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1  |   INTRODUCTION

Fault-controlled deposits develop in tectonically active ba-
sins forming tens of meters to hundreds of meters thick suc-
cessions. Usually, the higher the syn-depositional cumulative 
displacement created by the fault, the thicker the deposit 
stacks (Hardy, Dart, & Waltham,  1994). Fault-controlled 
depositional systems have long been studied to improve the 
understanding and prediction of sand- and gravel-body ar-
chitectures in analogous subsurface systems (Colella, 1988a; 
Ethridge & Wescott,  1984; Lewis, Jackson, Gawthorpe, & 
Whipp, 2015; Longhitano, 2008). Such fault-controlled de-
posits are important in basin analysis because they provide a 
record of tectonic events and base level changes that operated 

during basin evolution (Gobo, Ghinassi, & Nemec,  2015; 
Hardy et al., 1994). However, existing classification schemes 
and models for fault-controlled systems (e.g. Massari & 
Colella,  1988) put little emphasis on the embryonic phase 
of unsteady-state development. Embryonic phases develop 
when sediments are (a) sourced along a fault scarp directly 
into relatively deep-water basins and (b) transported through 
gravity-driven processes to form wedge-shaped accumula-
tions (Nemec,  1990). The resulting base-of-scarp deposit 
does not generate sufficient sediment volume to reach base 
level and to evolve as a delta with a subaerial or shallowly 
submerged distributary plain (Figure 1). The proposed un-
steady state (i.e. base-of-scarp deposit) is characterised by 
the evolution in morphology and internal geometry during 
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The term base-of-scarp is proposed for those submarine deposits controlled by a fault 
and physically disconnected from their more proximal counterpart located on the 
footwall, although genetically linked to it. These systems differ from conventional 
fault-controlled deltas, such as shoal- and Gilbert-type, because they are entirely sub-
aqueous and lack equilibrium morphology—a steady state in which the system grows 
in size without altering its shape. We present field examples of fault-controlled de-
posits from the Crati Basin and the Messina Strait (southern Italy) consisting of 
stratigraphic clastic wedges that thin towards and onlap onto the active margin with 
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processes such as debris flow, debris fall and high-density turbidity currents. These 
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slope angle leading to conditions under which the unsteady state may eventually 
turn into a Gilbert-type or shoal-water system. A diagram for fault-controlled base-
of-scarp (B), Gilbert (G) and shoal-water (S) deposits is presented, including their 
steady- and unsteady states, and the conceptual conditions under which a base-of-
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basin filling (Prior & Bornhold, 1988) gradually reducing its 
slope angle through time (Nemec, 1990), eventually aggrad-
ing close to the base level and potentially evolving into either 
a shoal-water or Gilbert-type delta system with morphologies 
that grow in steady-state conditions.

Although in the literature there has been little atten-
tion to fault-controlled base-of-scarp deposits, they can be 
recognised in many syn-rift basins where they character-
ise their early phases. Accordingly, our understanding of 
the tectono-stratigraphic evolution is poor despite unsteady 
base-of-slope deposits contain useful information about 
basin evolution and development of fault-controlled depos-
its. The reason why they are poorly studied can be that they 
are relatively thin compared to other syn- and post-rift de-
posits, poorly imaged in seismic reflection data and typically 
included and interpreted within the well-known steady-state 
deposits in which they evolve.

Deposits referable to base-of-scarp systems have been 
described in different geological contexts like fjords or 
tectonically controlled deep environments in outcrop (e.g. 
Wollaston Forland Group, Greenland) and subsurface ex-
amples (e.g. Brae Formation, North Sea), and referred 
to as underwater conical delta, apron or submarine fan 
(Ethridge & Wescott, 1984; Henstra et al., 2016; Leeder & 
Gawthorpe,  1987; Nemec,  1990; Prior & Bornhold,  1988; 
Surlyk, 1984; Turner & Connell,  2018; Cullen et al., in 
press). All the previously used terminologies have not found 
so far a common ground with people indistinctly using dif-
ferent terms for similar systems. Here we suggest to use 
the term ‘base-of-scarp’ for all the cases where the system 
is (a) fault-controlled, (b) represents an unsteady-state em-
bryonic accumulation and (c) can evolve through time to a 
steady-state system like Gilbert-type deltas or shoal-water 
accumulation. Syn-rift deposits evolving through unsteady 
and steady-state phases can be recognised, among others, in 
published examples of rifted deposit of the Bohai Bay Basin 
(e.g. Jia et al., 2019), the Crati Basin (e.g. Colella, 1988b) and 
the Gulf of Suez (e.g. Lewis et al., 2015; Figure 1), although 
not emphasised by the authors. Moreover, many cases can be 
hidden in examples where the published iconographic mate-
rial or description does not easily allow their identification.

In this paper, we investigate fault-controlled base-of-scarp 
deposits from two study areas (the Plio–Pleistocene Crati Basin 
and Messina Strait, southern Italy) to document their geometric 
and sedimentological characters and the transition to steady-
state deltas that might occur if sediment accumulation exceeds 
tectonically created nearshore accommodation. Our hypothesis 
is that by defining base-of-scarp deposits and comparing them 
with published models of shoal-water and Gilbert-type delta 
systems in the literature, we can (a) distinguish features such as 
internal architecture and facies distribution, and (b) provide a 
frame of reference for future studies on fault-controlled depos-
its. We propose a BGS diagram with base-of-scarp (B), Gilbert 

(G) and shoal-water (S) fault-controlled systems. The dia-
gram includes their initial unsteady state and evolution paths 
towards steady state. Evolution can potentially go backwards 
to unsteady state if accommodation outpaces sediment supply 
producing sub-vertically stacked systems (e.g. Colella, 1988b; 
Dorsey, Umhoefer, & Renne, 1995; Garcia-Garcia, Fernandez, 
Viseras, & Soria, 2006). The aim of this paper is to advance our 
understanding of fault-controlled deposits, and in particular of 
their embryonic unsteady state. Using field data, the objectives 
of the study are (a) describe and interpret the base-of-scarp de-
posits evolution of three fault-controlled deposits exposed at 
the Civita, San Teodoro and Croce Valanidi sections (southern 
Italy) from the stratigraphic architecture and sedimentology; 
(b) propose a ternary diagram showing the evolving though 
time from the unsteady-state end-member to the steady-state 
ones and vice versa; (c) discuss the controlling factors of base-
of-scarp deposits and their potential evolution to Gilbert-type 
and shoal-water systems.

