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In this study, we describe the mode of extension of the Vavilov, a fossil backarc basin, triangle-shaped (approx-
imately 240 km-wide and 200 km-long), located between Sardinia margin to the west and Campania margin to
the east. We combine the analysis of recent geophysical and geological data, in order to investigate the relation-
ship between the crustal/sedimentary structure and the tectonic evolution of both apex and bathyal parts of the
basin.With this aim,we interpret a large data set ofmultichannel seismic reflection profiles and severalwell logs.
We observe that the apex basin corresponds to a sediment-balanced basin, with a sedimentary infill recording
the episodes of basin evolution. In contrast, the distal basin corresponds to an underfilled basin, characterized
by localized volcanic activity and a thin sedimentary succession that covers the exhumed mantle. The basin ar-
chitecture reveals the occurrence of rift and supradetachment basins in the Vavilov rift zone. We find that the
rifting of the Vavilov triangular basin was synchronous from the apex to distal regions around a single Euler
pole located in Latium, between 5.1 and 1.8 Ma. The kinematic evolution of the Vavilov basin occurred in two
stages: initial pure shear mode (5.1–4.0 Ma) that produced high-angle normal faults and syn-sedimentary
wedges, followed by simple shear mode (4.0–1.8 Ma) that caused supradetachment basins filled by a Transgres-
sive-Regressive succession that documents high subsidence rates (1.22mm/y) in the apex region. The final stage
of extension in the distal region led to: (i) complete embrittlement of the crust; (ii) direct continuation of crustal
faults to uppermantle depth; (iii) serpentinization andmantle exhumation. Based on constraints on the present-
day crustal structure of the Vavilov basin, we obtain a stretching value (β=3.5) and extension rates (3 cm/y) in
the bathyal zone analogous to those reported for magma-poor rifted margins.
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1. Introduction

In recent decades many studies have been carried out on rift forma-
tion, in order to understand causes andmodes of whole lithospheric ex-
tension (e.g., Coward et al., 1987; Keen, 1987; Ziegler, 1992; Ruppel,
1995; Corti et al., 2003; Ziegler and Cloetingh, 2004). Data recorded
from a large number of extensional regions worldwide indicate that
rifting is a polyphasic process, since rift activity migrates and the
mode of extension (symmetric to asymmetric pattern) changes through
time (e.g., Whitmarsh et al., 2001; Reston and Pérez-Gussinyé, 2007;
Reston, 2009; Espur et al., 2012; Cloetingh et al., 2013). A critical step
to reconstruct the evolution of a rift zone is the stratigraphic analysis
of ancient and active rift basins. This analysis indicates that develop-
ment of normal faults, their physiographic expressions, and variations
in fault slip rates are the major factors influencing the spatial
torrente@unisannio.it
distribution and architecture of depositional systems adjacent to the
fault zones (e.g., Dart et al., 1994; Gawthorpe and Leeder, 2000). Exten-
sional sedimentary basins can be classified in terms of stratigraphy, age
of formation, basin architecture, and bounding fault's geometry.
Friedman and Burbank (1995) proposed that continental extensional
tectonism has two end-members styles: rift settings and highly extend-
ed terrains, resulting in high-angle rift basins and supradetachment ba-
sins, respectively. The evolution from rift systems to supradetachment
basins depends on different factors, such as crustal thickness, thermal
state of the lithosphere, and tectonic environment. Temporal changes
of these parameters influence the basin structure. In particular,
supradetachment basins are characterized by thick or over thickened,
recently active lithosphere in a backarc setting (e.g., Coney, 1987).

Extensional basins have been studied and classified using 2Dgeolog-
ical sections (e.g., McKenzie, 1978; Bally et al., 1981; Wernicke, 1985;
Lister et al., 1986; McClay and Ellis, 1987) and thus also modelled prev-
alently in 2D (e.g., Wernicke and Axen, 1988; Whitmarsh et al., 2001;
Harris et al., 2002; Corti et al., 2003; Kapp et al., 2008; Brune et al.,
2014; Platt et al., 2015). However, the complete process of continental
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break-up can be understood only through detailed 3D studies of rift
evolution at varying stretching factors (Reston and Pérez-Gussinyé,
2007). Up to now, only few studies use a three-dimensional approach
to investigate the evolution of rift basins (Martin, 1984, 2006;
Schellart et al., 2003; Lavier and Manatschal, 2006; Sokoutis et al.,
2007; Smit et al., 2010).

Natural examples and models have described the modes of exten-
sion from stretching to continental break-up and oceanization in
magma-poor rifted margins (e.g., Whitmarsh et al., 2001). Even if
these types of extension have been observed in the present and fossil
Atlantic basins (Manatschal, 2004; Péron-Pinvidic et al., 2007; Espur et
al., 2012; Masini et al., 2012), exhumed mantle or hyper-extended
crust are also typical features of backarc basins (Taylor, 1995), which
can become parts of orogenic belts (Saintot et al., 2003; Butler et al.,
2006; Stephenson et al., 2006; Roure et al., 2012).

According toWhitmarsh et al. (2001), the evolution of a rift area oc-
curs with two consecutive modes of continental extension: pure shear
and simple shear. The pure shear mode is characterized by high differ-
ential subsidence of half-grabens and lithospheric necking. The simple
shear mode is instead characterized by lithospheric detachment
faulting, strong subsidence, deposition of sub-horizontal strata, and
final exhumation of serpentinized upper mantle, uprising from a
depth b10 km along a downward-concave fault.

Although models of rifts have been largely developed for Atlantic
type margins, the Vavilov backarc basin in the Tyrrhenian Sea is the
ideal place to study different stages of rifting until mantle exhumation.
The Tyrrhenian Sea (Fig. 1) is the youngest backarc basin of theWestern
Mediterranean (e.g., Dewey et al., 1989). Crustal thinning and opening
of sedimentary basins in the Tyrrhenian Sea have been documented
since the start of Deep Sea Drilling Project (DSDP) and Ocean Drilling
Program (ODP) (Hsu et al., 1978; Kastens et al., 1987; Spadini et al.,
1995).Within this geological framework, the Vavilov basin represents
a perfectly preserved fossil triangular basin, where the extensional pro-
cesses reached the mantle exhumation stage during the Pliocene
(Mascle and Rehault, 1990; Milia et al., 2013) and moved eastwards in
the Quaternary (Milia and Torrente, 2015a).

In this study, we interpret seismic reflection profiles and wells
data, in order to reconstruct the architecture and timing of rifting
of the Vavilov basin. Our results show rift and supradetachment ba-
sins in the Vavilov rift zone and, for the first time, the kinematics of
the entire triangular basin (from apex to distal zones). Furthermore,
we compare the development of the Vavilov basin with two evolu-
tionary models of triangular basins: a) the plate tectonic rift model,
featuring a synchronous opening across the whole basin, from apex
to the distal part around a rotation pole (e.g., Martin, 1984, 2006);
b) the propagating rift model, characterized by an extension migra-
tion from the distal to the apex of the basin (Lavier and
Manatschal, 2006). On the basis of this comparison and the crustal
structure of the Vavilov basin, we propose a model of tectonic evolu-
tion of the study region.

