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ABSTRACT
The recycling of the continental lithosphere back into the mantle significantly impacts 

the structure and dynamics of orogens, particularly in the central Mediterranean region. We 
demonstrate that variations in the rheological properties of the continental lithosphere, as 
revealed by high-resolution regional tomography, influence the style of continental subduction. 
We explain the geometry and evolution of the oppositely verging Apennines and Dinarides 
orogens, as given by contrasting subduction processes, such as underplating and continental 
delamination, affecting the same plate (the Adriatic microplate, or Adria). In the case of the 
Apennines, slab peel-back predominates during subduction, resulting in a steeply dipping slab. 
In contrast, the Dinarides experience flat subduction due to the underplating of continental 
material. These different mechanisms, influencing kinematics and surface processes, are gov-
erned by rheological heterogeneities and different buoyancies of the continental lithosphere.

INTRODUCTION
Many open questions feed the intense debate 

on the evolution of continental subduction; par-
ticularly, on how deeply the lithosphere pen-
etrates (Ranalli et al., 2000) and its impact on 
surface field deformation (e.g., Regard et al., 
2003). In this context, variations in the buoy-
ancy of the subducting lithosphere are thought 
to control both subduction rate and slab dip 
(Royden and Husson, 2009). These conditions 
are potentially widespread across continental 
margins, especially those of past oceans. The 
central Mediterranean area constitutes a key case 
study for understanding the long-term devel-
opment of continental subduction (e.g., Dewey 
et al., 1989). The Apennines and the Dinarides 
orogenic belts are two distinct examples of 
how this process evolved differently (Fig. 1A) 
from the subduction of the same microplate 
(i.e., Adria; e.g., Doglioni et al., 2007; Royden 
and Faccenna, 2018). In addition to the general 
large-scale framework of African and Eurasian 
plates convergence, the evolution of this system 
is dominated by small oceanic basins and conti-
nental microplates, like Adria (Kissling, 2024).

In the Apennines and the Dinarides orogens, 
positive velocity anomalies at mantle depth 
indicate the presence of subducting lithosphere, 
extending to varying depths. However, the slab 
continuity is debated due to lateral and vertical 
velocity variations in tomographic models. These 
velocity anomalies are interpreted as resulting 
from differences in subduction velocities or the 
timing of subduction onset (Šumanovac et al., 
2017; Chiarabba et al., 2023), slab detachment or 
windows (Piromallo and Morelli, 2003; Koula-
kov et al., 2009; Belinić et al., 2021), and propa-
gating slab tear (Rosenbaum et al., 2008; Handy 
et al., 2015). The coexistence of these differing 
models also stems from the knowledge gap that 
persists regarding the subduction of continental 
lithosphere and the role played by lateral hetero-
geneities in the composition of the uppermost 
mantle (Giacomuzzi et al., 2022).

GEODYNAMIC OUTLINE
Continental collision and subduction have a 

long history in the central Mediterranean, result-
ing from the ongoing convergence between 
Eurasia and Africa since the late Cenozoic (ca. 
40 Ma; Dewey et al., 1989). Squeezed between 
the two major plates, the Adria microplate 
(McKenzie, 1972; Kissling, 2024) has been pro-
gressively consumed by subduction beneath the 

Apennines and Dinarides-Hellenides (Fig. 1A). 
Adria currently represents the last largest strip of 
continental lithosphere in the Mediterranean. It 
remains attached to the remnants of the ancient 
Tethys oceanic basin to the south, while the 
majority of the oceanic lithosphere has been con-
sumed in the subduction zones (Kissling, 2024).

Throughout the long evolution of the Apen-
nines and the Dinarides, the varying convergence 
rates of slow (1–2 mm/yr) and fast (5–10 mm/
yr) episodes (Faccenna et al., 2004) have led to 
the complex and different structures of these two 
orogenic systems (Royden and Faccenna, 2018). 
This evolution has resulted in the bending of the 
Apennine orogen and the Adriatic slab at depth 
(Handy et al., 2015). Such complexity is testified 
by the debated lateral and vertical continuity of 
high-velocity anomalies in the mantle observed in 
teleseismic models (Piromallo and Morelli, 2003; 
Koulakov et al. 2009; Giacomuzzi et al., 2012; 
Šumanovac et al., 2017; Paffrath et al., 2021).

