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Abstract

The Argille varicolori (Varicolored scaly clays) of the External Ligurian Units of the Northern
Apennines have been widely described as a typical unmetamorphosed broken formation (i.e., a
chaotic unit without exotic blocks), produced by offscraping and tectonic imbrication during the
evolution of the Ligurian accretionary wedge. Geological mapping and integrated structural and
stratigraphic observations show that the Argille varicolori consist of diverse types of small-scale
mélanges (non-mappable at a 1:25,000 scale) forming a composite chaotic unit, in which the
superposition of tectonic, sedimentary and diapiric processes resulted in the occurrence of
polygenetic chaotic bodies at different scales. These mélange units record the evolution of the
Ligurian accretionary wedge from subduction to collision and intracontinental deformation.
Tectonically Disrupted Body 1 (TDB1) comprises boudinage and pinch-and-swell structures formed
by layer-parallel extension/contraction at the wedge front of the Ligurian accretionary complex
during the late Cretaceous—middle Eocene. It is interleaved with non-mappable Gravity-driven
Chaotic Bodies (GCB) developed during alternating episodes of accretion and removal of material
at the wedge front. The late Oligocene—early Miocene out-of-sequence thrusting related to the
collisional episodes in the Apennines overprinted the previously formed chaotic bodies and formed
a polygenetic tectonic mélange (Tectonically Disrupted Body 2, TDB2). This unit is characterized
by a structurally ordered block-in-matrix fabric and by the gradual decrease of stratal disruption
away from the regional thrust. Overpressurized fluids concentrated along the shear surfaces, and
the scaly cleavage planes facilitated the diapiric upward movement of unconsolidated sediments in
the early Miocene. This process produced non-mappable shale dike injections (DDB1) and
mappable Diapirically Disrupted Bodies (DDB2), which show an internal zonation of deformation.
This deformation reworked the previously formed chaotic bodies. Although some of these
polygenetic mélanges cannot be mapped at a 1:25,000 scale, their careful documentation provides

a better understanding of time-progressive, scale-independent mélange-forming processes.

Key words: Polygenetic mélanges; broken formation; tectonic and sedimentary mélanges;

accretionary wedge; shale diapirism; Northern Apennines.



OCoO~NOUAWNE

1. Introduction

Accretionary complexes in convergent margins constitute a primary tectonic setting for the
formation of chaotic bodies of mixed rocks and mélanges. Comparative studies of modern and
ancient accretionary complexes are, therefore, a natural laboratory to investigate the mode and
nature of all geological processes involved in mélange formation and their mechanisms and
interplay (Ogawa et al., 2011).

Tectonic, sedimentary and diapiric processes that play the most important role in the
formation of chaotic bodies and mélanges occur at all scales in convergent margin settings. While
it is possible to decipher the internal architecture and large-scale structures in modern accretionary
complexes by indirect methods of observations (i.e., seismic imaging), it is difficult to do so when
the scale of observation is smaller (mesoscale to outcrop scale). Submersible investigations and
drill cores provide in situ samples and measurements from accretionary complexes (Kawamura et
al., 2009; Anma et al., 2010, 2011; Ogawa et al., 2011), but these methods are usually highly
expensive and limited in coverage. The well-preserved on-land examples of ancient accretionary
complexes are, therefore, highly important to conduct three-dimensional studies of chaotic bodies
of mixed rocks and mélanges at various scales, and to better document different processes and
their superposition during progressive evolution of accretionary complexes (Hsu, 1968; Aalto,
1981; Raymond, 1984; Cowan, 1985; Sample and Moore, 1987; Orange, 1990; Ogawa, 1998;
Tankut et al., 1998; Hashimoto and Kimura, 1999; Pini, 1999; Cowan and Pini, 2001; Ujiie, 2002;
Vannucchi and Bettelli, 2002; Yamamoto et al., 2005, 2009; Festa et al., 2010a, 2010b; Ghikas et

al., 2010).

The results of comparative studies of active and ancient accretionary complexes
demonstrate that their complex evolution in time and space also affects the mode of tectonic,
sedimentary and diapiric processes and how they interact during mélange formation. Therefore,
the structural architecture preserved in a mélange record may be an artifact of the latest and/or

more pervasive process(es) involved (e.g., Raymond, 1984; Yamamoto et al., 2005; Dela Pierre et
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al., 2007; Festa et al., 2010a, 2010b; Festa, 2011). This is particularly the case for “polygenetic
mélanges” whose evolution may have transcended several different tectonic settings with complex
spatial and temporal interrelationships and superposition (e.g., Raymond, 1984; Orange, 1990;
Pini, 1999; Cowan and Pini, 2001; Bettelli et al., 2002; Dilek et al., 2005; Dela Pierre et al., 2007;
Camerlenghi and Pini, 2009; Yamamoto et al., 2009; Festa et al., 2010a, 2010b; Festa, 2011).
Clear understanding of the geological processes and their interplay in modern and young
accretionary complexes is also highly important in better documenting the structural architecture
and evolution of more ancient examples in the Precambrian record (Dilek and Ahmed, 2003; Dilek

and Polat, 2008).

In this paper, we report on the occurrence of small-scale mélanges s.I. (non-mappable at
1:25,000 or smaller scale according to the definition of mélange of Silver and Beutner, 1980) in the
Ligurian accretionary wedge in Italy, and discuss the various processes (particularly shale
diapirisim) involved in their formation during subduction-accretion, continental collision, and post-
collisional periods of the tectonic evolution of the Northern Apennines. These small-scale mélange
occurrences recorded in the “Argille varicolori” (Varicolored scaly clays) or “Argille scagliose”
(Scaly clays) Auct. of the Northern Apennines provide an excellent case study to demonstrate the
significance of their structures to better understand the time-progressive and scale-independent

development of chaotic bodies in evolving orogens with superimposed processes and non-coaxial

strain patterns.

In the following, we refer to mélange (sensu Silver and Beutner, 1980) in describing
chaotic rock bodies, mappable at 1:25,000 or smaller scale, of mixed blocks composed of exotic
(with respect to the lithostratigraphic unit of the matrix and/or its depositional environment) and
native rocks in a pervasively deformed matrix. We refer, on the contrary, to broken formation
(sensu Hsu, 1968; see also “broken” and “dismembered units” sensu Raymond, 1984) in
describing, chaotic rock units in which blocks are only of native nature with respect to the matrix

(i.e. not-exotic but of the same original lithostratigraphic unit or depositional environment). The
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term mélange s.I. (sensu lato) is used to describe in the wider sense chaotic rock units
independently of the nature (exotic or not) of the blocks. Moreover, we define “small-scale”
mélanges as the chaotic rock units that, according to the definition of Silver and Beutner (1980),

are not mappable at 1:25,000 or smaller scale.