2. Geologic framework

The Tyrrhenian Sea is a Neogene-Quaternary triangular land-locked
extensional basin that formed at the rear of the Neogene Apennine
thrust belt (e.g., Kastens and Mascle, 1990; Patacca et al., 1990). Its
backarc evolution has mainly been attributed to the rollback toward
the south-east of the subducting Ionian plate (e.g., Malinverno and
Ryan, 1986, Cavinato and De Celles, 1999; Faccenna et al., 1996;
Rosenbaum and Lister, 2004). The central abyssal plain
(depth N 3000 m) of the Tyrrhenian Sea is characterized by a thin
crust (from 15 to b10 km) and lithosphere (~30 km) (Panza, 1984;
Nicolich, 1989; Cassinis et al., 2003), high heat flow values (Della
Vedova et al., 2001), and a large positive Bouger gravity anomaly
(Mongelli et al., 1975). Rocks of the different geological domains, out-
cropping onland and mainly formed during the Alpine orogenic cycle
(e.g., Sartori, 2005), have been dredged in the Tyrrhenian area. They
represent fragments of the European continent (Corsica and Sardinia),
Tethyan ophiolites, Calabria crystalline terrane, and Apenninic-Ma-
ghrebian chain.

The Tyrrhenian Basin can be divided into northern and southern sec-
tors characterized by different extension values. The northern
Tyrrhenian Sea started to form in the lower Miocene as a polyphase
rift, displaying a trend of faults convergent toward the North. This
basin has a relatively low value of stretching (e.g., Cornamusini et al.,
2002; Pascucci, 2002), constrained by crustal thickness that ranges be-
tween 25 and 20 km (Nicolich, 1989). In contrast, the Southern
Tyrrhenian Sea (Fig. 1) is a middle Miocene–Quaternary polyphase rift
with several fault trends, which includes the Vavilov basin. The
stretching factor of the Southern Tyrrhenian Sea is relatively high. The
Vavilov basin displays a detachment fault cutting the whole crust,
which is responsible for the exhumation of serpentinized peridotites
of the mantle (Kastens et al., 1987; Mascle and Rehault, 1990; Milia et
al., 2013).

The Vavilov rift zone is flanked in the west by the Cornaglia basin
and in the east by the Campania margin (Fig. 1). The Cornaglia basin
formed during the upper Miocene on the Sardinia continental margin
(e.g., Alvarez et al., 1974; Sartori, 1990, 2003; Spadini et al., 1995;
Rosenbaum and Lister, 2004; Milia and Torrente, 2014) and was
displaced by high-angle normal faults trending N-S. The associated
synrift sedimentary wedges correspond to thick Tortonian-Messinian
clastic deposits, conformably overlain by thin post-rift early Pliocene
deposits (MPL1; Fig. 1). Different ages for the rifting of the Vavilov
basin have been proposed: upper Tortonian-Messinian (Mascle and
Rehault, 1990), upper Messinian (Sartori et al., 2004) and late
Messinian-early Pliocene (Sartori, 1990). Extensional processes devel-
oped on the Campania margin over the last 1.3 Ma (Torrente et al.,
2010;Milia and Torrente, 2015a). The stratigraphy of the Vavilov bathy-
al zone is recorded by the ODP sites 655, 651 and DSDP site 373 (Fig. 1).
Site 655, located on the crest of the Gortani Ridge, encountered 80 m of
sediments, middle Pliocene (MPL4/NN15)-Quaternary in age, which are
lying above and interlayered by MORB basalts (Kastens et al., 1987). At
Site 651 (Kastens et al., 1987) 388 m of marine sediment (MPL6/NN18-
Quaternary) overlain 39 m thick of undated dolostones. The basement
section is formed by three units: basalts, transition zone, and highly
serpentinized peridotites, showing a tectonic foliation. The basalts,
dated 2.4 Ma (Robin et al., 1987), present carbonate veins, which de-
crease downhole, plus carbonate-opal-cemented basaltic breccias. The
58 m-thick transition zone comprises two subunits: (i) highly altered
peridotites, dolerites, dolomitic chalk, alkali feldspar-rich leucocratic
rocks, carbonate-cemented basaltic breccias, a very coarse sand to fine
gravel graded layer, and a few rounded loose pebbles of metadolerite.
The deepest occurrence of planktonic foraminifers is in a dolomitic brec-
cia, tentatively dated early Pliocene; (ii) a lower thin layer of basalts and
basaltic breccias, which could represent tectonic and/or talus breccias,
cemented by carbonate sediment filling and carbonate precipitation
from circulating seawater. At Site 373, 187 m of basaltic breccias and
flows, dated 7–4.4 Ma (Savelli and Lipparini, 1978), are covered by a
270 m thick Lower Pliocene (MPL3/NN14)-Pleistocene succession
(Hsu et al., 1978).

The Latium Apennines fold-and-thrust belt is composed of two tec-
tonic units: the Liguride thrust sheet overlying the Carbonate thrust
sheet. The Liguride unit, composed of Cretaceous-Miocene clays, marls
and sands, was deposited on oceanic or thinned continental crust and
is encountered at depth ranging between ~250 and ~1550 m by on-
shore boreholes near Anzio (Fig. 2). The Trias-Miocene Carbonate unit
was deposited on the continental crust of Adria and is composed of
basal Triassic evaporites (Burano Fm), Jurassic–Eocene carbonate-sili-
ceous-marls, Oligocene-Early Miocene marls, clay and arenaceous suc-
cession. It oucrops at Circeo Promontory, Zannone Island and Lepini
and is found at depth ranging between ~400 and ~2100 m by onshore
boreholes (Cretaceous-Miocene succession) near Anzio and south of



Fig. 1. (A) Indexmap of Italy and Vavilov basin (green triangle) and location of theM2A CROP profile and DSDP and ODPwell sites. The yellow rectangle indicates the location of the area
shown in Fig. 2. Bedrock geology is also included and depicted by colored diamonds and circles (Sartori et al., 2004; Sartori, 2005). (B) Stratigraphic logs of the DSDP and ODP sites,
modified from Kastens et al. (1987), using the updated Planktonic foraminifer and calcareous nanofossils integrated biostratigraphic scheme for the Mediterranean Pliocene of Violanti
(2012). 1) Pleistocene deposits; 2) Pliocene deposits; 3) dolostones; 4) basalts; 5) Messinian deposits; 6) Tortonian deposits; 7) conglomerates; 8) breccias; 9) serpentinized peridotites.

