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ABSTRACT

Cool-water carbonate sedimentation has dominated Mediterranean shelves
since the Early Pliocene. Skeletal sand and gravel herein consist of remains
of heterozoan organisms, which are susceptible to reworking due to weak
early cementation in non-tropical waters. This study documents the Lower
Pleistocene carbonate wedge of Favignana Island (Italy), which prograded
from a 5 km wide passage between two palaeo-islands into a perpendicular,
10 to 15 km wide strait between the palaeo-islands at one side and Sicily at
the other during the Emilian highstand (1-6 Ma to 1-1 Ma). The clinoformed
carbonate wedge, which is 50 m thick and 6 km long, formed by east/south-
east progradation of a platform on the submarine sill by currents that were
funnelled between the two palaeo-islands. Platform-slope clinoforms evolved
from initial aggradation (thin and low-angle) into a progradation phase (thick
and high-angle). Both clinoform types are characterized by a bimodal facies
stacking pattern defined by sedimentary structures created by: (i) subaqueous
dunes associated with dilute subcritical currents; and (ii) upper-flow-regime
bedforms associated with sediment-laden supercritical turbidity currents.
Focusing of episodic currents on the platform by funnelling between the
islands controlled the downstream formation of a sediment body, here
named carbonate delta. The carbonate delta interfingers with subaqueous
dune deposits formed in the perpendicular strait. This study uses a recon-
struction of bedform dynamics to unravel the evolution of this gateway-
related carbonate accumulation.

Keywords Antidunes, carbonate delta, chute and pools, cool-water
carbonates, cyclic steps, Sicily, subaqueous dunes, supercritical flow, upper-
flow-regime bedforms.

INTRODUCTION heterozoan organisms (James, 1997), such as
bivalves, echinoids, bryozoans, benthic forami-
Cool-water carbonate production (Lees & Buller, nifera and coralline red algae (O’Connell et al.,

1972; Schlager, 2000) is controlled by 2016) which live in water depth of tens to
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hundreds of metres in the present-day Mediter-
ranean (Fornds & Ahr, 1997). Due to weak early
cementation, heterozoan skeletal debris on the
sea floor remains unconsolidated (James & Bone,
1989) which, in combination with the absence
of reef barriers, facilitates sediment mobilization
during storms and occasional currents (Pedley &
Carannante, 2006), for example in tidal straits
(Anastas et al., 1997; Longhitano, 2013) and
marine corridors (Betzler et al., 2006; Puga-
Bernabéu et al., 2010).

Physical processes thus govern the redistribu-
tion of skeletal sediment on cool-water carbonate
sea floors (Fuller et al., 1994; Martin et al., 1996,
2004; Betzler et al., 1997, 2011). Extensive car-
bonate platforms (in the sense of Read, 1985, and
Pomar, 2001) at the storm wave base, fringed with
slopes up to a few tens of metres relief (Pomar &
Tropeano, 2001), may develop in particular dur-
ing periods of well-established sea-level still-
stands such as the Early Pleistocene (Pedley &
Carannante, 2006). A cool-water carbonate plat-
form with a gently sloping surface above storm
wave base may be referred to as a distally steep-
ened ramp (Pomar, 2001; Pomar et al., 2002; Mas-
sari & Chiocci, 2006). Cool-water carbonate sea
floors are scattered with skeletal sand and gravel
over potentially the entire length of the deposi-
tional profile (Pomar et al., 2002).

The carbonate platform edge does not need to
correspond with the shelf edge. Progradation of
numerous cool-water carbonate platforms yielded
shelf-perched clinoformed prisms (Hansen, 1999;
Pedley & Grasso, 2002, 2006; Massari & Chiocci,
2006; Puga-Bernabéu et al.,, 2010; Massari &
D’Alessandro, 2012; Meloni et al., 2013). In terms
of physical processes, such carbonate wedges are
genetically comparable to the siliciclastic infralit-
toral prograding wedge of Hernandez-Molina
et al. (2000). An important mechanism for the
removal of sediment from cool-water carbonate
platforms are currents associated with the off-
shore migration of subaqueous dunes, which may
generate thick sequences of cross-bedded depos-
its on the platform slope (Pomar & Tropeano,
2001; Pomar et al., 2002; Massari & Chiocci,
2006; Puga-Bernabéu et al., 2008, 2010).

Turbidity current deposits, on the other hand,
comprise a substantial part of some cool-water car-
bonate accumulations (Hansen, 1999; Pomar &
Tropeano, 2001; Pomar et al, 2002; Massari &
Chiocci, 2006; Puga-Bernabéu et al., 2008). These
deposits are commonly attributed to storm events
dismantling the sea floor and delivering vast
amounts of skeletal debris to the platform edge,

where sediment cascades evolve into turbidity cur-
rents due to the excess weight of the sediment-wa-
ter mixture with respect to the ambient seawater.
High proportions of shallow water components in
such turbidites contrast with the composition of
the encasing sediment for which in situ produc-
tion was more important (Pomar, 2001; Pomar
et al., 2002; Massari & D’Alessandro, 2012).

Some carbonate accumulations formed in the lee
of gateways between the open sea and more re-
stricted basins, by focusing and acceleration of
flows through kilometre-wide passages hosting car-
bonate platforms between palaeo-highs (Liidmann
et al., 2018; Eberli et al., 2019). The depositional
nature of such sediment bodies is poorly under-
stood in terms of flow processes. Reconstruction
of bedform dynamics from outcrop examples is
the key to their understanding.

