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The sources of shallow slow earthquakes at subduction zone fronts remain
unclear, but are commonly attributed to faults and shear zones. Structural
studies of modern and ancient shallow accretionary prisms — wedge-shaped

stacks of sediments and volcanic deposits scraped from subducting slabs
and accreted onto the overriding plates at convergent plate boundaries
—document a plethora of brittle structures associated with metres to
plurikilometre-scale overturned and recumbent folds. These folds are the
product of rock buckling and shearing at the front of subduction zones.

At present, such structures are not commonly considered in models of

the dynamics of accretionary wedges at the timescale of the seismic cycle,
instead focusing on the role played by slip on major faults. Here we argue
that fold-related brittle structures might also be associated with transient
deformation events at elevated strain rates and in the presence of high fluid
pressure. They have the potential to cause distributed microearthquake
swarms occurring under low effective normal stress in accretionary prisms,
and to affect the distribution of surficial displacement.

The source areas of shallow slow earthquakes span a range of depths
from <1 to ~15 km below the seafloor’ (b.s.f., Fig. 1a). Although their
location generally aligns with shear slip on the plate interface, uncer-
tainties in source localization of several kilometres or more” make it
unclear whether they occur on the subduction plate interface, in the
wedge, or both (Fig. 1a). Efforts to link seismic behaviours with geo-
logical structures (for example, asin refs.3-6) commonly focus on the
study of faults and shear zones, as well as on the mechanical proper-
ties of rocks at the meso- and microscale (Fig.1a). Conversely, therole
played by the different types of structure that are widely distributed
withinthe entire shallow accretionary prism, such as folds, boudinage
and scaly fabric (an array of anastomosing shear surfaces), as well as
the mechanisms and processes of their formation, have been poorly
considered so far (Fig. 1b).

Based on field evidence and comparison with the literature, we
review the potential role of brittle structures formed in association
with overturned and recumbent folding in the frontal part of shallow

accretionary prisms fromthe mesoscale to the regional scale. We sug-
gest that these structures probably involve transient deformation at
elevated strain rates and are therefore potentially seismogenic, albeit
with aspatial and size distribution distinct from those associated with
the subduction plateinterface, major faults and related damage zones.

Deformation at shallow accretionary prisms

Conceptually, the frontal part of an accretionary prism can accommo-
date the same amount of contraction through the formation of differ-
ent structural associations, including (1) multiple faults and associated
fault-related folds™ (Fig. 1c, case a) or (2) multiple overturned and recum-
bentfolds through bucklingand shearing’ ™ (Fig.1d, caseb). Animportant
difference between these two is that large-scale overturned fold limbs,
up to hundreds of metres thick and extending for several kilometres in
length and width, are equally or more represented than upright limbs
onlyincaseb. Conversely,incasea, the occurrence of overturned strata
isoccasional, albeitlocally possible. Additionally, the strain distribution
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Fig.1| Characteristics of shallow accretionary prisms and conceptual
endmembers of internal deformation. a, Schematic representation of an
accretionary prism*®, depicting the source region for tsunami earthquakes (for
example, ref. 29) and shallow and deep slow earthquakes'. b, Field example
showing the deformation style in the frontal part of the accretionary prism

Subduction plate interface

(see text for detailed references). ¢,d, Conceptual endmembers, showing the
accommodation of horizontal shortening in the frontal part of the accretionary
prism by thrust faults (case a, in ¢) and overturned and recumbent folds (case b, in
d) with aschematic sketch of strain distribution.

within the prisms differs substantially. In case a, most of the deformation
localizes along faults and the associated damage zones, leaving low-strain
domains preserved between the faults (Fig.1c).In case b, strainis distrib-
uted in the whole prism and controlled by the mechanical properties
of the folded multilayer, following complex patterns that result from
the combination of shortening normal to the fold axial plane, shearing
along fold limbs, and extension and contraction in the fold hinge zones.
Althoughin case a (Fig. 1c) the total slip on the faults is equal to the total
sliponthebasal décollement, in caseb (Fig.1d) thereis no need for large
displacement faults or shear zones within the accretionary prism, and
brittle deformationis widely distributed withinit. Observationsindicate
thataccretionary wedges show characteristics of both endmembers, yet
deformationrelated to casebis frequently overlooked whenaddressing
seismicity. Inthe following section, utilizing examples fromancient and
modernaccretionary prisms, we review overturned and recumbent folds
andtherelated brittle structures (for example, boudins and scaly fabric)
that characterize deformationincaseb.