2  |   FAULT-CONTROLLED 
SYSTEMS CLASSIFICATION

Classification diagrams are largely used in sedimentology to 
group depositional environmentals and elements having com-
mon characters. Different proposed diagrams cover the spec-
trum of classical depositional systems (e.g. Boyd et al., 1992; 
Galloway, 1975, Ainsworth et al., 2003). Fault-controlled 
Gilbert- and shelf-type deltas and base-of-slope deposits 
have been recognised and documented in both modern and 
ancient systems (Colella,  1988a; Galloway, 1988; Massari 
& Colella, 1988; Nemec, 1990). However, no available clas-
sification schemes have been proposed to define or name 
fault-controlled base-of slope systems typically representing 
the embryonic phase reflective of an unsteady state. Neither 
is a model available for the prediction of evolution of these 

Highlights
•	 We document fault-controlled base-of-scarp de-

posits and the depositional architectural evolution 
from unsteady- to steady-state conditions.

•	 Base-of-scarp deposits represent the embryonic 
state characterising early extensional phases

•	 Internal architectures and facies distribution of 
base-of-scarp deposits characterised by a fining-
upward trend differs markedly from the progra-
dational coarsening-upward trend recognised in 
deltaic successions and alluvial fans

•	 Depth-ratio and depositional angle control the 
evolution of fault-controlled systems
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depositional systems through time and space. Here we develop 
a triangular diagram for fault-controlled systems showing how 
base-of-scarp systems may potentially evolve from an initial un-
steady state, and evolution paths towards the steady state. The 
diagram uses discrete categories representing end members. In 
particular, each of the three vertices of the ternary diagram refers 
to base-of-scarp (B), Gilbert (G) and shoal-water (S; Figure 2). 
Base-of-scarp deposits (B) represent the unsteady-state end-
member, while Gilbert (G) and shoal-water (S) the steady-state 
ones. Infinite numbers of mixed systems can exist in between 
depending on the interaction among sedimentary supply, rela-
tive sea level changes and extensional rate. Moving from the 
top vertex ‘B’ towards the base of the triangle, systems increase 
their steadiness evolving though time from the unsteady-state 
end-member and the steady-state ones and vice versa.

3  |   GEOLOGICAL SETTING

3.1  |  Tectonics and structure of the Crati 
Basin and Messina Strait

Our field examples are located in two basins (Crati and 
Messina, southern Italy, Figures 3 and 4) that were active dur-
ing the Plio–Pleistocene and associated with the last tectonic 

displacement of the Calabrian Arc (Monaco & Tortorici, 2000; 
Tansi, Muto, Critelli, & Iovine, 2007; Van Dijk et al., 2000). 
The Crati Basin and the Messina Strait represent two exten-
sional basins related to the Late Pliocene–Early Quaternary 
block segmentation of the Calabrian Arc interpreted as the ef-
fect of the migration of the orogen towards the forearc Ionian 
Basin (Ghisetti, 1979; Tansi et al., 2007; van Dijk et al., 2000).

3.1.1  |  The Crati basin

The Crati Basin, which is located in the northern part of the 
Calabrian Arc, is an L-shaped basin developed since Early-
Pleistocene in response to the W-E extension that charac-
terises the western portion of the Calabrian Arc (Figures 3, 
4a and 5; Turco, Maresca, & Cappadona, 1990). The Crati 
Basin trends N-S in the southern portion, with an E-W-
oriented component in the northern part (Figure  3b). The 
basin margin consists of Palaeozoic crystalline rocks of the 
Sila Massif to the east, crystalline and sedimentary rocks of 
the Coastal Range to the west and Meso-Cenozoic carbonate 
deposits of the Pollino Massif to the north. The Crati Basin 
hosts well-known examples of fault-controlled shoal-water 
and Gilbert-type deltas (Colella, 1988b), and in the present 
study we focus on facies variations and vertical evolution of 

F I G U R E  1   Subsurface and outcrop examples of fault-controlled systems developing a base-of-slope alike deposits on which Gilbert-type 
systems develops. (a) Vertically stacked units of the Bohai Bay (China) extensional system producing unsteady wedge-shaped deposits evolving 
to steady-state Gilbert systems. The Gilbert systems develop above an unconformity surface (dashed line; modified from Jia et al., 2019). (b) The 
Castrovillari Model proposed by Colella (1988b) for the vertically stacked systems recognised in the Crati Basin (Italy). Accumulation assimilable 
to the proposed base-of-scarp deposits is reported during the early stage. Important to highlight as in both cases, the interpreted base-of-scarp 
deposits are capped by an unconformity surface (S2) separating the unsteady and steady-state systems 
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the lower portion of the Early-Middle Pleistocene Civita sec-
tion (Figure 4a). The Civita section developed in the northern 
sector of the Crati Basin along a fault-segment of the 15-km 
long Pollino Fault (Colella,  1988a,b; Filice and Seeber, 
2019), and pertain to the Pleistocene Synthem (PlS) defined 
by Spina, Tondi, and Mazzoli (2011; Figure 4a). The Pollino 
Fault has an oblique normal-sinistral kinematics (Chiarabba, 
Agostinetti, & Bianchi,  2016; Ghisetti & Vezzani,  1982; 
Monaco & Tansi, 1992; Tansi et al., 2007, 2016; Van Dijk 
et al., 2000) forming a SW facing fault scarp that favoured the 
formation of several vertically stacked Plio–Pleistocene del-
taic units having a total thickness of ~300 m (Colella, 1988b; 
Figure  4a). Depositional architectures indicate a dominant 
southwest evolution of the system (Colella, 1988a). Towards 
the south, the Early-Middle Pleistocene deposits are over-
lain by Middle-Upper Pleistocene lacustrine sediments 
(Colella,  1988a; Spina et  al.,  2011). Along the Raganello 
Stream (Figure  5), the Early-Middle Pleistocene coarse-
grained deposits are locally overturned, and unconformably 
overlain by Late Pleistocene–Holocene fluvial terrace de-
posits (Figure 4a). Overturned strata are related to transpres-
sional jogs and bends along the Pollino fault zone (Catalano, 
Monaco, & Tansi,  1993; Ferranti, Santoro, Mazzella, 
Monaco, & Morelli,  2009) active after the deposition of 