This study investigates the Pleistocene cool-
water carbonate wedge of Favignana Island in
southern Italy, interpreted as a platform-slope
succession that prograded from a passage
between two palaeo-islands, into a larger marine
corridor on the Sicily Shelf (Fig. 1). Reconstruc-
tion of bedform dynamics on the basis of sedi-
mentary structures reveals that the carbonate
sediment body formed by deposition from episo-
dic subcritical and supercritical currents. This
type of sediment body is named a carbonate
delta: a current-controlled carbonate accumula-
tion in the lee of a skeletal-debris-covered sub-
marine sill (cf. Lidmann et al., 2018).

THEORY: SUBCRITICAL AND
SUPERCRITICAL CURRENTS

Flows are either subcritical or supercritical. This
is measured by the Froude number:

Fr=—— (1)

Nz

where U is depth-averaged flow velocity, g is
acceleration due to gravity and d is flow thick-
ness. Thus, subcritical flows (Fr < 1) are thick and
slow, whereas supercritical flows (Fr > 1) are thin
and fast. At the transition of supercritical to sub-
critical flow, the current goes through a hydraulic
jump (Chow, 1959; Long et al., 1991; Lennon &
Hill, 2006). Supercritical flows occur in open
channels such as rivers (Alexander & Fielding,
1997; Fralick, 1999; Fielding, 2006; Froude et al.,
2017) and glacial streams (Duller et al., 2008) and
also characterize some submerged flows moving
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Fig. 1. (A) Location of the study area in the Central Mediterranean Basin. Favignana is the largest island of the
Aegadi Archipelago on the western Sicily Shelf. Dashed line indicates present-day shelf edge (200 m isobath).
Plio-Quaternary isopachs (ms) from D’Angelo et al. (2005) (west) and Catalano et al. (2002) (east). Imagery from
Google Earth®. (B) Geological map of Favignana (adapted from Abate et al., 1997). Favignana consists of two struc-
tural blocks at either side of the deformed Mesozoic—Miocene deposits of the Mount Santa Caterina (MSC) Ridge.
The study area comprises the entire eastern part of the island. Roman numerals indicate the spatial distribution of
four deposition zones. (C) Close-up of Zones I and II: L1 to L5 correspond to logs in Fig. 3.

over the bed through the water column, such as
turbidity currents (Fildani et al., 2006; Turmel
et al, 2015; Zhong et al, 2015; Normandeau
et al., 2016). For turbidity and other density cur-
rents, gravitational acceleration g in Eq. 1 is
replaced by submerged gravitational acceleration:

g =g<1 —@) (2)

Pflow

where p,mp and pgow are the densities of the
ambient water and the flow, respectively. Tur-
bidity currents are intrinsically biased to
develop supercritical conditions due to their

reduced submerged weight (Postma et al., 2014)
on slopes steeper than ca 0-5° (Hand, 1974;
Sequeiros, 2012; Fricke et al., 2015).

Subcritical and supercritical flows generate
lower-flow-regime and upper-flow-regime bed-
forms, respectively (Carling & Shvidchenko,
2002). The relation between bedform stability
and the Froude number has been demonstrated
in flume experiments (Yokokawa et al., 2011;
Cartigny et al., 2014). These show that subaque-
ous dunes are out of phase with the upper
boundary of subcritical flows and hence migrate
downstream by the continued deposition of fore-
set beds on the bedform lee side (Fig. 2A;
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Fig. 2. Bedforms and sedimentary structures of the lower (A) and upper (B) and (C) flow-regimes. (A) Ripples
and dunes, forming in Froude-subcritical flow (Fr <1). (B) Antidunes, forming in Froude-supercritical flow
(Fr > 1). (C) Cyclic steps, forming in alternating Froude-subcritical and supercritical flow. HJ: hydraulic jump,
which embodies the transition from Froude-supercritical to subcritical flow. Wavelength to flow thickness ratio as
shown is representative for antidunes and cyclic steps. Vertically exaggerated for displaying purposes. The sub-
aerial-flow dynamics also apply to submerged flows such as turbidity currents.

Kennedy, 1963; Cheel, 1990). With increasing waves and hydraulic jumps (Kennedy, 1963;

Froude numbers, dunes are washed out and
eventually replaced by upper-stage plane bedding
(Kennedy, 1963; Saunderson & Lockett, 1983;
Cheel, 1990; Carling & Shvidchenko, 2002).

The upper flow-regime, on the other hand, is
characterized by supercritical flows with in-phase

Simons et al.,, 1965; Hand, 1974; Cheel, 1990;
Alexander et al., 2001; Spinewine et al.,, 2009;
Yokokawa et al., 2011; Cartigny et al., 2014). Trains
of stable antidunes associated with in-phase waves
migrate upstream by stoss-side deposition (Fig. 2B;
Gilbert, 1914; Kennedy, 1963; Hand, 1974; Cartigny
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Fig. 3. (A) Schematic composite stratigraphy in Zone I (near-shore environment) and Zone II (platform-top envi-
ronment) in the north-western part of the study area. Each stratigraphic log (L1 to L5) was measured in coastal
outcrops. See Fig. 1 for location. Different colours indicate different facies associations (FA). Note the channel-like
appearance of the scour and fill structures of Facies C2 (Fig. 12B to E). Encircled numbers indicate unit boundary
hierarchy within FA-B: (1) clinoform unit boundary; (2) set boundary; (3) compound cross-bed boundary; (4)
cross-bed boundary. See also Fig. 4. (B) Coastal exposure in Zone II displaying relatively thin and low-angle units
that pinch out basinward. Frascia (N37-935411° E12-336681°).