GPS data (Eurasia fixed frame; Serpel-
loni et al., 2022) have confirmed the different 
kinematics of the two orogens (Fig. 1). In the 
Apennines, seismicity and strain indicators have 
revealed active compression spreading along the 
northern Adriatic coast, coupled with an across-
belt extension (Serpelloni et al., 2022). Seis-
micity concentrates mainly within a shallow 
brittle crustal layer along the axis of the belt, 
while deep seismicity occurs under the north-
ern part of the belt and in the Ionian subduction 
(Fig. 1C). In contrast, the Dinarides are charac-
terized by compression in the inner portion of 
the belt (43°–46°N and 15°–20°E), which shifts 
into transpression in the northern area (Balling 
et al., 2021; Serpelloni et al., 2022; Fig. 1A).

THE Vp AND Vp/Vs SIGNATURE OF 
ADRIA

The seismic velocity structure (P- and 
S-wave velocities) of the Adria lithospheric
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mantle shows significant variations, espe-
cially at depths of 40–60 km (see Fig. S1 in 
the Supplemental Material1). In the northern 
part of the Adria plate, the mantle exhibits 
a predominant pattern characterized by high 
Vp and low Vp/Vs values, marking a distinct 
continental signature. Conversely, the southern 
portion displays localized areas with low Vp 
and high Vp/Vs values. At a depth of 60 km 
(Fig.  2), a prominent high-Vp anomaly is 
observed extending from the northern sector 

(from 43°N to 14–17.2°E) eastward into the 
inner portion of the Dinarides. Within this 
high-Vp lithosphere, high Vp/Vs anomalies 
(hydrated mantle [HM] in Fig. 2B) are present 
between 50 km and 80 km depth. Two strong 
and marked low-Vp interruptions are identified 
in the velocity structure: the first is located at 
∼43.2°N, 18.8–19.2°E, and the second covers 
the Albanides region (41–42°N, 19.5–21°E), 
aligning with a change in the strike of the belt. 
At 80 km depth, the velocity structure becomes 
more continuous. A high-Vp anomaly (+3%) 
aligns with the strike of the Dinarides, spread-
ing into the Adriatic Sea. South of 41°N, a low-
Vp anomaly stretches from the Calabrian arc 
to the Ionian Sea, marked by a sharp transition 
from west to east. Additionally, a negative Vp/
Vs anomaly extends below the Ionian Sea and 
the central part of the Adriatic, while a smaller 
positive Vp/Vs anomaly can be found in its 
northernmost part, extending up to 44° N.

DEEP STRUCTURE OF THE 
APENNINES AND DINARIDES

The seismic velocity structure shows signifi-
cant lateral and vertical variations in the Adria 
lithosphere, indicating a different geometry and, 
in turn, nature. The main feature that we recov-
ered is a laterally continuous and well-resolved 
(see Fig. S2) high-velocity lithosphere subduct-
ing beneath the two belts, extending down to 
100 km in depth and showing an intriguing con-
nection with deeper mantle anomalies (Bijwaard 
and Spakman, 2000; Piromallo and Morelli, 
2003; Ustaszewski et al., 2010; Handy et al., 
2015). The plunge of the Adriatic lithospheric 
mantle is steep beneath the Apennines (from 
30° to subvertical) but is almost flat beneath 
the Dinarides (Fig. 3B). To track how this fea-
ture extends into the upper mantle, we integrated 
our regional model with the teleseismic model 
of Paffrath et al. (2021). We observe that the 
high-Vp Adria lithosphere is consistent with 

1Supplemental Material. Additional figures (S1–
S5) and a text analyzing Vp and Vp/Vs perturbations at 
lithospheric mantle depths, synthetic slab test beneath 
the Dinarides, checkerboard and recovery tests for the 
Adria plate, comparisons with previous tomographic 
studies, and a detailed discussion of the observed 
velocity anomalies and model comparisons. Please 
visit https://doi​.org​/10​.1130​/GEOL​.S.28095581 to 
access the supplemental material; contact editing@
geosociety.org with any questions.