the Early-Middle Pleistocene coarse-grained deposits of 
the Civita section. The Civita section has been previously 
interpreted as a stacked Gilbert delta succession referred to 
as the Castrovillari model (Colella, 1988a)—a Gilbert-type 
delta succession recording several episodes of tectonic activ-
ity in the form of erosive, bounding sequences separated by 
unconformities related to the activity of basin bounding nor-
mal faults. However, the lower portion of the Civita section 
shows neither a bottomset nor a topset but only inclined beds 
forming a wedge-shaped body characterised by an upward 
decrease in strata dip, thinning towards and onlapping against 
the fault scarp (Figure 6a–c).

3.1.2  |  The Messina strait

The Messina Strait developed during a Pliocene phase of 
structurally controlled narrowing, related to the tectonic 
activity of an NNE-SSW-oriented faults system known as 
‘Siculo-Calabrian Rift Zone’ (SCRZ) which dissects the 
Palaeozoic metamorphic rocks of the Peloritani-Aspromonte 
Massifs and controlled the evolution and accumulation of 
deposits were peformed along the basin margins through 
a synsedimentary activity (Catalano, De Guidi, Monaco, 

F I G U R E  2   BSG schematic diagram of fault-controlled systems (not in scale). Base-of-scarp deposits (B) represents the unsteady-state 
end-member. The shoal-water (S) and Gilbert-type (G) represent the steady-state of fault-controlled systems for which two representative vertical 
sequences are shown (See Figure 5 for the base-of-scarp typical vertical sequence). Mixed systems can exist in the triangle depending on the 
interaction between sedimentary supply rate and accommodation. Transition to Gilbert-type or shoal-water systems controlled by the steepness of 
the subacqueous slope and depostional processes fully dominated by sediment gravity-transport processes for the Gilbert-type. Embryonic base-of 
scarp deposits are indicated in orange in all three end-members
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Tortorici, & Tortorici, 2008; Ghisetti,  1984, 1992; Monaco 
& Tortorici,  2000; Monaco, Tortorici, Nicolich, Cernobori, 
& Costa, 1996; Tripodi, Muto, Brutto, Perri, & Critelli, 2018; 
Figures 3b, 4b and 7). The studied Messina Strait examples 
comprise fault-controlled deposits of the Croce Valanidi 
and San Teodoro sections located on the eastern margin of 
the strait along the Armo normal fault (Figures 4b, 6d,e and 
7). The Armo Fault is a ~12-km long NNE-SSW-striking, 
NW-facing breached monocline controlled the location of 
depocentres and the abrupt along-strike thickness, and fa-
cies change of the Pleistocene deposits. On the Armo Fault, 
the Pliocene to present fault throw is ~350  m with a time-  
averaged throw rate of 0.7 + 0.3/−0.2 mm a−1 based on terrace 
offsets (Ghisetti,  1992; Roda-Boluda & Whittaker,  2017). 
During the initial extensional phases, the Armo Fault was 
blind producing a basinward-facing monocline (extensional 
forced fold), which controlled the deposition of the early 
Plio–Pleistocene marginal deposits of the Vinco Calcarenites 
Unit (Ghisetti,  1992)—deposits that despite the name ac-
tually consists of a compositional mixing of bioclastic and 
siliciclastic sediments (sensu Chiarella, Longhitano, & 
Tropeano,  2017; Figure  8). The Vinco Calcarenites were 

deposited in stratigraphic wedges that thin towards and onlap 
onto the growth fold and are topped by middle Pleistocene 
deltaic deposits of the Messina Gravels and Sands Formation 
(Figure  4b). The identification of the boundary between 
the Vinco Calcarenites Unit and the Messina Gravels and 
Sands Fm is facilitated in the field by the mixed bioclastic–  
siliciclastic nature of the Vinco Calcarenites. Mixed composi-
tion representing a distinctive feature of many Plio–Pleistocene 
deposits accumulated in the Mediterranean area (e.g. 
Chiarella, Longhitano, Sabato, & Tropeano, 2012; Longhitano 
et al., 2012; Longhitano, Chiarella, & Muto, 2014; Massari & 
Chiocci, 2006; Nalin, Ghinassi, Foresi, & Dallanave, 2016; 
Pepe & Gallicchio, 2013; Rossi et al., 2017; Yesares-García & 
Aguirre, 2004), and would reflect specific conditions of sedi-
ment deposition very sensitive for recording local hydrody-
namics processes (Chiarella & Longhitano, 2012; Chiarella, 
Longhitano, & Tropeano, 2019). The lower and proximal por-
tion of the Vinco Calcarenites have been referred in the litera-
ture as intraformational breccias and mass-wasting deposits 
associated with subaqueous steep cliffs (Longhitano,  2018 
and references therein). Upwards, the system evolves to shal-
lower deposits of the same Unit (Figures 4b and 6e).