et al.,, 2014) generating upstream-dipping backset
bedding (Davis, 1890; Jopling & Richardson, 1966).
With increasing Froude number (Fr = 1-1; Cartigny
et al., 2014), stable antidunes are replaced by trains
of unstable antidunes in flows marked by growing
and breaking in-phase waves (Hand, 1974;
Schumm et al., 1982; Alexander et al., 2001; Car-
tigny et al., 2014). Chute and pool structures
(Simons et al., 1965; Hand, 1974; Alexander et al.,
2001; Duller et al,, 2008; Cartigny et al., 2014)
develop where such wave breaking results in a
transient hydraulic jump between two antidunes.
Ultimately, trains of cyclic steps form (Parker,

1996), typified by supercritical flow down the lee
side and subcritical flow over the stoss side of each
step, separated by quasi-permanent hydraulic
jumps in the troughs (Fig. 2C; Fagherazzi & Sun,
2003; Sun & Parker, 2005; Taki & Parker, 2005; Spi-
newine et al., 2009; Cartigny et al., 2011; Kostic,
2011; Cartigny et al., 2014; Yokokawa et al., 2016).

GEOLOGICAL SETTING

Favignana is the largest of the three main
islands of the Aegadi Archipelago on the

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1302—1340
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westward continuation of the Sicily Shelf in
southern Italy (Fig. 1). Since Late Oligocene
times, Sicily has been part of the fold and thrust
belt that links the African Maghrebides with
Calabria and the Apennines (Catalano et al.,
1996; Guarnieri, 2006; Johnston & Mazzoli,
2009), which involved the subduction of ini-
tially the Tethys and later the Ionian Ocean
plates, and the detachment and deformation of
the Mesozoic—Tertiary marine sedimentary cover
since the Miocene (Catalano et al., 1996). The
southernmost folds and thrusts of the belt con-
tinue into the Aegadi Islands (Finetti et al.,
1996), where sedimentary Mesozoic units are
superposed along the shallow, northward-dip-
ping Favignana Thrust of Early Pliocene age
(Incandela, 1995; Tavarnelli et al., 2003). This
thrust gave rise to the formation of the north—
south-oriented Mount Santa Caterina Ridge, Fav-
ignana’s principal relief. Post-orogenic exten-
sion, controlled by the opening and evolution of
the Tyrrhenian Sea (Pepe et al., 2000), generated
normal faulting that dissected the Mount Santa
Caterina Ridge and overprinted its thrust archi-
tecture (Tavarnelli et al., 2003). Two main, dex-
tral strike-slip faults at either side of the ridge
separate the island into three structural blocks
(Abate et al., 1997). The largest block comprises
the entire eastern part of Favignana Island
(Fig. 1B). The surface geology of this area (ca
10 km?) is dominated by packstones, grainstones
and rudstones, collectively referred to as the
‘Favignana Calcarenite’ (D’Angelo et al., 2005);
they form a wedge up to 50 m thick, which
overlies sparsely exposed marlstones of Pliocene
age (Monte Narbone Formation of southern
Sicily; Slootman et al., 2016a). The carbonate
wedge and the Pliocene marlstones are largely
unaffected by tectonic deformation and seal
most normal and strike-slip faults, although
some mild fault reactivation occurred through-
out the Quaternary (Tavarnelli et al., 2003).

The age of the Favignana carbonate wedge
was constrained using strontium isotope strati-
graphy between 1-6 + 0-1 Ma and 1-1 £+ 0-1 Ma,
covering a time span of ca 500 + 200 kyr (95%
confidence interval) (Slootman et al., 2016a).
This age coincides with an important third-order
cycle of global sea level recognized in the Pleis-
tocene basins of Sicily (Wornardt & Vail, 1991;
Catalano et al., 1998; Pedley & Grasso, 2002).
The Favignana carbonate wedge (D’Angelo et al.,
2005; Kil & Moscariello, 2012) was interpreted
by Slaczka et al. (2011) as a bioclastic shoreface
system affected by storm-induced and longshore

currents and occasional very high-energy events
such as tsunamis. The wedge shows a clino-
formed architecture (Slootman et al., 2016a)
similar to other Plio-Pleistocene carbonate
wedges on Sicily (Butler et al., 1997; Catalano
et al., 1998; Pedley & Grasso, 2002; Massari &
Chiocci, 2006; Massari and D’Alessandro, 2012)
and elsewhere in the Mediterranean Basin (Han-
sen, 1999; Massari et al., 1999; Pomar & Tro-
peano, 2001; Pomar et al., 2002). On the basis of
estimated sediment fluxes, Slootman et al.
(2016a) proposed that the Favignana wedge
formed by the infrequent removal of sediment
from a cool-water carbonate platform by subcriti-
cal storm-induced currents (average recurrence
period: tens to hundreds of years) and supercrit-
ical tsunami-induced turbidity currents (average
recurrence period: tens of kyr).

METHODS

Favignana offers continuous sea-side and well-
exposed quarry outcrops (Cave di Tufo) widely
distributed across the island. These outcrops
were used for the description of lithofacies and
clinoform architecture. Stratigraphic sections
were measured in the field. Line tracing on
photographic panels facilitated defining strati-
graphic hierarchies for the reconstruction of
bedform dynamics. In addition, close to 100 thin
sections were examined. Point counting was
performed on 31 thin sections for microfacies
analysis (250 counts per sample using JMicro-
Vision v. 1-2-7; see Table S1).

FAVIGNANA CARBONATE WEDGE

Deposition zones, facies associations and
composition

The study area is partitioned into four zones
(Fig. 1B) on the basis of the distribution of
architectural elements and lithofacies. Deposi-
tion zones correspond to different positions
within the carbonate wedge; proximal (Zones I
and II, Fig. 3), medial (Zone III, Fig. 4) and dis-
tal (Zone IV, Fig. 5). Four facies associations
(FA) were defined on the basis of composition,
texture and sedimentary structures (Table 1).
Architecture and distribution of facies associa-
tions are schematically shown in Fig. 6.