Recumbent folds

Polyphaseisoclinal folding has been documented to developin parallel
with the progressive lithification of sediments (Fig. 2) in the shallow
part of exhumed accretionary prisms worldwide. Examples include
the Ligurian UnitsinItaly'>*, Barbados", the Miura-Boso accretionary
complex’ and the southern Shimanto Belt" inJapan. The size and shape
of folds change with the rheological and lithological contrasts within
the bedded succession involved in the deformation'. Folds can form
up to kilometre-scale structures, with minor parasitic folds observable

downto the metre scale and even at the thin-section scale, particularly
in clay-rich units''*" (Fig. 2a,b). They generally range in shape from
closetoisoclinal, overturned to recumbent, with a very low-angle axial
plane parallel to a pervasive transposed foliation, suggesting animpor-
tant component of shearing®?°. Recumbent folds are always associated
with abasal low-angle thrust”, but, commonly, major thrust faults cut
through fold limbs, resulting in the tectonic removal of hundreds of
metres of stratigraphic section (Fig. 2a). Evidence from the Northern
Apennines that recumbent folds are unconformably overlain by depo-
sition of slope sediments? (Fig. 3a) and cut by brittle shear surfaces
coated by veins atatemperature not exceeding 120-150 °C (refs. 23,24)
clearly document that they formed at very shallow structural levels.
In modern accretionary prisms, the coexistence of brittle shear
deformation and ductile folds affecting unconsolidated sediments is
also documented. For example, overturned to sub-recumbent folds,
ranging in wavelength from 1-2 cm to 10 m, are observed® in Ocean
Drilling Program (ODP) leg 110 at the toe of the Barbados accretionary
wedge at site 673 (Fig. 2¢). Similarly, Deep Sea Drilling Project leg 31, site
298 at Shikoku subduction zone, penetrated 525 m of beds in normal
stratigraphic position and 86 m of overturned Quaternary-age beds®.
The dataset suggests the presence of a tight, overturned anticline,
trending parallel to the Nankai Trough, with an interlimb angle of 9°
and an axial surface dipping 9° to 14° landward. Southwest-dipping
recumbent folds and steeply dipping strata were also documented
during a scientific dive close to the Tenryu frontal thrust zone of the
Nankai accretionary prism”. At International Ocean Drilling Program
(IODP) site 343 (J-Fast) inthe Japan Trench (from 275 t0 ~820 m.b.s.f.),
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Fig.2|Overturned and recumbent folding in ancient and modern
accretionary prisms. a, Regional-scale recumbent folds in the non-
metamorphicJurassic-Eocene Ligurian Units in the Calvana Mts (Northern
Apennines, Italy). b, Tens of metres-scale Eocene recumbent folds and associated
brittle shear surfaces in the Upper Cretaceous non-metamorphic Ligurian Units
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inElbalsland (NorthernItaly). c, Tentative interpretation of folds in sketched
sections of site 673 drilled during ODP leg 110 in the Barbados Ridge and site
C0019°°*, drilled during IODP exp. 343 (J-Fast) in the Japan Trench. LWD, logging
while drilling. Figure adapted with permission from: a, ref. 14, Geological Society
of London; c (left), ref. 25, Ocean Drilling Program.

the presence of several overturned sections and steeply dipping beds
(-30-70°), striking normal to the plate convergence direction, sug-
gests overturned folding of accreted sediments®* ™ (Fig. 2c). In the
Hikurangi margin, the hanging wall of the sampled Papaku thrust fault
(~300 m.b.s.f., IODP site U1518) shows variable bedding attitudes,
dipping up to ~60° and locally overturned, indicative of broad fold-
ing above the thrust fault™. In several of these examples, the folds are
envisaged as fault-related folds or folds within a broad shear zone,
although their overall geometry and scale are challenging to discern
from cores. Nevertheless, the presence of overturned sections inside
the cores is coherent with buckling folding and the development of
overturned or incipient recumbent folds, as documented in ancient
analogues, providing a viable alternative interpretation.