Fig. 2. Indexmap of seismic grid, ship tracks reported in the text and stratigraphic successions of deepwells from the Latiummargin. AR= Ardea basin, TC= Torre Caldara, L2= Latina2
well, L1= Latina1 well, FA= Fiume Astura well, MA=Michelawell, TR= Tre Cancelli well, AC=Acciarella well. FO= Foglianowell. Stratigraphic logsmodified from Lombardi (1968),
Malatesta and Zarlenga (1985), Bellotti et al. (1997), ViDEPI (2009). We used the updated Planktonic foraminifer and calcareous nanofossils integrated biostratigraphic scheme (lower
inset) for the Mediterranean Pliocene of Violanti (2012).
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Anzio (Triassic evaporites, Michela well). The Paleozoic metamorphic
basement of the Latium thrust belt, outcropping at Zannone Island, is
covered by the Carbonate unit along a low-angle fault (De Rita et al.,
1986), which has been recently interpreted as an extensional detach-
ment fault (Milia et al., 2013).

The Latium Apennine fold-and-thrust belt formed during upper
Miocene (e.g., Lepini thrust; Fig. 2) and was overprinted in Lower Plio-
cene by extensional basins, such as Tiberino, Ardea, and Gaeta Bay ba-
sins (Cavinato and De Celles, 1999; Iannace et al., 2013; Milia et al.,
2013). The Latium margin includes (Fig. 2) an approximately 100 km-
long and 50 km-wide basin extending offshore (Tyrrhenian Sea shelf)
and onshore (fromArdea to Pontina Plain). Previous studies of thismar-
gin have been based on wells, outcrops and seismic profiles (Malatesta
and Zarlenga, 1985, 1986; De Rita et al., 1986; Mariani and Prato, 1988;
Faccenna et al., 1994; Bellotti et al., 1997). The basin fill is up to 1500 m
thick and formed by thick clastic deposits of Pliocene age, covered by a
few hundred meters of Quaternary clastics and tuffs (Lombardi, 1968;
Malatesta and Zarlenga, 1985, 1986; Marani et al., 1986; Mariani and
Prato, 1988; Bellotti et al., 1997). These deposits, outcropping along
the coast near Anzio, have been subdivided into four stratigraphic
units (Bellotti et al., 1997). The basal unit corresponds to pelitic and
sandy pelitic sediments deposited on a prograding continental shelf
during Lower Pliocene. The palegeographic evolution of the Latium
margin during Pliocene-Pleistocene times is likely controlled by NE–
SW, N–S and NW–SE faults (Malatesta and Zarlenga, 1985, 1986;
Mariani and Prato, 1988; Faccenna et al., 1994), but the mechanical re-
lationship between these faults systems is still debated. The volcanic ac-
tivity of the Latium margin started in Pliocene times at the western
Pontine Islands (Palmarola, Ponza and Zannone, 4.2 Ma to 1.0 Ma) (De
Rita et al., 1986; Cadoux et al., 2005). This acid volcanism was followed
in the Middle Pleistocene by the Alban Hills ultrapotassic volcanic com-
plex (0.63 to 0.02 Ma) (Scrocca et al., 2003a,b). The Alban Hills are part
of the Roman Comagmatic Province (Washington, 1906), a NW-striking
chain of potassic to ultra-potassic volcanic districts that developed along
the Tyrrhenian coast of Italy since Middle Pleistocene time (Serri, 1990
and references therein).

3. Data and methods

We investigated the Vavilov rift zone using 770 km of multichannel
seismic profiles (ViDEPI, 2009), well logs acquired in the apex zone (Fig.
2), 500 km of CROP seismic profiles (Scrocca et al., 2003b), ODP, and
DSDP wells collected in the distal zone (bathyal Tyrrhenian Basin, Fig.
1). The seismic interpretation has been calibrated using deep well logs
and outcrop data. These seismic data were subsequently processed in
order to obtain a consistent dataset: seismic line basemaps andwell po-
sition were geo-referenced in a common coordinate system (European
Datum 50) and assembled in a dedicated GIS environment (Kingdom,
IHS Inc.). Raster images of the overall seismic profiles were converted
to segy format using image2segy, a free tool developed by Farran
(Instituto de Cièncias del Mar, Barcelona University) for MATLAB
software.

We interpreted the seismic data-set using the seismic stratigraphy
method (e.g., Mitchum et al., 1977). The seismic units were calibrated
using the lithostratigraphic and offshore/onshore chronostratigraphic
data. The seismic depth conversion in the Vavilov's apex region was
achieved applying the “layer-cake time-depth conversion” model, in
which the velocity in one layer can potentially be represented by a con-
stant, through the “Dynamic Depth Conversion” tool of the 2d/3dPAK-
EarthPAK module of the Kingdom software. The values of P-waves ve-
locities (Vp) used in the conversion were obtained from the sonic logs
of two wells: the Michela well (located offshore) and the Fiume Astura
well (located onshore). The raster image of the sonic logs were
imported, calibrated and then digitalized to obtain, through the use of
specific algorithms, the velocity log (m/s). We performed a review of
the stratigraphic units of the Vavilov basin infill present on the
stratigraphic logs (Figs. 1, 2) of the ODP/DSDP projects (Hsu et al.,
1978; Kastens et al., 1987; Channell et al., 1990) and Latium margin
(Lombardi, 1968; Malatesta and Zarlenga, 1985; Bellotti et al., 1997;
ViDEPI, 2009), using an updated Planktonic foraminifer and calcareous
nannofossils integrated biostratigraphic scheme for the Mediterranean
Pliocene (Violanti, 2012). We interpreted faults on seismic reflection
profiles, mapped them in a GIS environment, and displayed them as
lines on structure contour maps and isochron maps. Although in the
apex zone many boundary faults displacing the substrate are buried
by thick Pliocene deposits, the high density of seismic linesmade it pos-
sible to recognize and linkmajor faults based on their geometry, dip di-
rection, and amount of throw. In contrast, in the distal rift zone,
characterized by few seismic profiles and underfilled basins, the map-
ping of the main faults down-throwing the substrate was supported
by swath bathymetry data (Marani et al., 2004).

4. Results

4.1. Basin physiography

Themain physiographic feature of the Vavilov basin is the triangular
geometry of its 3500 m-deep bathyal plain convergent toward the La-
tium margin (Fig. 1). The margins of the bathyal plain correspond to
structural highs made up of metamorphic and sedimentary rocks
bounded by NE-SW and NW-SE faults (e.g. Selli Line., Sartori Escarp-
ment). NNE-trending large volcanic seamounts (Magnaghi, Vavilov) oc-
cupy the otherwise flat-lying abyssal plain. The Latium margin is
characterized by an approximately 20 km-wide continental shelf that
is connected to the bathyal plain by a region characterized by an irreg-
ular physiography and intra-slope basins (Fig. 1). The onshore Latium
margin is formed by a wide plain bounded by the reliefs of the Apen-
nines (Fig. 2). Its structural pattern features Pliocene-Quaternary nor-
mal faults trending NE-SW (Ardea basin) and NW-SE (Pontina Plain)
that converge into the apex located at the Alban Hills volcano (Fig. 2).