Facies Association A (FA-A) occurs exclu-
sively in Zone I, in the vicinity of the Mount

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1302—1340
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Fig. 4. Clinoform architecture of Zone III (platform-slope environment). See Fig. 1B for location. (A) Vertically
exaggerated ‘photo-mosaic’ of the up to 50 m high Cavallo-Torretta cliff. Recent debris covers the base of the cliff.
Note the change in strike in the south-eastern portion of the exposure. (B) Line tracing of internal architecture
revealing a bimodal stacking pattern of thick and steep clinoform units resulting from progradation of the platform
slope. Facies Association B (FA-B; 52%) was formed by the progradational stacking of subaqueous composite
dunes. Facies Association C (FA-C; 48%) was deposited from supercritical turbidity currents (Slootman et al.,
2016a). (C) Close-up of north-western part of the cliff displaying the detailed architecture of clinoform units.
Encircled numbers indicate unit boundary hierarchy within FA-B: @D clinoform unit boundary; @ set boundary;
@ compound cross-bed boundary.

Santa Caterina Ridge, in the western extremity
of the study area. These deposits grade distally
into FA-B and FA-C in Zone II, where they
occur in a pattern of alternating low-angle units
(<5°) up to several metres thick that pinch out
basinward. The transition from Zone II to III is

Favignana carbonate wedge. At the transition
from Zone III to IV, FA-B and FA-C clinoform
units interfinger with FA-D that predominates
Zone IV.

Microfacies analysis reveals that skeletal
assemblages are invariably heterozoan (Fig. 7).

marked by a progressive steepening (up to ca
20°) and thickening (up to 25 m) of FA-B and
FA-C units, developing seismic-scale clinoform
units up to 50 m high and 400 to 750 m long,
which prograded over a distance of 2 km
towards the south-east. The succession of alter-
nating FA-B and FA-C units in Zones II and
III comprises by far the largest part of the

Unrecognizable fragments make up ca 10% on
average. With the exception of FA-A, which is
dominated by foraminifera, there is little varia-
tion in the relative abundance of bivalves, echi-
noids and foraminifera, together accounting for
40 to 50% of the allochems in FA-B, FA-C and
FA-D. The proportion of (carbonate) lithoclasts
and serpulids is negligible for all samples.

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1302—1340
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Differences between samples are largely related
to the proportion of bryozoans and coralline red
algae. The ratio of bryozoans to red algae is 0-8
(FA-B), 0-4 (FA-C) and 2-2 (FA-D), respectively.

Dip directions of the planar bedding in FA-A,
the highest order cross-stratification in FA-B and
FA-D, and the master bedding of FA-C are plot-
ted in Fig. 8. These measurements are proposed
to indicate palaeoflow directions.

Facies Association A: Near-shore deposits

Description: Facies Association A

Facies Association A formed in the proximity of
the Mount Santa Caterina Ridge and grades basin-
ward into FA-B and FA-C. Exposures are restricted
to Zone I: FA-A consists of Facies A1 and A2, typi-
cally forming pairs, on average 0-5 to 1-0 m thick.

Facies A1: Low-angle parallel-stratified rud-
stones and grainstones. Grey, irregular-based
rudstones and grainstones occur in 20 to 50 cm
(rarely >1 m) thick beds that are laterally contin-
uous over tens of metres. Exposures are confined
to the foot of the Mount Santa Caterina Ridge
(Fig. 9). Facies A1 shows 0-5 to 2:0 cm thick
low-angle parallel stratification units with a con-
stant 10° to 15° eastward dip (Fig. 8), some of
which display normal grading. Components
include fragments of bivalves, coralline red
algae, echinoid spines and plates and, in lower
abundance, the remains of benthic foraminifera,
serpulids, barnacles and rare debris of corals
and bryozoans. Coarse basal layers up to 10 cm
thick consist of rhodoliths, oyster remains and
angular to rounded Mesozoic limestone pebbles
and cobbles, some with borings. Bed-parallel to

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1302—1340
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[A] schematic cross-section
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Fig. 6. Deposition zones and facies distributions. (A) Schematic cross-section through the study area. See Fig. 1B
for location. Four deposition zones and four facies associations (FA) were identified: FA-A: near-shore deposits,
occurring exclusively in Zone I; FA-B: subcritical-flow carbonate-delta deposits; FA-C: supercritical-flow carbon-
ate-delta deposits, occurring in alternation in relatively thin, gently-dipping clinoform units in Zone II and in rela-
tively thick, steeply-dipping clinoform units in Zone III. Clinoform units are locally superposed due to erosion
into underlying units or because of the limited distal extent of underlying units; and FA-D: subcritical-flow strait
deposits, restricted to Zone IV. (B) The abundance of individual facies is indicated as abundant (continuous),
common (dashed) or rare (stippled).

low-angle inclined Ophiomorpha nodosa biotur-
bation up to 6 cm in diameter and 15 m in
length and with abundant Y-junctions and T-
junctions is ubiquitous in some horizons. Verti-
cal shafts connect to more abundant horizontal

Facies A2: Bioturbated packstones and muddy
rudstones. Facies A2 consists of pale yellowish
to greenish packstones and muddy rudstones
with a composition similar to that of Facies A1,
but with a marked abundance of benthic forami-

tunnel networks, penetrating Facies A1l from
upper bed boundaries, locally with packstone to
wackestone infill. Facies A1 is always encased
by Facies A2.

nifera (Fig. 7A). Facies A2 alternates with Facies
Al in beds up to several decimetres thick
(Fig. 9). Lenticular basal layers with (articulated)
bivalve remains occur. Outsized clasts consist

