ZIP Starter 2 — Walking along the plate interface
of the Alpine subduction zone — July 8-17, 2014
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SCOPE
ZIP Starter 2 training focuses on field observation of a fossil plate interface from depths
of 5-10 to nearly 100 km — with upscaling from the mineral (and analytical) scale to the
scale of the whole plate interface.
The fieldtrip aims at providing participants (and specifically the fellows) with a unique
opportunity to study and walk down a fossil subduction interface, investigating remnants
preserved from 5-10 km (Apennines) to 30-50 km (Dent Blanche) and finally 80 km
depths (Monviso, Voltri), thereby realizing the potential nature and complexity of the
subduction interface and the key proxies to consider when characterizing this geological
environment.
This training will take place through petrological and structural observations (with a focus
on fluid and rheology) and scale transfer from the field to the subduction interface. This
fieldtrip will provide a know-how in terms of field expertise and upscaling of geochemical
tracers and petrological tools.
In addition to the field traverse, 2 days of indoor lectures will promote discussion and
critical thinking on field observations.
Objectives:
• develop real skills in observational tectonics and petrology, field measurements,
acquisition of relevant data (with emphasis on fluids and rheology), and ability to
envision scale transfer which is a crucial prerequisite for understanding the
combination of processes operating along and across the subduction interface at
various space and time scales;
• develop a common language! (=zippian?...)

	
  

Part 1. Apennines
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— page 47
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— page 59
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— page 87
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ZIP Starter 2 — SCHEDULE

Day 1 (july 8, Tuesday evening): arrival in Torino
(or possibly Milano) + drive to Modena
Night in Modena.

Day 2-3 (july 9-10, Wenesday-Thursday) : 5-10 km down!
Apennines exposures until mid-afternoon of day 3 + drive to Dt Blanche
Night in Modena, then in Pontboset.

Day 4 (july 11, Friday): 30-40 km down!
Dt Blanche thrust (fenêtre de Durand)
Night in Pontboset.

Day 5 (july 12, Saturday): Presentations/lectures/discussions, 1:
"From the surface down to the seismogenic zone"
Night in Pontboset.

Day 6-7 (july 13-14, Sunday-Monday): 70-80 km down!
Monviso exposures. Overview of the structural stack of the W. Alps from the S Aosta
valley and drive to Monviso (starting there at ~lunch)
Night in rifugio Sella on Day 6. Night near Saluzzo on Day 7 (H. Torinetto).

Day 8 (july 15, Tuesday): Presentations/lectures/discussions, 2:
"From the seismogenic zone onto intermediate-depths"
Night in Torinetto.

Day 9 (july 16, Wenesday): 70-80 km down and into the mantle!
Erro-Tobbio exposures.
Night near Genova.

Day 10 (july 17, Thursday): departure
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ZIP Starter 2 — ACCOMODATION

Hotel Estense — Night of July, 8
Viale J. Berengario 11, 41121 Modena (MO)
Tel. +39 059 / 21.90.57
http://www.hotelestense.com/

Albergo Al Ciocco— Night of July, 9
Farneta di Montefiorino
Tel. +39 0536 974018
http://www.alciocco.com/ita/default.asp

Ostello Lou créton di Lui— Night of July, 10-11-12
Pontbozet
+39 347 9155918
http://www.ostellolacrestadellupo.it/pagina.asp?id=2

Rifugio Quitino di Sella— Night of July, 13
Lago grande di Viso, 2640m
+39 0175 94943
http://www.rifugiosella.it/

Hotel Torinetto— Nights of July, 14-15
+39 0175 977459
Calchesio, Sampeyre
http://hotel-residence.torinetto.com/
AC Hotel Genova— Night of July, 16
Corso Europa 1075, 16148 Genova
Tel: +39 010 3071180
www.marriott.com/goage
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ZIP Starter 2 / Field observations

Part 1. Apennines (July 9 & 10) — Leaders: P. Vannucchi, F. Remitti
Part 2. Dent Blanche (Aosta valley, July 11) — Leaders: S. Angiboust, O. Oncken
Part 3. Monviso (July 13 & 14) — Leaders: S. Angiboust, P. Agard
Part 4. Erro-Tobio (July 16) —Leaders: M. Scambelluri, T. John, T. Pettke
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ZIP Starter 2 / In-depth discussion, DAY 1 — July 12

9h-10h30: Field observations from the seismogenic zone
— Oncken / Up and down the seismogenic zone? Evidence from the Alps
— Tobin / Drilling-based observations from the Nankai trough
— Pettke / Fluids: where, which and how they interact with rocks
10:30-10:45: Coffee break
10h45-11:30: Discussion and feedback on the critical observations made
during ZIP Starter 2
11h30-12h30: Seismic imaging + Geodesy + introducing ZIP Starter 1 and
Consolidator
— Ranero / Integrated approach at sea
— Moreno+Schurr / Integrated approach onland

12h15-14h: Lunch ————————————————

14h-15h30: Short presentation by the 14 ZIP fellows (3' + 2' each)
15h30-16h: Coffee break
16h00-17h: Physico-chemical processes in the seismogenic zone?
Integrating the fluids... and integrative models
— Van Dinther / SeismoThermoMechanically-coupled models
— Phipps Morgan / Serpentinization related to bend faulting & the fluid/carbon
cycle

17h-18h: Final discussion on linking observations, modeling and Aperitivo
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ZIP Starter 2 / In-depth discussion, DAY 2 — July 15

9h30-11h00: Mechanical and petrological processes along the deeper
portions of the subduction interface, 1
— Agard / Why ZIP: Tectonic & petrological data from fossil subduction
interfaces
— Scambelluri / The role of serpentinites
— John+Li / Dehydration reactions: amounts and pathways (including examples
from China)
11h-11h15: Coffee break
11h15-12h15: Mechanical and petrological processes along the deeper
portions of the subduction interface, 2
— van Keken / Geophysics of the deep plate interface
— Fleitout / Fitting GPS data with models

12h15-12h45: Discussion and feedback on the critical observations made
during the second part (and the whole) of ZIP Starter 2

12h45-14h15: Lunch ————————————————

14h15-15h: Presentation of admin. matters by Aurélie Jonquoy
15h-15h30: Coffee break

15h30-18h00: Steering committee

19h: Aperitivo!

	
  
	
  
	
  
	
  
[possible short afternoon excursion to Saluzzo]
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ZIP Starter 2 / Field observations

Part 1. Apennines
Leaders: P. Vannucchi, F. Remitti
Part 2. Dent Blanche (Aosta valley, July 11) — Leaders: S. Angiboust, O. Oncken
Part 3. Monviso (July 13 & 14) — Leaders: S. Angiboust, P. Agard
Part 4. Erro-Tobio (July 16) —Leaders: M. Scambelluri, T. John, T. Pettke
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ABSTRACT
This guide provides background information and an itinerary for a two-day
field trip in the Northern Apennines leaving from Modena and ending at Riolunato
(Modena). The proposed field trip route leads through the Po Valley side of the Northern Apennines, in the Emilia region. The field trip provides opportunities to examine the exposed geological features related to a phase of early-middle Miocene convergence between the European and Adria plates. In particular, outcrops have been
selected that exhibit features characterizing deformation in an exhumed plate boundary shear zone, interpreted as an erosive plate boundary shear zone. The sedimentary
evolution and deformation of the upper and lower plates are also highlighted.

1. INTRODUCTION: WHY AN ANCIENT PLATE
BOUNDARY SHEAR ZONE SHOULD
BE INVESTIGATED

of poorly lithified sediments, intermingled with fragments of
oceanic crust or eroded material from the upper plate, are commonly inferred to occur along active subduction megathrusts.
These heterogeneities likely can be a significant factor affecting
the seismicity within subduction shear zones (Fagereng and Sibson, 2010), but they are not easily detectable in modern active
margins because of the low spatial resolution of seismic images.
Field outcrops provide the opportunity to look at deformation
structures, their evolution, and their mineral composition, and,

The study of an ancient analogue of a plate interface is a
powerful tool to envision which kind of material, structures
(macro-, meso-, and micro-structures), and mechanism of
deformation we can expect to find in modern active margins.
This is especially true for subduction margins where mélanges

Remitti, F., Bettelli, G., Panini, F., Carlini, M., and Vannucchi, P., 2012, Deformation, fluid flow, and mass transfer in the forearc of convergent margins: A twoday field trip in an ancient and exhumed erosive convergent margin in the Northern Apennines, in Vannucchi, P., and Fisher, D., eds., Deformation, Fluid Flow,
and Mass Transfer in the Forearc of Convergent Margins: Field Guides to the Northern Apennines in Emilia and in the Apuan Alps (Italy): Geological Society of
America Field Guide 28, p. 1–34, doi:10.1130/2012.0028(01). For permission to copy, contact editing@geosociety.org. ©2012 The Geological Society of America.
All rights reserved.
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in some cases, they give indications on the nature and setting of
paleo-fluid circulation. Drawbacks to field-based methods are
that geologists look at patchy outcrops and study materials that
may have changed their physical properties and undergone successive deformation events since the plate interface was deactivated and exhumed. Exhumation also modifies the upper plate
topography; this in turn leads to new sediment dispersal patterns,
and it superimposes new structures onto those present when the
plate interface was active.
The Sestola-Vidiciatico tectonic unit of the Northern Apennines has been recently interpreted (Vannucchi et al., 2008) as a
tectonic mélange representing an ancient analogue of the frontal
part of the plate interface (T < 150 °C) of an erosive subduction
zone active from early Miocene to middle Miocene. This tectonic
mélange is a mixture of non-metamorphic rocks all derived from
the upper plate. The Apennine plate boundary shear zone still has
a well-preserved upper plate formed by an old accretionary prism
and its sedimentary cover. The rare preservation of this system
provides us a unique opportunity to look at the anatomy and evolution of a megathrust shear zone.
2. THE NORTHERN APENNINES PLATE BOUNDARY
SHEAR ZONE
2.1. Introduction
The Northern Apennines (Fig. 1) are the result of the convergence and collision of the European and Adria plates (Boccaletti et al., 1971; Kligfield, 1979; Vai and Martini, 2001 and
references therein). Starting from the middle Eocene, an alreadyformed oceanic submarine accretionary prism (Principi and
Treves, 1984; Treves, 1984; Faccenna et al., 2001; Argnani,
2002; Marroni et al., 2010; Molli and Malavieille, 2011; Balestrieri et al., 2011, and references therein) progressively overrode
the subducting continental Adria plate under the European plate.
Today, the exhumed fossil accretionary prism is represented by
the Ligurian Units, which occupy the topmost part of the Apennine tectonic pile (Fig. 1). The inner, southwestern part of the
prism is represented by the so-called Internal Ligurian Units,
which are composed of ophiolites with their pelagic/hemipelagic
and terrigenous turbidite sedimentary cover (Marroni and Pandolfi, 1996; Marroni et al., 2004, 2010). The northeastern part of
the prism is instead formed by the External Ligurian Units, composed of offscraped and frontally accreted mud-rich sediments
with thick piles of calcareous or siliciclastic turbidites of Late
Jurassic–Early Cretaceous to early-middle Eocene age (Vannucchi and Bettelli, 2002; Bettelli and Vannucchi, 2003; Marroni et
al., 2010) (Stop 1).
From the late Oligocene–early Miocene, the spatial and
temporal migration of the Apennine deformation front toward
the Adriatic foreland has been attributed to retreat of the subducting continental Adria plate (Jolivet and Faccenna, 2000;
Molli, 2008). At this time, the frontal part of the European plate
was the preexisting oceanic accretionary prism formed during

