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3D outcrop modelling of Large Discordant Breccia Bodiesin basinal
carbonates of the Apulian margin, Italy

Danica Jablonska, Alan Pitts, Claudio Di Celmajdnp Volatili, G. lan Alsop, Emanuele Tondi

Abstract

Large discordant breccia bodies (LDBBs) are impurt@ecord keepers of the tectonic and
gravitational evolution in platform-to-basinal segfs, and have important implications for fluid-
flow migration and compartmentalization of tight rlmanate reservoirs. In the Gargano
Promontory of southern ltaly, LDBBs occur withinCaetaceous slope and basinal carbonate
succession. We use field mapping and Unmanned |Aéeiaicle (UAV) -based Structure from
Motion (SfM) Photogrammetry to document otherwismccessible cliff-side exposures of
seismic- to subseismic-scale vertical discordaatdias. LDBBs are up to 50 m in width, more
than 80 m in height and display internal chaotialgned clast fabrics. The formation which
generally contains the LDBBs is characterized bgsbef cherty pelagic limestone intercalated
with calcarenites, calciturbidites and horizonsnwdss transport deposits. The mass-transport
deposits can be correlated across the chaoticibrbodies, indicating only slight or no vertical
displacement across the adjacent walls. The bddbe breccia bodies are always hidden below
current sea level, while the rarely exposed topscapped by bedded intervals of the host rock
formation. Timing and origin of the studied bresciaere determined using several lines of
evidence, such as stratigraphic provenance ofsciadireccias, mutual relationships of structural
and sedimentologic features, and previous studl@shaestablish that the age of dolomitizing
cements in the LDBBs formed at different times &yddifferent processes (fault shearing and
solution collapse). This work investigates the sstgape and geometry of these breccia bodies
whilst also providing cm-scale detail of the texiuieatures in otherwise inaccessible outcrops.
We suggest that breccias formed as a result ofisnlexploiting a pre-existing fracture network
characterized by large-scale vertical strike-slipblique-slip faults. Initial displacement along
these faults created a wide fault damage zone,enthed migration was later focused to create a
zone highly susceptible to solution and subsegpemnddic sidewall collapse.

1. Introduction

Large discordant breccia bodies (LDBBs) are in thask broadly defined as vertical and
laterally discordant intraformational breccias whare of a scale greater than 2 m in width and 2
m in height. Such structural features potentiatytain large volumes of clasts that are either
chaotically arranged or may display alignment aodirsy. LDBBs have been described from

around the world occurring in various rock typed geologic settings both at outcrop and in the



subsurface (Loucks, 1999, 2004; Broughton 2017)irTpresence may be imaged in the
subsurface as anomalous vertical zones on seigflections, as documented from offshore
Bahamas (Principaud et al., 2015) and Scotland $i&lé et al., 2017).

In rocks forming geofluid reservoirs, LDBBs can ate pathways for the intraformational
migration of fluids by enhancing the effective psitp and permeability of the reservoir (Caine
et al.,, 1996; Woodcock et al., 2006). Alternativetpllapsed material infilling the cavern
combined with later burial processes (pressuretisoluand mineralization) can decrease
permeability within the breccia body, thereby radgcfluid migration, and contributing to
compartmentalization of the reservoir (Broughtof12). Reduction in permeability in such
cases is encouraged by precipitation of minerads #itt as cements with an economic value
(Finch, 1992; Loucks, 1999; Leach et al., 2010, &hal., 2012). In addition, many dolomite
bodies are associated with a brecciated lithofabigsbehave as conduits (Katz et al., 2006).

LDBBs occur in an array of settings, including seentary environments (Smart et al., 1988;
Loucks, 2001; Shanmugam, 2017), volcanic environs@as et al., 2011; Walker et al., 2011),
along large-scale faults and fault scarps (Thom&30), and in areas with hydrothermally
confined explosions (Walsh et al., 2008). LDBBsnioby a variety of distinct individual
processes (i.e. Wang et al., 2007; Cozzi, 200®ydhe interaction of several contemporaneous
processes (Loucks, 2001) that can be challengidgferentiate (Woodcock et al., 2014).

In platform to basinal carbonate settings, LDBBspthy various characteristics linked to
their dimensions, shapes and petrophysical pra@gser(Shanmugan, 2017). These sets of
characteristics, together with the geometricalti@aship with the host rock, suggest which of
the main processes formed the LDBBs. Carbonatéophatand slope environments, especially
along-margin areas, are often affected by syndaepoal tensional fissures (Cozzi, 2000;
Playford et al., 2009; Frost et al. 2012). Suchdsyositional fissures are up to 90 m deep with
openings ranging from decimeters to meters in w{ffttost and Kerans, 2009) and have been
interpreted to result from various processes ssgofravity-driven sliding (Winterer et al., 1991,
Budd et al., 2013), antecedent topography and hgadiHunt and Fitchen, 1999; Frost and
Kerans, 2010) and syndepositional tectonics andrdtlgdrmal circulation (Hsi, 1983).
Neptunian dikes are the most common brecciatedebadi the platform-to-slope environment
(e.g. Smart et al., 1988rne et al., 2007, Winterer et al., 1991; Lauritalket 2016), with host
rock fragments resulting from dilatation due towgational instability and/or active regional
tectonics and differential compaction (KosSa et 2003). The clast input is derived from the
disaggregation of bounding walls, sagging of therying layers, or contributions from other

sources (e.g. gravity flows). Neptunian dikes ofsélow multiphase evolution (e.g. Winterer et
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al., 1991; Laurita et al., 2016), while their fi§ usually chaotic but may display preferential
orientation of the clasts surrounded by a matrinz, 2000). They typically occur on high-
relief carbonate systems and often form prior gmisicant burial. Neptunian dikes are frequently
found to be sheared by contemporary or later iatgirsg fault planes and fracture corridors
(Parino et al., 2019).