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1302—1340
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Fig. 7. Thin-section micrographs representing the
four facies associations (FA). Space between particles
(white and blue shapes) may exceed the true inter-
granular porosity, as some of the holes were formed
during preparation: (A) FA-A (Facies A2), consisting
predominantly of foraminifera and relatively fine-
grained bioclastic debris. Overall dark impression
results from a high proportion of fines. In contrast to
the thin sections in (B) to (D), this thin section was
not dyed blue; (B) FA-B, coarse-grained rudstone; (C)
FA-C, grainstone; (D) FA-D, rudstone. Abbreviations
indicate clast composition: Bi = bivalve; Br = bry-
ozoan; E = echinoid; F = foraminifer; R =red alga.
N = number of analysed thin sections, n = number of
point counts.

predominantly of bivalve and echinoid frag-
ments and angular lithoclasts with borings.
Pervasive Thalassinoides and less commonly
Ophiomorpha bioturbation destroyed primary
sedimentary structures in most places and dis-
turbs the contacts with underlying Facies A1.

Interpretation: Facies Association A

Low-angle parallel stratification of Facies A1l is
interpreted to have been generated by the swash
and backwash of waves on the beach. This is in
line with borings in lithic and biogenic compo-
nents that spent some time in the beach zone as
slope debris from the nearby Mount Santa Cater-
ina Ridge. Coarse-grained beds probably reflect
the incidence of storms.

Ophiomorpha bioturbation in Facies A1l
formed in the depositional environment of
Facies A2. During deposition of Facies A2,
abundant fine material filled part of vertical
Ophiomorpha shafts, connected to metre-scale
horizontal tunnel networks decimetres below
the sediment surface (Gérard & Bromley, 2008).
This reflects the absence of mud winnowing in
the Facies A2 environment, for example, by the
presence of seagrass meadows (Pomar et al.,
2002), capable of baffling, trapping and fixing of
fines mixed with coarser skeletal components
(most notably benthic foraminifera) in a rela-
tively high-wave-energy shallow-water zone
(Davies, 1970; Brasier, 1975). Lateral shifting of
seagrass meadows could explain the alternation
between Facies A1 and A2. Modern Posidonia
seagrass patches reach up to several metres in
height on shallow Mediterranean sea floors
down to ca 40 m water depth (Fornds, 1988).

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1302—1340
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Fig. 8. Spatial distribution of the
four deposition zones (roman
numerals). Rose diagrams display
the dip of the low-angle parallel
stratification in FA-A (blue), cross-
beds in FA-B (yellow) and FA-D
(green) and master bedding in FA-C
(pink).

500 m

[]Fa-A
[]Fa-B

<€——Basinward

acies A

Ophiomorpha-bioturbated bedding plane

Fig. 9. Facies Association A in proximal Zone I (near-shore environment). Alternation of Facies A1 (foreshore
grainstones formed by wave swash) and Facies A2 (packstones formed by sediment trapping in sea-grass patches).

Tonnara (N37-932726° E12:321779°).

The reliable identification of fossil seagrass beds
is challenging (Brasier, 1975; Reich et al., 2015).
Pomar et al. (2002) interpreted large-scale cross-
stratification ghosts and convex-up structures as
the original outline of seagrass patches and
moreover refute the possibility that bioturbated
packstones represent lagoonal sediment depos-
ited behind grainstone shoals because such set-
tings do not occur in modern Mediterranean
environments (references in Pomar et al., 2002).
The grading of Facies A2 into the grainy FA-B

points to a basinward decrease in abundance of
seagrass meadows.

Facies Association B: Subcritical-flow
carbonate-delta deposits

Description: Facies Association B

Bright white to yellowish, cross-bedded FA-B
deposits constitute approximately half of the
Favignana carbonate wedge, the other half con-
sists of FA-C (Fig. 4B). The FA-B units are up to

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1302—1340
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6 m thick in Zone II (Fig. 3) and up to 25 m in
Zone III (Fig. 4): FA-B consistently alternates
with FA-C. Towards the distal end of Zone III,
where FA-C clinoform units become thinner and
eventually pinch out, FA-B units commonly
superpose each other, forming seemingly thick,
vertically stacked FA-B cross-bedded deposits.

The intensely bioturbated Facies B1 is con-
fined to the proximal sector of Zone II, where it
gradually passes landward into the near-shore
deposits of FA-A (Fig. 6B). Facies B1 grades bas-
inward into Facies B2, which dominates in
Zones II and II. Although consistently present
throughout FA-B, the degree of bioturbation
decreases basinward. The gently dipping units
of Zone II progressively thicken and steepen at
the transition with Zone III in which FA-B con-
sists of up to 50 m high clinoform units (Fig. 4).
Facies B3 is restricted to the distal part of such
clinoform units. The highest order cross-beds
dip between south-west and north-east, although
predominantly towards the south/south-east
(Fig. 8), similar to the progradation direction of
the clinoform units in Zone III.

The skeletal sand and gravel of FA-B invari-
ably consist of remains of coralline red algae,
bivalves, echinoids, bryozoans and large benthic
foraminifera (Fig. 7B). Proportions of these com-
ponents vary among units and beds, and also
within beds. Outsized fossil fragments of oys-
ters, the bivalve Pecten maximus, echinoids and
rhodoliths up to 15 cm in diameter are locally
abundant.