2. Regional geology of the Northern Apennines

The Northern Apennines (Figs. 1A and 2) comprise an E to NE-verging accretionary
wedge composed of imbricate thrust sheets and nappes developed as a result of the late
Cretaceous — early Cenozoic convergence between the European continental margin and the
Adria microplate (e.g., Boccaletti et al., 1980; Bally et al., 1986; Dewey et al., 1989; Castellarin,
1994; Marroni et al., 1998, 2001, 2002; Elter et al., 2003; Cavazza et al., 2004; Dilek, 2006;
Lucente and Pini, 2008; Festa et al., 2010b; Vezzani et al., 2010). The Ligurian Units in this thrust
package represent the remnants of the Jurassic oceanic crust and its Jurassic — Eocene
sedimentary cover, and include the eastward transition to the thinned Adria continental margin
(e.g., Abbate et al., 1986; Vai and Castellarin, 1993; Castellarin, 1994; Marroni et al., 1998, 2001;

Pini, 1999; Lucente and Pini, 2003).

During the pre-collisonal (eo-to meso-Alpine) episodes of continental convergence, the
Ligurian Units were deformed and progressively incorporated into the late Cretaceous — middle
Eocene accretionary wedge (e.g., Marroni et al., 2001; Bortolotti et al., 2005). These units currently
occupy the highest structural position in the wedge, representing the farthest traveled thrust sheets
in the Apennines. They are composed mainly of the Internal and External Ligurian Units,
respectively (Fig. 1A). The Internal Ligurian Units include an "incomplete” ophiolite sequence (Fig.
2) composed of upper mantle lherzolites and gabbros intruded by dikes and overlain by pillows
lavas, chert and hemipelagic sedimentary rocks (e.g., Elter, 1975; Abbate et al., 1980; Marroni and

Pandolfi, 2001; Marroni et al., 1998; 2001, 2010; Dilek and Furnes, 2011). The External Ligurian
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Units consist of non-metamorphosed succession deposited on the ocean-continent transition zone
(OCT) of the rifted Adria continental margin. The rock assemblages in the External Ligurides
include Lower-to Upper Cretaceous, highly disrupted pelagic and hemipelagic succession (Fig. 2)
composed of the Palombini Shale, Ostia and/or Scabiazza Sandstone, and Argille varicolori Auct.
including “Salti del Diavolo” Conglomerate (collectively known as the “basal complexes”). The
Argille varicolori Auct. (or Argille Scagliose, Varicolored scaly clays) represents a non-
metamorphosed chaotic complex formed by active tectonics at the front of the Ligurian
accretionary wedge (e.g., Elter, 1975; Abbate et al., 1980; Marroni et al., 1998, 2001; Pini, 1999;
Cowan and Pini, 2001; Bettelli and Vannucchi, 2003; Camerlenghi and Pini, 2009; Festa et al.,
2010b). The “basal complexes” stratigraphically pass upward into the Upper Cretaceous — lower
Paleocene succession of calcareous turbidites (known as the Helmintoid Flysch) that are, in turn,
overlain by the Paleocene — middle Eocene clay-rich flysch deposits.

Both the Internal and External Ligurian Units overlie the Subligurian Units (Fig. 1C), which
were originally deposited on the western margin of Adria (e.g., Bortolotti et al., 2001). All three
units are unconformably overlain (Fig. 2) by the middle Eocene — late Miocene wedge-top basins
(piggy-back basin sensu Ori and Friend, 1984). These basinal strata constitute the Epiligurian
Units of the Northern Apennines (Figs. 1A, 1C and 2) consisting mainly of marine sedimentary
rocks (e.g., Ricci Lucchi and Ori, 1985; Ricci Lucchi, 1986; Mutti et al., 1995). The Ligurian and
Subligurian Units, forming the frontal part of the advancing Ligurian accretionary wedge, were
thrust over the late Oligocene-Miocene Tuscan and Romagna-Marche-Umbria Units of Adria

continental margin (Fig. 1C) during and after the late Oligocene collisional event (neo-Alpine).

The study area (Figs. 1A, 1C, and 3A) is located on the foothills of the Oltrepo pavese
(ESE of Voghera) along a regional, NNW-striking and NE-verging, out-of-sequence thrust that
emplaced the Cassio Unit over the Bettola Unit (e.g., Gelati et al., 1974; Di Dio et al., 2005), both
of which are part of the External Ligurian Units (Fig. 3B). This out-of-sequence thrust system also
involves the middle Eocene—Oligocene Epiligurian wedge-top succession that unconformably

overlies the Bettola Unit.
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The stratigraphic succession of the Cassio Unit (see legend of Fig. 3A) mainly comprises
the Argille varicolori (part of the Upper Cretaceous “basal complexes”), which are characterized by
highly disrupted and chaotic rocks lacking layer-continuity and displaying a block-in-matrix
structural fabric. The Argille varicolori matrix, consisting of alternating thinly layered red, green,
gray and bluish deformed beds of clay and shale (i.e. “varicolori” is an ltalian term meaning
“several colors”), contains: (i) non-exotic blocks of Upper Cretaceous limestone, sandstone,
manganiferous siltstone and continentally-derived “Salti del Diavolo” fine-grained conglomerate,
and (ii) exotic blocks (with respect to the formation and/or the depositional environment) consisting
of large (up to hundreds of meters in size) slices of the Jurassic — Lower Cretaceous radiolarite
and Maiolica limestone of the Cassio Unit substratum (see Panini et al., 2002), and of the
Paleocene—middle Eocene carbonate-flysch of the Bettola Unit (Val Luretta Fm., see below). The
Argille varicolori are overlain (Fig. 3A; see also Fig. 2) by the upper Campanian — lower Paleocene
succession of the Monte Cassio Flysch (Helmintoid-flysch Auct.) and alternating layers of
claystone and limestone of the Maastrichtian—-middle-Upper Eocene Viano Clays (Papani, 1971;
Panini et al., 2002). The Bettola Unit, which occurs in the footwall of the regional out-of-sequence
thrust (Figs. 3A and 3B; see also Fig. 1C), is represented by the Val Luretta Formation, a lower
Paleocene-to middle Eocene Ligurian flysch (Di Dio et al., 2005) that consist of alternating layers of

weakly deformed shale and well-bedded clay-limestone-calcarenite intercalations.