Another mechanism that can produce LDBBs is fraoguand fragmentation that shows a
close spatial and kinematic association with lafgalt zones. Such breccias are a direct product
of abrasion and/or wear during fault slip (Sibs@886). However, faults can also produce
dilatational breccias, which are hypothesized tonfas a result of wall-rock implosion (Thomas,
1971; Gilli et al., 1999; Woodcock et al., 2006; Ivih et al., 2014). The width of fault breccias
may range from several centimeters to tens of mdidfalker et al.,, 2011; Woodcock et al.,
2014), depending on the dimensions of the faule fifain mechanisms of breccia filling along
the fault plane may involve: i) coseismic fillingelto dilatation of the compressed material after
energy release (Sibson, 1988; Holland et al., 2008arge void formation produced by slightly
oblique slip resulting in pipes later infilled bgltapsed material (Park and MacDiarmid, 1970);
iii) solution and along-fault widening followed bgter collapse material and abrasion (Kosa et
al., 2003). Gradual abrasion and/or wear durindf f&lip progressively decreases the grain size
of the breccia (Woodcock and Mort, 2008).

Karstic processes are one of the most common phemaproducing discordant breccias
in carbonates (Moore and Wade, 2013). They areresfd¢o as “solution-collapse breccias” and
are common in areas with subsurface karst develop(fsitiérrez et al., 2008). They occur both
as a gradual cavern filling following the dissotuitiof weak zones of surrounding bedrock and
subsequent collapse (Moore and Wade, 2013), oheasesult of a sudden collapse of a cave
system (Loucks, 2001). Catastrophic collapses n@ayroafter preferential dissolution of the
underlying strata of more soluble material, e.qap@rites (Eliassen and Talbot, 2005). The roof
collapse of cavities commonly produces an invergeaded breccia with finer chaotic material
at the base and coarser material towards the topcids, 2001).

Some LDBBs in the Gargano Promontory were previowaldscribed very briefly by
Martinis and Pavan (1967), Salvini et al. (1999prsilli et al. (2004) and Jablonska et al.
(2018). However, their spatial range, textural a@on, and 3D geometry with respect to the
regional structural setting have not yet been dasusd. In addition, a process-based
explanation for the origin of LDBBs has not beeffisiently developed thus far - largely due to
their inaccessibility on vertical cliff faces. Ihi$ study, we integrate field mapping and UAV-

based Structure from Motion (SfM) Photogrammetrypider to document the overall geometry
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of the bodies and their marginal zones, their i@hahip to adjacent structural features, and the
sedimentary characteristics of their infill. Moreoythe additional information acquired allows
us to address the following questions: what isrttaén process controlling the formation of the
LDBBs? How does the timing of brecciation fit inttee regional geologic development of this

area? Are these LDBBs representative of a singkodp or multiple events?

2. Geological setting

The Gargano Promontory, southern ltaly (Fig. 19mprises a 3.0-3.5 km thick
succession of late Jurassic to Eocene platformatinbcarbonates (Martinis and Pavan 1967,
Bernoulli 1972; D’Argenio, 1976; Luperto Sinni aMhsse, 1987; Graziano, 1999; Bosellini et
al., 1999; Borgomano, 2000). This sequence isaatated with spectacularly-preserved mass-
transport deposits (MTDs) that are laterally péesisand individually reach several meters in
thickness (Bosellini et al., 1997; Morsilli et. &004; Hairbian et al., 2016; Jablonska et al.,
2016, 2018). The promontory represents a structughl that was formed due to deformation of
the entire carbonate succession during the Mioagimmg rise to a broad WNW — ESE trending
anticline (Bertotti et al., 1999; Billi et al., 20D

In the central portion of the promontory, the &haiwater carbonates
pass laterally into slope and basinal carbonates {A) with horizontal to very shallowly (20°)
E and NE dipping beds (Graziano, 2000). An Uppershic to Lower Cretaceous slope to
basinal succession is exposed in the eastern paheopromontory, whilst the far NE coast
exposes Upper Cretaceous to Eocene basinal formsafiog.1B).

The Gargano Promontory was affected by multiplespbaof tectonic deformation
(Salvini et al., 1999; Tondi et al. 2005). The Lateassic - Late Cretaceous is characterized by
extensional tectonics (Graziano 1999; Borgoman0p2&antantonio, 2012), whereas NE - SW
- oriented horizontal compression was the most dantiin the Miocene - Pliocene (Bertotti et
al., 1999). The promontory is dissected by major WHESE, NW-SE striking faults, together
with minor NE-SW striking faults (Fig. 1A). The $ir set is represented by the well-known
tectonic-plate scale Mattinata fault (Argnani et, &009) formed during dextral to sinistral
strike-slip motion (Monti et al., 2005; Tondi et,&005; Billi, 2007).

