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Abstract

The block-in-matrix fabric observed in subduction zones has been studied as an example of
mixed brittle-ductile deformation potentially controlling the rheological behaviour of rocks.
Many studies, implicitly assume that most mixed deformation develops along the plate
boundary interface or major fault at or below the brittle-ductile transition. We present four
examples from Northern Apennines and Western Alps, with maximum temperatures ranging
from less than 100 °C to 350-475 °C that has been interpreted as deformed at the front of the
upper plate of subduction zone inside accretionary prism and/or along the plate boundary
interface. Our comparison of these examples suggests that block-in-matrix fabrics are not
necessarily indicative of distinct pressure-temperature conditions or of deformation inside
major fault or shear zone. A pervasive mixed brittle-ductile block-in-matrix fabric can form
at shallow structural levels in the upper plate accretionary prism, due to sediment accretion,
isoclinal folding and boudinage of fold limbs before complete lithification. Out-of-sequence
thrusting or the upward migration of the plate interface can cause the deep burial of frontally
accreted and boudinaged sediments and eventually the incorporation of already deformed
block- in-matrix rocks along the plate boundary interface leading to an increase of their

pressure-temperature (P-T) conditions.

Introduction

The block-in-matrix fabric observed in modern and ancient subduction zones complexes
throughout the world has been studied in recent years with respect to mixed brittle-ductile
deformation processes, potentially controlling the rheological behaviour of rocks which in
turn may be associated with the rate of slip deformation along shear zone (Fagereng 2011;
Behr & Biirgmann 2021; Giuntoli & Viola 2021; De Caroli ef al. 2024). Many studies
focusing on Slow Slip Events or tremors near the downdip limit of the seismogenic zone
(~350°C) implicitly assume that the deformation observed in outcrops, and particularly the
block-in-matrix fabric, predominantly developed along the plate boundary interface at
metamorphic depths or during subsequent exhumation. However, multiple researches and
field observations indicate that the block-in-matrix fabric is not exclusively characteristic of
plate interface deformation and/or metamorphic in origin, but may also form through
sedimentary processes (e.g. Aalto 1981, 2014; Pini 1999; Cowan & Pini, 2001, Wakabayashi
2013; Festa et al. 2018, 2022; Rajic et al. 2024) or tectonic processes (e.g. Cowan 1982,
Moore & Lundberg 1986; Byrne 1994; Festa et al. 2012; Ujiie, 2002; Remitti et al. 2024),
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already in the very frontal part of accretionary prisms and under diagenetic conditions, in the
upper plate. In this paper we address the block-in-matrix formation in accretionary prisms
due to meso- to regional-scale isoclinal folding and related pervasive boudinage of fold
limbs, which affect sediments up to the seafloor (e.g., Cowan & Pini 2001; Bettelli &
Vannucchi 2003, Remitti ef al. 2024 and references therein). We present four examples from
the exhumed accretionary prisms of the Northern Apennines and Western Alps (Fig. 1). The
examples are characterized by the presence of isoclinal folding and boudinage of fold limbs,
causing the development of block-in-matrix fabric, but differ in their maximum temperature
(Tmax), the degree of metamorphism reached during their deformation history and their
position within the subduction complex (Figs. 1 and 2). From the coolest (shallowest) to the
hottest (deepest), the case examples are: (1) the Ligurian Units in the Northern Apennines,
Italy (Tmax <100-150 °C), (i1) the Sestola-Vidiciatico and Subligurian tectonic units in the
Northern Apennines, Italy (Tmax ~100-200 °C), (iii) the Infrahelvetic Units in the Western
Alps, Switzerland (Tmax ~170-320°C) and (iv) the Schistes lustrés Complex in the Western
Alps, along the Italian-French border (Tmax~350-475 °C P>1.2GPa). The comparison of the
deformation style and evolution of all these units offers a unique perspective on the
development and preservation of block-in-matrix structures across a range of tectonic and

metamorphic conditions.

The first example (Ligurian Units) shows that the development of the block-in-matrix fabric
initiates at shallow structural levels, under low diagenetic conditions and before complete
lithification of the accreted sediments inside the upper plate accretionary prism. The
incomplete lithification creates a rheological contrast between ductile clay-rich layers and
brittle sandstone and limestone layers, which facilitates the development of a prominent
block-in-matrix fabric already at shallow depth. The second (Sestola-Vidiciatico and
Subligurian Units) and third examples (Infrahelvetic Unis) suggests that, after the frontal
accretion, already deformed material is incorporated into the plate boundary interface or
deeply buried up to metamorphic conditions. At this stage the contrast in competence (i.e.,
their viscosity or resistance to failure) between the blocks and the matrix seems to be reduced
due to progressive lithification, deactivating the processes leading to block-in-matrix
formation in favour of brittle faulting. However, block-in-matrix units preserve their internal
structure, ‘frozen’ between brittle faults. Progressive pressure-solution and eventually
temperature-dependent ductile deformation processes can further overprint inherited

structures and amplify the block-in-matrix fabric.
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The presented field data, together with the review of several literature data (e.g., Bettelli &
Vannucchi 2003; Tricart & Schwartz 2006; Gasser & den Brok 2008; Dielforder et al. 2016;
Remitti et al. 2024), therefore suggests that at least part of the block-in-matrix fabric found in
metamorphic rocks could be inherited from deformation at shallow structural levels within
the accretionary prisms and not exclusively within shear zones along the plate interface. The
suggested material pathway of the block-in-matrix rocks is important for understanding the
spatial distribution and evolution of deformation and heterogeneities, which are critical not
only for seismic processes, but also for understanding the transfer of material between the

lower and upper plates in subduction complexes.