The Epiligurian succession (Fig. 3A; see also Fig. 2) unconformably overlies both the
Cassio and Bettola Units and is subdivided into two main depositional cycles, corresponding to a
middle Eocene—lower Miocene shallowing-upward succession (represented by the Monte Piano
Marls and Ranzano Formation) and a Langhian - Tortonian deepening-upward succession
(represented by the Bismantova Group and Termina Formation) (e.g., Ricci Lucchi and Ori, 1985;
Di Giulio et al., 2002; Mancin et al., 2006). These two successions are separated by a regional
unconformity (Fig. 3A). The upper part of the lower depositional cycle includes an early Miocene

(early Aquitanian) olistostrome known as the Val Tiepido-Canossa argillaceous breccias (Panini et
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al., 2002 and references therein; Canossa Olistostrome of Fazzini and Tacoli, 1963; Papani, 1963,
1971; Bettelli et al., 1987; Val Tiepido-Canossa sedimentary mélange of Bettelli and Panini, 1985,
1989; Bettelli et al., 1989a, 1989b). An irregular erosional surface occurs at the base of the Val
Tiepido-Canossa argillaceous breccias, separating (at a regional scale) the underlying, highly
deformed, pre-lower Miocene External Ligurian and Epiligurian successions from the overlying,
relatively undeformed, middle-to upper Miocene Epiligurian succession (Fig. 3A; see also Fig. 2)

(e.g., Papani, 1963; Gelati et al., 1974; Remitti et al., 2011 and reference therein).

3. Diverse mélange occurrences in the Argille varicolori

The Argille varicolori of the Northern Apennines are widely known as tectonically disrupted
units or broken formations (sensu Hsu, 1968), characterized by the lack of exotic blocks and/or
mixing of blocks of different ages (see Pini, 1999; Cowan and Pini, 2001; Vannucchi and Bettelli,
2002; Bettelli and Vannucchi, 2003). However, there are few, local examples of tectonic and
sedimentary mélanges containing exotic blocks and displaying polygenetic evolutionary paths.
These include the Argille varicolori of the Coscogno Mélange and the Val Rossena Mélange or Rio
Cargnone Complex (see Bettelli and Panini, 1989; Bettelli et al., 1989b, 1989c, 2002). In addition,
small-scale (non-mappable at 1:25,000 scale) chaotic bodies of Argille varicolori (of both tectonic
and sedimentary origins) locally occur as a result of mixing of rocks of different ages within narrow
shear zones along the contacts between different broken formation units (see Pini, 1999), and thin
interbeds of debris flows (see Bettelli and Panini, 1989).

The Argille varicolori of the study area (Fig. 3) occur in the hanging wall of the regional
out-of-sequence thrust, which superposes the Cassio Unit onto the Bettola Unit. These rocks differ
from most of the Argille varicolori of the Northern Apennines in that they are composed of
heterogeneously disrupted and chaotic (block-in-matrix) bodies, formed at different scales by

tectonic, sedimentary and diapiric processes (Fig. 3C).
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In the rest of the paper, we use the term “disrupted unit” to indicate, in a wider sense, the
tectonic, sedimentary or diapiric assemblage of: (i) small-scale chaotic bodies that, according to
the definition of mélange of Silver and Beutner (1980) and Raymond (1984), are not mappable at a

1:25,000 scale; thus, they cannot be described as mélanges, and/or; (ii) mappable chaotic bodies.

3.1. Tectonically Disrupted Unit (TDU)

The Tectonically Disrupted Unit is the most extensive chaotic unit of Argille varicolori (Fig.
3A), and consists of two types of disrupted bodies formed by different tectonic processes.

A diagnostic feature of the first type of the Tectonically Disrupted Body (TDB1) is the
block-in-matrix fabric, consistent with layer-parallel extension of the originally coherent multilayered
succession, which is only partially preserved. TDB1 consists of moderately- to highly-stretched,
alternating layers composed of thin (up to a meter thick) varicolored shale (red, green, light bluish
and dark gray), minor gray marl (Figs. 4A and 4B), and thin (up to decimeters thick) “Salti del
Diavolo” sandstone and fine-grained conglomerate, manganiferous siltstone and limestone. Strong
layer-parallel extension resulted in the development of pinch-and-swell structures and necking of
the shaly layers, and brittle and/or ductile boudinage and separation of the more competent layers
into decimeter- to meter-long blocks. This deformation produced an alignment of the blocks and
the shaly and marly layers (i.e., the matrix) in a pseudo-bedding fashion. Decimeter- to meter-long,
narrow reverse shear surfaces crosscut at a low-angle these pseudo-bedding horizons, defining a
characteristic tectonic layering with lozenge and lenticular shapes. A pervasive scaly fabric,
developed parallel to the reverse shear surfaces, affects the entire matrix.

Shaly layers are commonly folded by meter-scale disharmonic-to isoclinal folds with sub-
horizontal axial surfaces, irregularly thickened and stretched hinge zones, and thinned and
boudinaged limbs aligned to tectonic layering (Figs. 4A and 4B). Despite strongly transposed and
refolded by later episodes of tectonic deformation (see below), the TDB1 folds are mainly NW-
and/or SE-verging, as suggested by the rarely preserved axial surfaces (Fig. 4E). Locally, two-
perpendicular sets of folds may occur, with their fold axes orthogonal to each other (see below

TDB2 and Fig. 4E), suggesting superposed folding as a result of layer-parallel extension in two
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perpendicular directions. These meso-scale structures (superimposed folds) are widely described
and discussed in the literature (e.g., Bettelli and Panini, 1989; Pini, 1999; Vannucchi and Bettelli,
2002; Bettelli and Vannucchi, 2003); they are typical of the Argille varicolori of the Northern
Apennines. We refer the reader to Bettelli and Vannucchi (2003) for a complete description of
these structures. Close to the main thrust faults, particularly the basal regional thrust emplacing the
Cassio Unit over the Bettola Unit (Fig. 4A), this block-in-matrix fabric is overprinted by shear zones
that rotated and aligned the previously formed layer-parallel tectonic features parallel to the thrust

geometry (Figs. 4E and 4F).

