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ABSTRACT

Submarine mass-transport deposits represent important stratigraphic heterogeneities within slope
and basinal sedimentary successions. A poor understanding of how their distribution and internal
architecture affects the fluid flow migration pathway, may lead to unexpected compartmentalization
issues in reservoir analysis. Studies of modern carbonate mass-transport deposits mainly focus on
large seismic-scale slope failures, however the near-platform basinal depositional environment often
hosts mass-transport deposits of various dimensions. The small scale and mesoscale (metres to
several tens of metres) carbonate mass-transport deposits play a considerable role in distribution of
sediment and therefore have an impact on the heterogeneity of the succession. In order to further
constrain the geometry and internal architecture of mass-transport deposits developed in near-slope
basinal carbonates, a structural and sedimentological analysis of sub-seismic-scale mass-transport
deposits has been undertaken on the eastern margin of the Apulian Carbonate Platform in the
Gargano Promontory, south-east Italy. These mass-transport deposits, that locally comprise a large
proportion (50 to 60%) of the base of slope to basinal sediments of the Cretaceous Maiolica
Formation, typically display a vertically bipartite character, including debrites and slump deposits of
varying volume ratios. A range of brittle and ductile deformation styles developed within distinct bed
packages, together with the presence of both chert clasts, folded chert layers and spherical chert
nodules, suggests that sediments were at different stages of lithification prior to downslope
movement associated with mass-transport deposits. This study helps elucidate the emplacement
processes, frequency and character of sub-seismic-scale mass-transport deposits within the basinal
carbonate environment, and thereby reduces the uncertainties in the characterization of sub-surface

carbonate geofluid reservoirs.
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INTRODUCTION

Mass-transport deposits (MTDs) are recognized as one of the most important sediment-inputs of
many slope to basin environments (Posamentier & Martinsen, 2011) and form a significant
component of many deep-marine sedimentary successions in both active and passive continental
margins (Collot et al., 2001; Zampetti et al., 2004; Moscardelli et al., 2006; Lamarche et al., 2008;
Gamboa et al., 2010; Principaud et al., 2015). Mass-transport deposits are the result of mass-wasting
events triggered by gravitational instability of the shelf-edge and slope staging areas, and comprise a
spectrum of end-member deposit types, such as slides, coherent and incoherent slumps and
debrites (Pickering, 1987; Moscardelli & Wood, 2008; Posamentier & Martinsen, 2011). The
dimensions of individual MTDs may vary significantly, with downslope lengths ranging from tens of
metres to several hundreds of kilometres, and thicknesses ranging from several metres to thousands
of metres (Haflidason et al., 2004; Alves, 2010; Dykstra et al., 2011; Moscardelli & Wood, 2015).
Recurrent mass wasting and downslope translation of material may occur along slopes with
gradients of less than 12 (Haflidason et al., 2004), and creates submarine scars and depositional
topography that shape the underwater morphology of basin margins. Mass-transport deposits may
also control the distribution and geometry of younger turbidite reservoirs (Armitage et al., 2009;
Kneller et al., 2016) and can be used to constrain the timing and style of contractional deformation
within developing deep-water fold and thrust belts (Ortiz-Karpf et al., 2017).

Over the last decades, several outcrop studies focusing on the internal architecture of MTDs have
been undertaken in order to investigate processes occurring during the transport and emplacement
of the failed material. These studies, which have mostly been carried out in siliciclastic systems and
only rarely in carbonate systems (Pickering, 1987; Lucente & Pini, 2003; Pickering & Corregidor,
2005; Butler & McCaffrey, 2010; Van Der Merwe et al., 2009, 2011; Ogata et al., 2014), indicate that
MTDs move along a basal detachment surface that may either follow the bedding plane (Strachan,
2002; Van Der Merwe et al., 2011) or plough through the underlying beds incorporating the

underlying material into the moving mass (Strachan et al., 2008; Ogata et al., 2012; Sobiesiak et al.,

This article is protected by copyright. All rights reserved.


https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=56550024500&zone=

2016). Internally, gravity-driven soft sediment deformation processes result in the formation of an
array of structures including dip-slip and oblique-slip normal faults (Alsop and Marco, 2012),
extensional sedimentary fissures in the upper extensional head (Winterer et al., 1991; Strachan,
2002; Moretti & Spalluto, 2007), and folds, thrusts, ramps and erosional surfaces in the lower
compressional part. Also, because mass transport is a complex process, a gradual transition between
its component deposit types is very common, resulting in rather composite internal architectures of
the final deposits.

This field-based outcrop study focusses on a series of sub-seismic-scale MTDs occurring within the
slope and basinal sediments of the Cretaceous Maiolica Formation exposed along the eastern and
north-eastern margins of the Apulian Carbonate Platform in the Gargano Promontory, southern Italy
(Fig. 1; Cobianchi et al., 1997; Bosellini & Morsilli, 2001; Owen et al., 2011; Jablonska et al., 2016;
Morsili et al., 2017). The studied carbonate succession represents a good analogue for the deeply
buried hydrocarbon plays discovered in different settings and stratigraphic units along the eastern
margin of the Apulian Carbonate Platform, or below the Apennines thrust belt along the western
margin of the same palaeogeographic domain (Holton, 1999; Bartello et al., 2008; Cazzini et al.,
2015). Accordingly, the results stemming from this study can help to reduce uncertainties in the
characterization of similar subsurface carbonate reservoirs. The principal aims of this paper are: (i) to
document the frequency of the mesoscale MTDs within the near-slope basinal succession; (ii) to
examine the geometry and internal structure of deep-water carbonate MTDs; and (iii) to describe

the character of sediments before and after their downslope translation.

GEOLOGICAL AND STRATIGRAPHIC SETTINGS

The Gargano Promontory, eastern southern Italy (Fig. 1), comprises a 3 to 4 km thick portion of
Triassic—Eocene carbonates and evaporites deposited on a Permian to Triassic basement that is
documented from prospect wells (Martinis & Pavan 1967; Bernoulli 1972; D’Argenio, 1976;

Borgomano & Philip, 1987; Luperto Sinni & Masse, 1987; Bigazzi et al., 1996; Graziano, 1999;
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Bosellini et al., 1999; Borgomano, 2000). The most important depositional phases occurred during
and after breakup of the Tethyan Mega-platform by Early Jurassic extension. Fragments of this
mega-platform, comprising smaller shallow-water platforms separated by pelagic basins, continued
to grow in western-central Tethys until the Middle Cretaceous (Masse et al., 1993, 1996; Skelton &
Gili, 2012; Cazzini et al., 2015). One of the platforms, the Jurassic and Lower Cretaceous Apulia
Carbonate Platform, extended from present-day central Italy to western Greece (Chamot-Rooke et
al., 2005).

The Apulian Carbonate Platform was surrounded by the Umbro-Marche Basin to the north, the
lonian Sea Basin to the north-east and east; and by the smaller, inner Apula basin to the west (Fig. 2;
Pieri & Mattavelli, 1986; Zappaterra, 1990; Morsilli & Bosellini, 1997). In the present, the Gargano
Promontory and the Majella Mountain are the only areas where the transition between platform,
slope to basin and deep-basin depositional environments of the Apulian Platform crops out on land
(Eberli et al., 1993).

