin depocenter
and rapid flank uplift (e.g. [33]). While the large-
scale shortening took place during the Miocene in
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the East Carpathians, accounting for large-scale
underthrusting of the lower plate, the low amount
of contraction in the South Carpathians, west of
the bend zone (e.g. [32]), disables subduction of
the western MB lithosphere in this segment of the
Carpathians belt.

In summary, while most of the oceanic/thinned
continental subduction took place during the Late
Cretaceous to Lower Miocene (e.g. [27]), the main
collisional event was coherent and simultaneous
along the entire East Carpathians, during the
Middle Miocene, at approx. 11 Ma. However,
as shown in Section 2.2, its mechanics are com-
pletely different in the two sectors of the chain,
being controlled by the character of the two lower
plate blocks (for a detailed description see [2]).

2.2. Constraints on lateral variations along the arc

Collision in the central-northern segment of the
belt (Figs. 1A and 2) was characterized by a thick
crust, a dense lower plate block, large-scale uplift,
active surface processes on the upper plate during
collision and high internal shortening at the plate
contact. North of the Trotus fault (Fig. 1) the
EESB is characterized by a 4045 km thick crust
(2022 km upper part [34]). The typical wedge-
type foredeep developed on top of this block con-
tains 3-6 km of Neogene sediments, developed in
front of a highly squeezed nappe pile [18]. Defor-
mation in the lower plate is mainly characterized
by coeval thrust faults [15] suggesting mechanical
coupling (sensu [35]) with the upper plate defor-
mation. ‘Hard’ collision induced up to 5 km of

-
Fig. 4. (A) Temporal variations in topography along the two
cross-sections selected for thermo-mechanical modelling
(compilation after [1,37]). (B) Characteristic subsidence pat-
terns for the lower plate evolution along the segment of the
Carpathians arc depicted in Fig. 1. Note that the most im-
portant subsidence is coeval in all areas (due to collision).
Significant post-collisional subsidence is restricted to the
bend area. (C) Map showing the position of syn- and post-
collision depocenters along the bend zone of the East Carpa-
thians foredeep and schematic cross-section ABC (bottom)
along the external SE Carpathians and the adjacent foredeep.
Note the spatial clustering of the depocenters near the Foc-
sani basin and the apparent lack of migration along the oro-
gen.
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uplift in the upper plate, initiated at 15-12 Ma
(Fig. 3A), during the early stages of convergence
[1]. The associated backarc volcanism is calc-alka-
line (Fig. 3B). Post-collisional deformation and
sedimentation in the orogen and frontal foredeep
related to continuation of uplift initiated during
the main convergence phase were minor (Fig. 4A).
The present-day topography of the foreland is
geomorphologically stable at 150-300 m [38].
Collision in the southern segment of the chain
(Figs. 1A and 2) was associated with a thin upper
crust, a highly buoyant lower plate block, small to
negligible uplift, a minor role of surface processes
on the upper plate during collision, and low in-
ternal shortening at the plate contact. The Moe-
sian lower plate unit in this sector of the belt (Fig.
2) has a crustal thickness of 35-40 km, reaching
40-45 km in the Focsani basin [11,34]. However,
the crustal thickness of the block involved in col-
lision is significantly lower, if we take into ac-
count the up to 9 km of syn- to post-collisional
foredeep sediments (e.g. [2,15]). The sedimentary
nappe wedge developed at the plates’ contact is
characterized by low internal shortening and high
offset over the subducting plate. The overall oro-
genic shortening appears to be lower than else-
where in the chain. During the main collisional
event, no major uplift of the upper plate took
place, and consequently no surface processes are
recorded by the fission track (FT) studies (e.g.
[1]). Uplift and erosion were initiated much later,
from 4 Ma onwards, during the post-collisional
phase (Figs. 3A and 4A). The associated backarc
volcanism is mostly alkaline (Fig. 3B). Deforma-
tion in the lower plate is characterized by 14-15
Ma age normal faults in the foreland of the Car-
pathians bend [15], and smaller-scale extensional
structures throughout the Late Miocene to Plio-
cene. Subsidence in the foredeep remained high in
the post-collisional period, leading to the deposi-
tion of up to 6 km of Pliocene to Quaternary
continental lacustrine-type sediments (Fig. 4B,C).
During the Quaternary significant differential ver-
tical motions along and across the arc took place
and more than 1 km of sediments accumulated in
the foredeep, while a similar amount of uplift is
recorded towards the neighboring nappe pile, ap-
parently without thrusting. The entire internal

zone is tilted, indicating that differential move-
ments are not controlled by single faults, but are
related to large-scale tilting. As a result, topogra-
phy development along this sector of the foredeep
is unequally developed. Quaternary sediments in
the western areas are exposed at up to 1000 m
elevation, with active erosional patterns, high
topographic level terraces, river incisions and
braided river systems.