The External Ligurian Units (Tnmax<100-150°C)

The Ligurian Units crop out in the Northern Apennines of Italy (Fig. 2A). These units were
originally deposited in the northwestern branch of the Western Tethys Ocean (the Ligurian-
Piedmont Oceanic Basin) and/or in the Oceanic-Continent Transition Zone, adjacent to the
Adria plate. During the Eocene, the closure of this oceanic basin led to the formation of an
accretionary prism, known as the Ligurian accretionary prism (Principi & Treves 1984;
Lagabrielle & Lemoine 1997, Marroni ef al. 2010 and references therein) which was later
involved in continental collision. The northeastern portion of the prism is composed of the
External Ligurian Units, Late Jurassic-Early Cretaceous to early-middle Eocene in age, that
are interpreted as the product of frontal accretion and offscraping processes (Vannucchi &
Bettelli 2002; Bettelli & Vannucchi 2003; Nirta et al. 2024). These low diagenetic units begin
with a clay-rich basal sequence, collectively referred to as the Basal Complex, which is
characterized by widespread internal stratal disruption (Fig. 3A). The sequence consists of
three primary multilayers: 1) alternating shales and calcareous turbidites, i1) alternating shales
and arenaceous turbidites, and iii) varicolored shales (see Bettelli & Vannucchi 2003 for a
detailed description). Remnants of the original oceanic basement (basalts, gabbros,
serpentinized peridotites) are preserved as tectonic slices and/or gravitationally reworked
blocks (Nirta ef al. 2024) and are now intermixed with the sedimentary units (see Jurassic
mafic und ultramafic rocks in Fig. 2B). The Basal Complex is overlain by a coherent, thick
sequence of calcareous and/or arenaceous turbidites, which are instead involved in regional -

scale, NE verging folds (see marly- calcareous lower Eocene units in Fig. 2B).
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Within the basal sequence, a complex internal geometry is observable, featuring two
generations of superimposed mesoscopic folds, which promote boudinage and the formation
of a block-in-matrix fabric as described in literature and here summarized (see Vannucchi &
Bettelli 2002; Bettelli & Vannucchi 2003 for more details). Folding and related block-in-
matrix fabric is interpreted as related to frontal offscraping and building of an accretionary
prism (Fig. 4). The older folds (F1) are typically metre-scale, close to isoclinal, and
commonly strongly noncylindrical or even with a sheath-like geometry (Figs. 3A, 4 and 5A).
The second generation of folds (F2) shares similar characteristics with F1. The pronounced
noncylindrical shape of the F1 folds results in local variations where F2 hinge lines may
appear either subperpendicular or parallel to F1 hinge lines (Fig. 4) (Bettelli & Vannucchi
2003). As a result of progressive and multiple folding deformation, the fold limbs are marked
by pervasive symmetrical and “chocolate-tablet” boudinage structures, resulting in a block-in
matrix fabric (Bettelli & Vannucchi 2003, Figs. 3A and 4). This fabric becomes more
pronounced with a decreasing ratio of strong to weak lithological components (Bettelli &
Vannucchi 2002). Depending on the degree of lithification, boudinage of competent layers
may result from independent particulate flow (i.e., the movement of sediment grains without
deformation of the grains) or, more commonly, brittle fracturing. In the latter case,
extensional veins and/or shear fractures develop in the competent layers. Limb thinning and
hinge thickening are common in folded shales (Figs. 3A and 5A). The occurrence of mud
injections indicates formation at low degree of lithification (Bettelli & Vannucchi 2003). The
ductile behaviour of shales during deformation and the presence of a pervasive scaly fabric
are widely observed (Vannucchi et al. 2002; Bettelli & Vannucchi 2003; Remitti ez al. 2024)
(Fig. 3A).

In summary, the block-in-matrix fabric of the Ligurian Units documents a sequence of
deformation stages related to the offscraping and frontal accretion of sediments at low but
increasing diagenetic conditions. The characteristics and geometry of the block-in-matrix
fabric support a deformation mechanism in which folding (i.e., shortening) involves layer-
parallel extension within fold limbs (Vannucchi & Bettelli, 2002; Remitti et al. 2024).
Buckling likely plays a key role in the initial stages of folding, followed by subsimple shear
with a strong coaxial component causing flattening (Remitti et al. 2024) and eventually

refolding.



Downloaded from https://www.lyellcollection.org by GFZ Helmholtz-Zentrum fur Geoforschung on Jul 23, 2025

Sestola-Vidiciatico tectonic Unit and the Subligurian Unit (Tmax ~100-200°C)

The Sestola-Vidiciatico tectonic unit (SV) and the Subligurian Unit (SLU) outcrop in the
Northern Apennines of Italy. These Units have been interpreted as a shear zone (Fig. 1), active
at the beginning of the Miocene, accommodating the relative displacement between the
overriding ancient Ligurian accretionary prism and the subducting Adria continental plate and
its sedimentary cover (Vannucchi et al. 2008, 2012; Remitti ef al. 2011). The shear zone has a
total thickness of 250-500 m and hosts multiple anastomosing thrusts, which were coevally
active at the geologic timescale and isolated tectonic slices ranging in size from metre to
kilometre scale (Vannucchi ef al. 2008, 2012; Remitti ef al. 2011) (Fig. 6). Most of the slices
derive from the Ligurian/Subligurian accretionary prism formed in the middle Eocene
(characterized by the deformation described in the previous paragraph) and its sedimentary
cover (slope deposits), i.e., from the frontal part of the upper plate. In the following, we refer
to slices of the Jurassic to middle Eocene Ligurian/Subligurian Unit within the shear zone as
the Underthrust Ligurian Unit (ULU) (Fig. 6). Slices of slope deposits (ranging in age from
middle Eocene to Miocene) are designated as Underthrust Slope Deposit (USD) (Fig. 6). A
regional thermochronological study by Thomson et al. (2010) indicates that the material
exposed in the inner sector of the interplate shear zone was underthrust to depths sufficient to

reset the apatite fission track system, i.e., Tmax €xceeded 120°C.