Facies B1: Bioturbated, cross-bedded rud-
stones and grainstones/packstones. Facies B1
occurs exclusively in the proximal settings of
Zones I and II, directly basinward from and
interfingering with FA-A around Favignana
Town (Fig. 6). It has a variable mud content that
generally decreases basinward, where pack-
stones and muddy rudstones grade into grain-
stones and rudstones. Facies B1 consists of 10 to
30 cm thick cross-beds (@ in Fig. 10A) bundled
in sets about 1 to 2 m thick (@ in Fig. 10A) that
pinch out laterally and basinward (Fig. 3B). Ver-
tically stacked sets (cosets) are rarely thicker
than 4 m. Sets dip gently (ca 5°) towards the
east/south-east. Cross-bedding is commonly only
slightly steeper (5° to 10°, up to 20°) and down-
laps gently onto lower set boundaries. Pervasive
Thalassinoides and less abundant Ophiomorpha
bioturbation obliterated primary sedimentary
structures within and, in places, between cross-
beds. Compound cross-bedding of Facies B2

occurs locally within Facies B1 sets (Fig. 10A),
progressively replacing Facies B1 basinward.

Facies B2: Compound cross-bedded rudstones
and grainstones/packstones. Facies B2 pre-
dominates in Zones II and III, forming 1 to 4 m
thick, compound cross-bedded sets (@ in
Fig. 10B and D). Compound cross-beds (@ in
Fig. 10) are 10 to 30 cm thick and consist inter-
nally of higher-order cross-beds 2 to 10 cm thick
(@ in Fig. 10). Finer material generally constitu-
tes thinner cross-beds, whereas coarser sediment
comprises the thicker ones. Such higher-order
cross-beds dip up to ca 30°. Compound cross-beds
in which such higher-order cross-beds occur, have
lower dips (up to 25°) and downlap at slight angles
onto lower set boundaries. Most set bases are regu-
lar erosion surfaces. Some Facies B2 deposits in
distal settings are confined to depressions at the
top of FA-C.

Most Facies B2 sets (@ in Fig. 10B and D) dip
towards the south-east. The dip direction of
compound cross-bedding (@ in Fig. 10) consis-
tently follows the dip of the containing sets. The
dip of the highest-order cross-beds (@ in
Fig. 10) is more variable. Usually, such subordi-
nate cross-beds dip in the same direction as sets
and compound cross-beds; but may be more
variable where the latter have very gentle incli-
nations (from near-horizontal up to 7°), particu-
larly in the toe sets of FA-B clinoform units in
Zone IIL

Reactivation surfaces separating compound
cross-beds are common (Fig. 10D). The upper
part of compound cross-beds (@ in Fig. 10) is
typically truncated by overlying set boundaries
(® in Fig. 10B and D). In places, where such
cut-off is minimal, sigmoidal geometries are pre-
served (Fig. 10D). The majority of compound
cross-beds consist internally of trough cross-bed-
ding (@ in Fig. 10). Also compound cross-beds
themselves (@ in Fig. 10) locally occur in sets
(® in Fig. 10B and D) marked with trough
architectures 10 to 20 m wide, for example in
the eastern cliffs of Cala Rossa (Fig. 10B).

Distal and vertical stacking of Facies B2 sets
are common, forming cosets (D in Fig. 3) up to
6 m thick in Zone II. Such cosets significantly
thicken basinward and reach up to 25 m in the
proximal part of progradational clinoform units
in Zone III (Fig. 4). Here, significant variations
in set thickness occur and compound cross-beds
attain steeper dips associated with steeper lower
set boundaries. Basinward in Zone III, cosets of
Facies B2 occasionally superpose one another

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1302—1340
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Thalassinoides
bioturbation
throughout

Rhodolith
accumulation =

where FA-C units no longer separate them
because they have pinched out (for example, the
Cala Rossa locality; Fig. 10B). This causes verti-
cal stacking of Facies B2 sets into anomalously
thick packages in some clinoform unit toe sets.

- b e e s

Eventually, Facies B2 units thin and pinch out
basinward at the transition with Zone IV (Fig. 5).

The majority of Facies B2 is composed of
coarse skeletal material that forms rudstones,
along with grainstones and packstones. No

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1302—1340
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Fig. 10. Exposures of Facies Association B. See Fig. 6A for locations. Encircled numbers indicate unit boundary
hierarchy within FA-B: (D clinoform unit boundary; @ set boundary; @ compound cross-bed boundary; @ cross-
bed boundary. (A) Close-up of coastal outcrop in Fig. 3B revealing a set of Facies B1 cross-bedding and Facies B2
compound cross-bedding in Zone II. Both facies are formed by the migration and progradation of subaqueous com-
posite dunes but are affected by different degrees of bioturbation. Frascia (N37-935411° E12-336681°). (B) Thick
FA-B units that were vertically stacked due to the pinching-out of FA-C units proximal to this location. Cala
Rossa (N37-922869° E12-365926°). (C) In places, coarse lags of bioclastic debris occur between compound cross-
beds. Ruler — centimetre scale. Punta San Leonardo (N37-934758° E12-332913°). (D) Close-up of Cavallo-Torretta
Cliff in Fig. 4B (Zone II) showing variation in the dip-angle and thickness of compound cross-beds and sets. Dip
direction is unimodal. Note the sigmoidal geometries (arrow) and reactivation surfaces (®). (N37-927532°
E12-352753°). (E) Compound cross-bedded form sets of Facies B3 in distal Zone III (toe of slope environment),
preserving the outlines of large subaqueous composite dunes. Fra Santo (N37-923437° E12-367268°). (F) Parasitic
form sets of Facies B3 on the upper boundary of a compound cross-bedded form set. These structures were cre-
ated by parasitic dunes that migrated over the stoss side of a parent composite dune prior to rapid burial by FA-

C. Fra Santo (N37-922787° E12:367429°).

proximal to distal trend in grain-size distribu-
tion was observed. Marine fossils, most notably
up to 15 cm large bivalves, echinoids and frag-
ments of red algae, are locally abundant in lags
(Fig. 10C), occurring between or dispersed
within compound cross-beds. Many of such
body fossils include intact echinoid shells and
articulated bivalves. Thalassinoides bioturbation
is common in all Facies B2 exposures, the
degree of which varies between and within sets.
Some bedding planes show abundant Bichor-
dites bioturbation. In the proximal part of Zone
II, where Facies B2 occurs as a minority in sets
predominantly composed of Facies B1
(Fig. 10A), the degree of Thalassinoides biotur-
bation is commonly much higher than in more
basinward locations.