3. Modelling

We use the code Parovoz_7 [39], based on the
FLAC algorithm [40]. This is a fully coupled ther-
mo-mechanical code that incorporates rheological
stratification, brittle-elastic—ductile rheology, sur-
face erosion and metamorphic reactions in the
sinking slab (further details in [6,7]). Toussaint
et al. [7] recently used this approach to study
the dynamics of unstable versus stable slab behav-
ior. The critical parameters of the collision model
are density structure, physical and geometrical
properties of the upper crust, degree of metamor-
phism, convergence rate, intensity of surface pro-
cesses and thermo-tectonic age (geotherm) [7].

3.1. Modelling setup

The numerical code uses a moving Lagrangian
framework and solves equations of motion (Eq. 1)
in large strain mode, coupled with explicit consti-
tutive equations (Eq. 2), thermal transport (Eq. 3)
and erosion equations (Eq. 4):

d (du .
Py, (8_t> —dive—pg=0 (1)
Do du
—=F —, T 2
o = F(ow vo.1) o)
DT d aT H,
B ~ax(23%) F6; 2
J
v (4)
dt

Here p,u, 0,8, t, D/Dt, F, T, x, Hy, Cp, h, and k
are respectively density, velocity vector, stress ten-
sor, acceleration due to gravity vector, time, ob-
jective time derivative, functional, temperature,
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thermal diffusivity, heat production per unit vol-
ume, specific heat, topography and coefficient of
erosion. The underlying numerical approach was
introduced by Cundall [40] to avoid limitations of
implicit finite-element schemes that often have dif-
ficulties with treating complex non-linear rheolo-
gies. To circumvent these difficulties, the numeri-
cal scheme of the code is made explicit in time,
which makes it possible to handle complex rheol-
ogies. The algorithm wuses a finite-difference
scheme to solve the governing equations, but,
like in many finite-element methods, the grid is
formed of constant-strain quadrilateral elements
of variable geometry. These elements are com-
posed of four overlapping triangular elements
with trilinear shape functions used to derive force
balance difference equations for elements in Gaus-
sian formulation.

3.1.1. Explicit rheology

The code handles explicit elastic—ductile—plastic
non-linear rheology derived from rock mechanics
data. In contrast to most mantle-scale models
(e.g. [41]), it uses precise techniques more com-
monly used for small-scale deformation (e.g.
[42]). In particular, general equations of motion,
rather than Navier-Stokes flow equations, are
solved. This code is free of the limitations of fluid
dynamics codes that use viscous rheology and
only approximately simulate non-viscous behavior
through incorporation of pseudo-plastic and
pseudo-elastic terms.

3.1.2. Full phase changes and strain localization

The algorithm can reproduce brittle and viscous
strain localization, which makes it possible to
model formation of shear zones and faults. It
also takes into account full P-T-¢-dependent
phase transitions (in this case eclogitization) that
affect all material parameters (rheology, density,
thermal conductivity).

3.1.3. Surface processes

Erosion and sedimentation are incorporated in
a straightforward way: the surface elements are
truly eroded and re-deposited with appropriate
changes in the material phase. Since the erosion
rates are equal to 75-90% of the rock uplift rate

in actively deforming regions (e.g. [43]), erosion
plays a crucial role in orogenic processes. Erosion
preferentially removes steepest newly elevated to-
pography (Eq. 4). In case of isostatic compensa-
tion of topography, erosion locally discharges the
areas of active rock uplift, which provokes addi-
tional local isostatic uplift. By doing so erosion
thus forces mountain building (of course under
condition that the removed material is replaced
with new material supplied by tectonic deforma-
tion [43], otherwise erosion destroys topography).
The surface discharge rate dp. associated with
erosion is (Eq. 4, Fig. 5A,B):

dh(t, x) 9?h(t, x)

dpe = pg———— = pgke e

3t (5)

The topography loss tends to be compensated by
readjustment of hydrostatic forces acting on the
mountain root. Consequently, in simplified case
of local isostasy we have:

8/1(81;)() — Apgri v — (9h(31t, X) é (6)
where Ap is the density contrast between the sur-
face material and the mantle (p/Ap=4), v; is the
rate of the compensatory rock uplift at Moho
depth. It follows that Moho uplift rate v; caused
by erosion may be about four times faster than
the erosion rate itself. In a stable compressional
context, far-field tectonic stresses compensate
lithostatic pressure; the reduction of the moun-
tain root results in depression, which enables
compensatory deformation that restores its initial
size and stress balance. This is equivalent to a
rigid feedback between the erosion and subsurface
uplift rates; in such a system topography grows at
the same rate as it is being eroded; acceleration of
the erosion rate results in acceleration of the sub-
surface uplift rate and vice versa [43]. Of course,
in more realistic thermo-mechanical settings ex-
amined in this study, the coupling between ero-
sion and tectonic processes is less straightforward.