4.2. Apex stratigraphy and basin geometry

The stratigraphy of the apex zone, documented by several deep
wells and outcrops, is characterized by a Pliocene-Pleistocene succes-
sion that lies unconformably on a variable substrate, corresponding to
the Apennine nappes made up of Mesozoic-Miocene carbonate rocks
of shelf and margin environment, overthrusted by Mesozoic-Miocene
clastic rocks of deep basin environment (Liguride unit) (Fig. 2). On the
basis of the planctonic foraminifera, Pliocene deposits have been attrib-
uted to the MPL2-MPL6 biostratigraphic zones (Fig. 2). The oldest Plio-
cene stratigraphic units (MPL2-MPL3) outcrop in the western part of
the study area (Ardea basin and Torre Caldara sections; Fig. 2). A thick
and younger succession, mainly composed of MPL4 deposits, was en-
countered in the central part of the study area (Latina 1, Fiume Astura,
Martina, Tre Cancelli and Acciarella wells). Notably, in the eastern part
of the study area an unconformity separating MPL4 deposits from
MPL6 deposits has been recognized (Fogliano well).

The interpretation of the seismic lines, calibrated by wells and out-
crops in the apex region, allowed the recognition of a Pliocene-Quater-
nary succession overlying the acoustic substrate and reconstruction of
the architecture of the sedimentary basins and faults. The first step of
the seismic interpretationwas the identification of seismic stratigraphic
units. Individual units were delineated on the basis of stratal termina-
tion, lower and upper boundary and internal layering features revealed
by seismic reflectivity. The acoustic substrate (Unit L) is characterized
by a chaotic seismic facies and bounded at the top by strong reflectors
in the western and central parts of the basin; its upper boundary is ir-
regular and disrupted by faults (Figs. 3a, 4). Unit L corresponds to the
Cretaceous-Miocene clastic deposits of the Liguride nappe
overthrusting the Mesozoic carbonate nappe, as documented by wells
stratigraphy (Fig. 2) and onshore geology. In the central basin, Unit L



Fig. 3. Close-ups of seismic profiles sectors showing seismic facies types, diagnostic key horizons of the acoustic substrate, and Pliocene-Pleistocene basin fill. For seismic lines location see
Fig. 4.
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overlays Unit T, characterized by transparent seismic facies. The latter
unit presents strong reflectors at the top displaying a convex-upwards
geometry (Fig. 3a). The stratigraphy of the Michela well (Fig. 2) reveals
that the underlying unit corresponds to Triassic evaporites (Burano Fm)
that are the lowermost part of the Apennine carbonate succession, tec-
tonically overlain by the Liguride unit (Fig. 3a). In the eastern part of the
LatiumMargin, the acoustic substrate (UnitMZ; Fig. 3b) is characterized
by isolated strong reflectors with approximately parallel geometry. Its
top features a continuous strong reflector with high amplitude and
low frequency. This substrate corresponds to Mesozoic-Cenozoic rocks
cropping out onshore (e.g. Lepini Mts, Circeo Promontory) and drilled
in wells Latina 2 and Fogliano (Fig. 2). In the offshore north of Zannone
Island, the acoustic substrate presents a chaotic seismic facies and corre-
sponds to the Paleozoic metamorphic basement rocks (Fig. 4c) outcrop-
ping on the island and covered by tectonic slices of Mesozoic-Cenozoic
rocks (De Rita et al., 1986).

The acoustic substrate is covered in onlap or downlap by a seismic
unit characterized by parallel or subparallel reflectors with variable am-
plitude and frequency and having good continuity (Fig. 3c). This youn-
ger seismic unit corresponds to the Pliocene-Quaternary succession
drilled offshore and onshore. The occurrence of angular and erosional
unconformities permitted us to recognize several subunits (Fig. 4). In-
deed, the well calibration based on foraminifera biozones and stratigra-
phy of the outcropping geologic section allowed us to divide the
Pliocene-Quaternary succession into subunits MPL2–3, MPL4, MPL5,
MPL6, and Quaternary (Fig. 4).

In the northwestern area an asymmetrical rift basin filled by the Pli-
ocene-Quaternary succession is present (Fig. 4a–b). The rift basin fea-
tures NW-dipping and SE-dipping normal faults. This western basin,
corresponding to the prolongation of the onshore Ardea basin, displays
a thick (up to1 second TWTT) lower Pliocene (MPL2-MPL4) infill, fea-
turing a SE-wards thickening of the wedge that records syn-tectonic
fault activity. The western basin develops as a graben bounded by syn-
thetic and antithetic faults near the coast. Seawards its depocenter is
shifted and its architecture changes to a half-graben delimited by NW-
dipping faults and filled by a clastic wedge (Fig. 4a–b).

In contrast, in the central area a larger and deep sedimentary basin
occurs (Fig. 4a–b). The infill of the central basin displays relics of older
MPL2-MPL3 sediments,which overlieminor fault blocks and are topped
by an erosional truncation. Thick sub-horizontal MPL4 deposits fill the

Image of Fig. 3


Fig. 4. (A) Interpreted seismic line 101 and its calibration with drilled boreholes located near the profile. (B) Interpreted seismic line 109 calibrated with the Michela well. (C) Interpreted seismic line 111 (modified after Milia et al., 2013). Dotted
orange and white boxes delimit the close-ups displayed in Fig. 3.

114
A
.M

ilia
etal./Tectonophysics

710–711
(2017)

108–126

Image of Fig. 4


115A. Milia et al. / Tectonophysics 710–711 (2017) 108–126
basin onlapping older deposits and the substrate. The top of MPL4
deposits corresponds to an erosional unconformity. Southwards
the central basin displays (Fig. 4c) the MPL4 succession that onlaps
the Paleozoic metamorphic basement (outcropping at Zannone Is-
land) and both units are covered by MPL6 deposits. The central
basin depocenter is shifted in correspondence of a transform fault
(Fig. 4c).