Diagnostic features of the second type of the Tectonically Disrupted Body (TDB2) are: (i)
the scale-independent, structurally ordered block-in-matrix fabric that is consistent with (and
aligned to) the regional stress field related to the NE-directed overthrusting; (ii) the transition, away
from the thrust faults, from a highly disrupted block-in-matrix fabric to the preserved tectonic
layering of TDB1 and/or to the (partially) coherent bedding of Argille varicolori; and, (iii) the gradual
decrease in the occurrence and size of blocks away from the regional thrust fault.

Close to the regional thrust fault, the matrix is strongly deformed by SW-dipping R and P
shears. These interlacing shear planes define millimeter- to centimeter-scale, spaced lenticular
lenses (“L” shear lenses sensu Naylor et al., 1986), which are wrapped by shear surfaces that are
consistent with the NE-verging regional reverse sense of shear (Figs. 4C, 4D and 4F). The lenses
are commonly included within, and are rotated by, pervasive decimeter- to meter-wide, S-C
reverse shear zones, which have NW-strikes and WSW-dip directions. The shear transposition of
the previously formed meso-scale isoclinal folds of TDB1 produced isolated and sheared fold
hinges, with axial surfaces aligned to tectonic planar features of TDB2 (Figs. 4C and 4E). The latter
are NE-verging and show mainly NW and locally SE-plunging fold axis (Fig. 4E).

Long-axes of elongated and tabular blocks are strongly aligned to tectonic features at all
scales, from millimeter-size clasts embedded in the matrix to decimeter-sized blocks reoriented by
P and R, and S-C shear zones (Fig. 4C). Larger blocks (tens- to hundreds of meters long) that

characterize the lower part of the Tectonically Disrupted Unit (Figs. 3A and 3B) consist of lenticular
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and/or elongated slices of the highly deformed Upper Jurassic—-Lower Cretaceous Maiolica
limestone and the slightly deformed lower Paleocene—middle Eocene Val Luretta Formation. These
two lithologies represent the wrenched fragments of the Cassio Unit substratum and the Bettola
Unit, respectively. The blocks have their NW-striking long axes aligned parallel to the regional
thrust (see, for example, to the South of lllibardi in Fig. 2) and to the mesoscale shear zones.

The regional thrust superposing the Cassio Unit onto the Bettola Unit (Figs. 3A and 3B) is
marked by a high-strain zone (up to few decimeters thick) composed of dark gray clay (Fig. 5A)
enveloping sub-millimeter to centimeter-scale, elongated-to equi-dimensional clasts of marl and
shale rocks derived from the Cassio, Bettola and Epiligurian units. This zone includes
anastomosing networks of NNW-striking and WSW-dipping argillaceous veins, which define a
“fluidal” fabric. The latter is marked by the alignment of sub-millimeter to centimeter-size, elongated
clasts alternating with clay and siltstone horizons (Fig. 5), which are strongly aligned at all scales to
the regional thrust fault. Centimeter-scale, NE-verging disharmonic to isoclinals folds, commonly
strongly transposed, also occur as shown by the deformation of the block-in-matrix assemblage.
Larger clasts (up to several decimeters in size) display pinch-and-swell and asymmetric boudinage
structures aligned to the shortening direction, which is consistent with the NE-verging regional
stress field. Strain shadows and “sigma” type porphyroclasts with asymmetric wings (see Fig. 5F)
suggest high magnitude of simple shear deformation consistent with the direction and geometry of
the regional contraction. Locally, P-C fabric cuts the “fluidal” feature suggesting a later pulse of
deformation. Shearing along the P and R planes facilitated the fragmentation of the elongated

clasts (Fig. 5B).

3.2. Gravity-driven Chaotic Bodies (GCB)

Up to meters-thick and tens of meters-long, chaotic mass-wasting deposits (Fig. 6B) are
interbedded at different stratigraphic (and structural) levels within the Argille varicolori, and are
variably overprinted by tectonic features (of TDB2) that formed during the thrusting of the Cassio
Unit onto the Bettola Unit. Only some remnants of the original, lenticular-shape of the chaotic

mass-wasting bodies are locally preserved. Their lower erosional surfaces are not preserved but
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can be inferred from the abrupt superposition of chaotic bodies characterized by the strongly
different internal block-in-matrix arrangements. The highly disordered block-in-matrix fabric
corresponds to mass-wasting deposits and is herein called Gravity-driven Chaotic Bodies (GCB).
These GCB are superposed onto structurally ordered ones, representing the first type of
tectonically disrupted bodies (TDU1).

Both the blocks and the matrix of the Gravity-driven Chaotic Bodies were derived from the
Argille varicolori stratigraphic succession with only native (not-exotic) block occurrence. Blocks
(centimeters-to decimeters in size) are tabular to equidimensional and angular to rounded in
shape, and mainly float with a random distribution in a gray (locally red) shaly matrix. However, at
the base of the gravity-driven chaotic bodies, locally occurs a planar anisotropy according to the
direction of mass-transport emplacement (Fig. 6B). The matrix, whose typical relative volume
fraction is about 60% (exceptionally, maximum relative matrix volume attains 70%-85%), is
characterized by an isotropic texture and consists of mud breccias, including millimeter- to
centimeter-size, rounded to angular clasts that lack preferential orientations (Fig. 6A). In some
cases, the composition of the blocks is monomictic (Fig. 6B), suggesting only local and
intraformational downslope remobilization and in situ disruption of some coherent, bedded
sediments as a mechanism of formation (see also type | mélange of Cowan, 1985). In the upper
part of the Argille varicolori succession, where the coherent stratigraphic bedding is still partially
preserved, we observe several slumped horizons (up to a few meters thick).

The overprinting of the latest NE-verging thrust-related deformation (i.e., TDB2) on the
block-in-matrix arrangement of the Gravity-driven Chaotic Bodies (GCB) produced variably
pervasive S-C fabric elements that aligned the long-axis of the blocks parallel to the tectonic

regional stress field.

3.3. Diapirically Disrupted Unit s.l. (DDU)
This unit consists of both shale dike injections (DDB1) and diapirically disrupted bodies
(DDB2) (Figs. 3A and 3C) which intrude both the tectonically disrupted Argille varicolori (TDU) and

the overlying middle Eocene—lower Miocene Epiligurian succession (Monte Piano Marls, Ranzano
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Formation and Val Tiepido—Canossa argillaceous breccias). They both display zoned deformation
(see, e.g., Orange, 1990; Dela Pierre et al., 2007; Festa et al., 2010a; Festa, 2011) characterized

by increasing amount of deformation toward the diapiric contacts.