During the Late Jurassic to Early Cretaceous, the whole region was located in a tropical arid climate
with a palaeolatitude between 10° and 20°N (Stampfli & Kozur, 2006). This favoured rapid growth of
the platform and contributed to deposition of hemipelagic and pelagic sediments in the slope and
deep-basinal environments (Simo et al., 1993; Coccioni et al., 2006). However, Early and Middle
Cretaceous anoxic events hindered the growth of benthic and pelagic biota in the area, which
resulted in environmentally induced drowning unconformities (Bosellini et al., 1993, 1999; Bosellini
& Morsilli, 1997; Graziano, 2000).

Shallow-water carbonates of the Apulian Platform display a large variety of facies. Closed, smaller
environments of the platform are dominated by algal-mud banks with a scarcity of foraminifera. In
open environments, bioclastic sands and rudists prevail. The transitional areas are characterized by
elevator rudists (Skelton, 1991; Borgomano, 2000). The platform margin facies (Monte Sacro
Limestone) is characterized by massive wackestones with stromatactis while the slope successions

(Mattinata Formation) are dominated by gravity-driven deposits, such as debrites, graded
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calcarenites (with bioclasts of the aforementioned facies), breccias and megabreccias (Bosellini &
Morsilli, 1997, Borgomano, 2000). Within a general progradational trend, the near-slope proximal
deposits of the Mattinata Formation pass laterally into the more distal deep-basinal deposits of the
Maiolica Formation (Fig. 1B; Cobianchi et al., 1997). The Maiolica Formation extended over the Early
Cretaceous Tethys domain (Steinmann, 1925). Along the margins of the Tethyan Ocean and in the
vicinity of the carbonate platforms, gravitational redeposition processes significantly modified the
sediment distribution (Weissert, 1981; Bosellini & Morsilli, 1997).

The Maiolica Formation consists of thinly-bedded pelagic mudstone—wackestone including nodular
and continuous layers of chert (Bosellini, 1999). A large number of calcarenites, calciturbidites and
gravity-driven deposits interpreted as slides, slumps and debrites are variably interstratified with
these deposits (Bosellini, 1993; Cobianchi et al., 1997; Borgomano, 2000). The nannofossil content of
the Maiolica Formation is not well-preserved due to its micritic microcrystalline character, affected
by recrystallization of the biogenic material. However, in some places Nannoconus steinmannii is the
best-preserved species in both slumped and undeformed beds. The calcarenites and some debris-
flow facies contain large amounts of sponges, bivalves and benthic foraminifera.

About 50% of the stratigraphic thickness of the Maiolica Formation is represented by MTDs, which
document recurring instability and failure of the slope (Bosellini et al., 1993). Gravity-driven
collapses in the Maiolica Formation were also documented in the Southern Alps along the Northern
Tethyan margin (Weissert, 1984). The spatial distribution and direction of movement of MTDs is
controlled by the geometry and orientation of the palaeoslope (Bosellini, 1999; Jablonska et al.,
2016; Korneva et al., 2016). Within the study area, the Maiolica Formation is affected by both

tectonic and gravitational faulting (Korneva et al., 2016).

STUDY AREA AND METHODOLOGY

The southern part of the Gargano Promontory is well-known for its spectacular deposits of platform-

slope limestones that form large megabreccias containing shallow-water lithoclasts supported by
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finer-grained, shallow-marine bioclastic grainstones and foraminifera mudstones (Morsilli &

Bosellini, 1997; Bosellini et al., 1999; Graziano, 2000; Hairabian et al., 2015). These deposits are
regarded as the product of repeated collapse of the platform margin, possibly induced by
synsedimentary extensional faulting (Graziano, 1999, 2000; Borgomano, 2000).

Field investigations of the current study were carried out at three selected sites, both along the
coast and the road between the towns of Mattinata and Vieste (Fig. 1), where outstanding outcrops
of the basinal Maiolica Formation are present. These sites were chosen due to the presence of
abundant intraformational gravity failure deposits, and the fact that they are reasonably
representative of the numerous MTD-stacking zones in the area. Site 1 (Vignanotica Section)
provides a large-scale exposure that enables analysis of the depositional relationships of several
MTD-types. Site 2 at Monte Barone shows clear examples of distinct internal structures of mesoscale
MTDs. Site 3, comprising the Baia di Campi and Testa del Gargano sections, provides a good insight
into the partly limited three-dimensional geometry of MTD-related structures.

In order to decipher the internal architecture and transport dynamics of MTDs, collection of field
data involved recording fold geometries (hinge trends, plunge, limb orientations, vergence and
facing), fault orientation and offset, character and orientation of bounding surfaces, outcrop logging
of representative stratigraphic columns, including description of the salient sedimentological
attributes, and line drawings from high-resolution ‘photopanels’ of inaccessible vertical cliffs. Based
on the collected data, calculation of the mass movement direction was performed by using an
average of the mean axis method, mean axial-planar method, and the mean axial-planar dip method
(see Alsop & Marco, 2012, for further details). The measurements and observations of the MTD-
related structures allow the establishment of a general evolutionary model for the lower part of
MTDs during downslope translation and after cessation of movement. The line-length balancing
method was used to restore the original length of the folded strata, and hence to calculate the
amount of relative shortening (see Alsop et al., 2017, for further details of the methodology in

MTDs).
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RESULTS AND INTERPRETATION

The Vignanotica Section (Site 1)

The Vignanotica Section is exposed along an 800 m long and 70 m high, NNE to SSW oriented sea
cliff, and comprises an alternating sequence of undeformed, thinly-bedded cherty pelagic limestones
intercalated with metre-scale displaced masses of chaotic and folded strata (Figs 3 to 5).
Undeformed packages of thinly-bedded cherty radiolarian limestones comprise 2 to 25 cm thick
wackestone—micritic beds (Fig. 4A) alternating with 4 to 20 cm thick, laterally continuous chert layers
and occasional 15 to 40 cm thick beds of calcarenite and calciturbidites. Within these packages, the
chert is present in layers, seldom in the form of lenses and rarely as spherical nodules. The chaotic
and folded units, including a spectrum of gravity-induced deposit types ranging from chaotic
debrites to incoherent and coherent slumps, have been labelled VGN 1 to VGN 7 from oldest to

youngest (Table 1) and represent a major portion (up to 70%) of the exposed stratigraphy.

At the base, individual chaotic and folded units rest on a quasi-horizontal, gently undulated sharp
surface (Figs 4 and 5). Locally, this surface cuts downward into the underlying planar beds,
incorporating them into the lowest part of the deformed strata as sediment wedges partially taken
from the underlying strata (Fig. 6). Directly overlying the basal surface, the chaotic to folded units
comprise a matrix-supported conglomerate interval directly overlain by a folded interval (Figs 4B, 5
and 6A). The lower conglomerate is laterally discontinuous and includes both pebbles and cobbles of
micritic limestones and chert randomly dispersed in a muddy matrix (Figs 4B and 6A). The upper
interval, which is characterized by variable states of disruption and disaggregation, displays chaotic
bedding and convoluted layering (Figs 4B and 6A). The two sub-units may grade directly into one
another, but are also locally separated by an abrupt, laterally discontinuous undulating contact.
Above, folded packages are truncated by sharp, extremely flat surfaces and are overlain either by a

package of undeformed beds, or by another package of chaotic and deformed strata (Figs 4 to 6).
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The lateral continuity of both deformed and undeformed strata is interrupted three times by
vertically oriented intraformational breccia bodies up to 40 m wide and at least 70 m high (Fig. 3: at
distance within the section; 100 to 150 m, 250 to 300 m and 410 to 440 m). Texturally, these
breccias are characterized by poor sorting and include chaotic, granule to boulder-size
intraformational, very angular blocks up to 5 m in diameter. The top of these breccia bodies is not
exposed in the studied section. However, where exposed in the Gargano area, they display a dome-
like shape. The entire succession is dissected by Cretaceous and younger sets of WNW to ESE and
north-east to south-west striking normal faults, and WNW to ESE and north-west to south-east

oriented strike-slip to normal-slip faults (Fig. 3).