Facies B3: Rudstone and grainstone com-
pound cross-bedded form sets. Facies B3 is
restricted to the outer limits of Zone III where
clinoform units thin and eventually pinch out.
Rudstones are predominant and occur in up to
4 m thick, compound cross-bedded form sets
(sensu Imbrie & Buchanan, 1965) (Fig. 10E and
F). They are similar to Facies B2, with the differ-
ence that Facies B3 units have preserved the
outlines of large (sensu Ashley, 1990) subaque-
ous composite dunes. Form sets are variably
underlain by FA-B or FA-C, but are consistently
overlain by FA-C (Fig. 10E and F). The pre-
served stoss side (upstream face) of composite
dunes are up to tens of metres long, whereas lee
sides do not exceed 10 m in length. Because
stoss sides display low angles (up to 5°) with
the bases of form sets (which themselves also
have low-angle dips), preserved stoss sides are
near-horizontal in outcrop (Fig. 10F). Form sets

are typically covered by ‘parasitic’ form sets,
formed by relict, small (sensu Ashley, 1990; 1 to
3 m spacing) subaqueous dune fields covering
near-horizontal surfaces of hundreds of square
metres (Fig. 10F). The cross-beds (@ in Fig. 10F)
in small parasitic form sets commonly dip in the
same direction as compound cross-beds (@ in
Fig. 10F) and subordinate cross-bedding within
them (@ in Fig. 10F). Parasitic dune fields also
rarely occur on Facies B2, where upper set-
boundaries are near-horizontal and overlain by
FA-C (inset in Fig. 5A).

Interpretation: Facies Association B

Facies Association B occurs in Zones II and IIT in
an extensive part of the study area. The appear-
ance of the different FA-B facies varies as a
function of the degree of bioturbation and progra-
dational character. Pervasively bioturbated Facies
B1, occurring exclusively in the most proximal
settings, grades basinward into the less intensely
bioturbated Facies B2. In Zone II, both Facies B1
and B2 comprise sets (@ in Fig. 11) with cross-
stratification (@ in Fig. 11) comparable in size.
However, only in Facies B2 the lower degree of
bioturbation enables the recognition of a higher-
order cross-bedding (® in Fig. 11). The occur-
rence of Facies B2 compound cross-beds within
sets of Facies B1, suggests that these facies are
genetically related, having a similar formative
process, and that the pervasive bioturbation of
Facies B1 later obliterated the highest-order
cross-bedding. This can be the result of lower
rates of sediment supply (i.e. the sum of trans-
ported and in situ produced material) in the prox-
imal portion of Zone II relative to Zone III under
comparable intensity of biotic activity (Martin
et al., 1996; Pomar, 2001; Pomar et al., 2012).
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——————————————— - -Storm-wave base-

Ca50m

Bedform: Large-scale composite dune
;@ Progradational unit: Compound cross-bed

Set of compound cross-beds formed by the
progradation of a single composite dune

Not to scale

Bedform: Small/medium-scale parasitic dune
Progradational unit: Cross-bed

Fig. 11. Interpretation of Facies Association B within each zone and inferred depositional environment, together
with the interpretation of bedforms and the nature of the resulting deposits. Internal organization of unit-boundary
hierarchy is explained in the inset (see also encircled numbers in Fig. 10). Modified after Slootman et al. (2016a).

The proximal parts of FA-B clinoform units
(D in Fig. 4C) in Zone III are composed of steep
and thick Facies B2 sets (@ in Fig. 11), empha-
sising a strongly progradational character. Basin-
ward, towards clinoform unit toe sets where
Facies B2 sets thin and eventually pinch out,
form sets of Facies B3 occur. Form sets are cre-
ated by the burial of cross-stratified bedforms
preserving their original outlines (Imbrie &
Buchanan, 1965; see review by Allen, 1982, and
Anastas et al., 1997). The formative bedforms of
Facies B3 encompass large (Ashley, 1990; 10 to
100 m spacing, 0-75 to 5-0 m height) and med-
ium (Ashley, 1990; 5 to 10 m spacing, 0-4 to
0-75 m height) subaqueous composite dunes,
formed by the stacking of subordinate, small
(Ashley, 1990; 0-6 to 5-0 m spacing, 0-075 to
0-4 m height) subaqueous dunes. Such parasitic
bedforms migrated up the stoss side of the larger
parent bedforms. Upon reaching the crest, these
commonly three-dimensional parasitic dunes
migrated down the lee side of the composite
dune, where they formed trough cross-stratified
beds of decimetre-scale thickness (@ within @
in Figs 10 and 11), which are referred to as

compound cross-beds (Allen, 1982, and refer-
ences therein; see also Anastas et al., 1997).

