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Accreted Adriatic & European units

Handy et al., simplified from
Schmid et al. 2004, 2008
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Alps

Handy et al., simplified from
Schmid et al. 2004, 2008
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The Alps — the traditional
geological-geographical

subdivision
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Zermatt area - the Matterhorn-Dent Blanche Klippe
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Two orogens — two baric events
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The Alps — AS transects
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“Backfolds” & Periadriatic Fault

Crustal structure
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The Periadriatic Fault System
- Its components
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Periadriatic Fault System & related magmatites
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Post-20 Ma lateral extrusi_o_nﬁip_ the E. Alps

Neogene deformation Pzl a
Handy et al. 2015
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Analogue models of lateral extrusion

Ratschbacher et al. 1991 _
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eriadriatic Fault System & related magmatites
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Lithospheric mantle source of Periadriatic granitoids
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“Trace element and isotopic composition
suggest that they have been formed by low-
degree melting of the mechanically stable
lithospheric mantle. There is no evidence for
melting of asthenospheric mantle.”
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c) Continental Subduction
(ca. 55-45 Ma)

d) Slab Breakoff, Magmatism,
Suture Ove[sleepenlng (ca. 45-40 Ma)

|
e) Slab Sinking, Continued _\
Magmatism, Backthrusting (40-25 Ma)

“Slab breakoff led to heating of
the overriding lithospheric mantle
by upwelling asthenosphere,
melting of its enriched layers,
and thus to bimodal magmatism.”

von Blanckenburg & Davies 1995



Peripheral basins of the Alpine chains
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Structure of the ,Molasse” Basin
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overlapping Adriatic.
& European Mohos
(Ivrea anomaly)

depressed Moho
above hanging
Adriatic slab

Moho depth map of
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Subduction polarity beneath the Alps
slab gap ?
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Alps surface & subsurface viewed from NE
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Alps surface & subsurface features viewed from SE
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Transects of Alps viewed from the SE

Active seismic transects of the 1980s & 1990s
Passive seismic swaths (AlpArray, CIFALPS-1)
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The Alpine (European) slab in tomography

= Handy et al. 2010
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Development of the Alpine Slab
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Carpathian-Pannonian System

Handy et al., simplified from
Schmid et al. 2004, 2008
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Carpathian-Pannonian System

Handy et al., simplified from
Schmid et al. 2004, 2008
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3D diagram of Carpathian-Pannonian system
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Neogene Basins
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Neogene extensional structures of the Pannonian Basin
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Rollback Subduction

|6 Ma Pannonian
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Miocene-recent magmatism as a tracer of

rollback subduction
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Surface uplift & Pannonian tectonics

W

Budapgst "

Uplift, river incision and erosion
shown by ancient Danube strath
terraces at Visegrad, upstream
of Budapest.

Exposure age of terraces:
0 to 250Ky

Incision rate: ~1.5 mml/y

From S.Cloetingh

Strath terraces at Visegrad




Clockwise migration of foredeep deposition
around the Carpathian arc
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Foredeep migration related to rollback subduction &
Pannonian extension

]
e

* Drastic increase at 16.5 Ma

» Clockwise foredeep
migration probably traces
direction of Miocene slab
tearing

Meulenkamp et al. 1996
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Block rotations during rollback subduction

Paleomagnetics

__| Tertiary-Quaternary fill of the Pannonian Basin Seleptegl paleomagnetic
B Neogene calc-alkaline volcanic rocks gEC“"a"O“S on
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Detached slabs & the slab ,,graveyard

detached slab of Alpine Tethys



Vrancea slab — hangs in the “wrong” place, just below the orogenic front
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Dinarides

Handy et al., simplified from
Schmid et al. 2004, 2008

Main tectonic units
flexural foredeep and graben fill

s

§ Europe Adria
£ | accreted units i [ ]
8 \ autochtonous foreland [ | [

Main tectonic boundaries
former plate boundary _A_A

Alpine Tethys - present thrust front A A
Neotethys [] strike-slip fault —

oceanic




- Infrabucovinian, Sete, Sredna Gora units I codr: nappe system

Sutbunovinin. Buraanian, Bikadia,

Sutures of two oceans - Alplne Tethys & Neotethys

I o Dobroge:

Sugragetic, Serbo-Macadonian

- Circumn-Rhodope telt & Strandja unita lhnsr B4l kanides

- Sakarya uni | Rhodops lower unit
[ esios sutre & ki compiex

I rrooops upper it

—r _ "

after Bernoulll 2001

Southern Alps and Dinarides:
Adria-derived thrust sheets

| Neotethys suture ,,
|Sava, Izmir-Ankara ZoneS

M\\A | \r.,..«“- o Schmid et al 2011, in prep




Cross section of the Dinarides

LOWER PLATE = ADRIA Paleogene UPPER PLATE = EUROPE
Paleogene nappe stack topped by Suture Late Cretaceous nappe stack
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Schmid et al. 2008



Dinaric fold-and-thrust belt exposed in the
Cukali Dome

1 Eocene thrust of High-Karst &
' Pre-Karst Nappes onto Krasta-
Cukali Nappe (footwall) NE

C Py —.

i a4

Cukali Dome

(folded Krasta-Cukali Nappe) Albanian Alps



Enigmatic feature - Slab gap beneath Dinarides

deformation front suture
SW apulia Adk?tic Sea Dinaride;\ NE

23

200 E "
2 > 24
16 ° 18 ° 20 22
Faults
4 0 0 deformation front, exposed
I deformation front, subsurface
nits S Bl Alpine Tethys
id § [ Neotethys important Neogene fault




Miocene extension of Dinaric nappe stack

Y ) | Sarajevo- Zenica Basin ‘
e and Bosnian Flysch 2nd phase of thrusting

Fig.5g
3

Schmid et al. 2011, in prep
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Slab is too short given the amount of shortening

Matenco & Radivojevic 2012
=> slab breakoff in Oligocene?



Late Paleogene magmatism in the Dinarides & Carpatho-Balkan

Paleogene magmatism -
back-arc extension and breakoff of Adria slab?

Legend R
3

@ Paleogene volcanics I\ active wolcanism

Paleogene granitoids <— mantke flow
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Apennines

Handy et al., simplified from
Schmid et al. 2004, 2008

Main tectonic units
flexural foredeep and graben fill

Main tectonic boundaries
former plate boundary _A_A

8

c -

@ Europe Adria 2

£ ") accreted units i § Alpine Tethys [ prReeitingeiion A,
8 ( autochtonousforeland [ | [ 8 |Neotethys  [I] strike-slip fault —_—




Alps-Apennines switch in subduction polarity

e A

Alps orogenic front

; - 7 at [ Dinarides
— —L | lab

e |:’ / Sla

Vignarolli et al 2008



Alps front
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Roll-back and delamination in the
Apennines

Migration of the E limit of the upper plate

>
I Present site of
R T . new Moho = Tyrrhenian Moho Adria collision front
Corsica Tyrrhenian Italy
Sea
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slab rollback

\ Asthenosphere

Site of Adria subduction
European (Corsica) gt c. 30 Ma
mantle lithosphere
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Carminati et al. 2010, Journal of the Virtual Explorer



“Alpine” style subduction

X

Alps-Apennines Switch == 7 oo w0451

coninen i crust

iIn subduction polarity
iIn Oligo-Miocene time

Metamorphic Peak
S <

c. 30Ma
Doubly vergent subduction
or European slab breakoff?
Extensional Setting
- >
- <
c. 24 Ma

Vignarolli et al. 2008
Timing according to Molli et al. 2010




Magmatic record of rollback subduction in the

Apennines

¢ Quaternary (1.6-0 Ma)
» Pliocene (5.5-1.6 Ma)

e L ate Miocene (11.5-5.5 Ma)