The ULU commonly displays a block-in-matrix mesoscopic fabric (Figs. 3B and 6). The fabric
consists of competent blocks of l[imestone or sandstone beds in a less competent shale matrix
and is characterized by the occurrence of dismembered fold hinges (Vannucchi et al. 2008,
2012; Remitti et al. 2011). Rare coherent sections in the ULU show that competent layers are
systematically thicker than the shale layers, allowing for the reconstruction of the structural
evolution of the assemblage (Remitti et al. 2007; 2011). Folds are pervasive and traceable
across scales, from submetric to decametric, and up to the scale of entire tectonic slices (Figs.
3B and Fig. 5B). The folds are typically close-to-isoclinal with a marked non-cylindrical
geometry (Remitti et al. 2007; 2011). The fold limbs are strongly extended both parallel and
perpendicular to the hinge line, resulting ina “chocolate tablet” boudinage leading to block-in-
matrix fabric (Remitti ez al. 2007; 2011). The boudinage of the limestone and sandstone layers
results from both the development of pinch-and-swell structures and conjugate sets of
extensional shear fractures or extensional veins. In contrast, the shale layers show a pervasive

scaly fabric, mainly along fold limbs and parallel to the block alignment (Vannucchi et al.
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2008, 2012; Remitti et al. 2011) (Fig. 3B). The scaly fabric is limited to the clay-rich portions,
and its development is controlled by the clay-to-silt ratio. The observed structures reveal a
heterogeneous mixed brittle-ductile rheological behaviour of the rocks. The coexistence of
pinch-and-swell structures in competent layers and flow structures in shale, alongside with
brittle shear fractures and extensional veins, suggests that deformation occurred during
progressive lithification. In some outcrops, a second generation of close to isoclinal folds is

recognisable (Remitti et al. 2011).

The folds are cut by brittle, NE-verging thrust faults (Cerrina Feroni et al. 2002; Vescovi,
2005), commonly coated by calcite shear veins (Remitti ef al. 2011). The thrust faults also
mark the contacts between the different tectonic slices within the SV and SLU and the
contacts with the overlying Ligurian Units and the underlying sedimentary cover of the Adria
plate (Fig. 6). The faults are thin with a maximum thickness some centimetre and lack
apparent damage zones, despite large displacements of up to several kilometres. Some of
them, studied in detail, have been interpreted as active from the stage of soft sediment
deformation to brittle, fluid-assisted conditions (Mittempergher et al. 2018; Cerchiari et al.
2020). All folds and thrust faults are cut by mesoscopic normal faults, commonly
accompanied by thick calcite shear veins (Vannucchi et al. 2008, 2012; Remitti et al. 2011)
(Figs. 3B and 6).

The USD tectonic slices show no isoclinal folding (Vannucchi et al. 2008; 2010; Remitti e?
al. 2011, 2012), but are still affected by the thrust faulting and subsequent normal faulting
(Fig. 6). The interpretation is that the folds in the ULU were inherited from a previous stage
of frontal accretion (during the building of the Ligurian accretionary prism), and were
overprinted by brittle faulting during underthrusting and incorporation into the plate
boundary shear zone at temperatures of 100-200 °C (Vannucchi et al. 2008, 2012; Remitti et
al., 2011). Minor pressure solution seams, generally parallel to the boundary of the shear zone
and clearly recognizable only at microscale affect both ULU and USD (Mittempergher et al.
2018; Cerchiari et al. 2020).

The Infrahelvetic Units (Tyax from 170°C to 320°C)

North directed convergence between the Adriatic and European plates led to a transition from

oceanic subduction to continental collision in the Alpine realm in the early to middle Eocene
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(e.g., Schmid et al. 2004; Handy et al. 2010). The earliest stages of continental collision
involved the partial subduction of the rifted European continental margin beneath the Adriatic
plate and the development of a deep marine peripheral foreland basin (e.g., Pfiffner 1986;
Sinclair & Allen 1992). The basin developed on top of Upper Cretaceous to lower Eocene
shelf and slope sediments, including muds, marls, sands and limestones, and accommodated
thick syn-orogenic turbidite sequences (Pfiffner, 1986; Sinclair & Allen 1992; Lihou 1995,
1996b). Most of the sediments were not subducted but accreted to the front of the Alpine
orogenic wedge (Sinclair & Allen 1992; Lihou 19964, Dielforder et al., 2016).
Contemporaneously, a large out of sequence thrust, the Glarus thrust, developed in the rear of
the wedge and emplaced the Helvetic nappes (Mesozoic sediments of the European
continental shelf) and other, structurally higher units on top of the accreted units. The
emplacement of the Helvetic nappes caused the maximum burial and diagenesis to low grade
metamorphism of the accreted sediments about 25 Ma (Hunziker 1986; Pfiffner 1986; Akker
et al. 2021a).

At present, the accreted units and overlying Helvetic nappes are best exposed in the
UNESCO World Heritage Tectonic Arena Sardona, Glarus Alps, eastern Switzerland (Gerth
et al., 2017) (Figs. 1 and 2C). There, the accreted sediments are preserved as a stack of three
thrust slices (Ultrahelvetic, South-Helvetic and North-Helvetic), collectively referred to as
Infrahelvetic Units (e.g. Pfiffner 1986; Lihou 1996a; Kempf & Pfiftner 2004). The peak
diagenetic to metamorphic conditions increase in the Glarus Alps from north to south from

about 170°C to 320°C (e.g. Rahn et al. 1995; Ebert et al. 2007; Lahfid et al. 2010) (Fig. 2C).