As can be seen, erosion discharge of isostati-
cally compensated surface is equivalent to appli-
cation of an upward vertical force. For this rea-
son, strong erosion may either prevent the lower
plate from subduction or favor an alternative
mode of deformation such as folding.
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Fig. 5. (A). Thermo-mechanical model setup. The numerical
grid is composed of 5X5 km initially rectangular elements.
The initial plate geometry corresponds to an already initial-
ized collision. A pre-existing slab of dense oceanic or fully
metamorphosed lithosphere is attached at the end of the low-
er plate to favor subduction at the initial stages of the ex-
periment. Explicit brittle-elastic-ductile rheologies (parame-
ters given in Tables 1 and 2) are used for various lithological
zones (shown with different shades of gray). Explicit free sur-
face boundary conditions and surface processes are used at
the upper boundary; a Winkler (hydrostatic) boundary con-
dition is used at the base. Lateral boundary conditions are
kinematic and are deduced from the data on regional short-
ening rate (about 60 km/Myr which is equivalent to 15 mm/
yr applied at both sides). The initial thermal distribution
(computed according to [46,47]), density and rheological
structure is specified in Table 2. Density and rheologies are
inferred from local seismic, gravity and geological data (see
text and Tables 1 and 2). (B) Simplified cartoon explaining
interaction between the erosion/sedimentation rate, 0h/dt, tec-
tonic shortening rate u, and vertical uplift rate, v. Erosion
discharges zones of highest topography provoking local verti-
cal isostatic reaction that also controls lateral tectonic inflow
below the topography. In this context, erosion works as an
upward vertical force applied to the surface. Sediment depo-
sition enhances subsidence in the foredeep basins. Adapted
from [43].

3.1.4. Initial and boundary conditions

The numerical code allows for direct implemen-
tation of various possible collision scenarios. We
directly infer the deep lithological and rheological
structure from available seismic and gravity pro-
files, thermal distribution, rock mechanics and ki-

nematics data (Fig. 5A, Tables 1 and 2). In the
model (Fig. 5A) the colliding lithospheric plates
are composed of different lithological layers, or
material phases, characterized by specified physi-
cal parameters (Table 2). The lateral boundary
conditions are horizontal velocities corresponding
to the observed convergence rates. The upper
boundary condition is set as free surface (plus
surface erosion and sedimentation, Eq. 4), the
bottom boundary condition is a pliable Winkler
(hydrostatic) basement. The implementation of
the free upper boundary condition is an impor-
tant advantage of this approach, making it possi-
ble to model the evolution of surface topography
and lithospheric deformation [6]. Table 1 specifies
the local data used to constrain the models. Input
parameters for the thermo-mechanical modeling
are summarized in Table 2.

3.2. Modelling results

As shown below, the model explains significant
differences for the mode of slab dynamics along
the Carpathians, as a direct consequence of along-
arc variations in lithospheric configuration and
tectonic topography. These differences appear to
be largely controlled by lateral variations in crus-
tal structure, topography emplacement and sur-
face processes. To account for differences between
various parts of the Carpathians, we have run a
set of experiments along two profiles (central-
northern and the bend zone of the East Carpathi-
ans), in which we basically varied the initial ther-
mal state of the lithosphere and the degree of
metamorphism in the lower plate.