F I G U R E  3   (a) Plio–Pleistocene block-segmentation of the Calabrian Arc in southern Italy (insert) within the resulting yellow sedimentary 
basins (Chiarella, 2016 redrawn after Ghisetti, 1979). (b) Simplified geological map of the Calabrian Arc (modified after Longhitano et al., 2012). 
SCRZ: Siculo-Calabrian Rift Zone 
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4  |   METHODOLOGY

To investigate the unsteady-state base-of-scarp deposits and 
their evolution to steady states, the following methods are 
used: large- to small-scale outcrop observations followed by 
conventional sedimentological analysis; and line-drawing 
performed on panoramic photos to investigate the proximal 
to distal variation of bedding attitude and geometry. We 
specifically selected outcrops to characterise the key depo-
sitional elements and detect variations in facies along strike 
and dip. Field observations have been combined to form a 
representative vertical sedimentary succession of the base-
of-scarp deposits (Figure 9).

The studied units are easily distinguishable and laterally 
observable, thanks to a good degree of exposure common 
to both study areas. Moreover, studied units have been lo-
cally documented in several previous outcrop-based stud-
ies (e.g. Barrier,  1986; Colella,  1988b; Ghisetti,  1992; 
Longhitano, 2018; Roda-Boluda & Whittaker, 2017).

Finally, the concept of depth-ratio (cfr. Jopling, 1965) has 
been used to characterise the relationship between the water 
depth at the footwall crest and the basin water depth of the 
hanging wall. Accordingly, a low depth-ratio means a high 
difference in water depth between the footwall crest and the 
hanging wall, and a high depth-ratio means a small depth 
difference.

F I G U R E  4   (a) Schematic stratigraphic column of the northern margin of the Crati Basin, and map showing the distribution of fault-
controlled Plio–Pleistocene systems in the eastern and northern portion of the Crati Basin. (b) Schematic stratigraphic column and map showing 
the distribution of fault-controlled Plio–Pleistocene systems in the eastern margin of the Messina Strait. PFZ: Pollino Fault Zone. AF: Armo Fault. 
Small-scale distortion from the base to the top of the satellite images to be considered 
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F I G U R E  5   Geological sketch map of the Pollino Fault Zone (Crati Basin) showing the main deposits and tectonic elements. The Pollino Fault 
was active during the sedimentation of the Plio–Pleistocene Synthem (PPS) controlling the evolution of the deposits. Arrows indicate the main 
progradation direction of the Plio–Pleistocene units. The panoramic view illustrates the position and relative geographic position of the studied 
outcrops and the controlling fault within the system 
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5  |   ANATOMY OF BASE-OF-
SCARP DEPOSITS

5.1  |  Civita section (Crati Basin)

5.1.1  |  Stratal architecture and facies

Early-Middle Pleistocene coarse-grained deposits of the 
Civita section unconformably overlie Mesozoic carbonates 
along the scarp of the Pollino Fault (Figures 4a and 5). The 

lower portion of the Civita section shows a wedge-shaped ge-
ometry characterised by a gradual upward decrease in strata 
dip within the unit (Figure 6a,b). In particular, a difference 
of ~25° is appreciable between the lower and the upper strata 
suggesting a southward thickening of the unit. Sediments de-
rive mainly from the Meso-Cenozoic carbonate and flysch 
units representing the substrate of the fault-controlled basin 
margin.

In the proximal and lowermost portion of the system 
(Figures 5 and 6a,b), next to the fault scarp, strata consist of 

F I G U R E  6   Fault-perpendicular wedge-shaped architectures of base-of-scarp systems characterised by a general upward decrease in the strata 
dip suggesting basinward expansion of the early syn-rift successions. (a-c) Panoramic views of the Civita section along the Raganello Stream (see 
Figure 5) showing the contact of the deposits of the lower portion over the Carbonate units of the substrate (a) and the upward transition between 
deposits of the lower portion to the Gilbert-type system of the upper portion (c). Panoramic views of the Croce Valanidi (d) and the San Teodoro 
(e) sections (see Figure 7) showing the relationship with the underlying metamorphic basement unit and the upward transition between the lower 
portion and the shoal-water system of the upper portion (e). This transition is marked by the presence of an angular unconformity (S2)and a change 
in strata geometries
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gravel- to pebble-sized breccias supported by a fine- to medium-  
grained sand (Facies 1; see Figure  10a from the Messina 
Strait section as example). Moving upwards, strata become 
more organised showing an alternation of conglomerate and 

sandstone beds (Facies 2; Figure 10c,d), with the sandstone 
portion becoming progressively dominant (Figure  10e). 
Gravel beds are up to 50 cm thick and consist of poorly to 
moderately sorted, matrix- to clast-supported, sub-rounded to 

F I G U R E  7   Geological sketch map of the Armo Fault area (Messina Strait) showing the main deposits and tectonic elements. The Armo Fault 
was active during the sedimentation of the Vinco Calcarenites unit controlling the evolution of the deposits. Arrows indicate the main progradation 
direction of the fault-controlled Vinco Calcarenite Unit. The panoramic view illustrates the position and relative geographic position of the studied 
outcrops and the controlling fault within the system. The San Teodoro and Croce Valanidi sections develop along the same fault and are ~1 km 
apart
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rounded pebbles and cobble conglomerates. Matrix is sand-
gravel grade, and locally clasts are imbricated. The sandstone 
beds include coarse-grained, moderately to poorly sorted, 
sub-angular to sub-rounded arenite. Locally, scattered gran-
ules and pebbles occur. Unfortunately, the vertical attitude 
of the strata does not allow to properly evaluate the proxi-
mal to distal variation of the facies with respect to the fault 
scarp or to infer with the primary depositional dip angle of 
the palaeo-slope.