¢ Middle Miocene
(16.6-11.5 Ma) p~
» Oligocene - S B
Early Miocene J\. » $ -
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Volcanism youngs from Oligo-Miocene in NW (Liguro-Provencal Basin) to
Pleistocene in SE (Tyrrhenian Basin) => this tracks the retreat of the Adriatic slab



FIRST ORDER ARC DUE
TO SUBDUCTION CONTRASTING
THE EASTWARD MANTLE FLOW

’ ) - Extension, Tprton, (11 Ma)-Pliocene

Extension, Plio-Pleistocene

- VerkUrzung|

forward progression of the thrust helt
accreting sedimentary cover of the “eastern” -_—9
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Umbria — Marché fold-and-thrust belt

Mio-Pliocene to
Pleistocene
folding

2 gz 4 4 IOl A A A e

NE-facing folds (Serra S. Abbondio)



Plio-Pleistocene extension
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Gubbio high-angle normal fault



Mio-Plio & Plio-Pleistocene extension
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Mio-Pliocene
extensional
allochthons

Liguriap_aophiolite nappe
lies directly on Triassic

evaporite

Extensional allochthons of Ligurian & Tuscan nappes

W deformed Ligurian thrust Ligurian ophiolite nappe E
' ' —_ (upper plate)

L
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’_"'41!» L | p,A
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extensional detachment
(Mio-Pliocene)



Orogen-normal and —lateral mlgratlon of

foredeep depocentre

Ligurian Allochton (LIG = main Liguri
MC = Montefeltro Colata) 4
40" +

Laga Basin (Messinian) 39"

latest Early - Late Miocene foredeep se ¢
of the Marnoso Arenacea (stippled) anc 37" | M -Wagner?ho ETH Zunch20ﬂ

— M. Spada PhD ETH Zurich 2011
Basin" (sensu Centamore et al., 1978) s 3¢

(unpatterned) 4 6 g 100 120 14° 16 18 20°
. . U 1 —
Late Oligocene-Early Miocene foredee 12 16 20 24 28 32 36 40 44 48 52 56 60
(Macigno and Cerverola sequences) Moho Depth (Km)
Late Oligocene to Late Miocene foredeep depocentres Spada et al. 2013

(see text for explanation)

Tortonian lateral foredeep depocentre shift

Most external Apenninic thrusts

Important internal thrusts

This migration interpreted as a response to rollback (orogen-
normal) and tearing (orogen-parallel) of the Adriatic slab

van der Meulen et al. 2000



Lateral migration of foreland.
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Foreland basin evolution & slab tearing

Mountain chain Depocentre associated

with the lithospheric tear

Overriding plate

Subducting plate

Foredeep

Tear in subducted
lithosphere

[0Zone A:
Unaffected by
slab detachment

Zone B:

] Zone C:

subsidence in foreland/foredeep areas rebound after detachment causes
increases due to the excess pull exerted a decrease in subsidence rates and/
by the detached lithosphere of zone C or uplift of foreland/foredeep areas

Fig. 1. Graphical representation of the hypothesis of lateral migration of slab detachment ( Wortel and Spakman. 1992), and predicted
surface effects. Reprinted from van der Meulen et al. (1998) with kind permission of Elsevier Science.

van der Meulen et al. 1998, 1999



Neogene Apenninic rollback subduction

Burdigalian 20-17Ma

« [ = L.Rupelian

Seranne et al. 1999




Neogene Adria rotation & Europe-Adria
convergence in the Apennines

A"

—— Topography/Bathymetry from ETOPO1
Mohe from Spada et al. 2013
Uncertainties on Moho depth (+ 2 km)

Amount of back-arc extension
of the European plate:

A-A': Liguro-Provencal Basin
Rifting (34-21 Ma) = 61 = 16 km
Spreading (21-16 Ma) = 55 km

Upper plate extension (107 km) vs. subduction (115 km)
=> within error, E-A convergence is near 0

Subduction (115 km) > shortening (30-60 km, thick-skin)
=> |Lots of tectonic erosion