3.2.1. Central-northern part of East Carpathians
Convergence in the northern EESB sector (Fig.
6) is basically characterized by the convergence of
old cratonic continental lithosphere with a high
degree of crustal metamorphism, an older ther-
mo-tectonic age and fast uplift/erosion processes.
The model predicts a normal, oceanic-type sub-
duction, where the slab holds its strength and in-
tegrity (Fig. 6A). This subduction mode develops
because the lower plate, with a 150-200 Ma old
thermo-tectonic age, is negatively buoyant and
sufficiently rigid to be pulled down, similar to an
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Table 1
Constraints on continental collision dynamics for the SE Carpathians (Romania)
Parameter ‘Typical’ collision (EESB) ‘Unusual’ collision (MB)
Crust geometry Dense low buoyant: thick crust below syn- and Highly buoyant: thin crust below thick syn- and
post-collisional sediments post-collisional sediments
Uplift patterns Uplift and erosion onset during collision (15-12 ~ Small-scale to zero uplift during collision. Uplift
Ma), 5 km of uplift and erosion largely post-date collision (4-0 Ma),
2-3 km of uplift
Foredeep geometry Typical: 3-6 km, wedge-type foredeep Atypical: symmetrical, up to 10 km syn- and post-
collision ‘foredeep’
Shortening High internal shortening and low foreland offset ~ Low internal shortening and high foreland offset of
of the contact thin-skinned nappe pile the contact thin-skinned nappe pile
Indentation Stable: Minor post-collisional deformation and Unstable: Major post-collisional deformation and
sedimentation sedimentation with no thrusting connection

or =10
[ upper crustal material
200k 4 200 [ 1ower crustal material
! . [ mantle lithosphere
[ asthenosphere
[ deep mantle
400 - 400 ,
[ subducted and transformed crustal material
- contact zone, i.e. transformed sediment
and upper crust
-600 - 600 [ newly created sediment
[ remnant oceanic slab or fully metamorphosed
lithosphere at depths in excess of 200km
-800} LLUL R
kmt 1 km

-200
-400
100 km
I
-600 L
km

Fig. 6. (A) Modelling results for the central-northern East Carpathians cross-section for scenario with high thermal age (150
Ma), low buoyancy in the subducting plate and active surface processes (see Tables 1 and 2 for details). Note the stable character
of subduction: the slab preserves its internal coherence. (B) Three successive steps in the modelling scenario in which detachment
occurs mainly due to strain localization caused by flexural stresses at shallow levels (in the absence of fast erosion).
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Table 2

Parameters used in modelling experiments

Parameter Value

Crustal thickness /. 40-45 EESB, 35-40 MB [km]
Upper crustal thickness 0.5 he

Lower crustal thickness 0.5 h¢

Syn- and post-collision sediments
Convergence rate
Thermo-tectonic age, z,
Timing onset of uplift

Total erosion estimates
Coefficient of erosion k
Background strain rate
Young’s modulus E
Poisson’s ratio v

Universal gas constant R
Power law constant A¢*
Power law constant 7
Creep activation energy H*
Power law constant A *
Power law constant n¢
Creep activation energy H*
Power law constant 4,,*
Power law constant 7y,
Creep activation energy H*,
Density ps

Density pci

Density pe

Density pm

Density p,

Gravity constant g

Initial lithospheric thickness a
Temperature at the base of the lithosphere 77,
Thermal diffusivity y.
Thermal diffusivity ye»
Thermal diffusivity ym
Thermal conductivity k;
Thermal conductivity k;
Thermal conductivity k.,
Thermal conductivity kp,
Radiogenic decay depth
Surface heat production

3-5 EESB, 6-13 MB [km]

30, 15 on both sides [mm/yr]

150-200 EESB, 15 MB [Ma]

15-11 EESB, 5-0 MB [Myr]

6 EESB, 5 MB [km]

0, 500, 1000 (no, intermediate, rapid) [m?/yr]
variable, 10717 to 10713 [s7]

80 [GPa]

0.25

8.314 [J/mol K]

1.26x 1077 (wet granite) [MPa™ s™!]
2.7 (wet granite)

134 (wet granite) [kJ mol™!]

5.01x 1071 (dry diorite) [Pa™ s7!]
2.4 (dry diorite)

212 (dry diorite) [kJ mol™']

7%x107'* (olivine) [Pa™ s7']

3 (olivine)

520 (olivine) [kJ mol~']

2300 (uncompacted sediment) [kg m™3]
2650 (upper crust) [kg m 3]

2900 (lower crust) [kg m™3]

3330 (lithospheric mantle) [kg m™]
3250 (asthenosphere) [kg m™3]

9.8 [m s

250 (initial geotherms) [km]

1330 (for initial geotherms) [°C]

8.3%x 1077 (upper crust) [m> s™']

6.7x 1077 (lower crust) [m? s7!]