At the top of the lower portion (~100 m above the basal 
contact), an angular unconformity (S2C), locally draped by 
a ~50 cm thick interval is made of a matrix-supported con-
glomeratic layer passing upwards to silt and fine-grained sand 
present as solitary bed, separates the wedge-shaped deposits 
from an upper portion characterised by prograding foreset el-
ements (Figure 11). Foresets downlap above the angular un-
conformity, or the corresponding relative drape, (Figures 6c 
and 11) and are part of the younger steady-state Gilbert-type 
delta pertaining to the Castrovillari model defined by Colella 
(1988b).

Depositional processes are suggested to have been dom-
inated by sediment gravity flows (Colella,  1988b), such as 
gravel-rich inertial grain flows to non-cohesive debris flows, 
and high-density turbidity currents (Nemec, 1990).

The presence of an angular unconformity (S0C, Figure 4a) 
between the Mesozoic carbonates and the lowermost syn-
rift deposits of the Civita section along the Pollino Fault 
(Figure 5) suggests that a pronounced relief was associated 
with this structure at the onset of syn-rift deposition. Based 
on the gradual change of the dip angle between the lower 
and the upper strata of the lower portion, we suggest that the 
Pollino Fault was active during the sedimentation controlling 
the accumulation of the wedge-shaped deposits of the Civita 
section as indicated by the presence of the intraformational 
unconformity S2C. Accordingly, these deposits were accu-
mulated in a syn-rift wedge that thinned towards the Pollino 
Fault (Figure 6a,b).

The different sedimentation style above the unconfor-
mity S2C follows the shutdown of the deposition of the 
lower portion and suggests a rapid change in basin condi-
tions, and potentially relative water depth, probably related 
to the activity of the controlling fault. The result is a change 
in the depositional profile producing a depositional angle 
suitable for the development of a Gilbert system. In fact, 
the S2C unconformity separates the unsteady deposits from 
the steady-state Gilbert-type delta. Important to highlight 
is that the distinctive character of the Castrovillari model 
defined by Colella (1988b) is the recognition of vertically 

F I G U R E  8   Close-up view of the Vinco Calcarenite mixed siliciclastic-carbonate deposits forming a compositonal mixing (sensu Chiarella 
et al., 2017). (a) Mixture of poorly sorted angular metamorphic gravels and bioclastic sandstone. (b) Elongated metamorphic clast enclosed within 
a bioclastic matrix and encrusted by serpulids. (c) Cool-water carbonate sediments composed of bryozoans fragments mixed with a siliciclastic 
fraction. (d) Bathyal Desmophyllum cristagalli, Isis sp corals along the Armo Fault (from Barrier et al., 1986) 
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stacked units separated by major irregular surfaces related 
to slides resulted from high-magnitude fault slip events 
(Colella, 1988b).

5.2  |  Croce Valanidi and San Teodoro 
sections (Messina Strait)

5.2.1  |  Stratal architecture and facies

The Plio–Pleistocene syn-rift Vinco Calcarenites Unit of the 
Croce Valanidi and San Teodoro sections lies nonconforma-
bly on top of Palaeozoic metamorphic rocks of the Peloritani-
Aspromonte Massifs along the Armo Fault, and through an 
angular unconformity on top of Miocene deposits in the distal 
area. The nonconformable surface represents the base syn-
rift unconformity S0M (Figure 4b). Depositional architectures 
and elements (e.g. channels) indicate a west-northwest evo-
lution of the system, almost perpendicular to the present-day 
orientation of the Messina Strait (Figure 7).

The studied deposits at the Croce Valanidi and San 
Teodoro sections are characterised by a wedge-shaped ge-
ometry exhibiting a gradual upward decrease in strata dip 
(Figure  6d,e). At the Croce Valanidi section, the system 
shows a difference of ~30° in the dip between the lower and 
the upper strata. This geometrical relationship becomes less 
pronounced in the upwards portion of the succession where 
layers are almost sub-horizontal (Figure  6e). The deposits 
consist of a siliciclastic fraction mainly represented by meta-
morphic clasts mixed with a carbonate bioclastic component 
(Figure 8a). Clasts encrusted by serpulids have been observed 
(Figure  8b). The bioclastic fraction contains a mixture of 
cool-water carbonate factory (e.g. bryozoan, brachiopods, 
echinoids; Figure 8c) and bathyal corals (e.g. Madrepora oc-
ulata, Lophelia pertusa, Desmophyllum cristagalli, Isis sp.; 
Barrier,  1986; Barrier, Di Geronimo, & Lanzafame,  1986; 
Figure 8d).

The most proximal and basal deposits recognised in the 
lower portion next to the Armo Fault (Figure 6d,e) are char-
acterised by immature gravel- to pebble-sized breccia and 
poorly sorted conglomerate clasts mixed with coarse-grained 
bioclastic fragments to form a 20- to 200-cm thick interval 
(Facies 1). Upwards, beds are typically composed of coarse-
grained bioclastic–siliciclastic sand and conglomerate gravel 
(Facies 2). In a proximal position (~60 m away from the fault 
scarp), Facies 2 beds form packages consisting of structure-
less coarse-grained sandstone with clustered or scattered 
angular gravel clasts and non-graded or coarse-tail inversely 
graded matrix- to clast-supported conglomerate (Figure 10a). 
Locally, these packages are separated by 50- to 200-cm thick 
layers of amalgamated sandstone with non-erosional bases 
(Figure 10b). Here the inclined bed succession includes also 
isolated, downdip trending scours up to ~60 cm deep, filled 
with sandy and gravelly cross-strata dipping upslope at up 
30 degree relative to general bedding (Figures 6b and 12). 
Three hundred meters away from the scarp, conformable 