Deformation in the Infrahelvetic Units is characterized by regional-scale, NW-verging
isoclinal folds (Figs. 2C and 7) and a SE-dipping tectonic pressure solution cleavage, which
is well developed in calcareous sediments in the southern part of the Glarus Alps where Tmax
exceeded ~200-250 °C (Schmid 1975; Milnes & Pfiffner 1977; Ring et al. 2001; Gasser &
den Brok 2008; Dielforder ef al. 2016; Akker et al. 2021b). The limbs of larger, hectometre-
scale isoclinal folds often exhibited a block-in-matrix fabric (Fig. 7), which formed due to
stratal disruption, i.e., shearing, extension, and dismemberment of competent sand- and
limestone beds originally intercalated within less competent clay-rich sediments (Wegmann
1961; Lihou 1995, 19964, b; Dielforder et al. 2016). The degree of stratal disruption varies
from intense, with isolated boudins floating in a clayey matrix, to minimal, in which case the

sedimentary layering exhibits only a weak pinch-and-swell structure (Fig. 7B). The size of
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boudins and swells increases with the thickness of the competent layer and commonly varies
between a few cm to a few tens of meters. The boudinage of 10-30 m thick limestone layers
into several tens of meter long boudins within fold limbs can be locally recognized on
mountain slopes with the naked eye (Fig. 7B). Boudins are generally drawn rather than
blocky, suggesting ductile deformation during stratal disruption, likely due to particulate flow
(Dielforder et al. 2016). However, the presence of mineral veins in boudins and the
fragmentation of limestone beds by discrete shear fractures (small-scale normal faults)
indicate phases of brittle failure, suggesting an overall mixed brittle-ductile rheology during

deformation (Fig. 3C).

The formation temperature of folding and block-in-matrix formation in fold limbs cannot be
directly determined but can be constrained from cross-cutting relationships as summarized in
the following (cf. Dielforder et al., 2016, 2022). At present, the Glarus thrust cuts through the
folds and cleavage in the Infrahelvetic Units and is not affected by the folding itself (note that
the Glarus thrust was rotated and arched at a later stage due to accretion of European
crystalline basement) (Fig. 2C). During its development, the Glarus thrust cut off thin slices
of South-Helvetic and Ultrahelvetic sediments and transported them northward (marked as
thrust slice in Fig. 2C). The slices never experienced temperatures above ~170 °C (Rahn et
al. 1995), which shows that the Glarus thrust must have been developed before peak
metamorphism. As the Glarus thrust is not affected by the regional-scale folding in the

Infrahelvetic Units, the folds must have been developed before metamorphism too.

Tight, isoclinal, deca- to hectometre-size folds presented here are either overprinted by the
tectonic cleavage or show no tectonic cleavage, both of which document folding before
cleavage formation (Gasser & den Brok 2008; Dielforder et al. 2016). Isoclinal folds are
locally overprinted by open folds, that likely formed together with the tectonic cleavage
(Gasser & den Brok 2008). The two-stage folding agrees with the larger structural setting.
The tectonic contacts (imbricate thrusts) between the Ultrahelvetic, South-Helvetic, and
North-Helvetic units are folded but folding between the units is discordant (Lihou 1996a)
(Fig. 2C). The relationship suggests that folding affects the individual units first, likely during

their accretion, and continued after the units were all accreted to the wedge.

The temperature range of folding is further constrained by the formation temperature of
different groups of mineral veins that formed throughout prograde diagenetic to metamorphic

evolution of the Infrahelvetic Units. The oldest group of mineral veins record shearing at low
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temperatures of about 40-70 °C (Dielforder et al., 2015, 2022). The mineral veins are always
overprinted by the regional-scale folding, which indicates that the folding took place above
~40-70 °C. In some cases, early-formed veins got also overprinted by layer parallel
shortening that was accommodated by independent particulate flow, which suggests that the
sediments were poorly lithified and exhibited a mixed brittle-ductile rheology (Dielforder et
al. 2016). Two younger groups of mineral veins formed over a much higher temperature
range of about 210-290 °C (Dielforder et al. 2015). These veins overprint the regional scale
folds and the tectonic cleavage and are in turn overprinted by ongoing cleavage development

but not by the regional scale folding.

Taken together, the structural relationships indicate that the regional -scale folding occurred at
temperatures above ~70 °C and below ~170 °C. By comparison, the pressure solution
cleavage developed after the regional-scale folding at temperatures around 200 °C and
continued to form at least up to peak metamorphic conditions (~320 °C). The temperature
ranges of folding and cleavage development also constrain the principal formation of the
block-in-matrix fabric through extension in the limbs of isoclinal folds. Boudins in the study
area are structurally linked to the fold limbs but are never folded, indicating a formation
during folding and at temperatures between ~70 to 170 °C. The mixed brittle-ductile fabric of
the block-in-matrix fabric with the drawn boudins, mineral veins, and shear fractures is
compatible with a block-in-matrix development within poorly lithified sediments. Moreover,
boudins and pinch-and-swell structures are overprinted by the development of pressure
solution cleavage, especially in the southernmost part of the study area, which gave the

block-in-matrix fabric a metamorphic appearance in the field (Fig. 3C).