Figure 1.  (A) Tectonic map 
of the Apennines-Dina-
rides-Hellenides system 
in the central Mediterra-
nean region. Red triangles 
are the frontal thrusts. 
SZ—suture zone; SP—
Scutari Pec Zone. (B) Map 
with main structural linea-
ments (red lines) and focal 
mechanisms (extracted 
from the regional cen-
troid-moment tensors; 
Pondrelli et  al., 2002). 
(C) Map with 2005–2020 
CE seismicity relocated 
in the one-dimensional 
model of Menichelli et al. 
(2022), colored according 
to depth values.
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Figure 2.  P-wave velocity 
(Vp) percent perturbation 
(pert %) (A), and Vp/Vs 
(Vs—S-wave velocity) per-
cent perturbation layers 
(B) of the tomographic 
model of Menichelli et al. 
(2023) at 60 km depth. 
Black arrows indicate 
GPS velocities (mm/yr) 
extracted from Serpelloni 
et al. (2022). HM marks the 
location of the high Vp/Vs 
upper lithospheric mantle 
below the northern Dina-
rides linked to a hydrated 
mantle.

A B

Figure 3.  P-wave veloc-
ity (Vp) and Vp/Vs 
(Vs—S-wave velocity) per-
cent perturbation (pert %) 
at 60 km depth (A) and in 
cross sections along the 
Apennines and Dinarides 
(B) and along the strike of 
the Dinarides-Albanides 
system (C). Cross sec-
tions are shown in A. 
HM—hydrated mantle 
below the northern Dina-
rides. Black lines indicate 
the Adria (AM) and Euro-
pean (EM) lithospheric 
mantle boundary.
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both steep and flat dips between the opposite 
orogens. The high-Vp anomaly extends down 
to 300 km beneath the Dinarides (Fig. 4) and 
aligns with the results of Sun et al. (2019) and 
Belinić et al. (2021), resolving the doubts on a 
slab gap in this region. This high velocity, i.e., 
east-plunging Adria lithosphere, extends south-
ward until the connection with the Albanides 
(Fig. 3C), where a strong low-Vp anomaly is 
consistent with the slab edge of the Hellenides 
system.

A negative anomaly interrupts the high-Vp 
Adria lithosphere between the outer and inner 
Dinarides beneath the HM volume identified by 
our study, consistent with the low Vs indicated 
by S-wave receiver function (Stipčević et al., 
2020).

DISCUSSION AND CONCLUSIONS
Our new results enhance our understanding 

of the continental lithosphere structure at depths 
that are crucial for current tomographic models, 
offering deeper insights into the mechanisms 
that drive kinematics and surface processes in 
orogens. The Adria double subduction beneath 
the Apennines and Dinarides features different 
deformative styles: slab peel-back (i.e., litho-
spheric delamination; see Göğüş et al., 2016) 
and crustal accumulation, respectively.

The different subduction mechanisms sig-
nificantly influence active surface deformation 
(Figs. 1B and 2). In the northern Apennines, the 
steeper dip of the plunging lithosphere, indicated 
by positive anomalies and intermediate-depth 
seismicity, results from the delamination of the 
Adria lower crust and mantle lithosphere. The 
high-velocity Adria mantle aligns perfectly with 
the region where a few millimeters per year of 
shortening are observed at the front (Fig. 2). 
The internal mountain range exhibits across-belt 

extension, on top of a wedge volume that shows 
low-Vp and high Vp/Vs anomalies (Fig. 3). This 
wedge serves as a barrier between the stretch-
ing crust and the subducting lithosphere. In the 
Dinarides, flat subduction aligns with under-
plating of crustal material beneath the belt and 
indicates a coupling of the two plates. Compres-
sion and large earthquakes mainly occur in the 
inner part of the chain, which corresponds to the 
deflection of the lithosphere (Fig. 3).