Post depositional Cretaceous extension (WinterTappbonnier, 1991) produced the syn-
sedimentary NW-SE oriented faults characterized doy-slip to oblique-slip kinematics.
According to some authors (Masse and Borgomanoy;188aziano, 2001; Santantonio et al.,
2012), the Early Aptian to -late Albian NE-SW ottied transfer fault controlled the evolution
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and geometry of the platform margin, and also @igd periodic gravity-driven collapse
(Hairabian et al., 2015). Minor NE-SW oriented faure present in the platform carbonates in
the central part (Martinis and Pavan, 1967). Koenetval. (2016) described these fault sets in the
southern Gargano area and attributed them to grdxiken processes. However, we have also
documented NE-SW normal and strike-slip minor ogéda faults in the northern Gargano area
that either act as margins to the LDBBs or crodsfwivertical breccias.

The LDBBs are documented mostly in the Maiolica Amith some examples in the Casa
Varfone Fm. and in the Marne a Fucoidi Fm. (Fig.The Maiolica Fm. is a 300 — 500 m thick
succession of basinal carbonates composed of timt@gbedded micrites, wackestones and chert
intercalated with gravity flows and MTDs, includitpper Cretaceous megabreccias (Bosellini
et al., 1997; Graziano, 2001; Hairabian et al. 2@hblonska et al., 2018). This succession is cut
by Cretaceous syn-sedimentary normal to strikefaliits and later reverse- to strike-slip faults
(Billi et al., 2007). Some of the LDBBs in the Ganp have been briefly described as “breccia
dikes and megabreccia dikes” having syn-sedimentdity containing clasts derived from the
Paleogene succession (Morsilli et al.,, 2004). Thadllca Fm. also hosts large quantities of
dolomite bodies associated with the Gargano Fasliem with a preferential ESE-WNW and
NE-SW elongation (Martinis and Pavan, 1967; Rustiicret al., 2017). These authors have
documented vertical brecciated lithofacies at thatk of the dolomite and limestone facies.

Two main depositional hiatuses occurred during &ebus times (Fig.1B): 1) platform
and slope related subaerial exposure during the Aptian; and 2) an erosional hiatus from the
Late Albian to Cenomanian that impacted the whalecession and is marked by laterally
extensive bauxite deposits in the platform-to-slégpaes (D’Argenio and Mindszenty, 1991),
and by the Mt. San Angelo Megabreccias in the lahsiarbonates (Neri and Luciani, 1994).
During these periods, important 3rd-order sea-lelenges resulted in 100-150 m drops in
worldwide sea-level (Haq, 2014).

A significant uplift of Gargano Promontory is asgted with the formation of a broad
anticline during the eastward migration of the Apeae compressional front. It is estimated that
the whole promontory underwent tectonic uplift stey in the Miocene, which allowed subaerial
conditions to act on the emerged succession (Beetadl., 1999). Karst-associated collapses that
produced sinkholes were described by Taviani e{2812) from the offshore of NE Gargano.
These authors noted that the karst phenomenontsatfitee Plio-Pleistocene calcarenites of the
Gravina Formation, and therefore estimated the @fgsinkholes to be Late Pleistocene. In

addition, similar features to LDBBs were recordedtlee Tremiti Islands north of the Gargano



Promontory, where large vertical breccias were @ated with either faulting or karst solution

collapses (Miccadei et al., 2011).

3. Methods
The LDBBs in the Gargano promontory were documengadg traditional geologic field

mapping complemented by the use of an UnmannedlA¥¢ghicle (UAV) along the pristine
coastal exposures, and by field description aldreg rbad-cut outcrops inland. Structural and
sedimentological measurements and observationsidimg size, shape and geometry of the
LDBBs, orientation and character of the margingcbia-associated fault description, and clast
characterization were undertaken both in the faatdd on Virtual Outcrop Models (VOM). In
order to obtain accurate measurements of the latd@BBs, 6 expansive high-resolution 3D
photo-realistic Virtual Outcrop Models (VOM) havedn generated.

Additional structural and sedimentological data evegathered. That includes attitudes of
bedding, fractures and faults within the hostingrfation, breccia mineralization, MTD types
and their transport directions calculated from fitids within the MTDs. Thin section analysis

was performed to characterize the lithofacies.

The use of the UAV involved conducting photo actjiais by aerial surveys of the cliff-
side exposures and processing photos using SfMoBtamhmetry (Fig. 2A). This work involved
two steps, first collecting the UAV imagery and g@esing of 3D models in Agisoft Metahsape
(formerly Photoscan), followed by detailed analyasisl extraction of structural and stratigraphic
data using LIME virtual outcrop software.