F I G U R E  9   Representative sedimentological log for base-of-
scarp deposits showing a fining-upward general trend. The base of the 
system is composed of a breccia passing upward to conglomerates and 
sands organised in tabular beds locally characterised by the presence 
of backsets. The succession therefore shows channelised depositional 
elements infilled by conglomerates and sands. Distally, the system 
pass to more sandy deposits (although it is still possible to recognise 
conglomeratic event beds) evolving into bioturbated sandy beds 
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F I G U R E  1 0   Overview of sedimentary facies in proximal (~50 m away from the fault scarp) and distal positions (300–450m away from the 
fault scarp) positions from both Crati Basin and Messina Strait (see Figures 5 and 7 for outcrops relative distance). Facies 1: (a) Non-graded pebbly 
sandstone with lenticular intervals of breccia and clast-supported conglomerate showing a coarse-tail inversely grade trend. Facies 2: (b–d) Tabular 
alternation of clast-supported conglomerates and sandstone beds at the San Teodoro (b) and Civita (c,d) sections. Upslope migrating chute-fill 
backsets characterise the lower part of the insert B (see Figure 12). (c) Close-up view of the conglomeratic-sandstone alternation. (e) In the distal 
portion of the system, stratified medium- to coarse-grained sandstones dominate Facies 2. Facies 3: (f) Conglomeratic channel with large floating 
clast in the upper part cutting through, and covered by, tabular sandstones. Facies 4: (g) Tabular fine- to medium-grained sandstones with isolated 
clasts; (h) Bioturbated intervals (Thalassinoides) 
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beds of Facies 2 are interrupted by discontinuous, massive 
to coarse tail inversely graded conglomerate-sandstone pack-
ages (Facies 3). This deposit results in channelised features 
(10–50 m wide, 2–5 m thick) forming 2- to 3-m thick event 
beds containing isolated large outsized floating clasts (up to 
100 cm in size; Figure 10f). In the distal position (~450 m 
away from the fault scarp), deposits consist of structureless 
to stratified, fine- to medium-grained sandstone with float-
ing subangular to subrounded pebbles (Facies 4; Figure 10g). 
Intensely bioturbated intervals separate the structureless and 
laminated sandstones (Figure 10h).

The sedimentary facies are all indicative of gravity-  
driven sediment-transport events, such as high-density 
turbidity currents, debris flows and debris falls. Upslope-
dipping cross-strata represent backsets related to su-
percritical flows (Nemec,  1990; Massari, 1996; Ono & 
Plink-björklund, 2018; Postma et al., (in press)). Outsized 
clasts may be emplaced by bipartite flows including 
basal dense flow and upper bypassing turbidity current 
(Postma, Nemec, & Kleinspehn,  1988) or by debris falls 
(Nemec,  1990). The presence of encrusted metamorphic 
clasts suggests that the siliciclastic fraction derives from an 
intrabasinal submarine sediments source like the exposed 
fault scarp, or from the footwall area through shallow-  
marine deltaic systems. Additional clastic sediment contri-
bution can directly be sourced from onshore during episodic 
river-generated catastrophic flash flood as documented in 
southern Italy (Sorriso-Valvo & Terranova, 2006). The car-
bonate fraction results from the fragmentation of coeval in 
situ or near situ carbonate factories developed along the 
footwall crest and at the base of the scarp. Based on the 
recognised bathyal species, Barrier (1986) estimates a water 
depth ≥600 m for the deposits of the studied sections.

The unconformity S2M separating the lower from the 
upper portion of the Vinco Calcarenites Unit marks an abrupt 

change in the depositional architecture: from underlying fault-  
controlled wedge to overlying tabular deposits related to a 
quiescent phase (Figure  6e). The upper portion gently laps 
against either the lower portion or directly on the metamor-
phic substrate of the footwall (Figure 6e). Moreover, the upper 
portion contains wave-influenced sedimentary structures and 
lack of bathyal corals in the proximal area passing distally 
to current-dominated, tide-influenced cross-strata migrating 
parallel to the palaeomargin and related to the ancient Messina 
Strait suggesting the evolution to a shoal-type system charac-
terised by reworking in its distal environments. For a detailed 
documentation of the sedimentological facies recognised in 
the upper and distal portion of the Vinco Calcarenites unit, 
the reader is referred to Longhitano (2018).

The presence of an extensive unconformity between the pre-
rift (i.e. Peloritani-Aspromonte Unit and Miocene deposits) and 
the lowermost syn-rift deposits along the Armo Fault suggests 
that the Armo Fault was already active during the deposition 
of the Vinco Calcarenites Unit. We interpret that the growing 
geometry producing the landwards thinning towards the Armo 
Fault recognised at the Croce Valanidi and San Teodoro sec-
tions is related to the initiation of forced folding above this 
structure during the early syn-rift stage. The absence of deposits 
along the footwall can be both due to non-deposition (i.e. by-
pass) or erosion. Important to highlight is that the area has been 
subject to a time-averaged throw rate quantified using terraces 
elevation of 0.7 + 0.3/−0.2 mm a−1 (Ghisetti & Vezzani, 1982; 
Roda-Boluda & Whittaker, 2017) producing a fault throw of 
~350 m, quantified using terraces elevation, favouring the ex-
posure and/or remobilisation of footwall deposits.

The overall shallowing upward transition between the 
lower and the upper portion marks the change in the dep-
ositional architecture between the unsteady wedge-shaped 
deposits and the steady-state shoal-water deposits suggesting 
that sediment-supply rate exceeded the fault-slip rate.