8.75x 1077 (mantle lithosphere) [m? s~!]
1.6 (uncompacted sediment) [W m~! K]
2.5 (upper crust) [W m~! K]

2 (lower crust) [W m~! K71

3.5 (mantle lithosphere) [W m~! K71]
10 (upper crust) [km]

9.5%x1071% (upper crust) [W kg~']

The set of flow law parameters from [44] was chosen to represent rheologies of main constituent rocks of the lithosphere. Other

parameters are from [45,46].

oceanic lithosphere subduction scenario. Subduc-
tion, with increased shortening of the orogenic
wedge, is likely to continue during the collision
process. A larger quantity of upper crustal mate-
rial than normally is involved in subduction,
which subsequently is directly translated into in-
creased syn- and post-collisional calc-alkaline vol-
canism. The latter is constrained by the larger

quantity of sediment fluids involved in subduc-
tion. As pointed out in Section 3.1, increased ero-
sion of the upper plate inhibits detachment of the
lower plate, at least during collision: fast erosion
unloads the upper plate, reducing the effective
gravity force and favoring stable subduction of
the downgoing EESB plate (see also [7]). Eroded
sediments are driven away from the East Euro-
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pean subduction system and deposited southward,
into the Focsani depression, i.e. into the Moesian
subduction system [37]. Models involving fast ero-
sion suppress the shallow detachment of the sub-
ducted slab in the central-northern East Carpa-
thians (Fig. 6B). The model also predicts a
modest amount of crustal thinning in the backarc
(Transylvania) basin because of the thermal
anomaly generated by the magmatic fluids in as-
cent.

3.2.2. Bend zone of the East Carpathians

The numerical experiments on convergence in
the East Carpathians bending area correspond
to very young thermal age and a decreased role
for surface processes during collision. Two end
member cases with high and low degrees of crus-
tal metamorphism were investigated. Under con-
ditions of young thermo-tectonic age (hot geo-
therm), the MB plate cannot be efficiently
underthrusted. The plate heats up and remains
locally buoyant below the collision zone. At great-
er depths, the thermally weakened dense part of
the mantle lithosphere is surrounded by lighter
asthenosphere, becomes unstable, and sinks
down due to a developing Raleigh-Taylor (RT)
instability. The subduction rate in this case has
little to do with the convergence rate: if it is sig-
nificantly higher than the convergence rate, sub-
duction starts operating in cycles, since the time
needed to transport new material to the conver-
gent zone is longer than that globally needed to
‘subduct’ it. The model predicts that the lower
plate crust decouples from the lithosphere and
stagnates at lithospheric depths to form a double
crustal zone (Fig. 7) that stops the ‘oceanic-type’
subduction process. The slab is first slowed down
at lithospheric depths and then heats up due to
heat conduction from the hot asthenosphere. As a
result, the plate gradually loses strength and vis-
cosity, and gravitational pull-down starts to
stretch the dense part of the mantle lithosphere.
A RT instability develops, and the lithosphere
continues to elongate with increasing velocity at
asthenospheric depths. Portions of the slab may
preserve brittle strength sufficient for stress accu-
mulation and subsequent seismicity. Earthquake
generation can also occur as a result of plastic

instability at high temperature, when runaway
shear slip can occur even at low shear stresses
[48]. As a result of the subduction process, crustal
material reaches the asthenosphere in a too small
quantity to generate significant calc-alkaline vol-
canism. In contrast, the positive thermal anoma-
lies created below the overriding plate favor the
formation of alkaline volcanism. These thermal
anomalies are also compatible with the mantle
convection patterns induced by gravitational sink-
ing of the slab, as predicted by thermal modelling
constrained by P-wave tomography in the Vran-
cea area [48]. The double Moho formation and
the buoyancy generated by the crustal underplat-
ing favor uplift in the overriding plate in the late
post-collisional stages. At the same time, the
locked system dragged down by the heavy hang-
ing slab leads to major subsidence, mostly local-
ized in the lower plate. Overall, the thermal age
(reflected in the geotherm) effect is more impor-
tant than the degree of crustal metamorphism (see
[6]) for the development of RT instabilities.

4. Implications for interaction between lithospheric
and surface processes in the Carpathians system

Results of modelling presented above fit the
first-order geometrical, geological and geophysical
features of the East Carpathians. The model is
consistent with the lateral variations in orogenic
shortening in the orogenic belt, uplift and subsi-
dence patterns during syn- and post-collision
phases and present-day upper mantle structure
and dynamics. It explains the character and zona-
tion of the seismicity observed in the Vrancea
area. The model also yields insights into the
type and characteristics of the Neogene volca-
nism. In addition, it supports the assumption
that subduction and collision processes are influ-
enced by inherited rheology and lithospheric
memory of the lower plate(s).