Unit VGN 1

The VGN 1 unit is a 2.5 m thick semi-coherent package of micrite — wackestone beds (Fig. 4A and B)
displaying tight to isoclinal, asymmetrical to overturned folds and well-developed thrust duplexes in
the northern part. In the southern part of the exposure, this unit contains gentle folds with 1 m
amplitude and 2 m and 10 m wavelength. Along downdip-oriented outcrops (i.e. to the SE), the basal
detachment surface cuts the underlying beds with a 5° angle, while the upper surface is flat with
truncated folds.

This unit has been interpreted as a coherent to semi-coherent slump bounded at the base by an
erosional surface. Gentle to open folds in the most southern part of the exposed section, and
overturned folds and thrust duplexes at its northern part, suggest that this MTD flowed from the

southern to the northern quadrant.

Unit VGN 2
The VGN 2 unit is composed of a 3 to 4 m thick package of folded beds with pockets of conglomerate
in the lower part (Fig. 4) and it is confined by a flat detachment surface at the base and a planar

sharp surface at the top (Figs 3 and 4). Folds vary from open upright, to tight overturned with gently
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dipping axial planes, to recumbent folds. The general trend of the fold axis is north-east to south-
west and the prevalent fold vergence is towards the north-west. In the southern part of the outcrop,
the folded micritic and chert beds overlie a variously thick conglomerate horizon. Within the folded
package chert beds are highly dismembered, forming laterally discontinuous layers of chert lenses
and nodules. At several places along the outcrop, the lowest portion of this unit shows complete
disaggregation of primary bedding and the occasional presence of chert nodules. The entire VGN 2
unit is simply overlain by undeformed planar beds. This unit shows a bipartite character of lower
debrite and upper very well-developed slump with sheath, overturned and recumbent folds
suggesting that the exposed strata represent the distal portion of the MTD.

The disaggregation of the folds (presence of the conglomerate in the bottom) was probably caused
by continuous dragging of the transported deposits over the basal plane. Likewise, the dismembered
chert beds may be the product of the contrast in bed competence. Their origin may be associated to
extension within bed packages during the downslope motion or dragging of the material. The mean
palaeoflow direction obtained from folds exposed in the southern part of the outcrop suggests that

sediment transport and slumping direction was towards the south-east.

Unit VGN 3

The VGN 3 unit is >1.5 m thick package of conglomerate (Figs 4 and 5) capped by an interval
characterized by dismembered folds (VGN 4). The VGN 3 conglomerate includes randomly
distributed, angular to sub-angular pebble-sized and cobble-sized clasts of whitish to greyish micrite
(Fig. 5A) and chert variably dispersed within a micritized mudstone matrix. The matrix contains
fragments of bivalves and sponges. Its overall thickness decreases towards the north, where it is ca
0.4 m thick.

Unit VGN 3 is interpreted as a debrite flow. The presence of fossil fragments of slope facies (bivalves
and algae) shows that the debrite originated from a more proximal, upslope setting than the slump
(which consists of recrystallized fragments of nannofossils and microfossils).
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Unit VGN 4

This unit directly overlies VGN 3, is 7 to 10 m thick, and contains tight recumbent folds with
amplitudes of more than 6 m. It is separated from VGN 3 by a 5 to 10 cm thick layer comprising chert
nodules in a micritic matrix (Figs 4 and 5A). The relatively constant thickness of VGN3 and VGN 4,
combined with the only slightly undulating interface between the two intervals suggests that Unit
VGN 4 did not exert much erosive force on the underlying VGN 3.

The VGN 3 unit represents a coherent slump. The layer of chert nodules positioned between interval
VGN 3 and VGN 4 may represent an interface between two discrete failure events. Taking into
account the platform margin and slope provenance of pebbles and cobbles documented within VGN
3, while the overlying slumps are mostly composed of cherty pelagic beds, it is possible that these

mass failures originated in different localities along the depositional profile.

Unit VGN 5

The VGN 5 unit is up to 25 m thick and overlays a 10 m thick package of undeformed beds. In the
northern part, its internal architecture is similar to that of the VGN 2 unit, with a clast-rich debrite
present in the lower portion, and coherent and incoherent slumps in the upper part (Fig. 5B).
However, in the southern area, both parts merge as the disintegrated folded beds are almost
indistinguishable due to disaggregation of micritic and the chert beds (Fig. 4B). Within the basal
debrite, clasts are typically composed of fragments of micrite and chert beds, and spherical chert
nodules supported by a mudstone matrix.

The folded interval is more than 10 m thick and contains irregular wedge-like pockets of rip-up clasts
of various sizes entrained from the lower unit (Fig. 5B, arrow). The contact between these two units
is gradual, with a distinct surface only developed in the most northern portion of the exposed
section, where it is characterized by soft sediment deformation structures resulting from

overloading.
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Since the debrite and the overlying slump deposits are in gradual transition, their vertical
juxtaposition is thought to reflect the decomposition from a rapidly decelerating slump and
dismembering of folded beds due to friction. The debris, together with trapped seawater entrained
during the downslope movement, may result in the debris flow facilitating the entire slump to move

downslope.

Unit VGN 6

This unit is 8 m thick and includes a matrix-supported conglomerate interval composed of pebble-
size to boulder-size clasts of micrite and rounded chert, overlain by rare folded beds. A clear planar
interface between these units was not observed. Below VGN 6, a 0.5 m thick package of undeformed
beds is present. However, in the central portion of the outcrop, underlying beds comprise a 2.5 to
5.0 m thick folded interval (Fig. 5C).

The unit is built up by abundant intraformational clasts and disrupted strata. The wedge-shaped
character and the adjacent deformed beds (Fig. 5C) suggest a later, second event affecting the
deposited debris flow, and even engaging the underlying strata. These originally planar beds that
were sheared and locally incorporated beneath the succeeding event of VGN 6 may give an
impression that they belong to the slumped unit. A similar case was documented by Van Der Merwe
et al. (2011) in the Karoo Basin where debris flows deformed underlying beds and created a gently-

folded horizon.

Unit VGN 7

The VGN 7 is a unit of discordant-bed packages displaying an exposed thickness and length of about
10 m and 100 m, respectively. The basal surface truncates the underlying beds and dips very gently
to the south, while its top surface is not well-exposed. In some cases, the beds form very gentle

folds. The whole unit is composed of beds cut by several truncation surfaces at various angles. The
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truncation, together with the discordance of the bed packages, suggests that this unit represents
deposition from multiple failure events, although the exact number of the component slides cannot

be established.

Monte Barone Section (Site 2)

The Monte Barone Section (MTB) is an 800 m long road cut located in the western part of the
Gargano Promontory (Fig. 1). It is composed of nine highly deformed MTDs that display a range of
internal complexity and are intercalated with undeformed, well-bedded micritic limestone and
occasional lenses of grumeleuse micrite or microbreccia. These MTDs have been labelled MTB 1 to
MTB 9 from oldest to youngest (Table 2; Fig. 6A).