Thewells drilled in the axial part of the basin reveal the stratigraphic
features of the thickMPL4 succession in the central basin from proximal
to distal environments going seawards (Figs. 2, 5). All well logs show a
fining-upward trend and a general Transgressive-Regressive cycle of
the overall succession, suggesting a subsidence of the basin compensat-
ed by sediment supply (Fig. 5). In particular, the Michela well records a
1090 m-thick Transgressive-Regressive cycle deposited over 0.86 Ma
and thus a basin subsidence rate of 1.22 mm/y. This value of subsidence
Fig. 5.Geophysical and lithological logs of threewells collected along the axis of the central basin
characteristic spontaneous potential (SP), lithological log (L) and resistivity (R) signatures for fi
MPL4 deposits in the Vavilov apex zone. The Maximum Flooding Surface is recognized based o
combination with facies analysis. FA = Fiume Asturia, TR = Tre Cancelli, MA= Michela.
rate of the apex region of the Vavilov basin is high compared to the typ-
ical synrift subsidence rates (b0.2 mm/y) of stretched basin (Allen and
Allen, 2005). In particular, in the proximal area, a relatively thick succes-
sion of Transgressive sands overlies basal conglomerates and passes
gradually upward to a silts/clays succession. Seaward this succession
passes to a thick silts/clays succession with interlayered sand levels
that repose on a stratum of sands. The distal deposits correspond to
silts and clays interlayered with sands. The trend of the facies and the
gamma ray/resistivity logs permit to identify the maximum flooding
surface that represents the maximum deepening that the basin experi-
enced. This surface is covered by a coarsening-upward succession, re-
cording a general Regressive trend of the facies. The age of the MPL4
foraminiferal biozone ranges between 4.04 and 3.18 Ma (Violanti,
2012). During this time span a third order depositional sequence
formed (Za2 sequence of Snedden and Liu, 2010).
fromproximal to distal areas (see Fig. 2 for the location of thewell). The log pattern shows
ning upwards (Trangressive cycle) and coarsening upwards (Regressive cycle) units of the
n observed discontinuities or changes in trend of the signature of wireline log records in
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The tectonic omission of the Jurassic-Cretaceous carbonate nappe in
theMichelawell (that drilled the tectonic contact between Liguride unit
and Triassic evaporites) and the occurrence of Mesozoic carbonate tec-
tonic slices above the Paleozoic basement at Zannone Island can be
interpreted as the occurrence of an extensional detachment surface in
the apex region. Indeed, in regions of high extension, crustal blocks of
the upper plate are separated (e.g. Hamilton, 1987). We hypothesize
the occurrence of a detachment fault between an upper plate,
made up of Ligure unit overlying the Jurassic-Cretaceous carbonate
nappe, and a lower plate formed by the Triassic evaporites overlying
the Paleozoic crystalline basement. With increasing extension the
once continuous carbonate nappe was fragmented into tectonic
lenses that slid apart along this detachment. In the last stage, the
flat geometry of the detachment was bowed upward and the
exhumation of the Paleozoic basement occurred. According to the
detachment model, we maintain that the high-angle normal faults
bounding the central basin merge into a main listric normal fault
dipping SE into the Triassic evaporites (Fig. 4). Due to the high
impedance contrast between Triassic evaporitic rocks and clastic
deposits of the Liguride unit, a strong sub-horizontal reflector
(Fig. 3a) is associated with this low-angle fault that displays a
bowed upward geometry, (Fig. 4a–b).

The architecture of the central basin (sub-horizontal strata of the
basin fill, N20 km-wide) in the apex area supports its interpretation as
a supradetachment basin that formed above a low-angle normal fault
system and shows a depocenter located approximately 10 km away
from the main bounding fault (Fig. 4).

In the eastern margin (Pontina Plain), there is another half-graben
basin filled by two Pliocene sedimentarywedges (MPL4 andMPL6, sep-
arated by a tectonically-enhanced unconformity) and a Quaternary tab-
ular unit (Fig. 6). This basin is controlled by NW-oriented normal faults
and shows a main fault located at the boundary between coastal plain
and Lepini Mountains (Fig. 2).

In order to obtain an isopachmap of Pliocene-Quaternary deposits in
the Vavilov's apex region, we made a depth conversion of the seismic
data. We found the arithmetic average of the P-waves velocities values
for the main lithostratigraphic units drilled by the Michela and Fiume
Astura wells (Fig. 7). Based on the mean values of P-waves velocities
(Vp) obtained from well Sonic Logs, a four-layers velocity model has
been adopted for the seismic depth conversion: Vp values of 1500 m/s,
2700 m/s, 3487 m/s and 6138 m/s were assigned to sea water, Plio-
cene-Quaternary deposits, Liguride Unit and Burano Anidrites, respec-
tively. The structural isopach map (Fig. 8) displays a triangular rift
area with three main depocentres: a western basin (approximately
10 km-wide and up to 2000 m-thick), a central basin (approximately
20 km-wide and up to-2400 m-thick), and an eastern basin (Pontina
Plain, up to 1000 m-thick). The fault pattern is characterized by normal
faults, transfer faults and inversion structures (sensu Cooper and
Williams, 1989). The normal faults trend from ENE-WSW to N-S to
NW-SE and converge toward a rotation pole located in correspondence
of Alban Hills volcano.
Fig. 6. Interpreted seismic line across the Pontina Plain, calibrated with the stratigraphic log o
normal faults (modified from Milia and Torrente, 2015a). This basin is overprinted on the Ape
4.3. Fault timing in the apex zone

On the basis of the geometry and age of the basin infill, we dated sev-
eral events of fault activity: (i) the oldest normal faults were active be-
tween 5.1 and 4.5 Ma (MPL2-MPL3 succession); (ii) younger normal
faults affected the central basin between 4.0 and 3.2 Ma (MPL4 succes-
sion); (iii) the normal faults that bound the eastern basin were active
until 1.8 Ma (MPL6 succession). The displacement along these normal
faults is transferred, or relayed, from one to the next along accommoda-
tion zones corresponding to transfer faults. Accommodation zones
alongmajor bounding structures are sites of intra-basinal highs, charac-
terized by thinner sedimentary covers (Fig. 9). The transfer faults, or-
thogonal to the normal faults, offset the basin depocenters (Fig. 8). A
positive inversion structure located near a transfer fault deforms the
central basin rift. Indeed the thick MPL4 deposits, bounded by N-S nor-
mal faults, are shortened to form an antiform, overlying sub-horizontal
strata. These observations suggest that some of the pre-existing faults
are successively inverted (Fig. 10). The transfer faults formed during
the extensional phases and were reactivated after the deposition of
the MPL4 deposits. The age of this inversion tectonics can be correlated
to the stratigraphic gap (betweenMPL4 andMPL6) in the Fogliano well
succession (Fig. 2) that in turn can be interpreted as a tectonically-en-
hanced unconformity.

4.4. Distal stratigraphy and basin geometry

The Vavilov rift zone (Fig. 11) shows a converging pattern of normal
faults bounding submarine ridges, from west to east: (i) the NE-SW
Central Fault (Selli Line), bordering the western part of the bathyal
basin; (ii) the NNE-SSW De Marchi seamount, consisting of an exten-
sional allochthon composed of Tethyan ophiolitic rocks, parallel to a
couple of normal faults controlling a Pliocene-Pleistocene depocenter
(thickness N 1 km); (iii) the N-S Gortani ridge, composed of basaltic
rocks, bounding the largest depocenter of Pliocene-Quaternary deposits
(thickness N 1 km) in the central bathyal area; (iv) a NW trending ridge,
separating the bathyal zone from the eastern Tyrrhenian continental
margin.