The unusual character of the subduction along
the Carpathians arc appears to be primarily con-
trolled by the thermo-tectonic age of the under-
thrusted lithosphere and lateral variations in the
interplay between the lithosphere and surface pro-
cesses.
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Fig. 7. (A) Modelling results for the cross-section located in the bend zone of the East Carpathians. Four successive steps for a
scenario with young thermal age, high buoyancy of the lower plate (due to a low degree of metamorphism) and no surface pro-
cesses. Note the unstable character of subduction: the slab loses the coherence due to internal heat-up. This results in develop-
ment of a RT instability, acceleration of sinking to great depths due to gravity stretching, strength depth zonation and the for-
mation of double subvertical high-velocity bodies down to 200 km depths. (B) Case with a low degree of metamorphism (high
buoyancy of the lower plate) and small thermo-tectonic age (Tables 1 and 2). A double Moho forms and model predictions
closely fit the tomography data for the Vrancea area. Depth strength zonation is compared with the vertical clustering of Vrancea
earthquakes (black arrows show mostly vertical stretching focal mechanisms). Other conventions as in Fig. 6.

4.1. Volcanism

The thermal structure and the amount of upper
crustal material involved in subduction inferred
from the thermo-mechanical model is consistent
with the documented bi-modal character of the
Neogene volcanism in the East Carpathians
(Fig. 3B).

Massive calc-alkaline stratovolcanism took
place in the plate overriding EESB (i.e. central-
northern segment) in the ‘typical’ subduction do-

main (Fig. 3B). This is a direct result of the large
quantity of crustal material introduced into the
asthenosphere during the collision. The volcanism
has a medium-K to high-K calc-alkaline to shosh-
onitic composition, with older Miocene to Early
Pliocene ages (main period 12-6 Ma) (e.g. [36])
and a significant migration towards the south
through time. The isotopic composition shows
high crustal contamination [49]. Variations in vol-
canic ages from NW to SE along the chain may
be related to along-arc variations in crustal struc-
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tures (i.e. thicker basement and lower crustal ma-
terial towards the central part of the East Carpa-
thians).

In contrast, in the upper plate zone that over-
rides the MB in the bending area, the volcanism is
mafic alkaline, with young, Pliocene to Quater-
nary ages (up to 0.2 Ma), and a strong astheno-
sphere (oceanic island basalt-type mantle source)
component [50]. In this area the isotopic charac-
teristics are derived from a mantle which was af-
fected by earlier subduction (e.g. [50]) (Fig. 3B).
This means that the volcanism is related more to
the thermal anomaly developed below the over-
riding plate than to upper crust heated up in the
asthenosphere. This volcanism is also typical for
late stages of collision, when alkaline-type mag-
mas develop in relationship with post-collisional
stress relaxation structures.

In the upper plate area, at the transition be-
tween the two types of subduction (i.e. Harghita
Mts.), the volcanism is transitional between the
calc-alkaline and alkaline types (Fig. 3B).

4.2. Shortening in the orogenic belt, syn- and
post-collision vertical motions and basin
development

The thermo-tectonic model predicts the com-
plex patterns of vertical movements recorded in
the aftermath of collision in the Moesian—Carpa-
thians bending domain (Fig. 3A). The subduction
system became detached and blocked in the early
phases and failed to induce significant shortening
and associated uplift during collision: only a
small amount of internal shortening is observed
in the thin-skinned thrust belt (e.g. [18]) associ-
ated with insufficient uplift to induce significant
erosion (in any case below FT resolution, see
[1]). In contrast, the continuation of oceanic-
type subduction in the central-northern domain
means that a large part of the former passive
margin, comprising thinned to stable continental
crust of the lower plate, was underthrusted in the
collision process. This induced significant internal
shortening in the thin-skinned nappe pile at the
contact [18], 4-5 km of uplift followed by erosion
[1] and the basement exhumation observed in the
northern Bucovinic system (sensu [27]). During

the post-collisional phase, in this central-northern
part, the system became welded. The minor uplift
observed is related to continuation of the main
convergence phase. In contrast, the post-collision-
al phase of the bending area is characterized by
large subsidence in the foredeep, which can be
explained as a result of drag of the vertical
stretching slab (Fig. 3A). A large amount of uplift
is recorded towards the neighboring western
nappe pile, with no orogenic-related shortening.
The pull of the vertical stretching slab accounts
for a reduction in the orogenic load needed for
the observed deflection in the foreland, as ob-
served also by recent 3D flexural modelling [51].

In addition to the effect of the vertical sinking
slab, the evolution of the Focsani basin appears
to be affected by a succession of other coevally
operating tectonic processes. Quantitative model-
ling has documented the key role of pre-orogenic
Middle Miocene (14 Ma) extension (coeval with
the late stages in the opening of the adjacent
Black Sea basin), in the generation of accommo-
dation space for the deposition of 13 km Miocene
to Recent sediments [15]. This pre-orogenic exten-
sion has led to decoupling of the crust and mantle
lithosphere, promoting Pliocene—Quaternary crus-
tal-scale folding with a characteristic wavelength
of 80 km, compatible with the predictions from
thermo-mechanical folding models [5,25].