the oceanic subduction stage through accretion of the Ligurian
Units. On top of the Ligurian accretionary prism is a sedimentary cover of marine rocks, the forearc slope sediment of the Epiligurian succession (Ricci Lucchi and Ori, 1985; Ricci Lucchi,
2009) (Stops 2 and 3). This slope sequence has kept record of
the changing environments and of the upper plate deformation.
The underthrusting Adria plate was composed of the Tuscan and
Umbria-Romagna successions (Vannucchi et al., 2008, and references therein) (Stop 13).
In the Northern Apennines, from the early Miocene to the
middle Miocene, the relative displacement between the European
and the Adria plate was accommodated by deformation within a
500-m-thick shear zone. This zone now outcrops as a tectonic
mélange, the Sestola-Vidiciatico tectonic unit (Remitti et al.,
2007; Vannucchi et al., 2008) (Stops 4 and 7) in the southeastern
part on the Emilia Apennines (the focus of this field trip). To the
northwest, the shear zone is represented by the more coherent
Subligurian Units (Remitti et al., 2011) (Fig. 1).
The Sestola-Vidiciatico tectonic unit will be better described
in Section 2.3. Nevertheless, it is important to mention here that
all the components of the mélange derive from the overriding
plate, particularly its toe and its slope deposits, while no material
is sourced from the underthrust Adria plate. The mélange, in fact,
consists of hundreds of m-to-km–size tectonic slices of (Fig. 2):
(1) deep-water sediments deformed during the Late Cretaceous–
middle Eocene phase of oceanic subduction when they were
involved in the Ligurian accretionary prism (Pini, 1999; Bettelli
and Vannucchi, 2003; Vannucchi and Bettelli, 2002) (Stop 10);
and (2) turbiditic sandstones, slope shales/marls, and debris flow
deposits accumulated on the frontal part of the Ligurian prism
and at its toe (the Modino succession, the Porretta succession and
the post-middle Eocene Subligurian Units) (Bettelli et al., 2002a;
Bettelli et al., 2002b; Panini et al., 2002; Plesi, 2002; Remitti et
al., 2007, 2011) (Stops 5, 6, 8, 9).
The lack of material coming from the lower Adria plate
implies that the Sestola-Vidiciatico tectonic mélange represents a
tectonically erosive plate boundary shear zone (Vannucchi et al.,
2008; Remitti et al., 2011).
2.2. The Upper Plate Composition and Deformation:
The Ligurian Accretionary Prism and its Sedimentary
Cover (the Epiligurian Succession) (Stops 1–3)
The Ligurian Accretionary Prism
During the Miocene, the upper plate of the Northern Apennine convergent margin was represented by an old extinct accretionary wedge, the Ligurian oceanic prism, and its sedimentary
cover, the Epiligurian Succession. The Ligurian accretionary
prism and the Epiligurian Succession are still preserved as the
topmost part of the Apennines tectonic pile (Vannucchi et al.,
2008, and references therein) (Fig. 1). This preservation makes
it possible to collect structural data to characterize the state of
deformation in the material that forms the frontal part of the
upper plate.
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Field trip in an ancient and exhumed erosive convergent margin in the Northern Apennines
The outer, northeastern part of the prism is formed by the
External Ligurian Units of Late Jurassic–Early Cretaceous to
early-middle Eocene age. They are unmetamorphosed units that
are composed of a basal clay-rich sequence and an overlying
thick pile of calcareous and/or siliciclastic turbidites (i.e., the
Late Cretaceous Helminthoid flysches and the External Ligurian
flysch of early to middle Eocene age). While the basal sequence
is characterized by widespread stratal disruption, the calcareous
turbidites still retain a coherent deformation style with characteristic large scale, northeast-vergent folds. The deformation style
of both units has been interpreted as the result of offscraping and
frontal accretion (Bettelli and Vannucchi, 2003; Vannucchi and
Bettelli, 2002) (Fig. 3).

3

The basal sequence is formed by three major multilayers
(see Bettelli and Vannucchi, 2003): (i) alternating shales and
calcareous turbidites—Multilayer 1 (Fig. 3A), (ii) alternating
shales and arenaceous turbidites—Multilayer 2 (Fig. 3B), and
(iii) alternating shales of various colors—Multilayer 3 (Stop 1).
These multilayers typically crop out as broken formations (Fig.
3B), but rare coherent portions are present and they show a complex deformation with two generations of superimposed mesoscopic folds always recognizable (Fig. 3A and 3C). The older
folds, F1, are usually of meter scale, close to isoclinal, typically
strongly non-cylindrical (Fig. 3C). They range from planar noncylindrical folds (having hinge lines curved within the axial surface) to folds with warped axial surfaces in both the general strike

Figure 1. (A) Schematic geologic map of the Northern Apennines with the trace of the geological cross section (black line) and the indication
of the location of the enlarged areas of Figure 7 and Figure 12 (red squares) (modified from Bettelli and De Nardo, 2001, and Vannucchi et al.,
2008). B) Schematic cross section showing the geometric relations among the major structural units of the Emilia Apennines (modified from
Labaume, 1992, and Vannucchi et al., 2008).
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MOD Modino Sandstones
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Figure 2. Schematic diagram showing the simplified stratigraphic and tectonic relationships between the different components of the Apennine
plate boundary shear zone. Data, formal names and abbreviations from the Geological Map of Italy, 1:50.000, sheets No. 235, (Plesi, 2002), No.
236 (Bettelli et al., 2002b), and No. 252 (Bettelli et al., 2002a).
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Field trip in an ancient and exhumed erosive convergent margin in the Northern Apennines
and dip direction, to strong non-cylindrical and even sheath-like
folds. The second generation of folds, F2, has the same characteristics as F1, except for their disharmonic style developed as a
consequence of the refolding. The strong non-cylindrical shape
of F1 folds implies that locally F2 hinge lines may be either subperpendicular and/or parallel to F1 hinge lines (Fig. 3C). The F2
folding event usually developed larger folds than the F1, on the
order of tens of meters; thus the interference pattern between
F1 and F2 folds is difficult to observe and recalls type 2 and
type 3 of Ramsay (1962). A third folding event, F3, is locally
observable with open, recumbent, northeast-vergent folds. F2
and F3 are coaxial, and the latter may be a further evolution of
F2, rather than a discrete new folding phase. Along with folding, which is typically disharmonic, the multilayers display many
other responses to deformation, from highly ductile to brittle. The
layers can be faulted, boudinaged, or affected by pinch-and-swell
structures, and these features are even more enhanced where the
ratio of strong/weak lithological components decreases (Bettelli

5

and Vannucchi, 2003; Vannucchi and Bettelli, 2002) (Fig. 3).
Mud injections, swirls, limb thinning, and hinge thickening are
common features of folded shales. Ductile behavior of the shales
at the time of deformation and pervasive scaly fabric is widely
observed (Vannucchi et al., 2003; Bettelli and Vannucchi, 2003).
The rocks folded by F1 and F2 show a continuous and progressive increase in diagenetic conditions through the different deformation stages. This evolution has been interpreted as continuous
deformation within an accretionary prism and not as different
phases of deformation during the Apennine orogeny (Vannucchi
and Bettelli, 2002) (Fig. 3C).
The detailed analysis of the Northern Apennine broken formations and their geometry supports a mechanism where folding,
i.e., shortening, drives layer extension on the fold’s limbs orthogonal to the fold axis. This mechanism acted throughout the basal
portion of the External Ligurian Units. The three multilayers,
although they had different physical properties and degree of disruption, share the same structural evolution. The different degree

Figure 3. Structural style of the External Ligurian Units that make up the Ligurian accretionary prism. (A) Refolded folds
in a coherent portion of the Multilayer 1: alternating shales and calcareous turbidites, Early-Late Cretaceous Palombini
shales. See complete description in Bettelli and Vannucchi (2003). (B) Fold and related boudinage in a block-in-matrix
portion of Multilayer 2: alternating shales and arenaceous turbidites, Late Cretaceous Scabiazza sandstones. (C) Conceptual model of frontal accretion inferred from the deformation history of the External Ligurian Units (modified from
Bettelli and Vannucchi, 2003).
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of disruption is the result of the competence contrast and the ratio
of strong to weak beds within each Ligurian multilayer, so that
the wide variety of deformation structures is mainly controlled
by mechanical factors acting in the same tectonic setting. This
setting is constrained by temperature estimates of T < 150 °C
(Reutter et al., 1983) and by the presence of the slope apron
sequence, the Epiligurian Succession, resting unconformably
on top of the described three Ligurian multilayers. The lack of
metamorphism implies that stratal disruption occurred at shallow
structural levels, consistent with the interpretation that the Ligurian multilayers were assembled by frontal accretion (Vannucchi
and Bettelli, 2002). Above the unconformity, the oldest strata in
the Epiligurian Succession are middle Eocene, putting a minimum age on the accretion and deformation of the Ligurian units.
The Epiligurian Succession
The Epiligurian Succession represents the slope sediments
deposited on top of the Ligurian prism from the mid-late Eocene,
ca. 43–41 Ma, to late Miocene (early Messinian), ca. 7–5 Ma.
These deposits are separated from the underlying, strongly
deformed Ligurian units by a sharp, regional angular unconformity of mid-late Eocene age (Sestini, 1970; Bettelli et al., 1989;
Vai and Martini, 2001; Cowan and Pini, 2001) (Fig. 2). The Epiligurian Succession provides a check on any post-accretionary
prism deformation of the Emilia Apennines. This succession is
particularly useful, because it can be used to evaluate whether
there was upper plate deformation during the time interval when
the Sestola-Vidiciatico tectonic unit represented the plate interface, i.e., in the early-middle Miocene, ca. 25–13 Ma (see discussion in Section 2.3). These sediments, in fact, were “passively
transported” on top of the Ligurian prism during this time.
In the past 30 years the Epiligurian Succession of the Northern Apennines has been carefully mapped and analyzed, leading
to a new, up-to-date regional and comprehensive stratigraphic
scheme (Fig. 2) (Stops 1, 2, and 3 for a detailed description). The
oldest Epiligurian sediments—of middle Eocene to early Oligocene age, ca. 41–28 Ma—were deposited in slope basins. The
youngest Epiligurian sediments—of late Oligocene to early Messinian age, ca. 28–5 Ma—are interpreted as the infill of thrusttop basins or foredeep satellite basins (Ricci Lucchi and Ori,
1985; Ricci Lucchi, 1990). The Epiligurian Succession, as first
described by Ricci Lucchi and Ori (1985), may be subdivided
into two different portions separated by a major Burdigalian
unconformity (ca. 20–16 Ma) (Fig. 2). This unconformity is the
most important among the several local or regional-scale unconformities which have been recognized at different stratigraphic
levels within the succession (e.g., Bettelli et al., 1989; Fregni and
Panini, 1987; Amorosi et al., 1995; Mutti et al., 1995).
Below the Burdigalian unconformity, a middle Eocene to
early Miocene shallowing-upward sequence has been recognized
(Mancin et al., 2006) (Fig. 2). This sequence is mainly composed
of pelagic/hemipelagic mudstones and thin-bedded turbidites.
The latter can also contain large bodies of coarse-grained turbidites and conglomerates. This basal sequence (Fig. 2) represents