The Schistes Lustrés Complex (Pmax=1.2-2.2 GPa, Tmax=320-475°C)

In the Cottian Alps and Queyras regions, the Schistes Lustrés Complex (SLC; see Fig. 1)
represents remnants of the tectonically eroded Alpine accretionary wedge formed during the
Late Cretaceous subduction of the Tethys Ocean (i.e., the Ligurian-Piedmont Oceanic Basin),
incorporated into the plate boundary shear zone (Bachmann et al. 2009) and successively
underplated (Angiboust et al. 2014). This complex comprises different tectonic units whose
P-T peak burial conditions decrease westward and structurally up-section, from high-

temperature (P=1.7-2.2 GPa, T=415-475°C) to low-temperature (P=1.2-1.9 GPa, T=320-
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400°C) blueschist-facies (Agard 2021; Herviou et al. 2022). The variations in peak P-T
conditions across different parts of the SLC over the ~40 and ~60 Ma time span highlight its

diachronous tectonic slicing history (Agard ef al. 2002; Ghignone et al. 2021; Gyomlai et al.
2023).

The SLC consists primarily of a thick sequence of Upper Jurassic to Cretaceous oceanic
metasediments, now represented by calcschists and locally interbedded blackish micaschists
(see Lemoine & Tricart 1986 for a review). These metasediments were originally only a few
hundred metres thick, but intense folding (see below) has increased their apparent thickness
to about 2 km (Fig. 2D), making them the dominant component of the complex. Embedded
within these relatively soft metasediments are irregularly distributed slices and blocks of
more resistant lithologies, including metagabbros, metabasalts, ophiolitic metabreccia and
serpentinized metaperidotite (Fig. 2D). These features impart a characteristic block-in-matrix
fabric to the SLC, observable from the mesoscale (Fig. 3D) to the regional scale (Fig. 2D).
The ophiolitic slices and blocks, ranging from a few meters to several kilometres in length
(Fig. 2D), represent remnants of the Jurassic Tethyan oceanic lithosphere. They are often
draped by discontinuous, metre-thick metacherts and up to tens of metres thick white marble
layers, which together formed the base of the supra-ophiolitic cover, i.e., the Upper Jurassic
to Cretaceous pelagic sedimentary cover (Tricart & Lemoine 1991; Lagabrielle et al. 2015;

Festa et al. 2021).

The block-in-matrix fabric of the SLC is attributed to both sedimentary (i.e., gravitational
sliding) processes (e.g., Lagabrielle 1987) and tectonic deformation (e.g., Tricart & Schwartz
2006). The tectonic contributions include: (i) offscraping of oceanic mantle rocks and
ophiolite during early stages of subduction, (ii) regional-scale boudinage of the thin ophiolite
sole of the thrust-sheets during initial stacking and folding (i.e. D1 phase, see ), and (iii)
multistage folding of the nappe stack (i.e., D2 to D4 deformation phases) under blueschist to
greenschist facies conditions, associated with the transition from subduction to continental
collision (see Tricart & Schwartz 2006 for details). Although later D2 to D4 folding
overprints and obscures D1 structures, F1 folds have long been reported in literature (Caby
1973; Caron et al. 1973) and tare interpreted as originally NNW-verging (e.g., Dumont et al.
2022). Clear evidence that D2-D4 folds deform the contacts between meta-ophiolite
slices/blocks and the metasedimentary cover indicates that the block-in-matrix fabric started

to form during an initial deformation phase, possibly D1, that is associated with subduction.
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During these early stages of subduction of the oceanic lithosphere, slicing of ophiolites and
sediments into blocks would have occurred through offscraping processes (i.e., the “scalp”
tectonics of Tricart & Lemoine 1988) at shallow structural levels (Tricart & Schwartz 2006).
These processes were possibly favoured by the inherited heterogeneous pre-orogenic
physiography of the Ligurian-Piedmont Oceanic Basin (e.g., Tricart & Lemoine 1988; Tricart
& Schwartz 2006; Balestro ef al. 2019). D1 deformation generated widespread recumbent F1
folds that lead to the necking of ophiolites and the development of mesoscale to regional-
scale pinch-and-swell structures (Fig. 2D). These structures that aligned to the axial plane
foliation (S1) of the F1 folds, were then progressively disrupted along the thinned fold limbs,
ultimately contributing to the initial block-in-matrix fabric (see also Tricart & Schwartz 2006;
Figs. 2D and 5C). Relicts of mesoscale F1 folds are particularly preserved in the metacherts
and the blackish micaschists interbedded within the calcschists. Macroscale F1 folds include
isolated bands of white marble within the calcschists, which show an internal “sandwich”
structure (see Figs. 2D and 5C). This structure consists of twin marble layers with opposite
polarities occurring along the limbs of F2 folds (Lemoine & Tricart 1993) and locally
separated by talc- and chlorite-schists. These schists laterally grade into ophiolitic bodies,
suggesting early detachments along the original boundary between the ophiolites and their
pelagic sedimentary cover (Tricart & Schwartz 2006)). The talc- and chlorite-schists originate
from the metasomatic transformation of serpentinite along contacts with carbonate
metasediments (Herviou & Bonnet 2023). Evidence that this metasomatism occurred at peak
P-T conditions supports its formation during the D1. Subsequent multistage folding (D2 to
D4) further dismembered and mixed the metaophiolitic slices and blocks within the softer

metasedimentary cover, giving the SLC its final block-in-matrix fabric architecture.