As pointed out above, the Trotus fault is a lith-
ospheric-scale structure separating two major do-
mains (Fig. 3A). Its complex kinematics records
the direct interaction between the northern lower
plate domain, involved in underplating, and the
locked southern sector. As a result, sinistral
movement was induced [15,18] during collision
and apparently still takes place [52]. Subsidence
of the locked southern domain during post-colli-
sion may have induced the downward throw of
this fault to the south.

The predicted crustal thinning in the adjacent
backarc basin is compatible with the observed 4-5
km Miocene subsidence in the Transylvania basin
[53], a distinct feature of which is the absence of
associated normal faults. This explains to a large
extent the pronounced differences in elevation,
structure and thermal history between the Panno-
nian Basin, characterized by high heat flow, large
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stretching factors and low topography [8] and the
Transylvania Basin, characterized by low heat
flow, absence of stretching and high elevation.
Differential far-field stresses between the central—
northern and the southern East Carpathians col-
lision zones enhanced the first (Late Miocene) in-
version in the northern Pannonian basin (see also
[5,26]) and accelerated the uplift of the northern
Transylvania basin. Lateral variations in the Car-
pathians lower plate behavior during subduction
provide further constraints on the geometry and
kinematics of the entire Carpathians chain during
syn- and post-collisional times. Intensified colli-
sion with the mechanically strong East Euro-
pean/Scythian lithosphere between the Polish
Trough and the Trotus fault induced a linear ge-
ometry of the orogen in this particular fold belt
segment.

4.3. Upper mantle structure and dynamics of
vertical motions at the surface

Our model is consistent with the presence of the
high-velocity bodies depicted by seismic tomogra-
phy studies (Fig. 2) south of the Trotus fault (e.g.
[10]). Detachment and RT instability resulting
from the highly buoyant crust and reduced rates
of collision leads to a thermal resettlement and
slab melting. This process caused the thinned
high-density distal parts of MB to gravitationally
sink into the asthenosphere with increasing veloc-
ity with depth. The differences in velocity are ac-
commodated through vertical stretching of the
slab, flowing towards already thinned areas char-
acterized by a higher degree of thermal re-equili-
bration. Failure generates earthquakes in zones of
the slab retaining some strength: the modelled
zonation of these areas is in agreement with the
observed depth zonation. Slab thickness varia-
tions in depth are supported by recent results
from high-resolution tomographic studies [20].

The upper plate also starts to detach, as a large
part of the mantle joins the vertical descent, pos-
sibly down to 200 km. These processes presently
induce active topography formation and neotec-
tonic processes. At the site of the sinking slab
active subsidence takes place in the Focsani basin.
The evolution of this subsidence [2,15] is in good

agreement with the modelled section, as subsi-
dence accelerated from Pliocene towards maxi-
mum values in the Quaternary (Fig. 4B).

Detachment of the upper plate in the neighbor-
ing sector induced a strong rebound of the upper
plate, and this is in good agreement with the ac-
celerated uplift, tilted geometry and high topog-
raphy/active geomorphology of Lower to Middle
Quaternary sediments on the western flank of the
Focsani basin. The middle-scale uplift of the east-
ern flank of the Focsani basin relates to foreland
bulge uplift, due to increasing dip through time of
the slab. In this respect, the active neotectonic
Peceneaga—Camena fault zone represents normal
faulting on the upper part of the lower plate in
the maximum curvature zone, being favored by
the strong mechanical contrast along this zone
between MB and North Dobrogea orogen (e.g.
[24]) (Fig. 8). This complex pattern of vertical
movements is in good agreement with surface
transport models based on present-day sediment
river loads and prediction of the areal distribution
of erosion and deposition (e.g. [26,54]). The pre-
dicted geometry at lithospheric levels does not
require lateral migration in time of slab mecha-
nisms, as assumed by previous models (e.g.
[9,12,13]), is in good agreement with the absence
of depocenter migration in this sector of the SE
Carpathians foreland (Fig. 4B,C), and assumes a
coherent mechanism of slab evolution in the en-
tire sector of the MB. Atypical kinematics, asso-
ciated with the MB end member mode of subduc-
tion, also occurs further westwards, in the South
Carpathians foredeep domain and its westward
Dinaridic/Balkans connection. Here, similar to
the Focsani basin, up to 2-3 km of foredeep sub-
sidence took place, post-dating the Upper Mio-
cene collision moment [33]. Blocking the subduc-
tion system in the bend zone in the early phases of
collision promotes subsequent build-up of intra-
plate stresses in the entire Moesian domain, pro-
moting lithospheric buckling (sensu [35]). The lat-
ter is suggested by lithosphere heat-up inducing
crust/mantle decoupling.