Pervasive boudinage
Symmetrical and chocolate-tablet” boudinage structures commonly
occur in the shallow and frontal part of accretionary prisms when a

strong competence contrast exists between alternating layers of clay
(that is, smectite-rich) and arenaceous and/or calcareous layers®>**
(Fig.3). Dependingonthelithification degree, the boudinage of compe-
tentlayers could be acquired by independent particulate flow or, more
commonly, by brittle fracturing. In the latter case, extensional veins
and/or shear fractures develop in competent layers>'**>~*’ (Fig. 3e).
Extensional veins display a crack-and-seal texture®®, suggesting cycli-
cal opening and closure related to different cycles of fluid pressure'.
They are probably active only in the first stage of boudinage, until the
competent strata loss of continuity. Additional stretching is accom-
modated by shear surfaces, mainly cutting through less competent
layers (Fig. 3e). The size of extensional veinsis limited by the thickness
of competent layers (usually only afew metres thick). Conversely, shear
surfaces could cut through several layers with a total displacement of
some metres, and length probably up to tens (hundreds?) of metres.
Boudinage may drive stretching of competent layers to 300%"*, gradu-
ally disrupting them to form typical block-in-matrix units®. This process
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Fig.3|Field examples of folds and related boudinaged structures.

a, Pervasively deformed varicoloured clays (with line drawing) of the Ligurian
accretionary prism, deformed in the middle Eocene, and unconformably
sealed (white dotted line) by middle-upper Eocene slope deposits (Northern
Apennines, Italy)*. b, Close-up of scaly fabricin a polished hand sample of clays

Extensionaland
hybridfveiny#ss

fromaand related line drawing. ¢, General sketch of scaly fabric. d, Recumbent
fold and associated brittle fractures and boudinage in the Ligurian Units
(Northern Apennines, Italy). e, Boudinage and extensional and hybrid veins
(arrows) in Ligurian Units in the Elba Island (Northern Italy). Panel c adapted with
permission fromref. 58, Cambridge Univ. Press.

mainly occurs through brittle frictional processes, transitioning from
undeformed strata to heterogeneous material (the block-in-matrix
units), withimportant rheological implications®. Brittle deformation
probably occurs at high fluid pressure and low differential stress, as
suggested by the presence of extensional veins*° (Fig. 3e) and the low
effective friction coefficient of clay minerals, especially smectitesin wet
conditions (<0.1)*"*. The frequent occurrence of isolated fold hinge
zones and evidence that boudins in the same outcrop consist of both
normal and overturned bed fragments document that the typical occur-
rence of a block-in-matrix fabric results from folding (Fig. 3a,d)'>*>*.
The foliation defined by the alignment of boudinsis, in fact, parallel
to the axial plane of regional folds (Fig. 3d).

Scaly fabric

Scaly fabric, along with boudinage, is consistently observed in all
clay-rich layers of the entire accreted succession, with a total thick-
ness of up to some kilometres (Fig. 3a,b). Evidence of deformation
related to this type of brittle structure involving sediments up to
near the seafloor is well documented in the Northern Apennines, as
described in the section ‘Recumbent folds’. Slope deposits uncon-
formably overlying the accreted boudinaged successions show a
typical scaly fabric'>** (Fig. 3a,b). Foliation defined by the scaly fabric
and the alignment of boudins is generally at a very low angle to the
unconformity surface and parallel to the axial plane of the regional

recumbent folds (Fig. 3a,d). Scaly fabric describes an array of perva-
sively anastomosing surfaces where phyllosilicate-rich rocks splitinto
progressively smaller flakes (Fig. 3b). The surfaces are polished and
commonly striated. The sets of shear surfaces, which are a constitu-
ent part of the scaly fabric, are symmetrical to the general foliation
defined by transposed remnants of stratigraphic surfaces (Fig. 3b,c).
These shear surfacesisolate less-deformed phacoids*®, which are rec-
ognizable from their millimetres-to-metre scale®, with the larger ones
defining larger phacoids able to accommodate increasing amounts
of shear through the local development of S-C structures, a com-
posite fabric consisting of a regular array of foliations (S) and shear
surfaces (C), and small cataclasites® in a relatively small total thick-
ness (<1-2 cm; Fig. 3b).