The acquisition of aerial imagery was conductechgigshe DJI Phantom 4 Pro with a
12mp onboard camera and ¥z inch image sensor, wasHlown at distances between ~7 m and
~ 30 m from the outcrop in order to collect a seiwé overlapping photos to record the entire
cliff-faces from sea level to the top of the expesulhe individual outcrop models, which
contain the breccias showcased in this work, weraposed of between 115-225 input photos
used to construct photorealistic 3D virtual outcnomdels (VOMs) (Tavani et al.,, 2014;
Corradetti et al., 2017; Pitts et al., 2019) witiiface mesh resolutions of greater than 34 million
faces, derived point cloud volumes up to 258 millmints. The general processing procedure
follows the methods outlined by Pitts et al. (20&d Nesbit et al. (2018) using Agisoft

Metashape (formerly Photoscan).



Interpretations, structural measurements, and &xdraof quantitative data were made
directly on the 3D VOM using LIME geologic analysisftware (Buckley et al., 2019) (Fig 2B).
Using this novel software, broad physical measurgmsuch as the overall height and width of
LDBBs and thicknesses of the surrounding major tigtaphic intervals were recorded.
Additionally, detailed measurements, such as thmectiral attitudes of faults defining the
marginal zones of the LDBB as well as other backgdofaults located 10s of meters high on the
cliff wall were captured using the 3-point plané thol. These digitally acquired data were
incorporated with physical field measurements whigbre made from the limited areas

physically accessible along the base of the cliff.

4. Results

4.1. Largediscordant breccia distribution

In the Gargano Promontory, 125 LDBBs have beenrdex] in the Berrasinian Maiolica
Fm., three in the Casa Varfone Fm. with some sswlle examples in the Mattinata Fm. Two
examples were documented passing across the bgqubdéween the Maiolica Fm. and the
overlying Marne a Fucoidi Fm. (Fig 3). Here we pr@sfield analysis and accompanying large
3D virtual outcrop models of three examples ofldrgest LDBBs in the area to document their

overall geometry, margin features, and internailnsedtary textures (Fig. 4).

4.2. General description of the breccia bodies:
4.2.1. Geometry of the breccia bodies

LDBBs are ubiquitous features in slope-to-basimfations of the Gargano Promontory
(Fig. 3). The best exposures are preserved onliffe af the coastal area where many of these
bodies have been partially eroded revealing distieometries. In several cases, it is possible to
find exposures that permit observations in bothadkeral and plan view (Fig. 5A).

In general, the width-height ratio together wiltle tsize and orientations of the margins
imply a vertical-pipe or sheet-like character te threccias (Fig. 5 B-E; 6A). However, some
LDBBs have complex shapes with irregular marging.(b F; 6B). Bedding attitudes in the
surrounding strata range from nearly horizonté8@8, while the attitudes of the LDBBs margins
range from vertical (Fig. 6) to 60° (Fig. 5C), amdy be partially caused by breccia postdating
tilting caused by faulting. Dimensions of the biiascdiffer; the widths range from 2 to 50 m

(Fig. 5), the total exposed height varies from 286om, while the length component can be



observed with limitations, mostly in plan-view espoes (Fig. 5A) and caverns along the sea
cliffs. The greatest documented length of a simyposed breccia was around 45 m. When the
exposure is high enough to permit the observatlmyertical dimension is always predominant
with width/height ratio ranging from 1:2 to 1:6 antbre (Fig. 5B). The base of the LDBBs is
never exposed. The tops of the LDBBs are expogsetlyraand when visible, the walls converge
towards the top (Fig. 5F).

4.2.2. Margins
The margins of the LDBB displdyoth regular and irregular geometries (Figs. 5,-B,A

7). The regular margins are typically steep (Fig7 A-D) or approaching vertical arstharply
cross-cut surrounding non-brecciated horizontatatrMargins often show a close association

with a zone of smaller-scale faults and splays.(5i®; 7 B, C).

Slicken-lines may be present along the regulaajgiit margins, (Fig. 7F, G) both on the
walls of surrounding strata and on the clasts withie breccia along the contact. They mostly
show horizontal to slightly oblique kinematics (Fit§5). In some cases, the LDBB margin walls
are fractured and the openings are filled with seayrained brecciated material (Fig. 7C). The
minor faults directly adjacent to the margins ldygeisplay poorly developed fault cores, in
some cases filled by calcite cements and/or witke-§rained, reddish material with a clay
component (Fig. 7C). There are 3 predominant feetis, oriented NE-SW, NW-SE and NWN-
ESE, coinciding with the breccia margins (Fig. 8).

Enhanced fracturing at the breccia margins dissgdboth the clasts and the hosting
formation was documented in some cases (Fig. 5@grmatively, some LDBBs displaying
irregular margins do not show any correspondentle meighbouring structural or stratigraphic
features. In some cases, individual LDBBs are booypdoth regular, sharp contacts on one
margin and irregular, wavy contacts on the othergma

4.2.3. Associated and postdating faults
In most cases, the breccia contacts are straigthtvartical (Figs. 5-8). Along these

contact planes, the observed striations indicatestijnohorizontal to oblique kinematics.
Although clasts may display local slicken-linesgythare characterised by remarkably little

internal deformation, with no evidence of veiniriggcturing or crushing. The marginal fault



planes showing some horizontal and oblique-slip enoent can be grouped into 3 distinct sets:
NE-SW, E-W, SE-NW (Fig. 8).