Several studies of the Tyrrhenian Sea described the stratigraphy and
main structural features of this basin. However, the interpretation of the
CROP seismic data, calibrated byODPwells and dredges, provides a new
picture of the Tyrrhenian rifting, characterized by a complex basin ar-
chitecture (Fig. 12). The identification of the sedimentary basin fill and
substrate permitted us to attribute an age to the basin formation. Early
Pliocene sediments (MPL1) were deposited west of the De Marchi
Smt. In the Cornaglia basin the MPL1 unit forms an isopach postrift
layer that overlies in stratigraphic continuity thick upper Miocene
synrift sedimentary wedges. Between the Central Fault and the De
Marchi Smt a younger basin, bounded by normal faults displacing Plio-
cene deposits, shows in the middle (ODP site 656) the MPL2 unit over-
lying Messinian deposits. East of the De Marchi Smt instead younger
Pliocene deposits (MPL4-MPL6) fill the central bathyal plain.
f the Fogliano well, showing a Pliocene-Quaternary basin bounded by SW-dipping listric
nnine thrust belt formed by Mesozoic-Cenozoic rocks. For seismic line location see Fig. 2.
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Fig. 7. Lithological and sonic logs of Michela and Fiume Astura wells (see Fig. 2 for well location). The right panel displays a statistical analysis of the velocities of the Pliocene-Quaternary
deposits, Liguride Unit and Burano Anidrites.
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Even if it is not possible to detect strong reflectors in the deeper part
of the CROP seismic profiles, we have evidence of the basal extensional
detachment in the bathyal zone from the drilling of the ODP 651 site
(Fig. 12). On the basis of this tectonic constraint, we propose an inter-
pretation of the extensional fault system and a crustal geological
model of the Vavilov basin characterized by: high-angle normal faults
linked to a basal detachment, rift, and supradetachment basins (Fig.
12). More in detail, the overall fault pattern of the Vavilov distal region
is characterized by two sets of structures (Fig. 12): older faults, mainly
formed west of the De Marchi Seamount and younger faults, active

Image of Fig. 7


Fig. 8. Structural map of the Latium margin and thickness map of Pliocene-Quaternary deposits. FA = Fiume Astura, MA = Martina, TC = Tre Cancelli. Thickness values are estimated
merging well and seismic reflection data. For the depth conversion of Pliocene-Pleistocene seismic units we assumed an average Vp of 2700 m/s.
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during detachment faulting, located east of the De Marchi Seamount.
The older faults form symmetrical extensional basins characterized by
tilted blocks and syn-sedimentary wedges. The younger faults (MPL4-
Fig. 9. Interpreted seismic profile 166 showing a
MPL6) are instead associated with a supradetachment basin located
east of the De Marchi Seamount. They are linked to a concave-down-
ward main normal fault dipping southeastwards, corresponding to a
transform fault bounding a structural high.

Image of Fig. 8
Image of Fig. 9


Fig. 10. Interpreted seismic profile 170 displaying a positive inversion structure.
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detachment surface (drilled at site 651) that displaced the entire crust
and upper mantle, and led to the exhumation of serpentinized perido-
tites. East of the De Marchi Seamount, a central bathyal plain (drilled
Fig. 11. Pattern of normal faults and thickness map of Pliocene-Pleistocene deposits displayi
Seamount, G = Gortani Ridge. Thicknesses of the distal region are from Sartori et al. (2004
eastwards time migration of extension in the Vavilov basin.
at sites 655, 651, and 373) is located. This area is characterized by the
absence of major topographic highs, except for the volcanic reliefs of
the Gortani ridge and Vavilov volcano (Fig. 1).
ng the triangular geometry of the Vavilov rift zone; CF = Central Fault, D = De Marchi
) and seafloor morphology is from Marani et al. (2004). The lower diagrams show the

Image of Fig. 10
Image of Fig. 11


Fig. 12. CROP seismic profile M2A and interpretation. 1) Pleistocene deposits; 2) Pliocene deposits; 3) Messinian deposits 4) basalts; 5) breccias; 6) serpentinized peridotites. For profile location see Fig. 1. See text for explanation.
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5. Discussion

Here we use seismic stratigraphic and structural methods to inter-
pret the basin architecture and evolution. Indeed, the age, distribution
and pattern of the sedimentary infill is strictly controlled by the devel-
opment of the normal faults. The variety of structural geometries and
their effect on the sedimentation and evolution of the sedimentary fill
have been used to interpret the main structural elements at depth.
The interpretation of the data discussed in the previous section in a
framework provided by the European crustal model EuCRUST-07
(Tesauro et al., 2008), enables us to analyze the link existing between
the crustal structure and basin evolution. In this way, we obtain a com-
plete picture of the tectonic evolution of the region, lacking so far.

5.1. Kinematic evolution

We propose a kinematic model for the Pliocene Tyrrhenian rift de-
velopment based on the premise that age and architecture of the sedi-
mentary basins and faults bounding the basins provide snapshots of a
regional continuous extensional process (Figs. 13–14). The wedge-
shaped Miocene deposits of the western area of the Tyrrhenian Sea re-
cord the opening of the N-S elongated Cornaglia Basin (Sartori et al.,
2004). They are covered by Early Pliocene (MPL1) postrift deposits,
which are absent in the apex region (Apennines) and distal area east
of the De Marchi Smt. The Vavilov rifting, started in the Lower Pliocene
(MPL2–3), produced a system of graben/half graben bounded by high
angle normal faults that displaced the Latium margin and the distal
area west of the De Marchi Seamount. These basins were affected
Fig. 13. Cartoon (not scaled) showing three-stage kinematics
by continuous subsidence and, in the area close to the coast, were
filled by thick clastic deposits. With increasing extension, the devel-
opment of low-angle normal faults resulted in the formation of new
sedimentary basins filled by a middle Pliocene (MPL4) sedimentary
succession. The activity of detachment zones is documented by the
deposition of basin-wide horizontal strata in both apex and distal
areas.

A kinematic evolution of the rift zone characterized by rift basins
followed by supradetachment basins is compatible with the Present ge-
ometry of the thrust belt in the apex region. Indeed, the original thrust
belt architecture of the Apennine preceding the extensional processes
was made up of Liguride nappe overlying Carbonate nappe (Fig. 13a).
Successively, the rifting process affected these stacked tectonic units
with high-angle normal faults that root downward into the Triassic
evaporites (Fig. 13b). We suggest that with the increase of extension,
these high-angle faults linked and merged into a basal low-angle de-
tachment, whose activity produced the Carbonate Nappe lateral seg-
mentation and the direct superposition of the Liguride unit above the
Triassic evaporites (Fig. 13c). This stage records the formation of a
supradetachment basin, showing sub-horizontal strata developed in
correspondence of the detachment fault that roots in the Triassic evap-
orites. Progressive lithospheric extension resulted in thinning of the
upper crust, as the detachment fault affected the Palaeozoic metamor-
phic basement, which was bowed upward (Fig. 13d). At this time a
fast uplift occurred, probably due to isostatic adjustments. A similar ki-
nematic style (rift basins followed by supradetachment basins) has
been proposed for the upperMiocene evolution of the Paleo-Tyrrhenian
Sea (Milia and Torrente, 2015b).
of the apex rift region. See text for further explanations.
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Fig. 14. Interpretative sketch (not scaled) displaying envisaged evolution of the Vavilov rift zone.
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The study of the basin fill geometry and fault architecture from apex
to distal zones enables us to construct a 3D kinematic model for the
Vavilov triangular basin that links extension and volcanism (Fig. 14).
The convergent pattern of normal faults (Fig. 11) is coherent with a sin-
gle Euler pole, located in Latium, during the entire basin history. The ki-
nematics of the Vavilov region records the complete evolution of a rift
from stretching to mantle exhumation and the development of rift ba-
sins, followed by supradetachment basins (Fig. 14). During the
Messinian-early Pliocene (7.0–5.1 Ma; Fig. 14a), MPL1 postrift sedi-
ments were deposited at the top of upper Miocene syndepositional
wedges only in the distal region on the Sardinia margin. Basaltic volca-
nism started in the bathyal plain at DSDP site 373.