Evidence that the foliation defined by the flattening planes of the
scaly fabric and the alignment of boudins are commonly parallel to
each other (Fig. 3) also suggests that the sets of shear surfaces, which
define the scaly fabric, can accommodate the same strain that leads to
the pervasive symmetrical boudinage. Inthis view, the bulk scaly fabric,
in analogy to the boudinage, could record an important component
of shortening and extension, orthogonal and parallel to the foliation,
respectively. A close relationship between the scaly fabric and isocli-
nal folds has also been suggested in the Proceeding of ODP Leg 110 for
specific intervals of scaly fabric, while most of the scaly fabric in the
same leg is considered to be associated with faults®.
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Fig. 4 | Evolutionary model of the development of recumbent folds and
associated brittle structures, and implications for seismicity distribution.
a, Conceptual model of the kinematic amplification of buckling, with
components of simple shear, coaxial strain and volume reduction, resulting in
pervasive boudinage and block-in-matrix structures acquired by multiple shear

surfaces (with displacement ranging in size from millimetres to tens of metres).
b,c, Comparison of the expected localization of potential seismic sources for
casea (b) and case b (c). d, Deformational style of the frontal part of accretionary
prisms, showing characteristics of both case aand case b, and the potential
location of seismic sources.

A new modelfor distributed brittle deformation

Boudinage and scaly fabric have commonly beeninterpreted as origi-
nating within shear zones***%, Although the evidence linking scaly
fabricto faultsin clay-rich rocks* is unquestionable, the interpretation
thatallscaly fabricis solely related to faults or shear zonesinadequately
accounts for the ubiquitous occurrence of boudinage and scaly fabric
within the entire shallow accretionary prism up to the proximity of
the seafloor (Figs. 3a and 4b). This apparent incongruence has been
tentatively solved by proposing a continuous migration in time and
space of the shear zones, progressively involving a thicker volume of
sediments (that is, thickening of fault zones*). Delocalization contrasts
withevidence showingthat the same rocks are also affected by very thin
and localized major faults, such as the thin basal intraplate décolle-
mentsampled during theJ-Fast expedition, which cuts through similar
rocks”, suggesting thatlocalization could be effective at the regional
scaleinthisenvironment. Onthe other hand, very thin shear fractures
areaconstituent part of the scaly fabricitself (Fig. 3b). Accordingly, we
follow adifferent model to explain the occurrence of distributed scaly
fabric without postulating fault migration. Thismodelisbased on the
development of metre-to plurikilometre-scale overturned and recum-
bentfolds, leading to a distributed deformation (alsoref. 22). According

to Bastida and colleagues’, buckling under a simple shear regime is
importantin the first stage of recumbent fold formation (Fig. 4a), fol-
lowed by a kinematic amplification with components of simple shear
and coaxial strain. Thelatter involves sub-vertical maximum shortening
and sub-horizontal stretching (flattening)®*** (Fig. 4a). Simple shear
probably plays a crucial role as it is the simplest strain configuration
that explains the facing of strata’. In very shallow environments, flat-
tening probably results from (1) increased lithostatic overload due to
tectonic thickening, (2) limited lateral confinement towards the trench
and (3) volume reduction due to progressive lithification and loss of
water (Fig. 4a). The superposition of a coaxial strain after simple shear
oracombination of both enables the achievement of recumbent folds
with less strain than in the case of simple shear alone®*”". Substantial
flattening (Figs. 3 and 4a) alsojustifies the occurrence of adistributed
deformation, leading to widespread boudinage in competent layers,
formation of scaly fabric and the alignment of boudins and phacoids,
defining regional foliation parallel to fold axial surfaces. This structural
associationis well compatible with the case b proposed in Fig.1d, and
itexplains the low dip angle of the axial surface of recumbentisoclinal
folds and the parallelism between their limbs*** (Fig. 4a). The combina-
tion of folding and flattening supports the regional-scale horizontal
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shortening and horizontal extension envisioned by the boudinage at
the outcrop scale (alsoref. 22). Importantly, the flattening component
isaccommodated by a pervasive series of brittle fractures (extensional
andshear fractures), occurring atall scales (Fig. 4a), potentially involv-
ing transient brittle deformation and frictional slip. In this case, the
volumetric distribution of brittle structures results from distributed
strain associated with the progressive deformation of regional-scale
folds, not from the migration of shear zones. The model is therefore
compatible with strainlocalization along major faults cutting through
accreted sediments and consistent with pervasive deformationrelated
tofolding upin proximity of the seafloor and flattening. This deforma-
tion accommodates distributed (small) strain by brittle structures,
together withlocalized deformation associated with basal detachment
and/or intraprism faults (Fig. 4b).