F I G U R E  1 1   Stratigraphic transition 
between the unsteady- base-of-scarp 
deposits and the steady-state Gilbert-type 
delta in the Civita section (Crati Basin). The 
transition is marked by the S2C unconformity 
topped by a thin compound interval made up 
of gravel evolving to fine-grained sand and 
siltstone 
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6  |   DISCUSSION

The lower portion of the studied sections (a) is controlled 
by an active fault, (b) evolves from an unsteady to a steady 
state (e.g. Gilbert- or shoal-type deltas; (c) lacks sedimen-
tary structures related to wave action and lateral equivalents 

typical of coastal marine or terrestrial facies, (d) accumulated 
in a subaqueous setting below the storm-base as a body de-
tached from a subaerial counterpart, (e) contains bathyal cor-
als suggesting that they have been deposited in a relatively 
deep-water setting and (f) is characterised by an extremely 
low depth-ratio (sensu Jopling,  1965) defined as the ratio 

F I G U R E  1 2   Close-up view (top) and line drawing (bottom) of chute-fill backsets located along the slope (San Teodoro section, Messina 
Strait). The scour is produced by an episode of supercritical flow and filled in by subcritical flows due to hydraulic jump. The main depositional 
flow moved towards the left of the photo with the source area located on the right. See Figure 10b for the location 
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F I G U R E  1 3   (a) Flume experiment 
showing the accumulation of what here is 
defined base-of-scarp deposits during the 
early depositional phases. The base-of-
scarp deposits subsequently evolve to a 
Gilbert-type delta system prograding above 
an unconformity separating the unsteady 
to the steady-state phases (modified after 
Abeyta & Paola, 2015). The unconformity 
can be referred to as the S2 surface 
recognised in the studied examples. (b) 
Profile of Gilbert-type deltas evolving 
above depositional surface characterised by 
different depositional angles (modified after 
Lai et al., 2017) 

F I G U R E  1 4   Schematic representation of unsteady-state base-of-scarp system evolving into (a) shoal-water and (b) Gilbert-type systems 
characterised by a steady-state condition. The progressive angle decrease recognised in the younger strata promotes the architectural change of 
the system. ‘ß’ indicates the starting, intermediate (β1,2…) and final (βn) depositional angle of the unsteady-state deposits, while ‘H’ the throw. The 
scarp represents the bypass area produced by either by a forced fold or a fault plane. Inspired after Nemec (1990) 
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between the water depth at footwall edge and the water depth 
at the hanging wall (i.e. base of the scarp). Given this setting 
and the predominance of texturally immature sediment grav-
ity flow deposits, we infer that sediments were transferred 
through a proximal sediment bypass zone (sensu Stevenson, 
Jackson, Hodgson, Hubbard, & Eggenhuisen, 2016) and ex-
perienced a very limited rework and transport before being ac-
cumulated. These distinctive characters thus suggest that they 
differ from ‘classical’ fault-controlled deposits (e.g. Gilbert- 
and shoal-water-type deltas; Massari & Colella, 1988) typi-
cally characterised by a steady-state evolution with systems 
growing in size without altering their shape, shallow-marine 
environments and high depth-ratio. For this reason, this class 
of deposits are termed ‘base-of-scarp’ here to highlight the 
importance of an embryonic unsteady-phase at the base of 
fault-controlled systems.

6.1  |  Relationship between fault slip, 
sedimentation and internal geometry

Even though in the literature the Civita section has been 
considered at basin-scale to be part of a vertically stacked 
Gilbert-type deltas (Colella,  1988a), we interpret that the 
lower portion of the system represents a separate base-  
of-scarp system onlapping against the controlling fault scarp 
without developing topset facies. In the Crati Basin exam-
ple, the Pollino Fault controlled the development of the 
Civita section. An increase of the fault-slip rate exceeding 
the sediment-supply rate may have created the conditions 
to evolve from an unsteady base-of-scarp (‘B’ vertex of the 
BGS triangle; Figure  2) to a steady-state Gilbert-type sys-
tem (‘G’ vertex of the BGS triangle; Figure 2) through the 
remobilisation of large portions of sediment and re-defini-
tion of the depositional profile favourable for the develop-
ment of a steady-state system. The boundary between the 
two end-members (i.e. base-of-scarp versus. Gilbert type) 
is highlighted by the unconformity surface S2C (Figures 4a, 
6c and 11). Unconformity surfaces that were already inter-
preted by Colella (1988b) in the Civita section as surfaces 
and interpreted as surfaces related to gravitational sliding of 
coarse-grained material linked to tectonic vertical displace-
ment (Figure 1b). Fault activity responsible also for the re-
adjustment of the depositional profile towards a less inclined 
slope profile necessary for the development of a Gilbert-type 
system (Figures 13a and 14).

The stratigraphic vertical evolution recognised in the 
Croce Valanidi and San Teodoro sections (Figure 6e) shows 
wedge-shaped deposits passing upwards to sub-horizontal, 
finer-grained beds. This trend indicates that the base-of-scarp 
system gradually reduced from the base to the top of the dip 
angle of the depositional profile (Figure 6d,e). Moreover, the 
fining-upward trend recognised in the base-of-scarp systems 

(Figure 9) differs markedly from the progradational coarsen-
ing-upward trend commonly suggested for deltaic successions 
(Miall, 1976) and alluvial fans (Steel, Moehle, Nilson, Roe, 
& Spinnangre, 1977), and is typical rather of colluvial sys-
tems (Blikra & Nemec, 1998; Longhitano, Sabato, Tropeano, 
Murru, & Carannante,  2015; Nemec,  1990). The upwards 
transition from inclined to subhorizontal beds indicates that 
the lower portion of the Croce Valanidi and San Teodoro 
systems corresponds to a base-of-scarp deposit (‘B’ vertex 
of the BGS triangle; Figure  2), whereas the upper portion 
represents a transition to a tide-influenced and current-dom-
inated shoal-water system corresponding to the ‘S’ vertex of 
the BGS triangle (Figures 2 and 6e). This transition suggests 
that the upper portion developed in a more stable and shal-
lower setting when the controlling fault reduced its activity 
or became inactive. Conversely, the lower portion is charac-
terised by a wedge-shaped geometry highlighted by the grad-
ual upward decrease in strata dip, and strata thickening away 
from the fault (Figure 6d,e). This suggests that the controlling 
fault was active during the deposition of the lower portion 
producing a monocline, subsequently breached, where strata 
onlap it. The Croce Valanidi section occurs ~1 km southwest 
along the Armo Fault (Figure  7), with respect to the San 
Teodoro section. The different behaviour of the San Teodoro 
and Croce Valanidi systems might reflect differential fault 
displacement along the fault scarp (fault tip versus. centre) 
leading to different subsidence and fault-activity patterns 
(e.g. Barrett et al., 2019), or diachronous onset of the folding 
along strike (Lewis et al., 2015).