3.3.1. Shale dike injections (DDB1)

These consist of steeply- to moderately-dipping, non-mappable (at 1:25,000 scale)
intrusive structures that are decimeter- to few meters-wide, and up to several meter-high. They
pierce through discordantly and rework both the Argille varicolori and the middle-upper Eocene
Monte Piano Marls of the Epiligurian Units (Figs. 7A, 7B, 7D and 7E). They include flame-shaped
individual injections of unconsolidated shale dikes with crosscutting relationships (Fig. 6D). Their
margins are sharp and irregular, and locally display centimeter- to decimeter-wide, up-to few
decimeter long, cusped features that laterally intrude the hosting sediments.

Each single shale dike injection shows internal zonation of deformation defined by
millimeter- to centimeter-sized scaly cleavage and S-C fabrics aligned to the margins of the
structure, and consistent with upward rise of the filling shale with respect to the hosting sediments
(Fig. 7E). This is most evident in larger dikes (up to few meters wide), whereas in the smaller ones
(up to decimeter-wide) the scaly cleavage commonly pervades the whole dike.

Within the larger dike injections in the Argille varicolori, decimeter-sized long-axis blocks
derived from the Tectonically Disrupted Unit are rotated into and aligned parallel to the mesoscale
shear zones and scaly cleavage surfaces (Fig. 7G) affecting the upward rising shaly matrix (Figs.
7F). Deformation associated with the scaly cleavage and shear zones gradually decreases toward
the core of these shale dike injections where irregular and isolated fold hinges occur with
commonly steeply plunging axes.

Where the original bedding and/or tectonic layering of the hosting sediments are still
recognizable, the shale dike injections appear to propagate upward from these pre-existing
surfaces. Upward decrease in the vertical rise of the unconsolidated material resulted in different
geometries of the dike tip, varying from gradual spreading of the fluidal features, to cuspate lobe,

or to strongly convoluted features.
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At structurally higher levels, the shale dike injections become smaller in size (up to
decimeter-wide and few meter-high) with respect to those described above. These injections are
commonly moderately-dipping and bounded both at the top and at the bottom by sub-horizontal
depositional beds and/or tectonic layers (Fig. 7F). They were propagating from the bottom, layered
horizons, commonly pervaded by a sub-parallel scaly fabric, ending with a gradual alignment to the

top layered horizons (Fig. 7F).

3.3.2. Diapirically Disrupted Body (DDB2)

It consists of a 300-400 meters-wide diapiric chaotic body of Argille varicolori (Figs. 3 and
8A) with irregular, arched to semi-concentric shape in map view, which only partially protrudes into
the overlying lower Miocene Val Tiepido-Canossa argillaceous breccias of the Epiligurian
succession. It consists of two minor diapiric bodies, up to 100-150-meters-wide, of varicolored
scaly clays showing mutual intrusive relationships. Each minor diapiric body shows an incipient
zone of deformation with a gradual decrease of deformation toward its core (Fig. 8A). At the
margins, scaly cleavage and reverse shear zones (P and R shear and/or S-C shears) become
parallel to the intrusive contacts and strongly deform the pseudo-bedding showing opposite
vergence on the opposite margins. The blocks made of more competent rocks within this body
include manganiferous siltstone, limestone and lithoarenite (i.e., the same lithologies of
Tectonically Disrupted Unit) whose long axis and/or boudinaged beds are aligned parallel to the
scaly cleavage and intrusive contacts. Dike (flame-shaped) injections that are up to several-
meters-high and about a meter-wide shale, similar to those described above (DDB1), locally
intrude the pseudo-bedding of the marginal zone reflecting the upward rise of the intruded material.

In the core of each diapiric body, pseudo-bedding and/or previously formed tectonic
layering and isoclinal folds related to TDB1 are commonly preserved and irregularly refolded by
convolute and asymmetric folds with moderately to steeply plunging axes. These folds have
randomly distributed (Fig. 8B) and steeply dipping to subvertical axial surfaces as a result of
upward extrusion of the mudstone-shale material. We observe tens of meters wide positive flower

structures in the core of the diaper, in cross-section (Figs. 8C and 8D).
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4. Discussion

Our detailed mesoscale structural observations indicate that the Argille varicolori
represent a composite chaotic unit (sensu Dela Pierre et al., 2007) consisting of different mélange
s.l. types. We discuss below the mutual space and time relationships, at different scales, between
these mélanges s./. and their superposition in forming polygenetic mélanges with the contribution
of trapped fluids circulating within the frontal part of the accretionary complex. The recognition of
these polygenetic mélanges, the processes involved in their formation, and the spatial-temporal
relationships between these processes allow us to better define the structural evolution of the

Ligurian accretionary complex of the Northern Apennines.

4.1. Polygenetic mélanges s.l in the composite chaotic unit

The Tectonically Disrupted Unit represents a polygenetic chaotic unit developed as a
result of the superposition of two different tectonic chaotic products related to two different
episodes of tectonic deformation. These episodes are manifested in the superposition of the
younger thrust-related deformation of TDB2 (Figs. 4C and 9D) onto the older layer-parallel
extensional deformation of TDB1 (Fig. 9A). The latter (TDB1) records, according to the previous
studies (e.g., Bettelli and Panini, 1989; Pini, 1999; Vannucchi and Bettelli, 2002; Vannucchi and
Bettelli, 2003), the accretion-related deformation of the Argille varicolori achieved during the late
Cretaceous-middle Eocene development of the Ligurian accretionary wedge. The TDB1
corresponds to a tectonic broken formation lacking exotic blocks (see also, Bettelli and Panini,
1989; Pini, 1999; Vannucchi and Bettelli, 2002; Vannucchi and Bettelli, 2003). On the contrary, the
TDB2 has been considered as a tectonic mélange, consisting of a narrow zone of tectonic mixing
related to thrusting and including exotic blocks (with respect to the depositional basin of Cassio
Unit) or slices (i.e., Val Luretta Fm. of the Bettola Unit, and Monte Piano Marls of the Epiligurian

Units, see Fig. 3) within the Argille varicolori matrix (Fig. 9A).
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The overprint of thrust-related deformation, forming the polygenetic Tectonically Disrupted
Unit, can be observed at all scales, manifested in a structurally ordered block-in-matrix fabric
(TDB2), which is consistent with the regional stress field of the late Oligocene—early Miocene
collisional episodes. The intensity of this deformation diminishes gradually away from the thrust
faults where the tectonic deformation related to TDB1 broken formation is still preserved (Fig. 9E).