The age of the sedimentary infill documents that the Vavilov basin
started to open in the Lower Pliocene (5.1–4.0 Ma; Fig. 14b) coherently
from the apex to distal regions by a pure shear mode, characterized by
distributed high-angle normal faulting and asymmetric/symmetric rift
basins displaying MPL2-MPL3 syn-kinematic wedges. We maintain
that rifting lasted 5.1–4 Ma and thereafter a detachment basin evolved
from 4 to 1.8 Ma. The extension switched during the upper Pliocene
(Fig. 14c) to a simple shear mode, associated to detachment faults. A
supradetachement basin formed in the apex rift zone, which is character-
ized by strong subsidence and thick sub-horizontalMPL4 deposits featur-
ing a Transgressive-Regressive cycle. In contrast, thin deposits are present
in the basin distal zone, due to the increase of the distance from the sed-
iment source area (Apennines). In the distal zone the extension produced
a tectonic breccia (site 651), including clasts of deformed early Pliocene
deposits and serpentinized peridotites, indicating that the detachment
fault cut the upper mantle. During this stage two basaltic volcanoes
formed: the Magnaghi seamounts and the Gortani ridge.
The final stage of opening of the Vavilov basin developed by a simple
shear mode in the Upper Pliocene (3.2–1.8 Ma) when MPL5-MPL6 de-
posits were laid down (Fig. 14d). The activity of detachments caused
the maximum thinning and exhumation of serpentinized peridotites
of the mantle in the distal zone and metamorphic basement rocks in
the proximal one. The bowed upwards detachment geometry in the
apex area suggests a rapid uplift of crustal rocks that can be explained
by isostatic adjustments. Similarly, in theVavilov distal zone the detach-
ment fault that exhumed mantle rocks displays a downward concave
geometry. A downward concave geometry of detachment faults has
been predicted in magma-poor extensional margins by numerical ex-
periments and constrained by geological and geophysical observations
(Whitmarsh et al., 2001). In particular, the model of Lavier and
Manatschal (2006) demonstrates that (1) the flow of the middle part
of the crust in the initial stage of rifting and (2) serpentinization of the
upper mantle during its last exhumation phase, are the two processes
that likely weaken the lithosphere and can explain the rifting evolution,
with the establishment of a concave-downward fault. The volcanic ac-
tivity during the final stage of opening of the Vavilov basin was charac-
terized by small patches of lavas (flood basalts), erupted directly onto
the exhumed detachment surfaces. This scenario ofMORB basalts, over-
lying detachment faults and dykes intrusions, is typical of magma-poor
rifted margins, as observed in the Indian Ocean (Sauter et al., 2013).

5.2. Crustal structure of the Vavilov basin and geodynamical implications

The heterogeneous crustal structure of the Vavilov basin is shown by
the two cross-sections derived from EuCRUST-07 (Fig. 15). This model
was constructed assembling a significant number of seismic data
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provided by refraction, reflection, and receiver function studies. It pro-
vides the depth of the main crustal boundaries and velocities of the
upper and lower crust on a uniform grid 15'×15' (Tesauro et al.,
2008). We can observe that in the apex region of the basin the crust
has a thickness of 20–25 km and two crustal layers with distinct seismic
velocities typical of extended continental crust (cross-section 1; Fig. 15).
The crust thins and decreases its average velocity toward the bathyal
part of the basin quite abruptly (N10 km and ~0.3 km/s over a horizon-
tal distance of b100 km). The thinning occurs approximately in corre-
spondence of the updoming and exhumation of the Paleozoic
metamorphic basement (Fig. 4c), which is likely an effect of isostatic ad-
justment, as a consequence to the decrease of crustal thickness. The
crust in the bathyal region of the basin is quite homogeneous (cross-
section 2, Fig. 15), being characterized by a uniform thickness of
~7 km and low seismic velocities (Vp ~ 6 km/s) compared to deeper
serpentinised peridotite. These results agree with recent seismic refrac-
tion interpretation (Prada et al., 2014). The increase of crustal thickness
and average velocity toward the Sardinian and Calabrian margin is
much smoother (~10 km and 0.3 km/s over a horizontal distance of
~150 km) than toward the apex of the basin. Such a difference in the
crustal thickness variations can be ascribed to a change in the crustal
strength during the rifting. The higher extension rate in the central
part of the basin has caused larger temperature in this area than in the
apex during the opening phase. Consequently, the crustal brittle-ductile
transition has migrated at shallower depth in the bathyal region, as ob-
served from the faults pattern (Fig. 11). Therefore, the thinning of the
brittle part of the crust in this area is responsible for the smoother tran-
sition of the crustal thickness.
Fig. 15.Moho depth of the Tyrrhenian Sea and surroundings according to the crustal model EuC
07, displaying the crustal thickness and P-wave velocity variations in the Vavilov basin. Sedime
seismic reflection profiles. Pn values are from Cassinis et al. (2003).
Assuming an average crustal thickness preceding the formation of
the Vavilov basin of ~35 km and mean values of the crustal thickness
of ~22 kmand ~10 km in the apex and bathyal region the corresponding
stretching factor β is ~1.5 and ~3.5, respectively. This difference in the
stretching value has significant implications on the crustal type flooring
the Vavilov basin. In the northern part of the basin, the limited exten-
sion could only modestly thin the continental crust. In contrast, the
stronger extension affecting the southern part of the basin could have
led to full continental break-up with the consequent formation of oce-
anic crust, as sustained by some studies (Kastens and Mascle, 1990;
Mascle and Rehault, 1990; Sartori, 1990, 2003; Marani and Trua, 2002;
Nicolosi et al., 2006) or may have onlymodified the original continental
crust in a transitional type (Panza and Calcagnile, 1979/1980; Florio et
al., 2011; Milia et al., 2013; Prada et al., 2014). The low crustal seismic
velocities in the bathyal region can be representative of either continen-
tal or oceanic rocks, aswell as serpentinized peridotite (Christensen and
Mooney, 1995). Therefore, these data alone cannot uniquely identify the
crustal type characterizing this area, but can be helpful in supporting
hypotheses on its crustal nature.