In the EESB, seismic tomography (e.g. [10])
cannot conclusively identify a high-velocity slab,
or whether the image displays the usual thick,
stable and cold European lithosphere. The high-
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Fig. 8. 3D cartoon of spatial variations in mode of subduc-
tion along the East Carpathians orogen and their expression
in spatial and temporal varying patterns of seismicity, volca-
nism and vertical motions. EESB: East-European/Scythian
block; MB: Moesian block; NDO: North Dobrogea orogen;
TF: Trotus fault; PCF: Peceneaga—Camena fault; FB: Foc-
sani Basin.

velocity sub-horizontal body positioned at the
depth of 400-600 km under the Pannonian basin
cannot be directly correlated to the EESB east-
ward of the Romanian Carpathians. The model-
ling presented in this paper suggests that with in-
creased surface process activity during collision
and taking into the account the low-buoyant low-
er plate block, the strength coherence of the slab
will be maintained during the post-collisional pe-
riod, counteracting slab detachment. However,
the short time interval of the collisional processes
(3-4 Ma) suggests that the present-day 11 Ma
steady state is a subduction-locked system, with-
out major tectonic processes. As a result, the
present-day topography reflects only the late-stage

collisional rebound, with a minor role for neotec-
tonic processes and associated kinematics.

4.4. Stretching slab and seismicity in the Vrancea
area

The focal mechanism solutions are not straight-
forward for the intermediate-depth Vrancea seis-
mic body. The intermediate-depth destructive
events (e.g. 1940, 7.7 My; 1977, 7.4 M,,; 1986,
7.1 My; 1990, 6.9 M) show mainly NW-SE-ori-
ented compression (e.g. [16]). However, other
smaller intermediate-depth events show NE-SW-
oriented compression (e.g. [16]) and an apparent
zonation with depth. The results of our modelling
shed light on this bi-modal character: some of the
Vrancea earthquakes (bend zone, MB, Fig. 2) ap-
pear to be generated by contact between the slab
in accelerated descent and the detached mantle of
the upper plate down to 200 km. Part of the seis-
micity and the cylindrical geometry of the Vran-
cea body could also be generated by failure inside
the lower plate due to its vertical stretching.
Therefore, the compression directions in the
Vrancea seismogenic body are not related to me-
chanical plate interaction only. The tension direc-
tion of all studied focal mechanisms is vertical to
subvertical, demonstrating stretching of the slab
and its gravitational sinking into the astheno-
sphere (Fig. 8). In contrast, seismicity in the sub-
duction zone of the distal parts of the EESB is
minor, and mostly relates to smaller-scale crustal
events.

5. Conclusions

This modelling study demonstrates that in low-
rate convergence regimes such as the Carpathians,
the subducted lithosphere has enough time to in-
teract with the mantle to advance towards a ther-
mal resettlement. A particularly novel feature of
our modelling is the incorporation of lateral var-
iations in the thermo-mechanical structure of the
subducted lithosphere along the strike of the or-
ogen. Lithospheric configuration of the under-
thrusted lithosphere and tectonic topography ap-
pears to be a prime factor in slab behavior in the
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aftermath of continental collision. The unusual
character of the subduction along the Carpathians
arc appears to be primarily controlled by the ther-
mo-mechanical age of the underthrusted litho-
sphere and lateral variations in the interplay be-
tween the lithosphere and surface processes. The
results of thermo-tectonic modelling performed
on the post-collisional East Carpathians are in
striking agreement with first-order patterns of
geometrical, geological and geophysical observa-
tions in the area. Particularly interesting in this
respect are the observed vertical motions and
foredeep basin development, upper mantle struc-
ture and seismicity in the Vrancea area. The mod-
el explains for the first time in a consistent way
the occurrence of a very deep, unusual foredeep
basin geometry and anomalous subsidence in
front of the bend zone of the Carpathians. It ac-
counts for the source-sink relationships between
coevally uplifting Carpathians and rapidly subsi-
ding foredeep basins as consequences of the lack
of continuing orogenic shortening. An effective
top-down control on collision dynamics is sug-
gested, pointing to a more limited role for bot-
tom-up effects of slab break-off on surface pro-
cesses in the terminal collisional phase in this
area.
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