The second type of polygenetic mélange s.I. developed due to the thrusting-related
deformation (TDB2), overprinting the previously formed Gravity-driven Chaotic Bodies (Figs. 9A
and 9D). Although the collisional tectonic deformation strongly overprints these bodies as well as
the original erosional surfaces, some of the diagnostic features of sedimentary mélanges, such as
a highly distorted block-in-matrix fabric and isotropic brecciated texture of the matrix, are still
preserved. The tectonically-overprinted Gravity-driven Chaotic Bodies represent polygenetic
mélanges s./. (tectono-sedimentary intra-nappe mélanges sensu Festa et al., 2010a, 2010b) that
are consistent with episodic emplacement of mass-wasting bodies at the front of an advancing
accretionary wedges (Figs. 9A and 9D).

The intrusion at different scales of diapiric bodies and shale dike injections (Figs. 10A and
10B) strongly overprints the block-in-matrix fabric of the previously formed Tectonically Disrupted
Unit (Fig. 10C). Within the shale dike injections of the DDB1, deformational features associated
with tectonic processes are completely overprinted by intrusive features consisting of pervasive
shear zones and scaly cleavage aligned to the margins of the dike intrusions. On the contrary,
within the larger diapiric bodies of the DDB2, the previously formed tectonic block-in-matrix fabric is
still preserved with a gradual increase of deformation from the core zone to the margins of the
diapiric intrusions. In the core zone, the previously formed isoclinal folds of TDB1 with sub-
horizontal axial surfaces are irregularly deformed forming convoluted folds with variably plunging
axes (Fig. 10C). In the marginal zone, the previously formed tectonic features (folds, S-C fabrics,
scaly cleavage) are commonly affected by a pervasive scaly cleavage and shear zones aligned to
the intrusive contacts. In all cases of diapiric intrusions and associated deformation, the source
rocks are previously dismembered tectonic broken formations (TDB1) and mélanges (TDB2)

instead of bedded successions, which are reworked by both trapped and escaping fluids.
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4.2. Mutual relationships between fluids and scaly fabric in the formation of polygenetic
mélanges s.l.

Superposition of tectonic, sedimentary and diapiric processes occurs in a structural setting
in which fluids and stratal disruption have a strong interplay during the formation of polygenetic
mélanges s./. In a multilayer sedimentary sequence consisting of horizons with different
competence such as the Argille varicolori, the high fluid content is controlled by the low
permeability of shaly horizons. The scaly fabric in a shale rock produces a marked anisotropy in
permeability and represents a preferential pathway for fluids (Figs. 9A and 9C) as it modifies and
concentrates the flow pattern in well-constrained horizons (e.g., Davis et al., 1983; Moore at al.,
1988; Brown, 1990; Screaton et al., 1990; Maltman, 1994). This process induces major stratal
disruption. Some studies (e.g., Carson and Berglund, 1986; Moore et al., 1986; Brown, 1990) have
shown that the alignment of clay minerals along shear surfaces may enhance permeability up to 2-
3 order of magnitude along the tectonic fabric (see Arch and Maltman, 1990; Maltman, 1994),
although development of a scaly cleavage and centimeter- to decimeter-wide shear zones may
reduce water content in unconsolidated and wet sediments. Concentrated fluid flow along a
tectonic layering and/or thin scaly fabric horizons of TDB1 (Fig. 9C) may, for example, have
reduced the strength of overlying sediments, facilitating mass-wasting and the emplacement of
Gravity-driven Chaotic Bodies (GCB) during local episodes of dynamic instability of the wedge front
of the accretionary complex (Fig. 9B).

The occurrence of a thin (decimeters thick) horizon of mud-breccias with a “fluidal” feature
at the base of the regional thrust suggests that pressurized fluids facilitated thrusting by forming a
pressurized thin taper exceeding the hydrostatic pressure on which Argille varicolori of the Cassio
Unit overrode the Bettola Unit. This barely viscous and quasi-fluid horizon, which was
subsequently cut by brittle shear features, does not show a diagnostic block-in-matrix fabric related
to tectonics. However, we interpret these mud breccias as a tectonic mélange in considering the
setting and the structural position of its formation and the mixing of clasts derived from the Cassio,

Bettola and Epiligurian units.
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Along the thrust surface, constant or increasing effective stress conditions may have
resulted in the widespread occurrence of scaly cleavage and shear zones. These structures could
in turn lead to the thickening of the shear zone due to strain hardening (sensu Moore and Byrne,
1987; Brown and Behrmann, 1990; Doubleday and Trenter 1992) by gradually transferring strain to
surrounding sediments that were not yet affected by thrusting. Gradual decrease in deformation of
TDB2 away from the regional thrust indicates diminishing effective stress. This is related to the
confinement of fluid flow in only a few thin anisotropic conduits corresponding to bedding surfaces
or little scaly cleavage horizons along which the fluid pressure may have increased.

The occurrence of intrusive structures at different scales, varying from subvertical shale
dike injections (DDB1) to large-scale diapirs (DDB2), indicates focused mobilization of pressurized
fluids (Fig. 10A), which may have been 3 or 4 orders of magnitude faster than the distributed flow
(see, e.g., Moore and Vrolijk, 1992). These fluids then must have exited the system also along
pressurized conduits. The mutual crosscutting relationships between both the shale dike injections
(DDB1) and the large-scale diapiric bodies (DDB2) suggest that probably fluid flow was episodic
and coupled to one another. We infer that the shale dike injections were sourced from the low—
angle, highly sheared horizons or from bedding to pseudo-bedding surfaces that both acted as
preferential conduits for pressurized fluids (Fig. 10A). The upward fluid pressure loss resulted in
both dilation of fluidal conduits and the formation of a pervasive scaly cleavage along the intrusive
marginal contacts that dissipated the fluid pulse, and also in the upward transition from subvertical-
to medium angle shale dike injections.

Subvertical to moderately- dipping dike injections also characterize the marginal zone of
the larger diapiric bodies (DDB2) that facilitated the focused fluid flow intruding steeply dipping
pervasive scaly cleavage and shear zones aligned to the margin of the diapir. The anisotropic
permeability of the marginal zone promotes a fluid flow from the less foliated core zone of the
diapir to the strongly foliated marginal zone, which may have favored the upward rise of fluids (see,
e.g., Horath, 1989, Horat and Moore, 1989; Arch and Maltman, 1990; Brown, 1990; Maltman,

1994). In this way, fluid migration strongly controlled the zonation of deformation that is diagnostic
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of diapiric mélanges (e.g., Orange, 1990; Dela Pierre et al., 2007; Festa et al., 2010a, 2010b;

Festa, 2011).