Combining different geophysical data, Prada et al. (2014)
interpreted the low crustal velocity as due to the serpentinized upper
mantle, locally intruded by basalts. However, they did not detect the
boundaries between the extended continental crust and exhumed
upper mantle, neither make hypotheses on the time and cause of the
upper mantle exhumation. We suggest that the final stage of opening
of the Vavilov basin was characterized by the activity of a detachment,
maximum thinning and exhumation of serpentinized peridotites of
themantle, simple shearmode (sensuWhitmarsh et al., 2001), covered
RUST-07 (Tesauro et al., 2008). Red lines depict location of two cross-sections of EuCRUST-
ntary thickness and P-wave velocity variations are derived from the interpretation of the
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by basalts 2.4 Ma old andMPL6 deposits. On the basis of the interpreta-
tion of the CROP seismic lines (Fig. 12), we propose that the mantle
rocks have been exhumed along a downward concave fault plane. A
similar geometry is common in magma-poor extensional margins, as
demonstrated by numerical experiments (Whitmarsh et al., 2001;
Lavier and Manatschal, 2006). These models support the formation of
exhumed upper mantle during the final stage of continental extension.
Mantle serpentinization occurs during margin formation when seawa-
ter comes in contact with cold lithospheric mantle rocks (b600 °C).
This can occur during extension when the crust is progressively cooled.
At this stage, crustal scale faulting becomes possible and can provide the
pathways for seawater to reach and react with cold mantle rocks, caus-
ing their serpentinization. According to some studies (Hauser et al.,
1995; O'Reilly et al., 2006; Reston and Pérez-Gussinyé, 2007), embrittle-
ment of the crust (and thus water ingress and serpentinization) is fa-
vored when the upper and middle crust is more extended than the
lower crust and upper mantle. Where the upper part of the crust is ex-
tended more than its lower part, its heat production will be strongly at-
tenuated, leading to a reduction in lower crustal temperatures and
greater likelihood of embrittlement. Such a difference in the stretching
value of the crust has been invoked to explain the formation of a mod-
erately serpentinized (b25%) upper mantle, beneath the Porcurpine
and the Southern Rockall basins of the North Atlantic margin (Hauser
et al., 1995; O'Reilly et al., 2006).

The peridotite sampled at the Site 651 has been subjected to differ-
ent episodes of hydrous metasomatism/metamorphism. The first one
occurred at relatively high temperatures (N700 °C) at the depth of the
upper mantle and was likely induced by the fluids released by the
subducting Ionian plate. The successive episodes of hydrousmetasoma-
tismoccurred at crustal levels, at progressively lower pressure and tem-
peratures, during the ascent of the peridotite (Bonatti et al., 1990).
Uplift of the peridotite body is also supported by its sequence of high-
temperature foliation-low-temperature foliation-brittle deformation
(Bonatti et al., 1990). The current prevalence of low-temperature hy-
drated silicates, such as lizardite and chrysotile, and the scarcity of
antigorite suggests that the highest degree of serpentinization was
very likely caused by seawater circulating at shallow crustal depth at a
temperature not higher than a few hundred degree (Bonatti et al.,
1990). Therefore, differently from other extensional basins (e.g., in the
Porcurpine and the Southern Rockall basins), where the serpentinized
peridotite constitutes a high velocity layer (Vp N 7.2 km/s) underlying
the crust at a depth of ~10 km (Hauser et al., 1995; O'Reilly et al.,
2006), in the Vavilov basin the upper mantle is exhumed at much
shallower depth and almost exposed at the seafloor at the site 651
(Fig. 12). Thus, the extension in the bathyal region of the Vavilov basin
caused a more significant crustal thinning and the exhumation of a
more serpentinized upper mantle than in the magma-poor continental
margins. On the basis of the low seismic velocities observed
(Vp ~ 6.0 km/s, Fig. 15), we can estimate that the peridotite reached an
average degree of serpentinization around 50%–60% (Christensen,
2004). Exhumation of the upper mantle at very shallow depth and its
pervasive serpentinization has been observed in magma poor rifted
margins (e.g., Iberian plain) during the last stage of continental exten-
sion preceding Oceanization (Chian et al., 1999; Whitmarsh et al.,
2001). In contrast, the magmatic activity in the Vavilov basin, leading
toflood basalts emplacement over the exhumed uppermantle, followed
by the formation of the Vavilov volcano, was not sufficiently volumi-
nous for the formation of real oceanic crust. The crystalline crust floor-
ing the bathyal region of the Vavilov basin is instead a transitional
type, composed of serpentinized upper mantle, overlain by volcanic
products and thin continental crust west of the De Marchi seamount
(Fig. 12). This heterogeneous crust is seismically uniform, characterized
by the absence of intra-crustal discontinuities (Fig. 15). Oceanic crust
formation could have likely occurred only if extension had persisted in
the same area, as in the Iberian plain (Chian et al., 1999; Whitmarsh et
al., 2001) or would have been faster. Actually, serpentinites are also
typical of abyssal plains surrounding slow spreading ridges (b5 cm/y),
which are characterized only by episodic magmatic activity. In contrast,
the fast spreading ridges (N9 cm/y) are characterized by a more signif-
icant magmatic activity, which leads to the formation of a thick oceanic
crust (Deschamps et al., 2013).

The maximum extension of the Vavilov basin occurred in a circa
100 km-wide belt of the bathyal area, bounded by a NE-SW normal
fault locatedwest the DeMarchi seamount and a N-S normal fault locat-
ed near the 373 site. The substrate of this belt corresponds to exhumed
mantle andnot continental crust, thus implying a total amount of exten-
sion in the Vavilov rift of 100 km. Because the Vavilov basin formed in
3.3 Ma this gives a mean extension rate of 3 cm/y, similar to the values
previously reported for the entire southern Tyrrhenian. These low ex-
tension rates and the occurrence of serpentinized mantle are typical of
slow (b5 cm/y) seafloor spreading margins. Several kinematic recon-
structions (Malinverno and Ryan, 1986; Faccenna et al., 2001;
Malinverno, 2012) pointed to a total amount of extension in the south-
ern Tyrrhenian region ranging between 330 and 390 km. This gives an
average extension rate of 3.3–3.9 cm/y, in view of the start of the
Tyrrhenian rifting 10 Ma ago.

6. Conclusions

We combined the analysis of seismic reflection profiles, borehole
data, and the crustalmodel EuCRUST-07 (Tesauro et al., 2008), to recon-
struct the 3D architecture and evolution of the triangular Vavilov
backarc basin from apex to distal areas. From the results obtained we
conclude that:

1. On the basis of age and sedimentary facies of the basin infill we esti-
mate a Pliocene timing (5.1–1.8 Ma) of the rift zone formation.

2. Initial pure shear mode extension, characterized by distributed
high-angle normal faulting and rift basins, was followed by simple
shear mode extension, associated to detachment faults and
supradetachment basins.

3. The growth of detachment faults started 4.0Ma ago affected contem-
poraneously the entire basin and involves structural levels progres-
sively deeper down to the mantle.

4. Embrittlement of the crust and through-going faults formation into
the upper mantle have led to serpentization andmantle exhumation
along a downward concave detachment plane in the distal region.
The downward concave fault geometry can be associated to rolling
hinge and isostatic adjustments.

5. The seismologicalMoho identified at a depth of ~10 kmdoes not cor-
respond to the petrological Moho, at least in the southeastern part of
the basin, where the serpentinized upper mantle is exhumed at a
depth ~500 m from the surface topography (ODP site 651). This in-
terpretation implies also that continental crust in the bathyal region
has been locally thinned and extendedmore significantly than previ-
ously estimated.

6. The opening of this triangular backarc basin occurred around an
Euler pole and was geologically synchronous from the apex to the
distal zones.
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