The sub-horizontal strata surrounding the brececras/ display meter- to decameter-scale
vertical offset between the two bounding walls,heiit any evident fault planes that cross-cut
the breccia body (Fig. 5). In several cases, tkedia bodies are cut by faults and their apparent
vertical offset ranges from 0.1 to 1 m. Cross-agttiaults, depending on their magnitude, can
develop damage zones that deform the clasts dfrtezia. The predominant orientation of these
breccia-cutting faults is NW-SE and NE-SW (Fig. &heir kinematics are extensional or
transtensional and they often host calcite cemkemigathe fault plane. Some planar structures
crosscutting the LDBBs, however, can be interpredsdslip planes with no evidence of a
tectonic origin and could be produced by graviti«ein movements (Fig. 5D). The orientation of
other faults present in the vicinity of the bresciaften coincides with the orientation of the
breccia margins (Figs. 7-9). Several slip planessicutting the LDBBs are oriented NW-SE
and coincide with the orientation of the faultsséisting the surrounding succession (Fig. 8). The

slip planes show no evidence of a tectonic origid @ay be caused by gravity-driven sliding.

4.2.4 Orientation of the LDBBs with respect to the principal fault orientations, geometry of the
paleoslope and MTD movement.
The Apulian Platform exposed in the Gargano Proomnis oriented NW-SE in the northern

part, and NE-SW in the southern part (Fig. 3), Whare consistent with the predominant
transport directions of the ubiquitous MTDs (Fi@).10ut of 125 studied breccias, 74 breccias
cut the MTDs, out of which in only 23 cases wapassible to obtain significant amounts of
measurements within the MTDs (fold limbs and foldah plane orientation). Out of those 23

cases, 14 breccia margins were perpendicular dright angles (70-90°) to the MTD flow

direction. In several sections, the orientatiohDBBs margins is perpendicular to the dominant
direction of mass transport (Fig. 4, 8, 10; Br 1& &r 72,73). In other cases, these two
parameters seem to be independent of one anotige®(A0), and the LDBBs margins then tend

to form parallel to the principal fault set docurtezhin the area.

4.2.5 Clasts
The breccia fill is made up of dismembered sti@tanicrite, wackestone, chert and

occasionally marls, or of more complex lithofacgsh as the clasts of debris flow deposits,
slumps, fault breccias and clasts of hydraulic tiee¢Fig. 11 A-F). In rare cases, dolomite and

dedolomitised clasts were noted (Fig. 12). Desphte presence of the dolomitic fluids that
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evidently permeated the breccias and their surriognebck, dolomite clasts in a finer limestone
matrix were identified in only one case.

The LDBBs are composed of angular to, less commsuahbtrounded clasts surrounded
by matrix (Fig. 5 E, 11). Two main types of LDBBs&t arrangement have been recognized: 1)
those with chaotic and random organization of fragte which lack any preferred orientation;
and 2) those organized with a preferred alignmérmdast long axes (Fig. 6 B, C). The type-2
variety contains a pseudo or relic stratigraphlwritawith clasts organized in lineations dipping
between 20° to 60° (Fig. 5D) and displaying texswusenilar to those of synsedimentary breccias
(Fig. 4E). There is only weak evidence of clastiagr with the smallest clasts filling the space
between larger clasts and some filling opened drastin the larger clasts.

The sediment infill is also variable regarding $iee of the clasts, ranging from the finest
(< mm) grains to boulders (up to 5 m). The clasé slepends on the package thickness and on
the dimension of the breccia body. In general,l#ngest clasts comprise undeformed beds or
fragments of well amalgamated MTD-horizons, spealfy debris flow deposits (Fig. 6 E, 11 A,
F). These blocks are part of the surrounding spraghy and their relative position (higher or
lower in the succession) is detectable in onlyw &ases based on the matching of ‘marker
layers’ or stratigraphic packages, such as chgersaof a certain thickness and colour.

Understanding the vertical position of clasts iesithe LDBBs with respect to the
original position in the stratigraphy may play au@al part in deciphering the formation
processes of LDBBs. As shown in the Fig. 6 A, Bs@ne of the clasts occur much lower with
respect to their original stratigraphic level, véhdome clasts that are closer to the margin, may
occur at the same height or at an even higher teael that of the source strata.

The majority of the LDBBs are situated in the Migi@ Fm., and comprise clasts with
clear provenance from this formation. However,ha horthern part of Gargano several breccia
bodies cutting the Maiolica Fm. contain clasts sedrfrom younger units, such as the Marne a

Fucoidi Fm., Monte San Angelo Fm., Monte Saracemo &d Peschici Fm. (Fig. 1).