4.3. Timing of polygenetic mélange s.l. formation
The formation of different and mutually superposed types of mélanges s./. described in the

Argille varicolori composite chaotic was related to two main tectonic episodes, as outlined below.

Late Cretaceous — middle Eocene accretionary stage.

The Tectonically Disrupted Body 1 (TDB1) was formed during accretionary processes
related to subduction (e.g., Bettelli and Panini, 1989; Pini, 1999; Cowan and Pini, 2001; Vannucchi
and Bettelli, 2002; Bettelli and Vannucchi, 2003). Boudinage, pinch-and-swell features and
development of NW- or SE-verging isoclinal folds formed a block-in-matrix fabric, which is
consistent with layer-parallel extension/contraction that occurred at the wedge front (e.g., Cowan,
1985; Pini, 1999; Bettelli and Vannucchi, 2003) of the Ligurian accretionary complex during the late
Cretaceous-middle Eocene convergence between the European and Adria plates (Fig. 9A) (e.g.,
Principi and Treves, 1984; Vai and Castellarin, 1993; Marroni and Pandolfi, 1996; Pini, 1999). The
local occurrence of Gravity-driven Chaotic Bodies (GCB) interleaved within the Tectonically
Disrupted Body 1 (TDB1) (Fig. 9A) is consistent with alternating episodes of accretion and removal
of material at the wedge front that controlled its dynamic equilibrium (e.g., Davis et al., 1983;
Cowan, 1985; Moore and Vrolijk, 1992; Kimura et al., 1997; von Huene et al., 2000; Remitti et al.,

2011).

Late Oligocene— early Miocene thrusting associated with intracontinental deformation.

The out-of-sequence thrusting of the Cassio Unit onto the Eocene-Oligocene Epiligurian
wedge-top deposits (Ranzano Fm. and Monte Piano Marls, see Figs. 3A and 3C) resting
unconformably on the Bettola Unit (Fig. 9D) overprinted and rotated the previously formed block-in-
matrix fabric of the Tectonically Disrupted Body 1 and Gravity-driven Chaotic Bodies (GCB). This

process in turn developed the Tectonically Disrupted Body 2 (TDB2) (Fig. 9E). Fluids concentrated
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along thrust-induced shear and scaly cleavage surfaces were the source for escaping
overpressured fluids (Fig. 10A). These escaping fluids were responsible for the formation of
different types of diapiric mélanges s.I. (i.e., DDB1 and DDB2) that intruded both the Argille
varicolori, the middle Eocene Epiligurian sediments (Monte Piano Marls), and the base of the lower
Miocene Val Tiepido-Canossa argillaceous breccias (Figs. 10A and 10B). The early Miocene
regional tectonics triggered the rapid emplacement of a large-scale olistostrome (Val Tiepido-
Canossa argillaceous breccias), which rapidly buried the low permeable Argille varicolori. This
rapid increase of sedimentary loading may have triggered the upward rise of fluids exceeding the

hydrostatic pressure and forming diapirism in unconsolidated sediments (Fig. 10A).

5. Conclusions

This study outlines the mode and nature of the processes that contributed to the
development of a highly chaotic deposit in the Northern Apennines, represented by the Argille
varicolori. We present this case study as a typical scale-dependent problem.

The Argille varicolori of the External Ligurian Units in the Northern Apennines have been
widely described as a characteristic broken formation without any exotic blocks and/or mixing of
blocks of different ages. It has been interpreted to have formed via tectonic disruption during the
late Cretaceous — middle Eocene accretionary processes associated with the convergence
between the European and Adria plates (e.g., Bettelli and Panini, 1989; Pini, 1999; Bettelli and
Vannucchi, 2002; Vannucchi and Bettelli, 2003; Remitti et al., 2011). Although this interpretation is
still applicable at a regional scale, our detailed field mapping and stratigraphic-structural analyses
show that sedimentary (mass-transport) and diapiric processes also played a major role in their
formation. We hence suggest that the Argille varicolori represent a composite chaotic unit
consisting of different polygenetic chaotic bodies and/or disrupted units formed by the

superposition of various tectonic, sedimentary and diapiric processes. The main driving force for
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deformation was the late Cretaceous—middle Eocene accretionary tectonics and the late
Oligocene-early Miocene collisional and intra-continental thrusting.

Most of the polygenetic chaotic and disrupted bodies described in this study cannot be
mapped as mélanges s./. in parallel with the definition of Silver and Beutner (1980) (i.e., internally
fragmented and mixed rock bodies that are mappable at 1:25,000 or smaller scales). However,
their occurrence is of great significance for better understanding the scale-independent processes
of mélange s.I. formation and the stratigraphic-structural and geodynamic evolution of an exhumed
accretionary wedge. In particular, the small-scale polygenetic chaotic and disrupted bodies may
record the early stages of the formation of larger-scale (mappable) chaotic bodies, controlled by
close spatial-temporal relationships between fluid and stratal disruption. Our observations and data
from the Northern Apennines provide significant insights into our understanding of the construction
of modern accretionary complexes at mesoscopic and microscopic scales, which are nearly

implausible to decipher from seismic images and submersible surveys.
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Figure Captions

Figure 1 — Structural sketch map (A) of the northwestern ltaly (modified from Bigi et al., 1983; Marroni et al.,
2010; Vezzani et al., 2010). (B) Location of Figure 1A. (C) Geological cross section across the

Northern Apennines (modified from Boccaletti and Coli, 1982).

Figure 2 — Stratigraphic columns showing the reconstruction of the inner (oceanward) and external
(continentward) Ligurian Units in the Northern Apennines and overlying Epiligurian Units

(modified from Marroni et al., 2001, 2010; Marroni and Pandolfi, 2001).

Figure 3 — Simplified geological-structural map (A) of the studied area. Location in Fig. 1A. (B) Geological
cross section across the studied area (location in Fig. 3A) showing the structural relationships
between the different tectonic units and the mélanges s.I. occurrence. (C) Schematic column

(not to scale) showing the vertical piling of the different mélange types.