a slope apron facies association characterized by large thickness variations from place to place, suggesting a fairly rugged
slope with ridges and irregular, flat-floored basins. Major basin
depocenters are common in the southwestern, inner part of the
Epiligurian Succession outcrop area in a position corresponding
to the upper portion of the original slope apron. In contrast, in
the external, northeastern outcrops (i.e., in the lower portion of
the original slope apron), the pre-Burdigalian deposits generally
show a reduced thickness, even though a few local depocenters
can be recognized. The general up-slope increase in sediment
thickness is probably related to sedimentation over thrust sheets
of the ancient underlying Ligurian accretionary prism, with
either widely spaced or inactive thrust faults. This same architecture occurs generally in modern forearc regions (e.g., Davey
et al., 1986).
Above the Burdigalian unconformity, the Burdigalian to
early Messinian, (ca. 20–5 Ma), sediment sequence (Fig. 2)
shows a deepening-upward trend (Mancin et al., 2006). The basal
shallow water sediments grade, more or less abruptly, into outer
shelf/upper slope deposits and basinal siliciclastic turbidites
toward the top of the sequence.
2.3. The Sestola-Vidiciatico Tectonic Unit: The Plate
Boundary Shear Zone
The Miocene plate interface of the Northern Apennine outcrops as a 500-m-thick shear zone that extends 200 km alongstrike. In the southeastern part of the Emilia Apennines it is
formally known among Apennine geologists as the SestolaVidiciatico tectonic unit (Fig. 2) (Vannucchi et al., 2008). At
present, the Sestola-Vidiciatico tectonic unit is sandwiched
between the overlying Late Cretaceous–middle Eocene accretionary prism (the Ligurian Units) and the underlying fold-andthrust belt formed by the Adriatic continental units (Fig. 1).
The Sestola-Vidiciatico tectonic unit can be described as a
map-scale tectonic mélange with hm to km-large blocks (Remitti
et al., 2007; Vannucchi et al., 2008, 2010; Vannucchi and Bettelli, 2010). Each block can be singularly mapped at a convenient
scale, but together the different components form a regional scale
chaotic unit characterized by heterogeneous lithology and varying internal states of deformation. The blocks are related to three
main sources (Fig. 2) (Stops 4–12):
• Hundreds of m- to km-size blocks of the Ligurian prism.
Their age goes from the Late Jurassic and Early Cretaceous to the early-middle Eocene. The deformation style
of the shales, from folded to completely disrupted with
a block-in-matrix fabric, resembles that of the Ligurian
accretionary prism as described in Section 2.2. (Vannucchi
and Bettelli, 2002; Bettelli and Vannucchi, 2003). Deposition age (Fig. 2), lithology, and deformation style all suggest that blocks are mainly sourced from the frontal and
youngest part of the overlying oceanic accretionary prism
(Bettelli and Panini, 1992; Remitti et al., 2007; Vannucchi
et al., 2008) (Stop 10).
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• Hundreds of m- to km-size blocks of lower slope sediments
(Bettelli and Panini, 1989; Bettelli et al., 2002a; Bettelli
et al., 2002b; Plesi, 2002; Remitti et al., 2007; Vannucchi et al., 2008). The sedimentary sections are typical of
satellite or wedge-top basins developed on the foredeep
inner-slope, i.e., on the frontal part of the prism. Their age
ranges from the late Eocene to the middle Miocene (Bettelli et al., 2002a; Bettelli et al., 2002b) (Fig. 2). The terrigenous sedimentary rocks are volumetrically subordinate
to the marls, even though, locally, they can be predominant. These blocks locally retain their original substratum
formed by material coming from the Ligurian accretionary prism (Plesi, 2002). Considering the age, the lithology
and their substratum, these blocks of slope deposits can
be interpreted as the lateral equivalents of the Epiligurian
Succession deposited near the toe of the Ligurian prism.
Referring to the regional geology: the Fiumalbo shales
are the equivalent of the Monte Piano marls and Ranzano
Formation in the Epiligurian Succession (Stop 3); the
Marmoreto marls and the Civago marls are respectively
the equivalent of the Antognola Formation, and Contignaco Formation in the Epiligurian Succession (Fig. 2).
(Stops 6, 8, 9).
• Extensive, hm- to km-size blocks of shaly breccias interpreted as debris flows deposits (Bettelli et al., 2002a; Bettelli et al., 2002b; Plesi, 2002; Remitti et al., 2007). The
analysis of the clasts and the matrix indicates a mixture of
lithotypes coming from the reworking of the more external
and partly younger thrust-units of the oceanic accretionary
prism (Bettelli and Panini, 1989, 1992). These deposits are
characterized by clasts of various shapes supported by a
detrital-pelitic matrix. The difference between matrix and
clasts is somewhat arbitrary, because the texture is characterized by a regular reduction in clast size. The texture,
composition of the clasts, and the frequent association
with slope sediments (Fiumalbo shales and Marmoreto
marls) suggest that they can be considered a lateral equivalent, deposited on the lower slope from the middle Eocene
to the early Miocene (Bettelli et al., 2002a; Bettelli et al.,
2002b), of the Baiso argillaceous breccias (Stop 1) and
Val Tiepido–Canossa argillaceous breccias present in the
Epiligurian Succession and still at the top of the Ligurian
prism (Fig. 2). Therefore, this third component can be considered as a part of the slope strata (Stop 8).
All the components of the Apennine plate boundary shear
zone, on the base of their age, stratigraphy, and lithological/
sedimentological character, are coming from the toe of the overriding plate. Mixing of the different components probably began
at the toe of the Ligurian prism by both gravitational and tectonic
processes—the proto-mélange of Remitti et al., (2007)—similar
to what is imaged in modern frontal prisms at erosive margins
(von Huene et al., 2004), then followed by intense deformation inside the interplate shear zone (Fig. 4). As a consequence,
the various components of the Sestola-Vidiciatico tectonic unit
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mélange are now complexly interspersed. However, all the
blocks are large enough to be mapped separately and considering
the shaly breccia as a new lithology generated by debris flows
processes at the toe of the wedge, they maintain their primary
sedimentary fabric or the internal state of deformation they had
before the incorporation inside the shear zone (Stops 6 and 8).
The age of the youngest block involved in each portion of
the interplate shear zone constrains the time the material was
consumed by the shear zone along the plate interface (Remitti et
al., 2007, and references therein) (Fig. 2). Considering that sediment deposition on the slope of the prism toe ended when that
prism toe was underthrust, dating the slope deposits means dating the age of their incorporation into the interplate shear zone.
A reconstruction of the distribution of the blocks of slope deposits and their different ages shows that the time of their entrance
into the plate boundary shear zone varies progressively from the
early Miocene (Aquitanian) in the inner portions to the middle
Miocene (Langhian) in the outer portions of the outcropping
Sestola-Vidiciatico tectonic unit (Vannucchi et al., 2008). This
time progression also gives the rate of underthusting of younger
foredeep deposits as they are incorporated into the subduction
channel (Figs. 2 and 4).
A regional thermochronological study by Thomson et al.
(2010) indicates that the material outcropping in the inner sector of the interplate shear zone was underthrust to depths where
temperature was sufficient to reset the apatite fission track system
(>120 °C). After ~10 million years of activity the erosive plate
boundary stopped its activity and the Sestola-Vidiciatico tectonic
unit started to be exhumed, probably in the late Miocene.
Internal Structure of the Sestola-Vidiciatico Tectonic Unit
(Stops 4, 5, 7, 11)
The Sestola-Vidiciatico tectonic unit mélange is bounded by
a roof and a basal décollement (Vannucchi et al., 2008) (Figs. 1
and 2) (Stops 5 and 11). The roof décollement at the contact with
the overlying fossil accretionary prism has preserved a planar
geometry at a regional scale. In contrast, the basal décollement, in
its inner outcropping portion, is involved in a series of map-scale
thrusts and folds within the underlying foredeep sediments (Vannucchi et al., 2008). The basal décollement presents a regional
ramp and flat geometry, where the flats are nearly parallel to the
bedding of the foredeep rocks in the footwall. On a metric or a
decametric scale the basal décollement appears as a web of wavy
anastomosing shear surfaces bounding slices of various sizes.
Small normal faults, pressure-solution structures, drag folding,
and pervasive foliation typically can be found (Plesi, 1989; Vannucchi et al., 2008). Fault surfaces are often coated by fibrous
calcite veins.
The map distribution of the different blocks within the
Sestola-Vidiciatico tectonic unit (Stops 5 and 7) and the repetitious superposition of older on younger blocks clearly indicates that thrust faults were active in the plate boundary shear
zone. These same thrusts caused differential movement between
each mélange component, allowing the flow of material inside
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Figure 4. Cartoon showing: (1) the mechanism of frontal tectonic erosion as inferred from the Northern Apennines, and
(2) the principal deformation structures characterizing progressively deeper zones of the plate boundary shear zone.

the plate boundary shear zone. The thrust surfaces within the
Sestola-Vidiciatico tectonic unit and at the boundaries are commonly coated by calcite veins (Stops 5 and 11). These thrusts
define the lenticular shapes of the different blocks aligned subparallel to the upper and lower décollements (Figs. 2 and 4)
(Stops 5 and 7). Looking at the deformation structures found
within each block, which are diffuse extensional faults, we conclude that most of the shear strain was accommodated by the
thrusts and concentrated along the block’s boundaries (Fig. 4).
The main décollements and thrust surfaces must have accommodated a minimum displacement of 100 km, although this value
also includes the ongoing extension of the ancient accretionary
prism on top of the foredeep turbidites.
2.4. Deformation History of the Sestola-Vidiciatico
Tectonic Unit
The representative plate boundary deformation has been
investigated through the detailed meso- and microstructural analysis of the post-middle Eocene slope sediment blocks within the
mélange. In fact, the blocks of slope sediments included in the
plate boundary shear zone were not affected by the early-middle
Eocene Ligurian tectonic phase and were therefore still undeformed at the time of their underthrusting. The mélange blocks
older than the early-middle Eocene record a pervasive deformation (described in detail in the Stop 10) that strictly corresponds to