4.2.6 Matrix and cements
The matrix of the LDBBs is predominantly composadvery fine-grained material

derived from the surrounding bedrock, containingrite (Fig. 11 A) and chert fragments. If the
matrix is present, it is yellow to pale yellow inlar. This suggests that the matrix is much more
influenced by secondary fluids than the clasts iwithe same breccia which show little or no
alteration (Fig. 11 A, B). Calcite cements are psive in the upper portion of the breccias,

while increased dolomite cementation was recorddterein the lower portion or the whole
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thickness of the breccias or throughout all thectiee This is especially evident in the
alternation of micritic limestone and wackeston® idolomites and dedolomites both in the
LDBBs and adjacent horizontal beds. Some breccee wnpacted by dolomitization and later
dedolomitization. The circulating magnesium riadk lead to recrystallization of the limestone
clasts and matrix either partially (Fig. 12 A, B) aompletely (Fig. 12 C). In case of complete
overprint of the limestone clasts, the brecciasewecognised by chert fragments in the massive
beige to caramel-brown dolomitic matrix. The conhtaetween the LDBBs and surrounding rock
can be fully dolomitized (Fig. 12 A-C) or the dolienfront corresponds to the lithological
contrast of LDBBLDBB and beds of tight limestonég(FL2 B).

4.2.7 Hydraulic fracturing
At the margins of some discordant breccias, we relesleevidence of hydraulic fracturing (Fig.

13). The fractures show cm-scale opening and kee thy a fine grained breccia that comprised
angular and sub-angular fragments of micrite anertciThe matrix surrounding the clasts is
reddish, composed of fine crypto-carbonate andhigtser porosity than the clasts (Fig. 13 D).
At the margins marked by reddish filling, the ctastave rims of calcification. Inside the
hydraulic breccia, fracture orientation is concottdavith that in the surrounding strata but
fracture density is higher (Fig.13 A, B). The damment of the clasts reaches 2 cm normal to
the fracture strike. The hydraulic fractures havgo aeen recognised in dolomitized and
dedolomitized matrix where they are marked by freet filled with chert fragments
(distinguished from the ghosts of hydraulic fraetithat are detectable by the presence of chert

fragments in the fractures Fig. 12 D, E).

5. Discussion
LDBBs are ubiquitous features in the outcrops & thargano Promontory, and are

developed across a range of dimensions with diftegeeometries (pipe-like, sheet-like and
“‘complex” geometries). In a few cases, the marginthe breccia bodies can be correlated with
the contacts of neighbouring breccias that havélaidimensions (Fig. 4A). In such cases, the
LDBBs can reach a length greater than 100 m; exesnplf a similar scale have been
documented by Woodcock et al. (2014) in the Pendnoeéninsula of south Wales. LDBBs

documented in our study are bound either by sttaighvavy contacts. The straight margins are
interpreted to be the result of faulting with exemal, transtensional, or transpressional
movement shown by the kinematic markers (Figs. 5 B; 7 A, 7 B). Conversely, the irregular

margins are interpreted to be the result of karssadution or oblique-slip fault kinematics.
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LDBBs are bound by fault blocks that often showta25 m vertical offset. Although the fault
planes are not often directly observed (Fig. 57 &), their presence is inferred by a clear
relative offset of stratigraphic marker intervatijaent to the breccia bodies. Considering that
many faults observed in the area display obligaesttike-slip kinematics, the total displacement
along the fault planes may be of significantly geeanagnitude.

The preferential alignment of the LDBBs is oftemuected to their development along
specific fault systems and is interpreted eithea agtwork of hypogenic karst systems (Haug et
al., 2009; Loucks et al., 2000), fault scarp brascjPreto et al., 2011) or opening fractures
developed by downslope creep from the platformgfand Kerans, 2010).

The lithological difference between the brecciaibsdand their hosting formation may
produce an important contrast with respect to @ty within the rock volume and impacts
the fluid circulation (Rustichelli et al., 2017).h@se differences may result in localized
cementation, as shown in this study by dolomitaatand dedolomitization. In Rustichelli
(2017), the prevalent orientation of elongated sidé small and medium dolomite bodies is
WNW-ESE, while the elongation of larger dolomitedi®s is oriented NE-SW. Rustichelli et al.
(2017) described small-scale breccias at the daéofronts.

5.2. LDBB Formation and related characteristics

We propose a variety of origins for the studiedcbi@s based on structural and sedimentological
data obtained during the field survey, combinedwieochemical data from the literature. Each
process of formation has its own specific charasties. We now review three different potential

mechanisms proposed as models for discordant larbodly formation (Fig. 14):

5.2.1 Syndepositional tensional fissures (Fig. 14 A)
The development of syndepositional tensional festuwhich includes Neptunian dikes,

crevasses and synsedimentary normal tectonic aaditgrfaults, has been recognized in
previous works in the platform to slope Mesozoithoaates in the Tethys region (Winterer et
al., 1991; Lehner et al.,1991; Wieczorek and Olskay2001Crne et al., 2007) (Fig. 14 A). In

the Gargano Promontory, syndepositional tensiomatures may have developed due to
extensional syndepositional tectonics (plausiblenduthe Early Cretaceous) or as a result of
gravity-driven movement as is illustrated by thegance of both tectonically- and gravity-driven
faults (Korneva et al., 2015). Moreover, MTDs aervasive in the Maiolica Fm. (Bosellini,
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1999; Hairabian et al., 2015; Jablonska et al.,72@hd such a mass wasting (block sliding,
slumping and creep) can produce gravitational esxvexal voids and crevasses (Winterer et al.,
1991), providing space for emplacement of youngatenml in the older surrounding rocks
(Bates and Jackson, 1980). Slides and sliding Blamkmprise relatively undeformed strata
reaching hundreds of meters without any evidencdedbrmation and may produce crevasses
that may be later filled by collapsed material (ihgl et al., 2007). The material from the
dismembering of lithified walls can partially filthe void, resulting in multiple phases of filling
associated with continued downslope movement. énstindied area, the LDBBs margins are
often perpendicular to the MTD direction (Fig. 5ai®d 10), and this may be associated with the
overall slow downslope sliding. While the margirissome LDBBs coincide with the paleoslope
strike (Fig 5 A), not all their margins necessashow one preferential orientation.