The nine MTDs represent distinct sediment wedges of various thicknesses (1.25 m to >6.0 m) and
include intervals with folded and faulted beds and debrites (Figs 6 and 7). The dip angles of the
undeformed packages overlying the folded and chaotic intervals vary slightly from dip angles of
undeformed packages that underlie deformed horizons (Fig. 6D, dashed and dotted lines). After
restoration for tectonic tilting (dip angle 7 to 10°) to a quasi-horizontal position (2°), the basal
detachment surfaces are sub-horizontal or gently dipping towards the east/north-east, and the
upper contacts are usually flat. Internally, MTDs of the Monte Barone Section are disrupted by
numerous upslope and downslope facing normal faults. Folds show a variety of styles (upright to
recumbent, symmetrical gentle and open to asymmetrical tight and isoclinal), wavelengths vary from
0.5 to 10.0 m and amplitudes are generally less than 3 m (Fig. 8A and B); their hinges are typically
gently plunging (up to 5°), although some of them plunge as much as 40°. Within the
stratigraphically lower folded intervals (MTB 2 and MTB 4), folds plunge towards the south/south-
east. Two sets of fold axis were observed in folded layers in the middle part of the exposed section
(MTB 5, MTB 6 and MTB 8) plunging towards the south-east, SSW and towards the north, north-east,
whereas the plunge of folded layers in the uppermost stratigraphic position is towards the

east/south-east (MTB 9 and MTB 10). Prevalent fold vergence is towards the north-east and intra-
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slump thrusts generally dip towards the west, although in detail, dip directions range from south-
west to west/north-west (Fig. 8D). Locally, thrusts may exhibit a back-steepening of the thrust

system upslope towards the south-west (Fig. 8A).

Undeformed planar beds that underlie and overlie the deformed horizons dip towards the
north/north-east and east. The folded intervals and fold structures are cut by the overlying
undeformed beds. In some cases, however, the top surface of the MTD is flat, showing minimal
rugosity, and is directly overlain by packages of undeformed beds. Two coherent MTDs (MTB 5 and
MTB 6) have been chosen for detailed structural analysis because they provide a large quantity of

accessible structural data.

Unit MTB 5

This unit is exposed in a 3 m high and 70 m long outcrop, and consists of a folded interval where
neither the basal nor the upper surfaces are exposed. Unit MTB 5 is characterized by open
asymmetrical folds in the south-western part, and overturned, tight to isoclinal folds in the north-
eastern part of the outcrop. These folds are mostly upward-facing and east-verging, with hinges
plunging gently towards the south and south/south-west (Fig. 8A and C). The back limbs of the folds
show small-scale normal faults and north—south-striking asymmetrical boudins and layer thinning
that, taken together, represent clear evidence of extension (Fig. 9A and B). Two sets of high-angle
(60° to 70°), intra-layer small normal faults dipping towards the north-east and west/north-west cut
the long limbs of folds in the middle and east/north-east parts of the outcrop, respectively (Fig. 8A).
The first fault set shows small offsets and the second set of conjugate normal faults cuts thrust
planes and contorted beds of micrites and chert at very high angles, with offsets of 0.3 m. Back-
steepened thrusts dipping towards the west/north-west (Fig. 8A), show increasing dip anglesin a
direction up the inferred palaeoslope (Fig. 8A). In the middle portion of the outcrop, deformed beds

are laterally disjoined and filled by debris encompassing porous chalky limestone and chert clasts
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(Fig. 8A, 40 to 50 m). Structural balancing and restoration of the ca 40 m cross-section across MTB 5
reveals at least ca 50% shortening during thrust-fault deformation.

The MTB 5 unit has been interpreted as a coherent slump with distinct extensional (boudinage and
normal faults) and compressional (folds and thrusts) features. The small-scale normal faults present
on the gentle flanks of folds, dip in the same direction as the fold vergence, and represent local
extension connected to the downslope movement. The geometry of the thrust planes (flat at their
base and steepening up in a downslope direction) indicates that the thrusts developed in the final
stages of slumping (Alsop & Marco, 2011). Back-steepened thrusts dipping in a direction opposite to
the fold vergence (Fig. 7A) suggest piggyback thrusting within the MTD (Alsop et al., 2017). The
orientation of the deformation features induced by MTDs (folds, faults and thrusts) supports the

inference that the prevalent movement direction is towards the east.

Unit MTB 6

Unit MTB 6 is a well-exposed folded package more than 4 m thick and cropping out over a 400 m
long section. Lithologically, this unit consists of fine-grained micritic beds containing occasional
lenses of microbreccia and grumeleuse structures. Chert nodules occur in strata that follow the
structure of folded micritic beds. Throughout the section, the amplitude and wavelength of the folds
vary from tens of centimetres to a few metres (<2 m). Isoclinal, tight and recumbent folds have been
documented in the most north-eastern part of the outcrop, and these are followed by more upright
folds in the central and south-western part of the outcrop, where evidence of refolding is also
observed (Fig. 8B). Variable orientation of the fold hinges (Fig. 7B) suggests hinge rotation during the
transport. Despite the scattered statistical distribution, two predominant directions of fold hinges
towards the north-east and south/south-east can be recognized (Fig. 6D).

The axial planes dip mostly upslope towards the south/south-west or north/north-west (Fig. 7D).
The majority of folds exhibit bed thickening in the hinges and thinning on the limbs. However some
folds show contrary relationships, indicating later refolding (Fig. 8C). Within some larger folds;
smaller, disharmonic folds of distinct layers (especially chert layers) are present (Fig. 7D).
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Within MTB 6, two distinct intervals, documenting different deformation styles, were recognized
(Fig. 7B — indicated by the stars; Fig. 8G). Both intervals are composed of micrite and chert layers,
with the lower one characterized by imbricate structures, and the upper portion characterized by
folds that are typically small-amplitude and small-wavelength. The majority of folds exhibit bed
thickening in the hinges and thinning on the limbs, which is typical for slump-related structures.
The north/north-east part of the exposure, together with 0.5 m of overlaying planar beds, are cut by
north—south-striking, concave-up normal faults rooting into the basal surface (Fig. 8E). The offset
diminishes from 0.3 to 0.1 m as the fault approaches the folded unit, and the fault dip angle
diminishes when passing the folded horizon. Similar cases were observed in the south-eastern part
of the outcrop. Here, the normal fault passes through the folded horizon and the few decimetres of
capping layers (Fig. 8F). The first capping layer displays the largest offset, while the offset decreases
in the folded horizon and planar beds above first capping layer. The propagation of the fault

occurred along pre-existing slump-related structure (thrust planes at a fold limb).