Rifting (16-0 Ma) = 107 =14 km
Total

(rifting + sp
223 £ 30 km

Areal balancing of crust along a section

Europe-Corsica-Apennines

10°E

20°E

—
| CRUSTAL WEDGING |\,

b

113 km
translation to NW

45°N |

40°N

Adria has rotated counter-

by some 5° in the past 20 Ma

clockwise with respect to Europe

AFRICA

35°N

o

| 20 Ma - Present

% ]5.25°CCwW
“1=._| Rotation

Present coastlines

Present normal faults

Present main thrusts

Main thrusts at 20 Ma

Adria at 20 Ma (5.25° CCW Rotation)

Africa at 20 Ma
Neogene Extension

Neogene Shortening
Driving forces

Ivrea City

Le Breton et al. 2017




Synopsis

Main tectonic units
8 ( flexural foredeep and graben fill [:5-]

8
§ Europe Adria
£\ accreted units i
8 | autochtonous foreland

Main tectonic boundaries
former plate boundary _A_A

Alpine Tethys - present thrust front A A
Neotethys [] strike-slip fauilt =

oceanic




Evolution of the Alpine chains

5

Handy et al. 2015



Slab motion maps & possible driving forces

25"

67-35 Ma
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Mesozoic history
of the greater Tethyan domain
Schmid et al. 2004

~ Spreading of Neotethys

Lz
i Spreading in Valais Basin

~ Future Eoalpine orogen

— Obduction of Neotethys in Dinarides

Late Jurassic

— Adria-Europe suturing in Dinarides

ko), ,égiq'ar"za A\_ T~ Closing of Piemont-Liguria
//;rica kA

oo i o~ Southern Neotethys remains open




Summary

The Adriatic plate is surrounded by differently aged

mountain belts:
» Dinarides - obduction from mid-Jurassic-early Cretaceous,
collision from late Cretaceous-Oligocene
» Alps — late Cretaceous-Paleogene (86-35 Ma), collision Oligo-
Miocene (35-10 Ma)
» Carpathians — Mio-Pliocene (24-11 Ma)
* Apennines — Mio-Pliocene (16-5 Ma)

Orogenic style contrasts around the Adriatic plate
* Alps — ,hard” collision (lots of accretion of lower plate,
indentation), slabs well preserved, deep subduction and
exhumation of both continental and oceanic crust
« Apennines & Carpathians — rollback subduction, soft collision,
slabs
* Dinarides — modest exhumation



Summary

Slab breakoff occurred later in the younger
orogens (Apennines, Carpathians) than in
the older ones (Alps, Dinarides)

* Alps 34-28 Ma

* Dinarides 37-24 Ma

« Apennines 5-2 Ma

« Carpathians 22 Ma-Present (Vrancea slab)

Slab breakoff in Alps and Dinarides probably
contributed to initiating rollback subduction in
the Apennines and Carpathians



Summary

Geological evidence for rollback subduction

 Dinarides

« Apennines

» Carpathians

Neogene basins bounded by faults, some of
which reactivated Paleogene thrusts;

extension generally youngs NE-to-SW, i.e., from
internal to external Dinarides

NW-to-SE younging of foredeep sedimentation,
arc volcanism and backarc basin subsidence
from 35 Ma to the present

WNW-to-ESE younging of foredeep
sedimentation, volcanism and basin subsidence
in the upper plate from 22 Ma to Recent
(Transylvanian Basin)



Summary

Geological evidence for slab tearing and breakoff

Alps Calc-alkaline magmatism at 34-28 Ma, transition
from underfilled foredeep (flysch) to overfilled
foreland basin (molasse) basin at 32-35 Ma in
Central Alps, at 20-18 Ma in Eastern Alps

Dinarides 37-24 Ma calc-alkaline magmatism, onset of E-W
Neogene extension (core complexes and basins)

Apennines orogen-parallel, NW-to-SE younging of foredeep
sedimentation in N Apennines

Carpathians  clockwise migration of foredeep depocenter around
the Carpathian arc from 17 Ma to present (Vrancea
slab)