The role of gravity-driven deformation along them margin — basinal carbonates is
confirmed by the numerous MTDs documented in previstudies (e.g. Morsilli and Bosellini,
2001, Jablonska et al., 2018). Such mass wastirygpnoaluce fissures that can be later filled by
detritus, similar to that documented in the Liastltdé Southern Alps (Winterer, 1991) or the

Apula margin (Laurita et al., 2016).

5.2.1. Fault-related breccia (Fig. 14 B)
At the studied sites, NW-SE oriented normal faulaNW-ESE and NE-SW oriented

oblique-slip faults and E-W oriented strike-slipulta were observed in the vicinity of the

LDBBs (Fig. 6- 9). The vertical offset of most diese faults varies between a few tens of
centimeters to tens of meters. Clear offset ofdfnatigraphic intervals was observed on either
side of the breccias and is evidence that movemdeng the fault plane occurred at the position
of the LDBBs (Fig. 5, 6, 14 B). In many cases, stalits belong to a larger conjugate fault
system (Fig. 6), possibly a negative flower struetu

Along the straight contacts of LDBBs and their surrding strata, a thin (0.5 - 20 cm)
fault core filled with reddish gouge may be obsdn{€ig. 7 B, C; Fig. 10). The abundant
horizontal and oblique-slip kinematic indicatorstla margins (Fig. 7 F, G) and chaotic clasts
within the breccias indicate continued tectoni¢wvétgtalong these LDBBs.

Careful correlation of breccia mega-clasts with swgrounding stratigraphy suggests
oblique transport with 20 — 40 cm vertical displaeat (Fig. 6), which may be achieved by fault
action with transpressive kinematics. Moreover,agged fracturing impacting the surrounding
walls indicates a damage zone linked to continuedement on the adjacent faults, or the

damage zone of the fault along which LDBBs subsetiyealeveloped (Fig. 6 E, F). Our
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structural evidence suggests the presence of alwateiated zone flanked by a distinct damage
zone with a sharp transition to the undeformed ey \little deformed bedrock. However, the
width of the breccia is consistent with a "faultrodor”, which may be characterized by several
fault planes that give rise to a broad and coatebcecciated zone, similarly to that described by
Woodcock et al. (2014). Fault-related breccias pced by abrasion and dilatation are well
documented in large-scale fault zones (Walsh eR@D8). In the Gargano Promontory, breccia
of such a scale is related to the E-W oriented iktatth Fault (Salvini et al., 1999), an important
crustal fault that accumulated more than 2 km lomrtizl displacement (Tondi et al., 2005).

5.2.2. Solution collapse breccias (Fig. 14 C)
The studied breccias also show convincing evidefia®lution and collapse (Fig. 14 C).

Chaotically arranged clasts with no evidence ofisgmay suggest a catastrophic collapse of a
large-scale cavern. This inference is supportethbypresence of several large megablocks near
the exposed base of the breccia bodies which heee linked to higher stratigraphic intervals
(Fig. 6 A, E).

Karst-associated collapse breccias are often tbdupt of cavern failure, producing
sinkholes that are later filled by collapsed maieds breccias or as sagging strata (Loucks,
2001). The cavern structures are frequently aswati@ith zones of enhanced fluid percolation,
such as along-strike migration in fault zones aadttire corridors (Bagni et al., 2020).

Irregular breccia margins support the cavern-fillihypothesis. Even some straight
margins may be developed as slip planes due toitgtianal collapse during the sinkhole
formation and may continue to develop and be pssyvely filled in stages (Ezersky and
Frumkin, 2013; Broughton, 2017).

Several sinkholes of sub-aerial origin in Plio-Blecene calcarenites were described by Taviani
et al. (2012) from offshore Gargano Promontory. Sehsinkholes have a maximum recorded
depth of 20 m (although their total height was pos$sible to obtain) and their diameter is up to
120 m. These features are aligned in a NE-SW deathich, according to Taviani et al.
(2012), is an indication of structural or lithologl control. Some of the LDBBs (identified in the
northern portion of the study area, Brl and 2, B8)1contain clasts belonging to a formation
younger than the Maiolica Fm. (e.g. Marne a FucBidi, Monte San Angelo Fm. and Peschici
Fm.). The breccias in the presented study resethbke found in filled sinkholes, with sharp

lateral boundaries against surrounding quasi-hotéstrata.
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Dissolution of carbonates occurs predominantlyuln-gerial environments with meteoric
diagenetic processes (Loucks, 2000; Santo et @LQ)2or in submarine conditions if related to
ascending brines with a strong corrosive poteii8ahart et al., 1988) or brackish fluid mixing,
as documented offshore Florida (Land and Paul, 20%é&veral studies have also described
massive collapses associated with solution andldeweent of karst in underlying evaporite
layers (Broughton, 2017; Frumkin et al., 2011; &nman, 1997).