Discussion

We presented four examples of block-in-matrix fabrics from the Northern Apennines and
Western Alps, which were all exposed to different depths, temperatures and pressures and
deformed in the accretionary prism upper plate and/or incorporated along the plate boundary
interface of a subduction complex. The examples thereby provide insights into the fabric
formation and allow conclusions to be drawn about the interrelation of strain distribution,
material fluxes, and rheological heterogeneities at convergent margins, as discussed in the

following.
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Shallow formation of block-in-matrix fabric during offscraping and building of the upper

plate accretionary prism

In the presented examples, much of the mesocopic block-in-matrix fabric observed in the
outcrops is structurally associated with the limbs of overturned to recumbent isoclinal folds.
Isoclinal folding provides a deformational context that favours the development of the block-
in-matrix fabric during tectonic shortening, as proposed in the literature (Vannucchi &
Bettelli 2003; Remitti ez al. 2024), since fold limbs of isoclinal recumbent folds experience
extension parallel to the axial plane and flattening perpendicular to it (e.g., Ramsay & Huber
1983; Holst & Fossen 1987; Vannucchi & Bettelli 2003; Bastida et al. 2014; Remitti et al.
2024). This process is particularly effective where the ratio and contrast in competence
between the block and the matrix are suitable (e.g., brittle limestone layer interbedded with

thick layers of ‘ductile’ shales).

The low-grade examples from the External Ligurian Units of the Northern Apennines (Figs.
2B and 5A) show that isoclinal folding can occur at very shallow structural levels in the
upper plate accretionary prism. The occurrence of dismembered and isolated fold hinges
further records high shear strains and strong limb-orthogonal flattening (Fig. 3A). Both the
folding and the development of the block-in-matrix fabric likely occurred before complete
lithification of the accreted sediments (Vannucchi & Bettelli, 2002; Remitti et al., 2025) in
the upper plate, under low confining pressure that favoured buckling. The structural
constraints from the External Ligurian Units of the Apennines are consistent with
observations from other modern and ancient accretionary prisms, like the outer Nankai
accretionary prism, where young turbidite sequences are folded into trench-parallel,
hectometre-scaled folds (Anma et al. 2011; Hayman et al. 2011). Similarly, Yamamoto et al.
(2005) report isoclinal folding of imbricated sediments at temperatures <50 °C for the
Neogene Miura-Boso accretionary wedge, central Japan (see also Muraoka & Ogawa 2011;
Ogawa 2019). Polyphase isoclinal folding has been documented to develop in parallel with
the progressive lithification of sediments also at Barbados (Speed, 1983; Brown &
Behrmann, 1990) and in the southern Shimanto belt in Japan (Hibbard and Karig, 1987).
Tectonic mélange development and pervasive folding in the upper plate is reported also in

Nias Island, Indonesia (Moore & Karig, 1980)
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Underthrusting and overprinting of block-in-matrix fabric along the plate boundary interface

The case examples from the Subligurian and Sestola-Vidiciatico tectonic units in the
Apennines, and from the Infrahelvetic Units of the Glarus Alps, document the deep burial of
previously accreted sediments. In the Sestola-Vidiciatico and Subligurian units, the upward
migration of the frontal part of the plate boundary interface into the accretionary prism allowed
the underthrusting of the frontal part of the prism and its sedimentary cover (Vannucchi et al.
2008, 2012; Remitti et al. 2011). Similarly, the development of large out-of-sequence thrusts
that splay off from the plate interface shear zone and cut through the entire accretionary wedge
(e.g., Moore et al., 2007) can accommodate significant portions of plate convergence and lead
to the deep burial of frontally accreted units, as observed with the Glarus thrust and the
Infrahelvetic Units in the Western Alps (Dielforder et al. 2015). While both the examples
suggest an increase in P-T conditions after the formation of folding and the associated block-
in-matrix fabric, it is important to highlight that, in the Apenninic case, the interpretation
suggests a transport of material from the upper plate to the plate boundary interface, whereas,
in the Alpine case, the peak temperature was reached within the upper plate (Fig. 1). However,
in both case, sediments that were strongly folded and deformed in the upper plate at shallow
structural levels can be transferred to greater depths. At this stage the early deformation
(folding and related block-in-matrix) is overprinted by brittle, commonly fluid assisted,
deformation that crosscuts both the folds and the earlier block-in-matrix fabric (Vannucchi et
al. 2008, Remitti et al. 2011; Dielforder et al., 2016). Field evidence from the Sestola-
Vidiciatico Tectonic Unit and the Subligurian Unit suggests that, after incorporation into the
plate boundary shear zone, the preexisting block-in-matrix fabric does not continue to evolve
but remains as a “frozen” (relict) structure between brittle faults (Figs. 3B and 6), only slightly

overprinted by mild diffuse pressure-solution.

The higher-grade examples from the Alps are associated with a tectonic cleavage, which
formed due to alignment and recrystallisation of sheet silicates and pressure solution of
calcite and quartz grains in the sediment matrix at temperatures above ~200-250 °C and up to
peak metamorphic conditions (e.g., Tricart & Schwartz 2006; Dielforder et al. 2016; Akker et
al. 2021a,b). The development of the cleavage also involved limb-orthogonal shortening and
its structural relationship with the block-in-matrix fabric may suggest a higher-grade
metamorphic origin of the fabric (e.g., Akker et al., 2023). However, early deformation in

poorly lithified sediments and folding during imbricate thrusting are documented for the
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Glarus Alps (Lihou et al., 1996a; Dielforder et al., 2016), promoting an earlier origin of the

block in-matrix fabric under diagenetic conditions followed by cleavage development.

An early formation of the block-in-matrix fabric is also promoted from a rheological point of
view. The folding and boudinage of fold limbs record mixed brittle-ductile deformation.
Ductile deformation in (meta)sediments may be accommodated by independent particulate
flow at low temperatures before complete lithification (e.g., Ortner 2007; Alsop et al. 2020)
or by dissolution-precipitation creep and dynamic recrystallisation at high temperatures >250-
300 °C after complete lithification (e.g., Trepmann & Stockhert 2009; Akker et al., 2023). In
the Glarus Alps, dynamic recrystallisation is minor and dissolution-precipitation creep led to
the development of a pressure-solution cleavage that overprints the regional-scale isoclinal
folds and is itself associated with open folding, which does not involve shear strains high
enough to cause stretching in fold limbs. Thus, the high-temperature ductile deformation
unlikely resulted in the block-in-matrix fabric, although it certainly overprinted and amplified

it.