Implications for shallow seismogenic sources
distribution

Arecent publication® reported that, during the 2016-2017 Central
Italy seismic sequence, in an extensional setting, seismicity not only
localized along the major structures hosting the mainshocks, butalso
within athick volume of alternating anhydrites and dolostones, show-
ing adifferent frequency-magnitude distribution. The authors of that
paper interpreted this behaviour as resulting from widespread duc-
tile deformation dominated by distributed failure and folding of the
anhydrites, associated with boudinage and faulting of the dolostones.
Similarly, we suggest that in the frontal part of the accretionary prism,
seismic radiation may stem not only from localized faults and associ-
ated damage zones hosting the mainshock and the aftershock of major
earthquakes (Fig. 4b), but also from distributed brittle deformation
related to the formation and flattening of regional-scale overturned
and recumbent folds (Fig. 4c). This deformation is inferred to accom-
modate a diffuse strain, with less slip occurring on more distributed
brittle structures than required when all (or most) of the contraction
isaccommodated along a single or a few faults and/or shear zones
(Fig.4).Inshallow fossil and active accretionary prisms, the coexistence
of ductile (folding) and brittle (fracturing) deformation structures is
well documented. Analogue and numerical experiments have shown
that mixed brittle and ductile materials can collectively produce awide
range of slip behaviours, from steady creep to strain transients and
earthquakes®**. Considering also that the progressive deformation
of the folds is acquired by multiple brittle surfaces sliding at low dif-
ferential stress and driven by fluid pressure cycles, as suggested by the
widespread presence of veins, the progressive deformation is probably
discontinuousintime. These structures are expected to produce micro-
earthquake (low-frequency?) swarms and/or tremors considered as the
chatter fromtiny, distributed sources that radiate randomly? (Fig. 4d).
Clustering of microearthquake swarms within regional-scale folds, and
potentially their migration along the strike of the axial planes, can be
expected, accompanying the progressive deformation of the frontal
wedge. Surface motion resulting from the progressive deformation of
the folds should differ from what is expected from slipping on a fault
andbe temporally related to fluid migration associated with flattening.
Anattempt torelate the growth of fold to geodetic observations during
the coseismic and post-seismic phases of an earthquake cycle hasbeen
made for fault-bend folds, showing that inelastic deformation could
be atime-varying process and can be modulated by the earthquake
cycle®. A similar attempt also considering overturned or recumbent
folds would be desirable.

Consideration of fold-related deformation

Ourreview of deformational structures characterizing the frontal part
of accretionary prisms suggests that distributed scaly fabric and per-
vasive boudinage, traditionally envisaged as evidence for the migra-
tion of shear zones, could alternatively be interpreted as the result of
progressive deformation associated with the formation of overturned

andrecumbent folds. These folds representacommonand ubiquitous
product of deformation at shallow accretionary prisms worldwide.
Fold-related pervasive brittle boudinage of competent strata necessi-
tates high fluid pressure, and the associated shear fractures cut through
material with alow coefficient of friction, suggesting that shear occurs
atlow differential stress. These fold-related brittle structures probably
involve transient deformation at elevated strain rates and can therefore
potentially radiate a seismic signal, albeit with a different distribution
in space and time than the brittle structures associated with major
faults and their damage zones. Specifically, we expect microearthquake
swarms to be distributed throughout the entire accretionary prismin
addition to fault-related seismicity. A different distribution of total
strainand, consequently, adifferent pattern of surficial displacement
could be assessed for consistency using seismic/geodetic datasets
fromthe shallow part of active subduction zones. This may necessitate
denser coverage of the submarine portions of accretionary wedges
worldwide, for example, through the deployment of ocean-bottom
seismometers.
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