Figure 4 — Tectonically Disrupted Unit (TDU). (A) Disharmonic-to isoclinal and transposed folds of the
Tectonically Disrupted Body 1 (TDB1) with sub-horizontal axial surfaces aligned parallel to the
tectonic layering and/or pseudo-bedding. (B) Drawing of Fig. 3A showing layer-parallel extension
resulted in the development of pinch-and-swell structures and boudinage of the shaly layers.
The arrow indicates the younging direction of the folded stratigraphic succession. (C) Shear
transposition and overprinting of the previously formed isoclinal folds of TDB1 that forms isolated
fold hinges with axial surfaces aligned to planar NE-verging shear zones and mesoscale thrust
faults resulting in the production of the Tectonically Disrupted Unit 2 (TDB2). The black arrows
indicates the younging direction of the folded beds. (D) Close-up of the structurally ordered
block-in-matrix fabric of TDB2 resulting from tectonic disruption related to NE-verging thrusting.
(E) Mesoscale data (Schmidt net, lower hemisphere) showing that the folds related to TDB1 and
TDB2 are characterized by the same orientation of axial surfaces and different distribution of fold
axes. (F) Mesoscale data from TDB2 showing the alignment of the long axis of elongated blocks

and the mesoscale thrust and reverse shear zones (Schmidt net, lower hemisphere).
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Figure 5 — Tectonically Disrupted Unit (TDU). (A) Detail of the high-strain horizon, about 20 cm-thick, that
marks at the base the regional thrust superposing Cassio Unit onto Bettola Unit. White and dark
clasts of marl and shale rocks of Cassio, Bettola and Epiligurian units are aligned parallel to the
basal thrust fault defining a “fluidal” fabric. (B) Close-up of Fig. 5A. Polished cut of the high-strain
“fluidal” mud breccias horizon showing a strong alignment of clasts parallel to fluidal features of
the matrix, and an asymmetric boudinage of the larger clasts. (C) Polished cut of the high-strain
“fluidal” horizon that shows mm-sized elongated clasts and cm-sized axial surfaces of
disharmonic isoclinals folds aligned parallel to the flow direction. (D) Drawing of Fig. 5C. (E)
Detail of polished cut of the high-strain fluidal horizon showing the alignment of mm-sized
elongated and asymmetric clasts in a fine grained matrix. In the central part of the photograph
the elongated clasts show a P-C fabric. (F) Scanning Electron Microscope (SEM) image of the
matrix of the sample of Fig. E. The fine-spaced alignment of the clay particles wraps around an

equidimensional clast defining a sigma-type feature with asymmetric wings.

Figure 6 — Gravity-driven Chaotic Bodies (GCB). (A) Brecciated texture of the matrix. (B) Rounded and

elongated blocks of calcareous limestone showing a planar anisotropy.

Figure 7 — Shale dike injections (DDB1). (A) Irregular flame-shaped injection piercing the middle — upper
Eocene Monte Piano Marls. (B) Drawing of Fig. 7A showing the shear deformation of the matrix
along the margins of the dike. (C) Close-up of Fig. 7B showing the sub-vertical scaly fabric and
fluidal features that affect the margins of the dike injection. (D) Irregularly-shaped injections
within the Argille varicolori. (E) Drawing of Fig. 7D showing deformation of the matrix within the
shale injections. (F) Small-scale injection within the Argille varicolori piercing the tectonic
layering of TDB1. Blocks of “Salti del Diavolo” continental fine-grained conglomerates are
rotated, dragged upward and aligned parallel to the margins of the shale injections (hammer for
scale). (G) Mesoscale data from DDB1 showing the alignment of the scaly cleavage of the
marginal zone to the intrusive contacts of the dikes and the distribution of long axis of elongated

blocks (Schmidt net, lower hemisphere).

Figure 8 — Diapirically Disrupted Body (DDB2). (A) Detailed map of the Diapirically Disrupted Bodies 2 (see

location in Fig. 3A) showing their internal zonation of deformation which consists of marginal and
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core zones. (B) Mesoscale data from the southern Diapirically Disrupted Body (Schmidt net,
lower hemisphere); legend in B. (C) and (D) Line drawings of panoramic view of the core zone of
the DDB2 showing upward divergent structures that depict a sort of “flower structure”. Arrows
indicate the upward rise of unconsolidated sediments. Location in Fig. 8A. The black arrows

indicates the younging direction “Y” of the deformed succession.

Figure 9 — (A) Conceptual model of evolution of the Ligurian accretionary wedge during subduction
deformational stage (Late Cretaceous — middle Eocene) showing local emplacement of mass-
wasting deposits (Gravity-driven Chaotic Bodies, GCB) over the Tectonically Disrupted Body 1
(TDB1). VE ca. 2X = twofold vertical exaggeration. (B) Close-up of the relationships between the
emplacement of mass-transport chaotic deposits (GCB) and tectonics. (C) Potential mechanism
of focused fluids migration along anisotropic discontinuities (e.g., scaly fabric, scaly cleavage,
shear zones, faults) (Modified from Moore at al., 1990). VE ca. 2X = twofold vertical
exaggeration. (D) Conceptual model of evolution of the Ligurian accretionary wedge during
collision-to intracontinental deformation stages (late Oligocene — early Miocene), showing out-of-
sequence thrusting. (E) Block-diagram showing the overprinting of previously formed block-in-
matrix fabric and isoclinal folds of TDB1 by thrust-related tectonics forming TDB2. The latter
consists of imbricated blocks and S-C shear zones defining a NE-verging structurally ordered

block-in-matrix fabric. Note the decrease of stratal disruption away from thrust faults.

Figure 10 — (A) Conceptual model of evolution of the Ligurian accretionary wedge during early Miocene
intracontinental deformation showing the emplacement of the Val Tiepido-Canossa argillaceous
breccias (early Miocene) on the top of the accretionary wedge. Shale dike injections (DDB1) and
large-scale diapiric bodies (DDB2), triggered by the rapid increment of sedimentary loading,
intrude both the Ligurian and Epiligurian Units. VE ca. 2X = twofold vertical exaggeration. (B)
Line drawing of a panoramic view showing the diapiric intrusion of Upper Cretaceous Argille
varicolori (corresponding to DDB2) in the lower Miocene Val Tiepido-Canossa argillaceous
breccias. (C) Line drawing showing an isoclinal fold associated to TDB1 (with sub-vertical axial
surface) refolded by the diapiric upward rise movement, and fluidal deformation of the matrix that
embeds boudins of manganiferous siltstone. Note the orthogonal interference between the two

subvertical axial surfaces.
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