The diffuse pattern of low-Vp and high Vp/
Vs anomalies in the Apennines wedge (Fig. 3) 
suggests that intense hydration, due to flu-
ids released from the underthrusting material, 
accompanies the delamination process. Below 
the Dinarides, the transition from low to high 
Vp anomalies, along with the correspond-
ing decrease of Vp/Vs (Fig. 3B, cross section 
2, 40–150 km horizontal distance), marks the 
eclogitization process of the Adriatic lower 
crust, from granulitic to eclogitic rocks.

We hypothesize that the different styles of 
continental subduction, whether steep or flat, 
and the associated deformation, are influenced 
by the rheology of the continental lithosphere 
and the varying degrees of fluids released dur-
ing the underthrusting of the lower crust (Piana 
Agostinetti et al., 2011). This process enhances 
slab peel-back (Fig. 4), promoting delamination 
retreat (Chiarabba et al., 2014), extension across 
the mountain belt, uplift, and slab verticaliza-
tion. In contrast, the dehydration of the Adria 
lower crust and delamination are less promi-
nent in the Dinarides. In this region, the bend-
ing of the lithosphere is less pronounced and 
occurs at a slower rate, possibly due to either 
higher lithospheric buoyancy or interactions 
with the retreat of the Apennines and the asso-
ciated mantle circulation (Király et al., 2018; 
van Unen et al., 2019). The former hypothesis 

is supported by the HM anomaly (Figs. 2 and 3) 
that may indicate a change in the composition 
of the continental mantle due to the presence of 
hydrated material.

The geometry of the shallow subduction 
system and the maturity of delamination can 
be explained by varying subduction veloci-
ties, which tend to be faster in areas where the 
peeled lithosphere is denser. According to Lal-
lemand et al. (2008), variations in the continen-
tal plate’s resistance to bending can promote 
trench advance, seismic activity, and compres-
sional spreading, which is likely applicable also 
to the inner Dinaric belt. Conversely, systems 
experiencing trench retreat, such as the Apen-
nines, are characterized by paired frontal com-
pression and inner extension. Additionally, the 
subduction of a more buoyant lithosphere, as in 
the Dinarides, may slow this process, contribut-
ing to the advance of the compressional front 
and altering surface uplift between the external 
and internal belts (Balling et al., 2021). This is 
consistent with results from numerical modeling 
(Göğüş et al. 2016). Therefore, the asymmetrical 
evolution beneath mountain chains can be attrib-
uted to the varying buoyancy of the continental 
lithosphere, which reduces the slab pull force 
(Király et al., 2018).

In summary, our work highlights how the 
rheological and compositional heterogeneities 
within the lithosphere can significantly affect 
the behavior of continental subduction. Differ-
ent conditions can lead to varying degrees of 
delamination which, in turn, can tune the buoy-
ancy of the slab and influence the overall buoy-
ancy of the continental lithosphere. Specifically, 
when applying these observations to the central 
Mediterranean region, our findings suggest that 
in flat continental subduction, underplating is the 
dominant process and compression is transmit-

Figure 4.  (A) Cross 
section along the Apen-
nines-Dinarides orogens 
obtained by merging 
the regional model of 
Menichelli et  al. (2023) 
(0–100 km) and the tele-
seismic model of Paffrath 
et al. (2021) (100–500 km) 
using the JuliaGeodynam-
ics Geophysical Model 
Generator (https://github​
.com​/JuliaGeodynamics​
/GeophysicalModelGen-
erator​.jl). Vp-pert (%) is 
P-wave velocity percent 
perturbation. (B) Geolog-
ical sketch of the cross 
section in A. The gray 
dots represent the seis-
mic events (2005–2022 
CE) relocated in the 
three-dimensional veloc-
ity model. The light-brown 
area defines the Oligo-

cene–Miocene marine terraces, and the yellow area defines the Apenninic wedge. eclowcr—eclogitization of the lower crust.
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ted to the inner portion of the mountain chain. In 
contrast, when the lithosphere plunges subverti-
cally, slab peeling becomes more pronounced, 
resulting in the separation of the less dense part 
of the crust. This process creates a decoupled 
lower section, leading to a paired system where 
compression is observed at the front of the belt 
and extension beneath it. We hypothesize that 
the variations in subduction styles are primar-
ily due to differences in the continental mantle, 
which is influenced by whether delamination 
or underplating is more significant in the given 
contrast.
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