Unit MTB 6 hosts gravitationally-related thrust faults that are characterized by listric geometries (Fig.
7B) and dip in two predominant sets towards the west/south-west and west/north-west. In the 60 m
long contractional section of MTB 6, the amount of shortening accommodated by folding and
thrusting reaches at least 30% (Figs 7B and 8G). In the central part of the exposure, MTB 6 contains
distinct bed packages composed of micrite and chert layers of very similar ratios. The lower strata of
these intervals are characterized by very gentle folds and imbricate structures (Fig. 7B, purple and
brown lines; Fig. 8D and G), while upper beds are locally characterized by disharmonic isoclinal,
overturned folds of variable vergence and small amplitude (0.1 to 0.3 m; dark blue and cyan lines on
Fig. 7B). The combination of thrust faults with open fold-dominated and disharmonic fold-dominated
portions leads to identical overall shortening for both deformed bed packages. The sporadically
exposed basal detachment surface in the most north/north-western part of the outcrop is flat and
almost parallel to the underlying undeformed beds. Truncation of folds in the uppermost portion of
MTB 6 is documented in several parts of the outcrop (Figs 7B and 8E). The emplacement of coherent
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slumps and debris flow deposits controls the local depositional angle of the directly overlying

undeformed beds, thereby resulting in various depositional dip angles along the outcrop.

The MTB 6 unit is interpreted as a coherent slump, with the outcrop exposing its compressional
parts (folds and thrusts; Fig. 7B). Normal faults rooted in a basal detachment and cross-cutting the
MTD and its immediately overlying undeformed layers suggest post- emplacement reactivation of
the MTD.

Distinct packages of intense compressional zones in the MTB 6 slump host intervals displaying
different deformation styles, with intervals of imbricated structures in the lower part, and an interval
of folds in the upper part (Figs 7B and 8G). Different deformation styles in beds of similar thickness
and composition may be a consequence of different stages of lithification in various portions of the
slump. Several studies of MTDs document a brittle phase that post-dates the ductile phase of
deformation (Strachan & Alsop, 2006, Debacker et al., 2009). The structural features of both
packages represent compressional zones within MTB 6 (Figs 7B and 8G), however they feature
different ductile structures (gentle folds and thrusts versus overturned folds with short amplitude
and short wavelength). Palaeoflow indicators show that the prevalent movement was towards the
north-east. The deviation in the direction of these superimposed MTDs (Fig. 6D) may be caused by
changes in the palaeoslope morphology produced by the emplacement of older MTDs.

Two distinct groups of MTD-related normal faults were observed. The first group dips downslope
and forms during both the last stage of the mass-transport movement, and also during the post-
movement stage. The second group of normal faults dips upslope and is related to a post-movement
reactivation, probably using previous thrust planes. In some cases, undulating thrust planes indicate
later reworking and folding (Fig. 8C).

The orientation of the deformation features induced by MTDs (folds, faults and thrusts) suggests
that the prevalent movement direction was towards the east in MTB 5 and towards the east-/north-

eastin MTB 6.
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Baia di Campi and Testa del Gargano Sections (Site 3)

Unit BDC 1

At Baia di Campi, exquisite outcrops of folded strata (BDC 1) and associated packages of
undeformed beds are exposed on the two vertical sides of a north-east/south-west trending, 8
m high and 35 m long road cut (Fig. 9A), a 23 m high and >50 m long sea cliff (Fig. 10A),
and on a 40 m high exposure within a cavern with collapsed roof. The basal surface of the
folded package is exposed only at the sea-cliff outcrop. This surface is undulated and cuts
deeply into the undeformed planar beds below. The folded strata display folds that are
typically isoclinal to recumbent or, less commonly, overturned with signs of hinge rolling
(Figs 9A and 10B). The fold-hinges are gently plunging (<10°) towards the east, ranging
between north-east to south-east trends (Fig. 9B). The mean fold hinge trend on the north-
west wall of the road cut is towards 120°, and towards 137° on the opposite south-east wall.
Folds verge towards both the north and south. However, the prevalent vergence of folds with
amplitudes greater than 1 m is towards the south.

Several recumbent folds show a variation of the fold hinge trend in the range of 10° to 20°
(Figs 9A and 10D). The thrusts restricted to the folded horizon strike in a NNW-SSE
direction, and generally dip towards the ENE (Fig. 10B and E). Sets of small-scale normal
faults that are restricted to certain beds or bed packages mostly root into the thrust or basal
planes within the slump, and reflect local extensional regimes (Fig. 10D; middle part). North-
west dipping and south-east dipping normal faults that cut undeformed capping beds (Fig.
10B) and with their dip angles diminishing towards the base of the folded unit, are exposed
on the south-east wall of the road cut. Another set of north-west to south-east striking
extensional faults is recognized within layers of a slide block (Figs 9A and 10E), and show
the abutting relationship between planar beds and folds of the lower unit. Based on well-

established methods (see Alsop & Marco 2012; Alsop et al., 2016), the average trend of
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slump transport was calculated to be N0O09° or N189°, with the generally southerly-vergence
of larger fold and thrust structures suggesting a SSW (N189°) flow direction (Fig. 9B). The
upper contact of the folded horizon is conformably overlain by undeformed beds. Although
the folded horizon is exposed on the two opposite walls of the road cut, which are
approximately 7 m apart, it is not possible to correlate the individual structures and, hence, to
analyse their geometry in 3D. In the uppermost portion of the exposure, undeformed strata
overlying the MTD are disrupted by many extensional features, such as conjugate normal
faults and a vertical breccia filling. There is no evidence that these extensional features
(normal faults and laterally discordant breccia) propagate down into the BDC 1 and they
rather terminate on its upper surface (Fig. 10E). North-east from the breccia, the dip angle of
the overlying undeformed beds passes from sub-horizontal attitudes to 15°. In the middle part
of the exposure, another intraformational breccia body with sub-parallel vertical walls is
exposed. This feature is 35 m wide, at least 40 m high and 60 m long.

Unit BDC 1 has been interpreted as a coherent to incoherent slump. The folded beds are sometimes
interrupted by the pockets of conglomerates, especially in the lowest parts. As in previous cases
(VGN2; VGN4) this can be caused by the interaction of the dragged material over the surface by

enhanced friction.

Despite the fact that in the Baia di Campi section it was not possible to correlate the slump-related
structures between the two walls of the road cut, the differences in the mean fold axes orientation
on the south-east and north-west walls were still recorded. The fold vergence and thrust dip
recorded within BDC 1 suggests a palaeoflow direction towards the north and NNE (Fig. 9B),

respectively.
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Units TDG1 and TDG 2

The WSW-ENE to west—east oriented Testa del Gargano (TDG) outcrop is situated approximately
500 m further along the road from Baia di Campi, in a stratigraphically higher position. Here, four
MTDs, labelled TDG 1 (oldest) to TDG 4 (youngest) are exposed on the two vertical sides of the road
cut. However, only two of them, namely TDG 1 and TDG 2, were chosen for detailed description. The
TDG 1 incoherent slump, within which the primary stratification is almost completely lost, crops out
on a WSW to ENE oriented wall. Following, TDG 2, a semi-coherent slump is exposed on both west to
east oriented walls, approximately 7 to 9 m apart (Fig. 9). Two stratigraphically higher, incoherent
slumps (TDG 3 and TDG 4) crop out and are cut by a set of north-west/south-east tectonic normal
faults. TDG 1, which is a partially folded interval with highly dismembered beds, exceeds 10 m in
thickness and its eastward-dipping basal detachment surface is above a layer of lenticular chert
clasts (Fig. 11G). The top surface is erosional and covered by a laterally continuous chert layer (Figs
9A, 11A and C). TGD 1 is characterized by occasional folds with east to west and ESE to WNW
trending hinges and prevalent NNE vergence. Disaggregated folds are surrounded by a matrix of
fine-grained micritic debris with clasts of micrite and chert. The upper part is characterized by a
portion of micritic debris with larger, elongated plate-shaped or cigar-shaped pebbles and cobbles or
lenses of chert arranged in the beds (Figs 9A and 11A). In the western part of the outcrop, TDG 1 is
cut by a set of opposing north-west to sputh-east striking normal faults (Fig. 11G).