the deformation shown by the Ligurian Units forming the Ligurian accretionary prism, i.e., the Miocene upper plate (Stop 1).
The parameters influencing the rheological behavior of the
various mélange inclusions are: (1) the lithology/lithification
state and (2) the distance from the deformation front (Fig. 4).
An increase in the distance from the deformation front also corresponds to an increase in the depth of burial below the Ligurian
wedge that coincides with an increase in the pressure and temperature conditions and the confining pressure during deformation. Both the lithology/lithification state and the distance from
the deformation front influence the fluid pressure through the
control of the permeability and the rate of fluid expulsion from
the sediments. Therefore the tectonic evolution of the SestolaVidiciatico tectonic unit can be interpreted in terms of progressive deformation through time that accompanies progressive
changes in the lithification state, pressure, and temperature. The
tectonic evolution of the mélange will be described in three main
stages, although there is not any evidence for gaps between the
different deformation events.
Pre-Underthrusting Deformation: Synsedimentary
Deformation in Unlithified Slope Sediments
The alternating shale and sandstone lithofacies of the slope
apron shows several slumps. The slumped units are characterized by mesoscopic, mostly disharmonic, tight to isoclinal folds
with randomly oriented hinge lines embedded within packages
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of unfolded strata. Few events of thrusting and doubling of the
sequence have also been reported (Remitti et al., 2007, 2011).
The slope failures are interpreted as typical of the unstable environment during the sedimentation of the slope sediments on the
toe of the Ligurian accretionary prism.
Pervasive Syn-Lithification Deformation (Stops 6, 8, 13)
The post-middle Eocene slope sediment blocks present
in the Sestola-Vidiciatico tectonic unit are pervasively cut by
shear fractures. The only exceptions are thick turbidite layers,
which are laterally continuous (Fig. 5A). Bedding, where still
recognizable, generally maintains parallelism with the basal
and roof décollements.
The sandstones appear almost undeformed at the mesoscopic
scale, except for conjugate sets of extensional shear fractures
(Figs. 5B and 5C). These fractures die out as they approach the
interface with the interbedded shales (Figs. 5B and 5C) and they
are interpreted as hydroplastic fractures (sensu Petit and Laville,
1987). The contact between these weakly deformed sandstone
bodies and the embedding marls occurs through shear surfaces
detaching the two lithologies. In cases where the sandstone/shale
ratio is <<1, the bedding is still preserved, but the sandstone layers are stretched and boudinaged in two perpendicular directions
while the shaly interbeds show a pervasive scaly fabric (Fig. 5B).
Pervasive deformation characterizes the marls where the
bedding is completely obliterated (Fig. 5D). At all scales of
observation, the marly blocks are penetratively cut by shear surfaces (Stop 13). These shear surfaces subdivide the rock into
lozenge-shaped prisms which are cut again by a web of minor
shear surfaces reproducing the same geometry down to the centimeter scale (Fig. 5D). The lozenges (i.e., the lithons) are the
result of the intersection of at least four sets of gently dipping
shear fractures paired in two perpendicular directions, easily recognizable at the outcrop scale. Crosscutting relationships suggest
a contemporaneous development of these shear surfaces. Each
shear surface is finely striated and second order kinematic indicators consist of lunate fractures and offsets of primary sedimentary
structures. These kinematic indicators show that the movement
is preferentially normal with a dip-slip direction. Strike-slip displacements are also present. The shear surfaces are not mineralized, even though a thin coating of opaque minerals commonly is
present, possibly residues due to pressure solution or precipitates
from fluids circulating along the fractures. The overall deformation results in flattening normal to the boundaries of the SestolaVidiciatico tectonic unit.
Discrete Post-Lithification Faulting (Stops 6, 8, 9)
The diffuse deformation evolves to localized shear along
mesoscopic faults (Fig. 5E) (Stops 6, 8, 9). These faults have a
good lateral continuity and are typically coated by calcite veins
~1 cm thick (Fig. 5F). Shear zones and faults have a spacing of
tens of meters and each fault accommodates a total displacement
varying from 1 to 10 cm. The mesoscopic and microscopic analysis of veins shows that each displacement was realized by a great
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number of repeated events (Fig. 5F). The faults are preferentially
developed in the blocks of slope sediments (formed of marls and
shales), but they are also present in all the other components of
the mélange. Some faults also cut the boundaries between the
blocks, and the faults and shear surfaces subparallel to the megathrust boundaries cross cut each other. This observation suggests
that the difference in mechanical behavior within the mélange
was reduced or completely suppressed, probably because of the
complete lithification of all the mélange components. But it also
implies that some of the shear zones in the plate boundary were
deactivated. The mesoscopic faults have quite random strike
orientations and could be steep or subhorizontal, often reusing
preexistent discontinuities such as lithological contacts or shear
surfaces. The calcite slickenfibers and the calcite steps formed on
the fault surfaces represent good kinematic indicators. Abundant
normal and strike-slip faults cutting every single slice (Stops 6, 8,
9) occur with thrust faults doubling the succession and bringing
in contact the different tectonic slices (Stop 5). The main direction of movement is parallel to the tectonic transport direction,
but the slickenfibers on the fault surfaces also show displacements in the perpendicular direction.
Figure 6 summarizes the deformation structures recognized
in the pre-middle Eocene and post-middle Eocene blocks of the
Sestola-Vidiciatico tectonic unit as observed at field trip stops.
3. FIELD TRIP ROUTE
Leave the center of Modena driving southwest on SP (Strada
Provinciale) Modena-Sassuolo. This road heads southwest for
~12 km before intersecting the SP 467 Pedemontana going west
for ~4 km and crossing the River Secchia. After the bridge turn
and head southwest again on the SS (Strada Statale) 486 following the River Secchia upstream. After ~15 km, turn right toward
Baiso on SP 27. The 9 km on SP 27 pass through the characteristic badlands of the Emilia Apennines. In Baiso, turn right on SP 7
(Via Stadio), drive for ~2.5 km, and pull in at the group of houses
before the badland outcrop.
Figure 7 offers a schematic geological map, location, and
cross-section of the first three stops.
3.1 The Ligurian Prism and the Basal Unconformity of
the Epiligurian Succession (Fig. 7)
Stop 1. Baiso (44°30′34.69″N–10°37′29.31″E)
Stop 1 offers a view on:
(i) alternating varicolored shales of Multilayer 3—Varicolored shales (AVV). Multilayer 3 is formed by thin-bedded
shales of different colors with sparse beds of turbidite
sandstones, marlstones and limestones (Fig. 8). The age is
Cenomanian-Campanian–Late Cretaceous (ca. 98–75 Ma)
and it represents an abyssal plain deposit. These highly
deformed shales are part of the basal sequence of the
External Ligurian Units, interpreted as frontally accreted
units of the Ligurian accretionary prism (Fig. 3C);
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Figure 5. (A) Outcrop of the late Oligocene-Aquitanian slope deposits “Marmoreto marls.” Here bedding S0 is still recognizable. It is in the upright position and it lies parallel to the boundaries of the plate boundary shear zone. (B) Interbedded
shales and turbidite sandstone facies of the middle/late Eocene–early Oligocene slope deposits “Fiumalbo shales.” The
sandstone layers display a brittle symmetric chocolate-tablet boudinage developed in unlithified sediment. (C) Thick
turbidite sandstone layer in the middle/late Eocene–early Oligocene slope deposits “Fiumalbo shales.” This layer, which
is overturned, is cut by a set of extensional shear fractures. While at the top, the stratigraphic base of the layer, the shear
fractures have a straight geometry and an appreciable throw, they curve and die out at the bottom. (D) Burdigalian slope
deposits “Civago marls” penetratively cut by shear surfaces with either normal or strike-slip displacement. (E) Conjugate
sets of normal faults coated by calcite veins in the late Oligocene–Aquitanian slope deposit “Marmoreto marls.” (F) Calcite shear vein along a normal fault in the shaly breccias. The vein is formed by several layers, each of which represents
one growth step.
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Figure 6. Sketch diagrams summarizing the deformation of the different types of blocks forming the Sestola-Vidiciatico tectonic
unit (SVU) from the middle Eocene to the Miocene. The diagrams on the left show the structural evolution of the pre-middle
Eocene blocks, i.e., Ligurian blocks. The diagrams on the right show the structural evolution of the post-middle Eocene blocks,
i.e., lower slope deposits.
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ous. Multilayer 3 is also typically characterized by regular and
sub-planar shear surfaces (S1) that impart a distinctive anastomosing pattern. The original beds (S0) of the alternating varicolored shales appear as stretched, thinned, discontinuous, irregular
bands parallel to the scaly fabric, which is the dominant structure
characterizing the shales. The rare limestone or sandstone layers
are laterally discontinuous and often present as isolated blocks.
These blocks can have various shapes: from pinch-and-swell to
spheroidal or egg-shaped inclusions to isolated fold hinges. The
boudinage was produced by extension parallel to S0. Deformation of the limestone blocks is brittle, indicating that they were
already lithified, whereas the sandstone layers are characterized
by disaggregation failure typical of pre-lithification conditions.
Both the coherent and the disrupted portions of the AVV
are characterized by complex mesoscopic folds with a variety of
styles depending on the prevailing lithotype as well as the thickness of the folded beds (Fig. 8). Refolded folds are common,
often with perpendicular hinge-lines. Bulbous hinges and secondary features such as limb thrusts are frequent. It is common to

(ii) the angular unconformity between the Ligurian Units and
the overlying Epiligurian Succession, here represented
by shaly sedimentary breccias BAI (Baiso argillaceous
breccias) generated by submarine debris flows reworking
of the underlying Ligurian rocks (Figs. 8A and 9).
The External Ligurian Units and the Accretionary
Prism Deformation
The structural style of the AVV is particularly complex and
this outcrop offers a good example of the typical ductile style of
deformation of these non-metamorphic shales (Bettelli and Vannucchi, 2003) as described in Section 2.2. (Fig. 8). Here there
are only few competent layers, and they do not offer a frame of
reference to easily untangle the structural evolution. The coherent
portions of the multilayer are characterized by intercalated thin
to medium (6–8 cm) shaly layers of different colors (red, green,
black, light gray, etc.) which correspond to the primary bedding
(So) (Fig. 8B). In the incoherent portions, primary bedding is no
longer recognizable and the shaly beds are laterally discontinu-
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observe thickening of the black and red shaly beds in the hinges
of the folds. Locally the coherent units represent zones where the
deformation style is characterized by convolute and disharmonic
folds (Fig. 8B), rootless folds and isolated fold hinges associated with intense boudinage. A penetrative scaly fabric parallel
to S0 marks the fold limbs. Locally, injection dikes, centimeters
to meters long, develop from the cores of isoclinal folds so as to
cut the fold limbs (Fig. 8C). These structures indicate that some
pelitic horizons still maintained a very high ductility and a large
amount of fluid while already deformed by faults and folds. Type
2 interference patterns are observed where small-scale superimposed orthogonal folds affect single sandstone layers and are
common in sequences of alternating thin-bedded sandstones and
shales. In these cases, isoclinal folds are non-cylindrical (Fig. 8D)
with a subhorizontal axial surface characteristic of the first generation of folds, whereas the folds of the second generation are
open with a vertical axial surface and a subhorizontal hinge line
(Vannucchi and Bettelli, 2002; Bettelli and Vannucchi, 2003).
The observed structures have been interpreted as the result
of the superposition of two generations of folds with different
dimensions and tightness, locally generating type 2 interference
patterns, though the different scales makes them rare. Folds and
boudins appear to have formed together and the boudins lines
are parallel to the fold hinges. Such a relationship can be associ-
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ated with the progressive development of folds and boudins during a single deformation event since the folded layers pass from
regions of contraction to regions of extension. Flexural folding
also creates pervasive shear zones that lead to the penetrative and
widespread scaly fabric (Vannucchi and Bettelli, 2002; Bettelli
and Vannucchi, 2003).
The Basal Angular Unconformity of the Slope Deposits
At Stop 1, the boundary between the Ligurian substratum
and the overlying Epiligurian Succession is represented by a neat
sedimentary contact (Figs. 8A and 9A). The contact abruptly cuts
the folds and the other tectonic structures in the underlying Ligurian Units, but is concordant or paraconcordant with the overlying Epiligurian units.
The Epiligurian deposits (see Section 2.2 and Stops 2 and
3), which unconformably overlie the Ligurian substratum, are
here represented by thick (~100 m) shaly sedimentary breccias
(Baiso argillaceous breccias, BAI) composed predominantly of
material coming from the Ligurian Units themselves, mainly
from the three multilayers forming the basal sequence of the
Ligurian Units (Bettelli et al., 2004). The shaly breccias are
chaotic rocks characterized by a fine detrital matrix supporting
larger scattered clasts (Fig. 9). This texture has been considered as generated by high-density mud flow and/or debris flows
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Figure 8. Field photographs from Stop 1. (A) Angular unconformity between the External Ligurian Units of the Ligurian
accretionary prism, here represented by the Late Cretaceous Varicolored shales, AVV, and the overlying slope deposits of
the Epiligurian Succession, here represented by the middle-late Eocene Baiso argillaceous breccias, BAI. (B) Mesoscopic
convolute folds with hinge thickening in the Late Cretaceous Varicolored shales, AVV. These folds have been interpreted
as a consequence of a process of frontal accretion. (C) Injection dikes of dark-gray shale in the Late Cretaceous Varicolored shales, AVV, suggesting that deformation occurred before lithification. (D) Sheath fold, cut normal to the axial plane,
developed in the Late Cretaceous Varicolored shales, AVV.