A proposal for a different interpretation of block in matrix fabric along the plate boundary

interface at blueschist conditions

The D1 deformation structures in the Schistes Lustrés Complex of the Western Alps,
associated with oceanic subduction, share similarities with structures in the External Ligurian
Units of the Northern Apennines and in the Glarus Alps (Figs. 3 and 5) which therefore can
be used as a key to interpret these complexes. In particular, the pervasive isoclinal folding,
boudinage of fold limbs, and the dismemberment of the original oceanic basement into slices
or blocks folded with their sedimentary cover resemble deformation styles observed in the
low-grade examples from the Apennines. However, reconstructing the first deformation
phase in the Schistes Lustrés Complex is more challenging than in the in the Infrahelvetic
Units of the Glarus Alps, due to the stronger retrograde overprint during continental collision
and the current inability to clearly differentiate between different stages of progressive
prograde deformation. The Schistes Lustrés Complex, in fact, has travelled downdip along
the plate boundary interface for >150 km (e.g., Bachman et al. 2009) re-equilibrating to the
prograde metamorphic conditions — which is one of the reasons why it is difficult to constrain

the prograde deformation history.
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The presence of a blueschist-facies metamorphic foliation parallel to the axial planes of the
D1 folds may indicate folding and boudinage under peak-metamorphic conditions, as
previously suggested (e.g, Tricart & Schwartz 2006). Alternatively, at least in some tectonic
slices, the mesoscale block-in-matrix fabric could be a relic of earlier, shallow-level, tectonic
deformation, with the foliation forming after folding and boudinage, similar to the fabric
development in the Glarus Alps. In that case, the foliation could still appear parallel to the
axial planes, provided the principal shortening direction remained relatively constant during
the deformation history. The block-in-matrix fabric may therefore record an early formation
before complete lithification, followed by an initially brittle overprint, as in the Underthrust
Ligurian Units, and finally metamorphic overprint, as in the Glarus Alps. This overprint
would likely be stronger in the Schistes Lustrés Complex due to the higher metamorphic
grade and occur in a different tectonic setting, i.e., along the plate interface rather than in the

upper plate.

Based on observations from the shallow part of the subduction plate interface, we suggest
that it is possible to find remnants of upper plate (shallow) deformation within the plate
boundary shear zone, characterized by isoclinal folds and associated block-in-matrix fabric.
We can trace these remnants up to temperature around 200°C-300°C as ductile overprinting
is small enough, we suggest that probably they continue to travel down deep, strongly
overprinted by high temperature ductile deformation. This mechanism can coexist with other
block-in-matrix forming processes (such as shearing along localized shear zones) and can be
distinguished from them by their consistent association with isoclinal folding and the frequent
presence of unrooted hinge lines within the block-in-matrix units, features not typically

expected if fragmentation and stratal disruption were dominated by brittle faulting.

It is interesting to note that incorporation of material from the upper plate along the plate
boundary interface (both basement and sedimentary cover) has been suggested for the
Penninic-Austroalpine plate interface zone (Bachmann et al., 2009) as occurred before the
Paleocene-early Eocene underplating. We suggest that these upper plate slices can record
evidence of pervasive upper plate deformation acquired before the incorporation along the

plate boundary interface.

Progressive rheological changes




Downloaded from https://www.lyellcollection.org by GFZ Helmholtz-Zentrum fur Geoforschung on Jul 23, 2025

Before complete lithification, sediments have little or no elastic strength and exhibit a mixed
brittle-ductile rheology due to interlayering of ductile clays with more brittle sandstone and
limestone layers, as well as temporal variations in strain rate (e.g., Morgan & Karig, 1995;
Moore & Saffer, 2011; Dielforder et al., 2016). This rheology allows a broad distribution of
strain, as reflected in the pervasive folding and boudinage observed in the frontal part of the
upper plate (Figs. 3A and 5A). Nevertheless, several lines of evidence suggest that faulting,
including seismogenic faulting, can propagate up to the seafloor (e.g. Fujiwara et al. 2011),

and may coexist with pervasive folding even at very shallow depth (e.g. Remitti et al. 2024).

Deeper down along the plate boundary interface, however, strain tends to localize on discrete
faults rather than being accommodated by continuous folding and boudinage, as evidenced by
faults cutting through both blocks and matrix (Fig. 3B and Fig. 5B), which remain as relics of
earlier deformation. At this stage, the competence contrast between shale and
sandstone/limestone boudins is likely reduced. Once transported to greater depth, the onset of
pressure solution and temperature-dependent crystalplastic deformation again promotes a
broader distribution of strain, likely overprinting and amplifying the inherited block-in-matrix
fabric (Fig. 5C). In summary, while block-in-matrix fabric is present in all examples (Figs. 4
and 5), the competence contrast between blocks and matrix likely varies with depth and

temperature, strongly influencing the distribution of strain between the two components.