Deposit TDG 2 consists of an 8 m thick package of deformed beds and its basal detachment surface
rests on a 0.2 m thick layer of undeformed beds covering TDG1. The top surface of TDG2 is marked
by an erosional surface overlain by a package of undeformed beds, with a chert layer forming the
first deposited bed (Figs 9A and 11B). Slump-related folds are upward facing and show variable
geometry and size (tight to isoclinal and overturned to recumbent folds). The hinge directions range
from east to SSE on the northern wall of the road cut, and from south-east to SSE on its southern
wall (Fig. 9C). Folds broadly verge towards both the east and west; however, larger folds verge

towards the east (Figs 9A, 11D and 11E).
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Correlating features across the 7 m wide gap between the exposed walls reveals potential changes in
the fold structure and geometry, with NO7° to N10° variations in hinge orientations of the same
folded beds. The mean fold hinge trend on the north-west and south-east walls is towards N120°
and N137°, respectively. In both cases, the prevalent fold facing is upright to horizontal. Based on
the restoration of the pre-tilted orientation, the mean trend of transport was towards N012° or 192°

(Fig. 9C). Both TDG 1 and TDG 2 consist of ‘soft chalky-appearing’ micrite.

In the Testa del Gargano section, TDG 1 and TDG 2 were interpreted as a highly dismembered
incoherent slump and a coherent slump, respectively. The lateral change in geometry of slump-
related folds and thrusts across a 7 m wide gap illustrates the spatial (and lateral) heterogeneity of
shearing during mass movement. Sets of small, slump-rooted normal faults were formed in the later
stages of movement, or soon after the emplacement of the mass-wasting sediments and associated
relaxation. The overlying, plastically undeformed beds represent a sliding portion of sediment that
has used the top of the slump as a gliding plane. The post-slumping north-west-dipping and south-
east-dipping normal faults that cut undeformed capping beds (Fig. 10A) are interpreted as products

of the sliding. The palaeoflow direction of TDG 2 has been calculated towards the north (Fig. 9B).
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DISCUSSION

Occurrence and frequency of the mass transport deposits

Repetitive collapse of sediments in the periplatform-slope environment are common processes and
have been widely documented in Neogene sediments of the Bahama platform and its peri-platform
areas (Harwood & Towers, 1988; Mulder et al., 2012; Jo et al., 2015; Principaud et al., 2015) where
they constitute vast portions of the stratigraphic section. Several massive collapses of the slope
margin occurred in the area, modelling the sea floor and sometimes overlapping the earlier MTDs
(Principaud et al., 2015). In the Bahamas, the redeposited chaotic material was the result of
platform-margin failures forming scalloped margins. Such features (scalloped margins and
megabreccias), are also seen in the southern part of the Gargano Promontory and are testimony to
massive margin failures (Bosellini et al., 1993; Hairabian et al., 2015; Morsilli et al., 2017).

The MTDs discussed in this study are characterized by their largely uniform lithological origin (near-
slope to basinal carbonates) and dissimilar products of mass wasting. In the eastern and north-
eastern part of the Gargano Promontory, the failures affect the limestone of the Maiolica (Bosellini,
1997) and Mattinata formations (Cobianchi et al., 1997) resulting in slumping and debris flows. The
MTDs of both the Vignanotica and Monte Barone study sites build up 60% of the exposed section,
from which both slumps and debrites represent 30% of the exposed section in Vignanotica section.
However, in the Monte Barone Section, the debrites comprise only 10% and slumps 50% of the
exposed section. The MTDs of the Testa del Gargano site represent 50% of the exposed section.
Since the studied sites are predominantly characterized by slumps which will generally have smaller
travel distance than debris flows, the majority of the debrites are expected to be preserved further
downslope.

The width of MTDs can be examined only in the Vignanotica section, where they are laterally

continuous for several hundreds of metres. However, the exposure does not show the complete
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dimension of the MTDs. The widths of MTDs documented in the Bahama area reach several
kilometres (Principaud et al., 2015).

With some exceptions, the composition of studied MTDs is limited to the Maiolica Formation, which
extends several kilometres upslope (Fig. 1). Therefore, depending on their location, these MTDs did
not travel more than 10 km from the depleting zone. At Monte Barone, travel distance was a
maximum of 2 km (palaeoflow direction towards the east). Due to the similar orientation of the

palaeoflow, it can be assumed that the source areas were at different positions up the palaeoslope.

Internal deformation structures of mass transport deposits
Structures attributed to basal surface

Studied MTDs range from slides to debrites, however composite MTDs formed of debrites-
slumps are abundant. Documented MTDs show variously developed contacts with the underlying
sediments (Fig. 12). The lower contacts are marked by bed parallel décollements (Fig. 12A), shear
horizons and basal shear layers that represent erosive contacts. When the erosive contact is very
rugose, pockets of conglomerates may be deposited and preserved in the depressions (Fig. 12B). The
basal surfaces occasionally down-cut into the underlying undeformed sediments in the direction of
mass movement (Fig. 4G).
In most cases, the downslope movement above the basal surfaces results in the development of
metres thick basal shear layers mostly below blocks and slides. The thickness of this layer depends
on the thickness of the overlying material (Alves & Lourenco, 2010; Alves et al., 2014). The
development of a basal shear layer depends on the competence and shear strength of the basal
surfaces and lithological properties (Deptuck, 2007). In the case of small-scale and meso-scale
slumps, the shear layers at the base of MTDs are not fully developed, however, the slump—debrite
transition and the conglomerates present in the lower portion of the units documented in this study
suggest that the dragged material on the basal plane may produce the basal-shear layer (Fig. 12C).
The influence of lithological properties is marked in heterogeneous—multi-layered MTDs containing
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weaker, less cohesive layers, such as failures of siliciclastic strata with silt or mud layers (Lucente &
Pini, 2003; Dumont et al., 2012) or carbonate strata with marly layers (Weissert, 1984). In the meso-
scale and large-scale siliciclastic MTDs, the microscopic texture of the folded beds, and that of the
immediately underlying beds, is characterized by rotation and translation of grains. This fabric is
attributed to poorly lithified loose sediment resulting in independent granular flow (Lucente & Pini,
2003).

Neither weak beds defining lithological change, nor shear fabrics are present at the base of
the studied MTDs. At the microscopic level, there is no clear difference between the texture of
underlying beds and beds at the base of MTDs. This means either that the unconsolidated slumped
beds did not undergo any internal deformation or granular flow, or that microscale foliation did

develop but was later overprinted by micritization and was destroyed.

Internal structures attributed to variation of shear

Zones of variable shear may also develop within MTDs (Deptuck et al., 2007; Dumont et al.,
2012) leading to local culminations and depressions associated with surging and slackening flow
regimes (Alsop & Holdsworth, 2007). At Testa del Gargano and Baia di Campi, this is demonstrated
by the variability of the fold axis and thrust orientations within the slump (Fig. 10D and E). The shape
and orientation of slump-related structures on each side of the road suggest variability in orientation
of these structures by several degrees. This inconsistency may be explained by the occurrence of
layer-normal shear within the MTD (Coward & Potts, 1983; Alsop & Holdsworth, 1993; Alsop &

Marco, 2011; Dykstra, 2011).