The development of unsteady base-of-slope deposits 
versus steady-state systems (e.g. Gilbert-type or shoal-  
water-type systems) seems to be mainly controlled by (a) the 
angle of the depositional slope above which sediments accu-
mulated, (b) fault activity, (c) depth-ratio and (iv) the ratio 
between the fault scarp displacement and the rate of sediment 
supply.

(a) Experimental studies based on flume reconstructions 
(e.g. Lai, Hsiao, & Wu,  2017) show that in order to initi-
ate the development of Gilbert-type deltas, the angle of the 
basal depositional slope typically must correspond to a range 
comprised between 30 and 10 degrees (Figure 13b), where 
the exact value depends from different aspects including sed-
iment sorting, grain-size and particle shape and grain-size of 
the sediments. Accordingly, for a given sediment with a spe-
cific texture, the maximum angle of the depositional slope 
cannot be higher than its angle of repose (Nemec,  1990). 
In contrast, shelf-type deltas develop along a depositional 
profile having an angle less than 5 degrees. (b) Recurrence 
and magnitude of the fault activity play a major role in the 
evolution of fault-controlled systems since the creation of ac-
commodation as well as the balance between depth ratio and 
sediment supply have an impact on the depth ratio. (c) High 
versus low depth-ratio defines if the hanging wall deposits 
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are likely attached or not to their footwall counterpart. In case 
of an extremely low depth-ratio as interpreted for the stud-
ied sections, the systems are characterised by a bypass zone 
along the fault scarp with sediments accumulated to form an 
unsteady base-of-scarp deposit. (iv) Finally, the accommoda-
tion versus sediment supply controls the achievement of con-
ditions such that an unsteady-state system may evolve into 
steady state and vice versa through time.

As reported by Bell, Duclaux, Nixon, Gawthorpe, and 
McNeill (2018) for the Corinth Rift, amagmatic rifts not af-
fected by pre-existing low-angle structures like the Crati and 
Messina rifts accommodate strain along high-angle faults 
(dipping >30 degrees). Only a progressive accumulation of 
sediments as base-of-scarp deposits could set the equilibrium 
conditions (e.g. required angle of the depositional slope and 
high depth-ratio) to promote sediment accumulation in a 
steady state. Equilibrium conditions are controlled by the ac-
tivity of the margin faults and their balance against sediment 
supply. In the study areas, several works (e.g. Colella, 1988b; 
Ghisetti,  1992; Roda-Boluda & Whittaker,  2017; Spina 
et  al.,  2011) document that faults have been active during 
deposition supporting that they have been crucial into the de-
velopment of the unsteady base-of-scarp deposits and their 
evolution towards a steady state and vice versa. Unfortunately, 
there are no data to constrain possible palaeodepth estima-
tions for the lower portion of the Civita section. However, 
ecological information referred to the bioclasic fraction (i.e. 
coral fragments) recognised in the Croce Valanidi and San 
Teodoro sections suggest that the lower portion of the Vinco 
Calcarenites Fm accumulated in a bathyal condition with the 
step fault scarp working as bypass area.

For an unsteady base-of-scarp system to reach a steady 
state (Figure 14), sedimentation at the apex has to aggrade 
up or above the base level and the depositional slope to de-
crease to a critical angle (Nemec, 1990). Depending upon the 
rates of fault slip and sediment supply, the unsteady systems 
can evolve through time into two possible scenarios. (a) At 
a relatively low fault-slip rate or high-sediment supply, the 
base-of-scarp deposit may exhaust the tectonically created 
accommodation and evolve into steady-state Gilbert-type or 
shoal-water delta (Figure 14), thus moving towards the base 
of the BGS triangle (Figure 2) while passing through transi-
tional unsteady states. (b) At a relatively high fault-slip rate 
or low sediment supply, the base-of-scarp deposit will be 
subject to protracted subaqueous aggradation and prograda-
tion remaining in an unsteady -state.

7  |   CONCLUSIONS

Base-of-scarp deposits represent unsteady-state systems show-
ing primary inclined bedding and aggradational to prograda-
tional geometries along active fault scarps. Base-of-scarp 

deposits form entirely subaqueously without a direct deposi-
tional connection with their subaerial or shallower counterpart 
located on the footwall. The non-depositional sector separat-
ing the source area from the base-of-scarp deposits represents 
a sediment bypass zone. The bedding geometry and spatial 
grain-size trend of base-of-scarp systems (B) differ markedly 
from those of the fault-controlled common Gilbert-type (G) 
and shoal-water (S) deltas. Main characteristic aspects con-
sist of (a) progressive upwards decrease in strata dip, (b) low 
depth-ratio, (c) immature texture of the basal deposits evolving 
upward into slightly more mature and organized beds, (d) a 
fining-upward general trend and (e) dynamic evolution from 
unsteady- to steady-state systems and vice versa.

On this basis, base-of-scarp systems can be distinguished 
from possible erosional relics of Gilbert-type or shoal-type 
deltas in the stratigraphic record. As a rule, the base-of-scarp 
systems can reach a steady state of development by evolv-
ing into a Gilbert-type (G) or shoal-water (S) delta once 
the sediment supply eventually outpaces accommodation. 
Accordingly, sediment accumulation and related change into 
the depositional slope angle guide the system towards a new 
depositional style without any major change in the basin 
physiography.
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