Conclusions

Block-in-matrix fabrics in subduction zone settings can be found across a wide range of
pressure and temperature conditions, both along the plate boundary shear zone and within the
upper plate. A pervasive mixed brittle-ductile block-in-matrix fabric, accommodating high
shear strains, can originate at shallow structural levels due to sediment accretion and isoclinal
folding prior to complete lithification. Out-of-sequence thrusting or the upward migration of
the plate interface can lead to the deep burial of frontally accreted sediments and, eventually,
the incorporation of already deformed block- in-matrix units into the plate boundary
interface, resulting in metamorphism. Temperature-dependent ductile deformation processes
can further overprint inherited structures and amplify the block-in-matrix fabric. Mechanical
heterogeneity between block and matrix may therefore be inherited from shallow

deformation, but the competence contrast can evolve under different P-T conditions. This
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variability may allow for either the activation or the “freezing” of mixed brittle-ductile

deformation at different depths.
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Captions:

Fig.1 Sketch illustrating the maximum temperature and depth conditions reached by the
examples discussed in the text within the framework of an ideal accretionary prism.
Arrows show the material pathways suggested in the literature (see references in the text)
followed by the tectonic units to reach the maximum pressure and temperature conditions
ELU - External Ligurian Units, Northern Apennines, Italy - frontal accretion to the upper
plate of lower plate material; IFU - Infrahelvetic Units (Western Alps, Switzerland) -
accretion followed by underthrusting; SV-SLU - Sestola-Vidiciatico tectonic unit and

Subligurian Unit (Northern Apennines, Italy) - incorporation into the plate boundary
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interface of upper plate material; SLC - Schistes Lustrés Complex (Western Alps, Italy)
(material pathway hypothesis discussed in the text). OOST: out-of-sequence thrust

Fig. 2 (A) Location (not to scale) of the geological cross-sections shown in Figs. 2B-D.
(B) Regional geological cross section across the External Ligurian Units (ELU) in the
Calvana Mountains (Northern Apennines, Italy) (modified from Nirta et al. 2024); (C)
Simplified cross section across the Infrahelvetic Units (IFU) (Western Alps, Switzerland)
(modified from Pfiffner 2011); Maximum temperatures (Tmax) from Rahn et al., 1995. (D)
Orogen perpendicular cross-section across the Schistes Lustrés Complex (SLC) (Western
Alps, Italy) (modified from Tricart & Schwartz 2006). The detail shows the regional-scale
boudinage of the ophiolite sole during initial staking and folding (D1 phase) within an
orogen-parallel cross section. Note that D1 deformation generated widespread recumbent
folds, leading to the necking of ophiolites and the development of mesoscale to regional -
scale pinch-and-swell structures, ultimately contributing to the initial formation of the

block-in-matrix fabric (Modified from Tricart & Schwartz 2006).

Fig. 3 Examples of block-in-matrix fabrics. (A) Non-cylindrical F1 fold and associated
boudinage of the competent limestone layers, with pervasive scaly fabric in the shaly
matrix of the External Ligurian Units (Northern Apennines, Italy). (B) Block-in-matrix
fabric affecting a shale-dominated succession from the Subligurian Units (Underthrust
Ligurian Unit-ULU, Northern Apennines, Italy). The scaly fabric enveloping dismembered
fold hinges and the boudins are cut by oblique shear calcite veins. (C) Block-in-matrix
fabric in the Infrahelvetic Unit (Western Alps, eastern Switzerland). Pressure solution
cleavage is subparallel to bedding and wraps around the disrupted strata. (D) Boudins and
pinch-and-swell structures, resulting from stretching within F1 folds, are transposed by F2

folds (Schistes lustrés Complex, Western Alps, Italy).

Fig. 4 Cartoon illustrating the progressive disruption of the rocks and the formation of
“chocolate-tablet” boudinage structures leading to the development of a block-in-matrix
fabric as a result of progressive and multiple folding deformation as inferred in the non-
metamorphosed External Ligurian Units, Northern Apennines (modified from Bettelli &
Vannucchi 2003). The first generation of folding is strongly non-cylindrical promoting

extension parallel and perpendicular to the fold hinge line. Coaxial refolding results in


https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015TC004101#tect20458-bib-0064
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different interference figures given the curvature of the F1 hinge line (see Vannucchi &

Bettelli, 2002 for details).

Fig. 5 Examples of folds. (A) Tight overturned folds from the External Ligurian Units
(Northern Apennines, Italy). (B) Isoclinal recumbent fold from the Subligurian Units
(Underthrust Ligurian Unit-ULU, Northern Apennines, Italy). (C) Isoclinal F1 fold with
axial plane foliation (S1), formed under blueschist-facies metamorphic conditions,

transposed by post-D1 folds and shearing (Schistes Lustrés Complex, Western Alps).

Fig. 6 Sketch illustrating the idealized architecture of a plate boundary shear zone, as
deduced for the Sestola Vidiciatico Tectonic Unit and the Subligurian Unit. The
enlargement highlights the block-in-matrix internal structure, inherited from earlier
deformation, preserved between brittle faults (see details in Vannucchi et al 2008; Remitti
et al 2011) within the shale-rich ULU (Underthrust Ligurian Units) slices, but absent in

the younger USD (Underthrust Slope deposit) slices.

Fig. 7 (A) Geologic cross section across the Infrahelvetic Units (IFU) South of Elm
(Western Alps, Switzerland) (modified from Wegmann 1961), and (B) detail showing the
folding and boudinage of limestone layers of the Nummulitic Formation leading to a
block-in-matrix fabric. The pinch-and-swell structures and blocky to drawn isolated

boudins indicate layer-parallel extension.

Fig. 8 Conceptual evolution of block-in-matrix fabrics from shallow deformation to
metamorphic depths. (A) Isoclinal folding and boudinage of fold limbs develop in the
frontal part of an accretionary prism before complete lithification. Extensional and hybrid
veins form within the more competent blocks. Brittle faults can coexist with folding and
block-in-matrix fabric development (B) After complete lithification, brittle faults coated
by shear veins cut through both the blocks and the matrix. Pressure solution seams develop
parallel to the fold axial plane, eventually deforming pre-existing veins. The block-in-
matrix fabric remains as a relict, ‘frozen’ between brittle faults (C) A metamorphic
foliation overprints the pre-existing structures, including the axial plane cleavage. Ductile

deformation occurs in both blocks and/or matrix.
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