Structures attributed to zones of extension and compression

Locally confined compressional and extensional regimes within MTDs are more obvious
within incoherent slumps containing local zones of relative deceleration and relative acceleration
(Fig. 7A and B). The transition from pure shear to simple shear can also induce a transition from

extension to compression in the same quadrant of a MTD (Dykstra, 2011), which leads to
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compressional (thrusts, folds and undulated surfaces) and extensional (boudins and extensional
faults) structures within adjacent portions of MTDs. Adjacent zones of compression and extension
may also simply relate to second-order flow cells that develop locally during translation of the MTD
(Alsop & Marco, 2014). The MTD-related faults show various orientations, but typically strike sub-
parallel to the inferred Apulian palaeoslope (Korneva et al., 2016). However, in the same way that
the slump-related folds may laterally undergo axis-rotation, the fault planes may show similar
behaviour and therefore their orientation should be interpreted carefully (Debacker et al., 2009).
The majority of the documented faults are syn-slumping (they are rooted into the basal shear layer
and cut a portion or the whole slump body), while some faults are formed during reactivation of the
MTD as newly formed or re-used shear planes cutting a portion of overlaying beds (Jablonska et al.,

2016).

Depositional processes

Depositional processes in composite mass transport deposits

Composite MTDs include two or more genetically-related deposit types (sub-units) created by the
same failure event. The sub-units may be coherent slumps, incoherent slumps and debrites with a
range of combination and transition between them. The down-cutting surface, or the incorporation
of already cohesive, although not completely lithified, material from below, reveals the erosive
character of these MTDs. The vertical and lateral transition between the component deposit types
can be gradual as shown by a progressive change in degree of disaggregation (VGN 5; Figs 4B and
5C), or abrupt and marked by a sharp interface (VGN 2 and BDC 1; Figs 10A and 13). The same
lithological organization (debrite in gradual transition to slump) was documented by Cobianchi et al.
(1997) in the Maiolica Formation exposed at Ischitella (N Gargano).

Formation of pillow-like masses of dismembered chaotic material in the lower part of the composite
MTD, and mixing of this dismembered material with entrapped fluids and finer material enabled the
MTDs to move at great velocities (Mohring et al., 1998; De Blasio, 2004). Similar examples have also
been documented from the Storegga Slide, where underlying silici-calcareous mud mixed with water
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acted as the lubricating layer (Haflidason et al., 2004). This lubricating layer facilitates movement of
the slide over long distances with relatively high velocities despite very low slope angles (Haflidason
et al., 2004). Within the upper part of the composite MTD, the plastic deformation intensifies
upwards from the debris-flow deposit. Such horizons, in the Vignanotica and Testa del Gargano
sections are well-developed within MTDs of medium thickness (10 to 40 m).

The composite MTDs displaying a sharp boundary between the components suggest that these mass
flows evolved in a more complex way, with the shear surfaces entrapping the dismembered material
to the folded horizons. Several lines of evidence, such as the erosive base, occurrence of rip-up clasts
and large flame structures rising from underlying units, indicate a cohesive basal surface that was
maintained by erosion and entrainment of both coherent and loose material from the underlying
muddy substrate.

Slumps have the ability to rework the upper part of the underlying debrites and, locally, to produce
undulating contacts (Figs 4E and 13A), or partially incorporate the debrite into the slump. In the case

of composite MTDs, an abrupt contact can be marked by a layer of chert nodules.

However, the sharp, very irregular contact between coherent slumps and a dismembered horizon
may suggest that the failure of the material was coeval and chaotic units originated from the slump
(Figs 4A and 13B). Zones of slackening flow and zones of relative acceleration might have
contributed to dismembering of the beds of the slumps, especially in the lower part. A similar
situation is documented in the case of the gradual transition between the sub-units (Figs 9A and
13C), where the pockets of chaotic material are present in the base of the MTD, or locally occur
within the folded beds. In the chaotic material, dismembered beds, containing mostly well-rounded
or cigar-shaped clasts are present. Distinct MTDs may be represented by one component, or may be
built up by a sequence, comprising a debrite—slump couplet. In the case of coeval failure of the
component sub-units, transported material moves at different velocities depending on the

coherency of the material and size of the components. Debris flows reach greater velocities, carrying
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larger clasts supported by the strength and buoyancy of the muddy matrix. These flows travel
furthest and are absent in the most proximal portion of the MTD. During their downslope
movement, the various types of extensional and compressional features within slides and slumps
may be localized in different parts (both laterally and vertically) (Dykstra, 2005; Strachan, 2008;

Alsop & Marco, 2014).

The deformation effect of mass transport deposits on the underlying and overlying beds
Deformation of the underlying beds

Deformation and remodelling of underlying beds by MTDs was documented in the Vignanotica
section and in Baia dei Campi section (Figs 5C and 10A). In the Vignanotica section, a debris flow,
VGN 6, deformed portions of underlying beds resulting in multiple folding of the VGN 5 strata (Fig.
5C). Along outcrops of limited lateral and vertical extension, such folded intervals can be
misinterpreted as a slump interval. A similar example has been described by Van der Merwe et al.
(2011) in the Karoo Basin, where a debris flow deformed the underlying unconsolidated beds. In
both cases (this study and that of Van der Merwe et al., 2011), the deformation was enhanced by

the overburden.

Deformation of the overlying beds

All of the MTDs observed in the study area have extremely flat truncated tops, indicating
that they were deposited in zones of sediment bypass and that their tops were eroded and planned
off by succeeding flows. Post-failure deformation of large-scale MTDs may result in faulting and
differential sagging of the overlying undeformed material (Alves & Cartwright, 2010; Safadi et al.,
2017). A similar case was documented in small-scale and meso-scale MTDs in this study. The post-

failure relaxation or remobilization resulted in deformation of few overlaying beds and development
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of small-scale, low-angle normal faults (Fig. 8E and F) that strike perpendicular to the direction of the

palaeo-movement.

State of the material prior gravity-failure

The degree of sediment lithification in ancient MTDs is not possible to quantify. However, it is
possible to estimate the relative degree of lithification by recording the soft-sediment deformation
features and comparing them with the observations of modern sediments (Maliva, 2009). Coherent
and semi-coherent small-scale to medium-scale slumps composed of micrite and chert beds (2 to 20
cm thick) and rarely of calciturbiditic beds (20 to 40 cm thick) display a range of plastic to ductile
deformation features. Some debrites contain material that may derive from the partial
disaggregation and collapse of the slope and near-slope facies (refer to Fig. 5), meanwhile the
material carried by all of the examined slumps has a strictly basinal origin (micrites). The variability
of sediment may influence the diagenesis. However, complete lithification depends on many factors,
such as lithology of the sediment, grain size, compaction due to overburden, sediment fluid content
and geochemical composition of the fluids crystalizing as cements (Tucker et al., 2001; Hiineke &

Mulder, 2011).

Lithification stage of micrite and micritic wackestone prior to collapse
Plastic deformation of micritic and wackestone beds within studied MTDs suggest a low degree of
lithification. In most of cases, the material was a poorly lithified mainly radiolarian ooze at the time
of collapse, as supported by the following lines of evidence:
1 The lime mud has relatively high intragranular and intergranular porosity shortly after
deposition reaching up to 60% (Maliva et al., 2009); hence the fluid content is very high and
it can be reduced by diagenetic processes (compaction and cementation) to only several

percent.
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2 Physical compaction of pelagic beds at the time of collapse was limited. This is because the
collapsed sediments were only several decimetres to metres thick and they did not reach
significant burial conditions. The amount of overburden (several metres) was insufficient for
complete compaction. In the case of the near-surface lithification, the deep sea carbonate
pelagic muds seem to have poor diagenetic potential (Matter et al., 1975) compared to
other carbonate lithologies, mainly because of limited fluid circulation.