(Bettelli and Panini, 1989; Pini, 1999; Vannucchi et al., 2003;
Vannucchi and Bettelli, 2010) mixing heterogeneous source
rocks (the multilayered, already deformed, Ligurian rock units
made of alternating layers of shale, marl, limestone and sandstone). Locally, 5–10-m-large remnants of the contemporaneous pelagic-hemipelagic deposits and sandy/pelitic turbidites
(Monte Piano marls or Loiano Formation) are present along the
contact with the underlying dismembered Ligurian formations
or inside the shaly breccias themselves.
The lithological components of the BAI are exactly the
same as of the Ligurian Units, as they are the result of their
gravitational rework, but they can easily be mapped separately
from the Ligurian Units on the base of the mesoscopic fabric. In
fact even if the Ligurian Units can show a “block-in-matrix fabric” at the outcrop scale, the finer-grained material surrounding
the blocks is made up of sheared shales which, strictly speaking,
could be considered a “matrix” or a weak unit into which the
blocks are dispersed during tectonic disruption of strata (Bet-

telli and Panini, 1989; Festa et al., 2010). Instead, the Baiso
argillaceous breccias show a sedimentary fabric and sedimentary texture from the outcrop to the thin-section scale (Fig. 9).
Examination of hand samples and/or thin sections collected
from different parts of the outcrop reveals the presence of clasts
of various shapes and lithology typically supported by a pelitic
matrix (Fig. 9). These deposits are polymictic matrix-supported
breccias with completely different rheological properties and
fabric when compared to the source material, i.e., the Ligurian
Units. In fact, the gravitational reworking caused the complete
overprinting of the tectonic anisotropy in the source Ligurian
rocks and the creation of a new sedimentary fabric and structure
(see review in Vannucchi and Bettelli, 2010).
3.2. The Slope Deposits: the Epiligurian Succession (Fig. 7)
Stops 2 and 3 are included to provide an overview of
the lithology and deformation of the slope deposits—the
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Figure 9. (A) Enlargement of the angular unconformity between the forearc basement, represented here by the Late Cretaceous Varicolored shales, AVV, and the overlying slope deposits of the Epiligurian Succession, here represented by the
middle-late Eocene Baiso argillaceous breccias, BAI. (B) Typical appearance of the Baiso argillaceous breccias at the
outcrop scale. (C) The clastic sedimentary texture displayed by the Baiso argillaceous breccias at the hand-sample scale.
(D) The clastic sedimentary texture displayed by the Baiso argillaceous breccias at the thin-section scale (field of view of
photo is 2 cm). This characteristic clastic texture has been interpreted as generated by high density mud-flow and/or debris
flows mixing already deformed heterogeneous source rocks (see discussion in the text).

Epiligurian Succession—overlying the Ligurian accretionary
prism seen during Stop 1 (Figs. 10 and 11). The Epiligurian
sediments were deposited on the margin wedge after accretion
had ceased and while the upper plate was thrusting on top of
the Miocene foredeep deposits of the Adria plate (Tuscan and
Umbria-Romagna Units). Therefore, this sedimentation was
taking place during the period when the erosive plate boundary
shear zone was active. Moreover, this succession gives us the
extraordinary opportunity to study the evolution of the upper
plate in terms of the different sedimentary environments and the
deformation of the forearc that occurred after the cessation of
accretion into the Ligurian prism.
Stop 2. Carpineti (44°27′14.85″N–10°31′22.85″E)—
River Secchia (Intersection SP 19 and SP 56,
44°24′32.73″N–10°31′25.38″E)
Return to the village of Baiso and turn right on the SP 107
and after ~3 km turn left onto the SP 98 toward Carpineti. After
~10 km, we reach the Castle of Carpineti. Stop 2 is an 11 km road
overview from the castle to the bottom of the River Secchia along

the SP 19–SP 76 through the villages of Savognatica, Vesallo,
Frazione Sant’Andrea, and Colombaia di Secchia and upstream
along the river until the intersection with SP 56 to the right.
From the Castle of Carpineti to Stop 3 the road passes
through the Epiligurian Succession formations going down section from the middle Miocene at the top to middle-late Eocene at
the bottom (Fig. 10).
The first formation exposed along the road is the Pantano
Formation, Burdigalian to Langhian (middle Miocene), which is
subdivided into members. The upper member is interpreted as an
outer shelf deposit and is characterized by interbeds of bioturbated sandstone/siltstone layers and thin to medium sandstone
layers or shale (Figs. 10A and 10B). The basal member of the
Pantano Formation (not visible along the road, but forming the
130-m-high cliff of the Pietra di Bismantova that can be seen
in the background (Fig. 10C) is represented by calcarenites and
locally characterized by medium to large scale cross bedding.
The lower member is interpreted as deposited in an inner shelf
environment. Proceeding downward, the Burdigalian Contignaco Formation is here represented by thick layers of arenaceous
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Figure 10 (continued on following page). Photographs of the Epiligurian slope deposits, the Epiligurian Succession that
overlies the Ligurian accretionary prism. The location of each shot is shown in Figure 7. The photographs follow the
stratigraphic order of the road log outlined in Stop 2 from Carpineti to the River Secchia. (A and B) Different aspects of
the outer shelf deposits characterizing the upper portion (Langhian–middle Miocene) of the Pantano Formation. (C) Inner
shelf deposits forming the basal portion (Burdigalian–early Miocene) of the Pantano Formation. (D) Sandstone bodies
within the Burdigalian–early Miocene Contignaco Formation interpreted as corresponding to the infilling of submarine
canyons cutting through the outer shelf. (E) Arenaceous turbidites and partially silicified pelites of the Burdigalian–early
Miocene Contignaco Formation. (F) Hemipelagic marls of the late Oligocene–early Miocene Antognola Formation.
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Figure 10 (continued). (G) Distal thin bedded siliciclastic turbidites of the early Oligocene Ranzano Formation. (H) Massive
quartzo-feldspathic arenites of the middle-late Eocene Loiano Formation which in this area are interpreted as the infill of deepsea submarine channels cut into a deep basin. (I) Hemipelagic mudstones and thin-bedded turbidites of the middle-late Eocene
Monte Piano Formation. (L) Mud-flow and debris flows deposits of the middle-late Eocene Baiso argillaceous breccias.

turbidites representing the infilling of submarine canyons cutting
through the upper slope and outer shelf (Fig. 10D).
Looking back toward Carpineti, it is possible to see the
Romanic Castle of Carpineti of the tenth century, the favorite residence of the influential Countess Matilde di Canossa, Marquise
of Tuscany, and vicereine of Northern Italy. In the castle, she
received Pope Gregory VII in 1077 before the Emperor Henry
IV performed the penance necessary to lift the excommunication in Canossa, another of Matilde’s castles. In 1092 with the
“Trattato di Carpineti” held in the castle, Matilde decided not to
acknowledge peace with Henry IV, and she badly defeated the
Emperor, bringing herself and Carpineti to the top of the political
and religious power at the end of the eleventh century.
Following the road, the next outcrop of the Contignaco
Formation is represented by arenaceous turbidites and partially
silicified pelites (Fig. 10E). The lightest horizons are centimeter to
decimeter-thick layers of cinerites derived from turbidity currents
of rhyolitic and dacitic volcaniclastics. In the Alpine, Apennine
and circum-Mediterranean paleogeographic domain there are several early Miocene volcaniclastic deposits, suggesting that in this
time volcanism had to be common. The following outcrops belong
to the Antognola Formation, which is mainly made up of hemipe-