5.2.3. Conceptual model of LDBBs origin
LDBBs in the study area are most likely formed bgoabination of several processes.

Clast provenance from specific stratigraphic levelss shown that some boulders were
incorporated into the void from levels more thanf5above. Whereas, some solitary clasts
within the same breccias but closer to the margia,found in close proximity to their source
strata and did not travel far (Fig. 5). The veltioeeccias may play a role as a weak interface
along which a later fault may propagate, as docueaeim the Apulian Platform carbonates by
Laurita et al. (2016).

The timing of the LDBBs formation can provide fugtlconstraints about their origin and
their place in the regional geologic framework. ®ofeatures, such as age of various clasts,
breccia-cutting faults and dolomitization of theedezias may indicate the timing. According to
Rustichelli et al. (2017), the dolomitization preses of the slope and basinal succession is
constrained to be Late Jurassic to Early Cretacevage. Since there are several dolomitized
breccia bodies (Fig. 3, Fig. 12), dolomitizationestimated to post-date the breccia formation.
However, the subaerial exposure needed for solatitlapse may place the LDBBs either in the
Upper Cretaceous with a significant regional hiatagsed by relative sea-level fall (Graziano,
2000), or post-Miocene which is characterized bignificant uplift associated with the
development of the broad anticline.

Our data indicate that the formation of these bhesccannot be explained by a single
process alone and instead they must be considerbdiag generated by multiple mechanisms.
The breccias are not easily separated from thegbachd structural fault network surrounding
them, and they also show clear evidence of soluttoHapse. Therefore, we favour an
interpretation that these breccias formed as dtreksolution exploitation of a pre-existing fault
network characterized by large-scale vertical stgkp or oblique-slip faults with decameter

scale offset. Initial displacement along these tfagleated a wide fault damage zone, where
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localized fluid migration created a zone highly captible to solution and subsequent periodic

sidewall collapse (Fig. 15).

5.2.4 Value f UAV-based photogrammetry-derived VOMs

The VOM survey has clearly provided valuable infatimn in addition to that gathered
during the field survey. It enabled us to obtainrendata and to better understand the structural
relationships including: the orientation and geoweatf the LDBBs, 3D architecture and
orientation of the platform margin, the predomindinéction of the MTDs, and fault orientations
in each studied location. While some inconsistenarere documented with low angle features
(Fig.8 — Br 72), these cases were clarified bytaimanual field measurements taken in the
accessible lower part of the outcrop, while dattaioled from photogrammetry constrained the
upper part of the outcrop which was otherwise wirable. Collectively, these data provide

much better constraints than observations andgtl)asampling based on one approach alone.

6. Conclusions

Large discordant breccias are common features expas the basinal and slope
carbonates of the Gargano Promontory. These beeauid Cretaceous slope and basinal
carbonates and can reach heights > 80 m and wi#d#@ m. The chaotic appearance of the
filling suggests large magnitude collapses. Sevexamples of the breccias show both chaotic
clast arrangement and an aligned texture, with @mpalast stratification forming dip angles <
60°, which would suggest both catastrophic and esetipi filling.

In terms of the timing of formation, the dolomimd dedolomitized mineralization of
the LDBBs is dated to during Middle - Late CretacgoTlhere are several breccias where clasts
of younger formations were documented.

We suggest three main mechanisms for LDBBs formatgravity-driven openings,
karstic solution collapse and tectonically-induceiatational breccia. The fact that some
breccias have been fully or partially dolomitizedpiies that at the time dolomitizing fluids
passed through the rocks, the permeability of tioéopth was relatively high. In lithofacies such
as pelagic carbonates, relatively high permeabiityuld indicate a pre-existing fracture
network.

The results presented in this paper also demoestna potential for using computer

aided analysis of UAV-based photogrammetry-derivé®Ms to acquire structural and
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stratigraphic data, and their spatial relationshif®@m otherwise inaccessible cliff-side
exposures. A high- resolution, cm-scale 3D photmta model was obtained of several
expansive cliff-faces in the Gargano Promontory neheDBBs and their surrounding related
stratigraphic and structural features are well eggdo The use of the 3D Virtual Outcrop models
in this study allowed the observation and direcasueement of fault surfaces that characterize
the breccia boundaries as well as the marginal zdrieh significantly enhanced the datasets
obtained in the field. The cliff faces would haveeh otherwise completely inaccessible, and
observations of the 3D aspects of the margins extdiries and direct measurements limited. The
LIME virtual outcrop analysis software provides arcredibly valuable tool for making

measurements and interpretations directly on titiali Outcrop Model.
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1)

2)

3)
4)

The large vertical breccia bodies (LVBBs) are ubiquitous in slope-to-basinal carbonates,
Gargano Promontory, Southern Italy

The LVBBs can be up to 80 m high, 40 m wide and over 60 m long and they display
chaotic clast arrangement or occasional clast alignment

The LVBBs follow the fault network in the studied area

Structural features and occasional pervasive dolomite cements suggest various origin
(solution breccia collapses, fault —related dilatational breccia) and timing (Cretaceous
and Miocene) of formation
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