3 The pelagic matrix within debris flows during the collapse entrapped vast amount of water
that was entrained during downslope movement, and which enabled it to carry boulders in

the sediment mass (Fig. 4F).

Lithification stage of chert prior to failure

Deformation style of chert layers, lenses and nodules implies that the chert underwent brittle plastic

to fluid deformation during collapse:
1 The presence of angular chert clasts within the debrites indicates that some chert layers
have been lithified prior to collapse and later broken. This implies that the material was
eroded from the substratum of older, partly lithified layers and incorporated into the MTD
during the downslope motion.
2 Conversely, some chert layers have been poorly lithified at the time of slumping, creating
spectacular plastically folded chert layers (Figs 8D, 10 and 11). With continuous movement
and flow transition from incoherent slumps to debris flows, these folds were dismembered
to produce chert nodules organized in continuous folded horizons (as seen in the case of
VGN 4; Fig. 5A).
3 Some nodules found in the debrites encompass micrite grains and pebbles that were later

chertified. Here, the silicic ooze simply infilled most of the pores and cemented the grains.
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Post-failure lithification of the material, difference between siliciclastic and carbonate mass transport
deposits

Siliciclastic sediments are typically considered to possess lower diagenetic potential for lithification
during early diagenesis compared to carbonates (Brenner et al., 1991). This is largely because the
main components of siliciclastic diagenesis are compaction and cementation, while carbonate
diagenesis encompasses chemical cementation of in situ dissolved carbonates (Matter et al., 1975),
even in the early stages at near-surface conditions (Maliva et al., 2009), with circulating fluids and
physical and chemical compaction. Early diagenesis in siliciclastic sediments occurs due to
cementation, which is dependent on the presence of fluids that are strongly associated with the
depositional environment (such as precipitation of authigenic calcite). However, the most efficient
cementation occurs after dissolution and alteration of the silica and carbonate grains in the
compactional and thermobaric regimes (Brenner et al., 1991). Fluidized features of partially lithified
sediments are described mainly from siliciclastics (Strachan, 2002; Strachan & Alsop; 2006), or
siliciclastic and carbonate MTDs (Odonne et al., 2011), and comprise sand and mud volcanos,
injected dykes or fluidized basal layers that are almost absent in the studied gravity-driven failures.
This suggests a low contrast in bed competence within MTDs and within overlying sediments at the

time of collapse and shortly thereafter.

Different deformation styles within distinct slump portions

Within some slumps, different deformation styles influence successive bed portions during the
compression. Upper bed packages display small-amplitude, small-wavelength folds suggesting more
plastic-like deformation, while lower beds are more likely to be cut by thrusts (Fig. 8G). This pattern
repeats along several slump horizons, suggesting different mechanical properties of the distinctive
rock package. In the case of micrite layers with no difference in lithology, the various deformation
styles reflect different stages of lithification for the certain portion. The thickness within the folded
horizon does not vary significantly, and for this reason, the influence of the bed thickness on
different deformation styles may be excluded. Uneven deformation styles may be caused by various
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lithification potential of the beds (Matter et al., 1975), which can be caused by excessive water

content.

CONCLUSIONS

This study provides an insight into the character of mass-transport deposits (MTDs) and their
distribution within the basinal Lower Cretaceous Maiolica Formation in the Gargano Promontory of
southern Italy. Mass transport deposits represent a significant portion of the studied succession
reflecting the long-term instability of the Apulian carbonate platform slope. The field observations
and structural data collected from the MTDs enabled the description of their internal architecture
and three-dimensional geometry in this study, and show that:

1 The studied MTDs are very well-developed and display distinct structures produced by soft

sediment deformation. The best developed MTDs show a complex, bipartite character

because they are composed of debrites and slumps of different volume ratios.

2 Distinct deformation styles (brittle to plastic) within certain portions of the gravitationally
deformed succession, together with the presence of both chert clasts and spherical chert
nodules within debris-flow deposits, indicates that the transported material was at different

stages of lithification prior to movement.

3 There is a lateral change in the orientation of slump structures (distortion of fold axis and
axial planes) within MTDs due to internal differential shear within different portions of the

slump.

4 Erosional features are lacking because debris-flow deposits in the lower part of the moving
masses prevent excessive friction of the overlying slumping material, thereby hindering

direct contact with the underlying décollement surface.
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5 In terms of emplacement processes, the prevalent palaeoflow direction of the mass-
transport events is parallel or sub-parallel to the dip of the carbonate-platform margin. A
few exceptions may be caused by the morphology of the slope and basinal floor that would
distort the local flow path. The accuracy of the palaeoflow direction may be influenced by

the position of the exposure within the overall MTD.
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Minimal

Unit Interpreted type of lateral Mlylmal Basal surface Top surface Sul_)unlts Clast size Interface contact
MTD height Thickness
extent
Erosional, bed- o
VGN 1 Coherent slump 300 m 2.5m parallel Depositional N/A N/A N/A
Coherent to semi- ..
VGN 2 coherent slump 600 m 4.0m Bed-parallel Depositional N/A N/A N/A
Millimetres -
, Bed-parallel, .. 0.5 m; chert
VGN 3 Debrite 500m 1.5m slightly eroded Depositional N/A nodule size N/A
0.05-02m
Bed-parallel, lined  Erosional, first bed
VGN 4 Incoherent slump 500m 80m by chert strata chert layer N/A N/A N/A
Millimetres -
. . 3-10m 1.5 m; chert
VGN 5 sDIer):te o incoherent 900 m 25.0m Bed-parallel Depositional 15-20m nodule size ?chdual (5) to sharp
p 0.05-0.3m
Debrite to incoherent Deep erosional Millimetres - 1.5
VGN 6 500 m 80m surface and bed N/A N/A m; chert nodule Chaotic
slump ;
parallel size 0.05- 0.3 m
VGN 7 Slide to coherent >100m >10.0 m Erosional N/A N/A N/A N/A

slump

This article is protected by copyright. All rights reserved.



Minimal

Interpreted type lateral lellmal Basal surface Top surface Interface contact
of MTD height
extent
MTB1  Coherent slump >20m 1.0m Erosional, bed- 1, itional
parallel
Coherent to semi- Bed-parallel, . B
MTB 2 coherent slump >25m 125m slightly eroded Depositional
Debrite to Bed-parallel, Erosional, first
MTB 3 incoherent slump >60m 10.0m slightly eroded bed chert layer
MTB 4 Pebrlte to >10m 1.0m Bed-parallel Erosional
incoherent slump
MTB5  Coherent slump >50 m 6.0 m -
MTB 6  Debrite 450 m 10.0m N/A
MTB 7  Incoherent slump >50m 2.0m Bed-parallel
MTB 8 l?ebrlte to >15m 3.0m Bed-parallel
incoherent slump
MTB9  Incoherentslump  >15m >5.0m Bed-parallel
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A| sharp sub-unit boundary

B| sharp deep-incised
sub-unit boundary
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