lagic marls and marly shales with poorly defined S0 (Fig. 10F).
Locally, discontinuous bodies of argillaceous breccias related to
the Val Tiepido–Canossa argillaceous breccias are present.
Along the River Secchia there are steep cliffs formed by
large outcrops of the upper part of the early Oligocene Ranzano
Formation (Fig. 10G). The Ranzano Formation is formed by distal, medium- to thin-bedded arenaceous-pelitic turbidites. Below
the Ranzano Formation the Loiano Formation and the Monte
Piano marls are present (Figs. 10H and 10I). The Loiano Formation is formed by massive quartzo-feldspathic arenites that,
in this area, form an extensive body that reaches a thickness of
100 m inside the middle-late Eocene Monte Piano marls. The
arenaceous strata have been interpreted to represent a channel
infill in a deep basin characterized by prevailing hemipelagic
deposition. Good exposures of the red and light gray pelagic/
hemipelagic mudstones and thin-bedded turbidites of the Monte
Piano marls are present in clay quarries excavated for industrial
ceramics near Vesallo. The lower unit of the Epiligurian Succession is the Baiso argillaceous breccias, middle Eocene (late
Lutetian), outcropping in a former quarry near Colombaia (Fig.
10L). The characteristics of the Baiso argillaceous breccias have
been reviewed during Stop 1.
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Figure 11. Panoramic view (Stop 3) on the Epiligurian Succession. The geologic map and cross section of the area are in Figure 7. The Epiligurian Succession lies, through an angular unconformity, on top of the Ligurian accretionary prism here represented by the Monte Venere Formation (MOV). From the base the stratigraphic Epiligurian Succession is represented by: the
Baiso argillaceous breccias (BAI), the Monte Piano marls (MMP) including large arenitic bodies (i.e., the Loiano Formation LOI), the Ranzano Formation (RAN), the Antognola Formation
(ANT), the Contignaco Formation (CTG) and the Pantano Formation (PAT).
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Stop 3. Panoramic Viewpoint
(44°24′27.81″N–10°31′45.41″E)
From the River Secchia turn left onto SP 56 and drive for
~3 km. The overview is on the left side of the River Secchia
between Mount Banzola and Mount Valestra (Fig. 11).
This stop offers a panoramic view of the entire Epiligurian
Succession, from the Baiso argillaceous breccias at the bottom, to
the Pantano Formation at the top (Fig. 11). The upper part of the
Ligurian wedge is represented here by the Monte Venere Formation, visible on the lower right corner of the view. The Epiligurian
Succession unconformably overlies the Monte Venere Formation. The succession dips toward the north-northwest forming a
monocline (Fig. 11). From the bottom to the top, the Epiligurian
sediments are represented by: the Baiso argillaceous breccias
(Figs. 9 and 10L), the Monte Piano marls (Fig. 10I) including the
arenites of the Loiano Formation (Fig. 10H), the Ranzano Formation (Fig. 10G), the Antognola Formation (Fig. 10F), the Contignaco Formation (Figs. 10D and 10F) and the Pantano Formation (Figs. 10A–10C). The entire succession is here involved in a
large syncline (Fig. 11), but there is no evidence of large contractional or extensional deformation. The whole Epiligurian Succession outcrops between the Sillaro valley and the River Taro and
shows mild deformation with very rare thrust faults of Oligocene
age. The lack of appreciable deformation suggests that, during
the Miocene, the Ligurian Units, with the Epiligurian sediment
on top, were thrust over the Tuscan and Umbria-Romagna Units
without any appreciable internal deformation of the upper plate,
which remained thus completely detached from the underthrusting foredeep turbidites.
3.3. The Sestola-Vidiciatico Tectonic Unit—The Erosive
Plate Boundary Shear Zone
Stop 4. Gova Tectonic Window (Fig. 12)—Panoramic
Viewpoint (44°20′1.88″N- 10°31′16.36″E)
From Stop 3, drive south on SP 90 crossing the village of
Cavola. After ~3 km turn right on Via Pusignolo and drive for ~3 km
to the intersection with the SP 8 at Cà Marastoni. Follow SP 8 to
the village of Quara for ~4 km. After Quara, take the first turn to the
left to Montebiotto and follow SP 95 to Gova. In Gova, turn left to
Cadignano and after five hairpin turns, drive to the end of the road.
The first outcrops of the Sestola-Vidiciatico tectonic unit visited during this field trip (Stops 4 and 5) are located in a tectonic
window present near Gova (Fig. 12). The Gova tectonic window
brings to the surface the Tuscan Units below the Ligurian Units.
This window is cut at its northern termination by a major vertical
fault (Fig. 12) associated with the recent (post–5 Ma) exhumation
of the Apennine chain (Thomson et al., 2010). This fault locally
displays evidence for strike slip, and cuts all the structures that relate
to the time period when the erosive plate boundary shear zone was
active. The vertical throw of this fault is more than 3 km as suggested by the presence of a 3 km depth borehole in the hangingwall
that did not reach the bottom of the Ligurian Units (Anelli et al.,
1994). Normal faults are common in the Northern Apennines; the
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youngest structures, though, are cutting the structural pile of units
and their differential movement allowing exhumation of portions of
the chain without altering the structural relationship present before
the uplift.
The entire thickness of the Sestola-Vidiciatico tectonic unit,
interpreted as the interplate shear zone, is visible from the Stop
4 viewpoint. The Tuscan Units are represented here by the foredeep turbidites of the Langhian Gova Formation (Plesi, 2002)
folded into an anticline, overlain by the Cretaceous formations
of the Ligurian Units and separated by the Sestola-Vidiciatico
tectonic unit (Figs. 12 and 13).
The Sestola-Vidiciatico tectonic unit is represented here by
several imbricated slices of different stratigraphic units. From the
bottom to the top they are: the Burdigalian–early Miocene Civago
marls overthrust by slices of the middle-late Eocene to Aquitanian Fiumalbo shales and Marmoreto marls, which in turn are
overthrust by slices of Cretaceous to Eocene varicolored shales
(Multilayer 3, Stop 1). The internal deformation and composition
of these different tectonic slices will be discussed in detail at Stop
5 together with the characteristics of the lower boundary between
the Sestola-Vidiciatico tectonic unit and the foredeep turbidites
that form the lower plate.
Stop 5. Gova Tectonic Window (Fig. 12)—
Basal Décollement under the Cadignano Bridge
(44°20′12.08″N–10°31′37.99″E)
Going back 200 m from Stop 4, leave the car in Cadignano
and walk toward the Cadignano bridge on the creek Dolo.
This stop offers a well-exposed section of the basal décollement of the Sestola-Vidiciatico tectonic unit—i.e., the lower décollement of the plate boundary shear zone. Here the décollement
shows a ramp geometry—the average angle between S0 in the footwall and the thrust-fault is 14° (Figs. 13A and 13B)—folded into
a large, km-size anticline. The footwall is represented by Langhian, (i.e., middle Miocene), foredeep turbidites (Gova sandstones;
Plesi, 2002) and the hangingwall by the Sestola-Vidiciatico tectonic unit. Here, the Sestola-Vidiciatico tectonic unit is composed
of tectonic slices that contain the Civago marls of Burdigalian age
(i.e., early Miocene), overthust by Fiumalbo shales and Marmoreto
marls of late Eocene–early Miocene age (Plesi, 1989; Chicchi and
Plesi, 1990, 1992, 1995; Plesi, 2002) (Figs. 12 and 13).
The fault between the different units is marked by shear
calcite veins (Figs. 13D and 13F). The internal microstructure of these veins will be described later (Stop 11). The
kinematic indicators on the thrust show a transport direction
toward the northeast—from north to N70E with a maximum
around N15–20E—but some calcite slickenfibers also display
a northwest-southeast slip direction (Fig. 13G). This last direction can be related to local adjustment of the different slices
during displacement or to later reactivation. The footwall contact is characterized by a sandstone layer sheared and smeared
along the thrust (Fig. 13C). The sandstone layer was able to
intrude the contact suggesting that the thrust started to be active
when the foredeep turbidites were not completely lithified and
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Figure 12 (continued on following page). (A) Schematic geologic map of the area containing Stops 4–11, modified and simplified from the
Geological Map of Italy, 1:50.000, Sheet 235 (Plesi, 2002). The trace of the cross section is outlined by the black line. The green drops indicate
the locations of the Stops.

it continued to move in a brittle environment as shown by the
presence of calcite shear veins.
The footwall is formed by turbiditic sandstones and it is
largely undeformed. Conjugate sets of strike-slip faults cut by the
basal décollement are present in the first 10 m below the contact,
but they are not observed further down (Figs. 13C and 13D). The
bisector of the conjugate sets is coherent with the tectonic transport toward the northeast, suggesting a switching of the σ3 and σ2
direction below the main contact, perhaps related to the presence
of the ramp. Elsewhere below the basal contact (see Vannucchi
et al., 2008), the only observed mesostructures are normal faults
with their strike perpendicular to the direction of tectonic transport, suggesting an even more dramatic switching of the princi-

pal stresses. Markers of sediment instability such as debris flows
and slumps are also present in the outcrop. Debris flows and
slumps occur between the turbiditic layers and include mobilized
blocks of both the slope sediments and Ligurian material. These
events are reported by many workers at the top of the Cervarola
Group (Burdigalian-Langhian foredeep deposits) in the outcrops
between the River Secchia and Scoltenna valley. They have been
interpreted as caused by sedimentation that precedes the overthrusting of the Sestola-Vidiciatico tectonic unit (Andreozzi et
al., 1991). Reworking by shearing during overthrusting is possible, but not easy to resolve.
In the hangingwall, a well-developed pressure-solution
cleavage is present (Figs. 13C–13F). The cleavage develops both
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Figure 12 (continued). (B) Schematic cross section modified and simplified from the Geological Map of Italy, 1:50.000, Sheet 235 (Plesi, 2002).

in the clay and in the marl, consistently dipping toward the southwest (Plesi, 1989). Reactivation of the cleavage surfaces as shear
fractures is common as shown by the occurrence of slickenlines
produced by mechanical wear on slip surfaces (Plesi, 1989).
Extensional veins are oriented at a high angle to the pressuresolution surfaces and are common inside the marls, suggesting
that fluid pressure was higher than σ3 (Fig. 13E). 10).
Stop 6. Costalta (44°17′34.85″N–10°29′51.70″E)
Return to Gova and head south toward Campomagnano.
Pass the village and keep going south toward Costalta. Costalta
is ~10 km from Gova. Do not enter the village, but turn right and
after ~200 m pull over to the side of the road.
This outcrop is the upper part of the late Eocene–early Oligocene Fiumalbo shales. The Fiumalbo shales can be interpreted
as a lateral correspondent of the Monte Piano marls and Ranzano

Formation present in the Epiligurian Succession (Stops 2 and 3)
(Fig. 2). The Fiumalbo shales consist of gray shales and marls
intercalated by thin siltstone or fine-grained sandstone turbidites.
Bedding is well-preserved (Figs. 14A and 14B). The temperature
reached by the material in this area is >120 °C (Thomson et al.,
2010), compatible with an overburden of more than 4 km. This
value is in agreement with the thickness of the Ligurian Units
presently outcropping north of the Gova tectonic window.
The observable structures in the outcrop are the boudinage
of isolated thick layers of sandstone and sets of normal and strikeslip faults coated by calcite veins (Fig. 14). Boudinage occurred
when the sandstones were not yet lithified. The slickenfibers and
blocky calcite present as veins in little dilational jogs indicate
a kinematics compatible with the normal-fault displacements of
the sandstone layers, with slip in the range of 1–10 cm. Where
these normal faults cut the sandstone layers, they show evidence
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Figure 13. (A) Panoramic view of Stop 5 showing a frontal ramp on
the basal décollement of the Sestola-Vidiciatico tectonic unit (SVU).
This décollement represents the basal thrust-fault separating the
Sestola-Vidiciatico shear zone from the underthusting foredeep turbidites of the Adria plate. The footwall is here made up of foredeep
turbidites of the Gova sandstones, GOV, which are Tuscan/Umbrian
units of Langhian age (middle Miocene), whereas the hangingwall is
formed by the SVU components: Burdigalian Civago marls (CIV),
middle-late Eocene–early Oligocene Fiumalbo shales (FIU), late
Oligocene–early Miocene Marmoreto marls (MMA). The geologic
map and cross-section are in Figure 12. (B) Frontal ramp on the basal
décollement. The black square indicates the area enlarged in Figure
13C. (C) Close-up of the basal décollement where a sandstone layer
is sheared along the contact. The hangingwall shows a well-developed
pressure-solution cleavage. The black square represents the area enlarged in Figure 13D. (D) Calcite slickenfiber along the décollement.
(E) Calcite extensional veinlets pervading the Civago marls laying at
high angle to the pressure-solution cleavage. (F) Fault coated by calcite veins separating the Civago marls (bottom) and Fiumalbo shales
(top). (G) Stereoplot of the lower décollement. Red great circles: fault
plane attitude. Arrows are slickenfiber direction. Black dots: pole of
the bedding in the Gova sandstones. Blue dots: poles of the foliation
in the Civago marls.
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they were active before the complete lithification of the sandstones (Fig. 14B) and continued to be active when the lithification
process was completed. If we take the bedding S0 as a reference
frame and make the reasonable assumption that bedding was parallel to the boundaries of the interplate shear zone, the distribution of the normal faults is nearly symmetrical, and the bisector of the faults is at very high angle to the bedding (Fig. 14C).
While a component of shearing cannot be completely excluded,
a component of flattening with elongation in a direction parallel and normal to the strike of bedding is clear. This flattening
component does not cut the underlying foredeep turbidites and/
or the overlying Ligurian and Epiligurian units, showing that it is
not related to later exhumation. Vannucchi et al. (2008) proposed
that this flattening component can be related to the compaction of
the material coupled with fluid expulsion inside the plate boundary shear zone. This is confirmed by the observation that synlithification deformation, which occurred in the early stages of
underthrusting, is in agreement with a subvertical σ1 and with the
same kinematics as it progressively developed brittle deformation features as lithification proceeded (Fig. 14).

C
Figure 14. (A) Set of normal faults (black line) coated by calcite veins cutting the late Eocene–early Oligocene slope
deposits Fiumalbo shales. (B) Normal faulting of the sandstone layers with evidence of syn-lithification deformation.
(C) Stereoplot of the normal faults and calcite slickenfibers measured in the outcrop of Stop 5.

———— ZIP Starter 2 — July 8-17, 2014 ————

34

Downloaded from fieldguides.gsapubs.org on October 19, 2012

24

35

Remitti et al.

Stop 7. Panoramic Viewpoint (Fig. 15)
(44°17′52.77″N–10°27′3.92″E)
From Stop 6, drive southwest for ~1.5 km and turn right to
SP 95 toward Coccarello. From SP 95 take SP 9 toward Case
Balocchi and finally turn left to SP 99. After 400 m, pull over
to the side of the road. The panoramic view in on the southwest
toward Riparotonda.
This stop offers a view of the total thickness of the SestolaVidiciatico tectonic unit (Fig. 15). The bottom is formed by the

Burdigalian (early Miocene) foredeep turbidites—Cervarola
Sandstone—of the lower, Adria plate. The top, the Ligurian
prism, is represented here by the Mount Caio flysch, a Late Cretaceous deep-water calcareous turbidites. The Mount Caio flysch
is upright, possibly being the limb of an original, northeastverging, recumbent syncline. The Sestola-Vidiciatico tectonic
unit outcrops here as a shale-dominated mélange, with marls and
a km-large slice of Monte Modino sandstones, which are interpreted as the turbiditic deposition in a wedge-top setting.
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Figure 15. (A) Panoramic view from Stop 7 of the total thickness of the Sestola-Vidiciatico tectonic unit, the mélange interpreted as plate boundary
shear zone. CEV—early Miocene (Burdigalian) Cervarola Sandstone, foredeep turbidites forming the lower (Adria) plate. The Sestola-Vidiciatico
components are: AVC—Ligurian blocks of Paleocene-Eocene age; FIU—Fiumalbo shales (slope deposits of middle-late Eocene–early Oligocene age); MMA—Marmoreto marls (slope deposits of middle-late Eocene–early Oligocene age); MOD—Modino Sandstone (wedge top
sediments of early Miocene [Aquitanian] age). Ligurian units: CAO—Mount Caio flysch (Late Cretaceous, part of the Ligurian prism, the upper
plate). (B) Geologic cross section of the panoramic view showing the structural relations between the various units (see also location in Fig. 12).
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From Stop 7, drive ~20 km to the northeast toward Farneta
(44°20′52.94″N–10°34′7.85″E) to spend the night.
Stop 8. Farneta (44°20′32.38″N–10°33′30.62″E)
From the hotel, drive ~1.5 km toward southwest on Via
Comunale per Romanoro. At the intersection with Via Ceresola,
pull out to the side of the road.
At this stop, we will closely examine the mesoscopic structural style typical of the late Oligocene–early Miocene (Aquitanian) inner-foredeep slope deposits of the Marmoreto marls. The
age and lithology suggest that they represent a lateral equivalent
of the Antognola Formation of the Epiligurian Succession, i.e.,
the slope apron/thrust top basin fill that was deposited on top of
the Ligurian prism (Fig. 2). The bedding, still preserved and easily recognizable (Fig. 16A), is almost parallel to the main boundaries of the megathrust shear zone.
Here, we observe a web of mesoscopic northwestsoutheast–striking normal faults coated by calcite shear veins,
with associated subvertical extensional veins (Fig. 16B). Also,
the extensional veins strike in the northwest-southeast direction.
Pressure-solution normal to the extensional veins is also visible.
As suggested by the crosscutting relationships, the extensional
veins are probably contemporaneous and compatible with the
shear sense related to the northwest-southeast–trending normal
faults (Fig. 16B). The direction of the slickenfibers on the shear
veins coating the normal faults is southwest-northeast, which is
the general direction of Northern Apennines tectonic transport
(Figs. 16C and 16D). The normal fault set dipping toward the
northeast can be interpreted as synthetic with the general tectonic transport direction—i.e., as in the case of synthetic Riedel faults (Fig. 16D). The normal fault set dipping toward the
southwest cannot be easily interpreted in terms of Riedel shear
patterns developed in a simple shear zone (Figs. 16E and 16F).
Therefore, we interpret the two sets of the northwest-southeast–
trending faults as belonging to a conjugate system of normal
faults, which record a prevailing component of flattening within
the plate boundary shear zone. This interpretation is also supported by the attitude of the extensional fractures and pressure
solution surfaces, which are compatible with a σ1 placed at high
angle with respect to the bedding and, therefore, to the shear zone
boundaries. Based on the compatibility with the syn-lithification
structures and the absence of these faults either in the foot-wall,
formed of the Tuscan and Umbria-Romagna units, and hangingwall, formed of Ligurian and Epiligurian units, we interpret these
faults as related to the deformation within the plate boundary
shear zone.
Stop 9. Croce d’Isola (44°20′22.65″N–10°32′32.84″E)
Keep driving west on Via Comunale per Romanoro for
~2 km. Pull out and park on the right side of the road after the
group of houses called Croce d’Isola.
This outcrop offers a close view at the Marmoreto marls and
Fiumalbo shales (Fig. 17). In the Fiumalbo shales, bedding, S0, is
well preserved and in an upright position (Fig. 17A). The defor-
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mation is minor except for a thrust fault with associated drag
folds (Figs. 17B and 17C) and rare normal faults coated by calcite slickenfibers. The drag folds are developed without deformation either in the exterior or in the interior of the bend. Extension
and shortening were accommodated at the grain scale without
apparent loss of cohesion (Fig. 17C). These characteristics of the
folds suggest that the thrust faulting occurred before the complete
lithification of the sandstone layers. Therefore, this thrust fault
may (i) record a phase of contraction that occurred before the
incorporation of these Oligo-Miocene slope deposits in the plate
boundary shear zone, or (ii) it may be due to local contraction
inside the shear zone. The geometry of the normal faults is similar to that described for the normal faults observed in the previous
outcrop (Stop 8).
The Marmoreto marls seem to stratigraphically overlie the
Fiumalbo shales, but the contact is actually reworked by a fault
(Fig. 17D). The marls are locally affected by a pressure solution
cleavage compatible with the direction of the tectonic transport
within the Sestola-Vidiciatico shear zone. It is evident in this
outcrop how the patchiness of the pervasive structures and volumetrical deformation is controlled by the lithology, suggesting
that deformation was concentrated in the weaker components of
the shear zone.
Stop 10. SP 9 after the Civago-Gazzano Intersection
(44°16′11.79″N–10°29′10.76″E)
Keep driving south on the Via Comunale per Romanoro and
after ~1.5 km, continue on SP 35 toward the village of Romanoro.
In Romanoro, maintain a southwest direction and head toward
the villages of Montale, Morsiano, Costalta, Coccarello, Case
Pelati—this is an ~10 km drive. After Case Pelati follow SP 9
toward Civago and pull out of the road at the outcrop after the
intersection with the road to Gazzano.
At this stop, we can observe the mesoscopic structural
characteristics of slices of the Ligurian prism in the SestolaVidiciatico tectonic unit. Here the formation that outcrops is the
Late Cretaceous Abetina Reale Formation, composed of marls
and calcareous turbidites intercalated with shales (Fig. 18). This
unit has been correlated with the Helminthoid flysches of the
Ligurian accretionary prism. The outcrop is characterized by
a limestone component that is systematically thicker than the
shale component. Markedly non-cylindrical mesoscopic folds
also characterize this outcrop (Fig. 18). The limbs of the folds
are extended either parallel or orthogonal to the fold-hinge lines,
producing a chocolate tablet boudinage. This style of deformation is particularly well-expressed where the shale/limestone
ratio is >1. Boudinage and pinch-and-swell of the limestone layers occur through both conjugate sets of extensional shear fractures or extensional veins. The scaly fabric is limited to the clay
portion, and its development is controlled by the clay/silt ratio.
The pinch-and-swell structures in the carbonate layers and the
flow structures in the shale layers, mainly in the fold-hinge zones,
suggest that during deformation the rocks had a heterogeneous
rheology and were not completely lithified. On the limbs of the
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Figure 16. (A) Mesh of normal faults (black lines) coated by calcite veins cutting the slope deposits of late Oligocene–
early Miocene Marmoreto marls. (B) Extensional veins coeval with the veins precipitated along the normal faults, and
pressure-solution cleavage. (C) Slickenfibers along a normal fault. (D) Stereoplot of the normal faults, calcite slickenfibers (black circles and arrows), extensional veins (red circles) and bedding (blue circles) measured in the outcrop.
(E) Expected association of shear fractures in a shear zone. R and R′ are conjugate Riedel shears. R is synthetic, whereas R′
is antithetic to the main movement. (F) Simplified geometry (mean attitude) of the observed structures taking the bedding as
parallel to the main boundaries.

decametric wavelength folds, there are isolated hinges of rootless
folds with hinge lines oriented ~90° to the former fold hinge lines
suggesting the presence of two folding events (Figs. 18A and
18B). These folds and the coeval thrust faults are cut by sets of
mesoscopic normal faults with development of thick shear calcite
veins, which represent a later deformation event (Fig. 18C). The
normal faults have quite random strike orientations and are steep,
horizontal or curviplanar, often reusing preexistent discontinuities as lithologic contacts or old shear surfaces (Fig. 18D).
Pervasive folding is only present inside the component of the
Sestola-Vidiciatico tectonic unit with a sedimentary age younger
than the middle Eocene, and considering that the coeval Ligurian Units forming the Ligurian prism are characterized by the
same fold geometries (Section 1.2), we infer that the observed

fold structures are inherited from the Cretaceous-Eocene Ligurian phase of oceanic subduction when the Ligurian accretionary prism was assembled. Although the faults cut the pre-middle
Eocene and post-middle Eocene rocks, some of them could be
also inherited from the Ligurian stage of deformation. But in general, the studied faults display a normal or a strike-slip sense of
shearing similar to those observed in the slope sediment slices
of the Sestola-Vidiciatico tectonic unit (Stops 8 and 9). We then
confidently associate the normal and strike-slip faults to the
younger phase of deformation recorded in the slope sediments
and associated to the plate boundary shear zone.
This outcrop brings us to two important conclusions: (i) inside
the Sestola-Vidiciatico tectonic unit, there is material that was
previously accreted to the upper plate, meaning that the plate
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Figure 17. (A) The middle/late Eocene–early Oligocene slope deposits Fiumalbo shales at Stop 9. (B) Thrust fault (black
line) and related drag folds (white dashed line is the axial plane). (C) Close up of the hinge of a drag fold (white dashed
line is the axial plane). (D) Contact between the Fiumalbo shales (FIU) and Marmoreto marls (MMA). A pervasive cleavage is developed preferentially in the Marmoreto marls.

boundary shear zone was incorporating material from the upper
plate, an observation that is consistent with the process of subduction erosion; and (ii) the material coming from the Ligurian
accretionary prism preserves the deformation structures acquired
before underthusting, suggesting that the shear strain was not
pervasive, and disruption was not so intense even if the total relative displacement of the megathrust was ~100 km. Probably the
shear strain was strongly partitioned and confined in thin zones
bounding the different slices or concentrated in the weaker components of the mélange—i.e., in the marls.
Stop 11. Riolunato (44°13′50.80″N–10°38′51.27″E)
Keep driving on SP 9 until reaching the village of Civago.
After Civago, turn left on SP 38 and continue to the village of
Piandelagotti. In Piandelagotti, turn right onto SP 486 and keep
going south. After ~4.5 km, turn left onto SP 324 toward Pievepelago. Pass the village, and keep going northeast on SP 324
toward Riolunato. Park the car before entering the village and
walk to the bridge on the creek Riolunato.
This outcrop offers a great exposure of the basal décollement
separating the Sestola-Vidiciatico tectonic unit from the underly-

ing foredeep turbidites of the Adria plate (Fig. 19A). Here the
basal décollement is separating the debris flow component of the
mélange—the polygenic argillaceous breccias, BAP—from the
Aquitanian foredeep turbidites. The debris flow component is
characterized by clasts of various shapes supported by a detritalpelitic matrix (Fig. 19B).
The clasts are mainly derived from the gravitational reworking of the Ligurian Units and, since there are no clasts younger
than the late Eocene, the debris flow deposits can be considered
as the lateral equivalent of the Baiso argillaceous breccias (BAI)
described at Stop 1 (Fig. 2). However, the age of these chaotic
sedimentary rocks is poorly constrained and we can only infer
an older limit—the breccias have to be younger than the middle
Eocene. The mixing of the clasts is considered as inherited from
the primary fabric of the original debris flow deposits. Then shear
deformation developed inside the interplate boundary (Fig. 19B).
The contact between the foredeep turbidites and the overlying debris flow deposits is marked by thick calcite veins, and it is
cut by high-angle normal faults also filled by calcite veins (Figs.
19A and 19C). In this outcrop, the basal décollement appears as
a web of wavy anastomosing shear surfaces bounding slices of
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Figure 18. Mesoscopic structures characterizing the Late Cretaceous Abetina Reale Formation. This formation represents
some of the Ligurian blocks inside the Sestola-Vidiciatico tectonic unit. (A) Refolded fold. The dotted white line (AP1)
marks the trace of the axial plane of the first generation of folds; the dashed white line (AP2) marks the trace of the
axial plane of the second generation of folds; the white square indicates a portion of the outcrop enlarged in Figure 18B.
(B) Close-up of the first generation of folds; the dotted white line (AP1) marks the trace of the axial plane. (C) Normal
fault (white line) coated by calcite vein cutting a preexisting fold, the dotted white line (AP2) marks the trace of the axial
plane. (D) Stereoplot of normal faults and calcite slickenfibers (black circles and arrows).

various sizes and coupled with diffuse shear zones limited to the
material just above for few meters on the upper plate (Fig. 19A).
The debris flow deposits (BAP) are also cut by normal faults
(Fig. 19D) and they show a clear evidence of shearing compatible
with a northeast tectonic transport direction (Fig. 19B). They are
pervasively foliated with S1 lying at a very low angle to the main
tectonic boundary (Fig. 19A). The diffuse shearing of the sedimentary breccias is a singular characteristic of this outcrop, and
it is probably related to the presence of the major décollement—
compare with Stops 6, 8, 9, and 10.
Some shearing in the footwall occurred, probably when the
sandstones were not yet completely lithified (Fig. 19A). The
basal décollement is cut by normal faults (Fig. 19F). These faults
die out in the first meters below the décollement, perhaps joining
shear surface in the footwall parallel to the major décollement
because they disappear in the deeper level of foredeep turbidites
(Stop 13). In general, the main direction of movement recorded
by the normal faults is northeast, parallel to the direction of

the Apennine tectonic transport, but southwest, northwest, and
southeast slip directions are also observed (Fig. 19E).
The calcite veins along the major faults are either extensional
veins, often localized in dilational jogs (Figs. 19F and 20A), or
shear veins characterized by slickenfibers (Figs. 20 B and 20C).
The veins were analyzed as far as their microstructures. At the
micro-scale, shear veins reproduce the same structure of dilational jogs (Fig. 20D). There, slip transfer is accommodated by
cyclical opening of micro-extensional fractures that lie at a high
angle to the fault and allow crack-seal growth of the slickenfiber
(Vannucchi et al., 2010). The increments of crack-seal have been
measured on similar veins and crack-seal inclusion bands are
~100 μm wide (Renard et al., 2005). The term “dilational hydroshears” has been recently suggested (Fagereng et al., 2010) for
similar slickenfiber surfaces to reflect the dilational component
of these faults coated by veins. Fagereng et al. (2011) interpret
these veins as fossil examples of repeating micro-earthquakes
occurring under low effective normal stress.
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Figure 19. (A) Basal décollement separating the Sestola-Vidiciatico tectonic unit, interpreted as an interplate shear
zone, from the underlying foredeep turbidites of the Adria plate (TOS) at Stop 12. The contact consists of a web of
wavy anastomosing shear surfaces coated by calcite veins (white line) and it is cut by normal faults. (B) Close up of
the debris flow deposits (BAP) forming the hangingwall of the décollement. (C) Calcite shear vein parallel to the basal
décollement. (D) Calcite shear vein cutting the debris flow deposits (BAP). (E) Stereoplot of the faults at Stop 12.
(F) Sketch (not to scale) of the geometrical relationships among the basal décollement and normal faults coated by shear
veins and extensional veins.

Along the same vein, crack-and-seal texture alternates
locally with portions characterized by blocky calcite crystals.
In this case the blocky calcite encloses clasts forming a breccia,
which records significantly larger apertures (Figs. 19F and 20F)
Stop 12. Montecreto (44°14′53.29″N–10°44′11.54″E)
From Riolunato, drive on SS 324 to the northeast for
~10 km to Montecreto. Stop after 2 km past the village at a
locality called Bandita.

This outcrop shows the Burdigalian Montecreto marls (Fig.
21). The Montecreto marls are interpreted as slope sediments,
and their age and lithology suggest that they represent a lateral
equivalent of the Antognola Formation or Contignaco Formation of the Epiligurian Succession (Section 2.2). Here the marls
have undergone the complete obliteration of the bedding caused
by shear surfaces that are pervasive down to the millimeter scale
(Fig. 21A). This penetrative deformation is characteristic of
the marly slope deposits, suggesting that the strain distribution
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Figure 20. (A) Dilational jog along a fault parallel to the basal décollement of Figure 19. (B) Calcite slickenfibers of a
shear vein. (C) Slickenfiber shear vein in a vertical cross-section parallel to the fibers. (D) Photomicrograph of a shear
vein cut parallel to the slickenfibers and perpendicular to the shear surface. The crack-and-seal growth of the vein is
well visible. (E) Clast of wall-rock in a shear vein along a fault parallel to the décollement. (F) Photomicrograph (crosspolarized light) of a shear vein cut parallel to the slip direction and perpendicular to the shear surface. The blocky calcite
encloses clasts of wall rocks forming a breccia.

was strongly heterogeneous, particularly in the earlier stages of
underthrusting when deformation was acting on strongly heterogeneous material; the deformation is concentrated within weaker
material and preserves the original structures—sedimentary or
tectonic—in the relatively stronger material (see for comparison
Stops 6, 8, 9, 10). The field data on the kinematics of the shear
surfaces (Fig. 21B) collected in this outcrop consistently show
two contemporaneous systems of gently dipping shear surfaces,
each formed by two conjugate sets (Fig. 21C). The planes of
symmetry of the sets are parallel to the bedding, when visible,

and the dominant slip directions, although difficult to detect,
are mostly normal or strike-slip. Hence, a component of shearing cannot be completely excluded, but the flattening component
is predominant. The two observed conjugate shear planes are
inclined at an angle (θ) of >45° to the axis of maximum compressive stress, σ1 (Fig. 21C). Although a high θ angle is consistent
with unconsolidated, weak sediments, brittle failure criteria cannot fully explain the observed fracture pattern. Clearly, this shallower portion of the subduction channel accommodated strain
through contemporaneous failure and compaction (Vannucchi et
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C
Figure 21. (A) Pervasive, cm-to-m shear surfaces cutting through the marls of the Burdigalian slope sediment Montecreto
marls. (B) Example of striae on a shear surface. (C) Stereoplots of the shear surfaces and associated striae.

SVU

CEV

Figure 22. View from Stop 11 of the basal contact (white line) of the Sestola-Vidiciatico tectonic unit (SVU) on the Burdigalian foredeep turbidites of the Adria plate (CEV). The arrows mark the debris flow/slumping deposits sandwiched
between the turbiditic layers and predating the overthrust.
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al., 2008, 2010). These pervasive conjugate normal faults in the
marls do not contain veins (Figs. 21A and 21B). However, they
are commonly coated with a thin Fe-oxide film. These pervasive
sets of fracture tend to die out along the contact with the already
lithified pieces of the mélange, indicating strong differences in
mechanical behavior between its components. This outcrop also
exposes late mesoscopic normal faults with thick shear calcite
veins representative of the last deformation event.
3.4. The Foredeep Turbidites of the Adria Plate
Stop 13. Strettara (44°15′4.41″N–10°41′33.11″E) and
Riolunato (44°13′50.80”N–10°38″51.27”E)
Going back toward Montecreto and past, drive on SS 324 to
the southwest for 6 km between Strettara and Riolunato.
Driving along SS 324, it is possible to see the early Miocene foredeep turbidites lying under the basal décollement of the
Sestola-Vidiciatico tectonic unit (Fig. 22). At the outcrop scale
the turbidites appear undeformed. Several examples of synsedimentary instability are present at different levels, with slumps
characterized by disharmonic folds embedded within packages
of unfolded strata (Fig. 22). Despite the relatively undeformed
setting of this outcrop, the foredeep turbidites are involved
in map scale folds and thrusts that affect part of the overlying Sestola-Vidiciatico tectonic unit and its basal décollement.
The roof décollement of the Sestola-Vidiciatico tectonic unit
preserves a planar geometry. This observation implies that the
involvement of the Sestola-Vidiciatico tectonic unit in the foldand-thrust belt occurred after the deactivation of at least the lower
portion of the erosive plate boundary shear zone, with a basal
décollement probably that migrated inside the shear zone itself.
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