Composite dunes climb up one another’s stoss
side under conditions of sufficient sediment sup-
ply, such as in the depositional environment of
Facies B2. In particular where sufficient accom-
modation space was available, such as in the
slope environment of Zone III, compound cross-
bedded sets stacked into thick cosets (Fig. 11). In
environments with low rates of sediment supply,
such as clinoform toe sets, the sea floor was cov-
ered by migrating composite dunes that were
unable to climb and therefore remained solitary
(Slootman et al., 2016b). Such composite dunes
and their subordinate parasitic dunes were pre-
served in the sedimentary record when rapidly
blanketed by FA-C during high-energy events. A
near-horizontal discordant surface (black dashed
line in Fig. 10F) marks the contact between the
compound cross-beds of the parent dune (below)
and the decimetre-scale parasitic dunes (on top)
that ‘shaved’ the stoss side of the parent dune.
The preservation of small dunes (parasitic form
sets) resulted in the preservation of widespread,
relict dune fields (inset in Fig. 5A).
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The variability in the thickness and degree of
bioturbation of compound cross-beds demon-
strates that Facies B2 and B3 were formed by
the stacking of decimetre-scale dunes that
migrated during numerous episodes of flow
activity. Such episodes were separated by sig-
nificant periods of exposure at the sea floor,
evidenced by densely bioturbated surfaces, reac-
tivation surfaces and coarse bioclastic lags
within Facies B2 and B3. The macrofossils form-
ing lags (Fig. 10C) are the remains of organisms
that lived in situ on the sea floor during breaks
in sedimentation. Under renewed flow activity
such coarse material was transported and pre-
served as lags covering entire lee sides or incor-
porated into compound cross-beds rich in large
fragments of bivalves, echinoids and coralline
red algae.

The dip direction of the highest-order cross-
bedding (® in Fig. 10) reveals the migration
direction of the smallest dunes. The limited dis-
tribution of Facies B2 in proximal settings pre-
vented the detailed estimation of palaeoflow in
Zone II. In contrast, the numerous dip directions
of cross-bedding measured in Zone III suggest
that palaeoflow was dominantly towards the
south-east, with a subordinate direction towards
the south-west (Fig. 8). In distal exposures, the
dip of high-order cross-beds suggests an addi-
tional northward palaeoflow. Such high-order
cross-beds (@ in Fig. 10), however, occur in
southward-dipping compound cross-beds (@ in
Fig. 10). These anomalous structures form a
minority and are restricted to very gently
inclined sets (from near-horizontal up to 7°).
This suggests that the smallest bedforms locally
also migrated up the lee side of parent bedforms,
although were not capable of altering the migra-
tion direction of large composite dunes. Where
the sea floor was too steep, such as in the proxi-
mal part of Zone III, bedforms were incapable of
migrating upslope. Hence, the majority of cross-
beds in the slope settings of Zone III resulted
from slope-perpendicular currents, although
along-slope currents might have played a minor
role here. However, a slight deflection of slope-
perpendicular currents towards the right (see
also Herndndez-Molina et al., 2000; Massari and
D’Alessandro, 2012) might be a result of the
Coriolis force (Puga-Bernabéu et al., 2010),
explaining the minor proximal—distal clockwise
rotation in the dip direction of FA-B (and FA-D)
cross-beds (Fig. 8). However, more slope-parallel
currents affecting the sea floor beyond toe of
slope settings (Longhitano & Steel, 2016;

Michaud & Dalrymple, 2016; Rossi et al., 2017)
cannot be excluded either.

Facies Association C: Supercritical-flow
carbonate-delta deposits

Description: Facies Association C

Facies Association C comprises thick units that
have been deposited as single beds. They are
bright white to yellowish and reach up to 4 m
thickness in Zone II and over 10 m in Zone III,
where deep basal scours are common (Fig. 4).
The toe sets of FA-C clinoforms pinch out over
short distances (for example, from 4 to 0 m thick
over a down-dip length of ca 100 m; Fig. 5).
Facies Association C is composed largely of rud-
stones and rare grainstones; packstones are
absent: FA-C encompasses approximately half of
the Favignana carbonate wedge; the other half is
formed by FA-B. Homogeneous FA-C deposits
were the target of widespread quarrying activi-
ties across the island, providing the exceptional
exposures.

Facies Association C consists of four facies in
Zones II and I (Fig. 6). The wavy-stratified
Facies C1 and the associated bio-conglomeratic
scour and fill structures of Facies C2 are most
abundant in Zone II. Facies C3 is dominated by
backset-bedding and prevails in Zone III. At the
distal termination of FA-C clinoforms, where
beds eventually pinch out, the planar stratified
Facies C4 occasionally occurs (Table 1).

The composition of FA-C is similar to that of
FA-B (Fig. 7), although with lower proportions
of bryozoans in favour of red algae. In Zone II,
the largest components consist mainly of bivalve
debris, dominated by Pecten maximus and frag-
mented oysters. Rhodoliths make up large por-
tions of the bio-gravel in Zone II and become
nearly exclusive for the coarse fraction in Zone
II. Lithoclasts of various composition rarely
reach 10% in abundance.

The near absence of Thalassinoides and the
very rare occurrence of Ophiomorpha in FA-C
stand in sharp contrast to the locally pervasive
bioturbation of FA-B. The very rare Ophiomor-
pha is limited to Zone II, occurring in small net-
works of horizontal tunnels and vertical shafts,
which reach down to 1-5 m below upper bed
boundaries. Some long vertical shafts (up to
4 m) are not connected to horizontal tunnels.

Facies C1: Wavy-stratified rudstones and
grainstones. Facies C1 consists of rudstone and
grainstone beds of 2 to 3 m thick, making up the
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majority of FA-C in Zone II. Internal stratifica-
tion is expressed by the virtue of minor grain-
size variations, ranging from coarse sand to
coarse granule-size skeletal fragments. In most
places such stratification consists of alternating
coarsening and fining-upward intervals of 2 to
10 cm thick (diffuse banding, e.g. Postma et al.,
1983; or crude stratification, e.g. Cartigny et al.,
2013; Postma et al., 2014). Locally, stratification
consists of coarsening-upward layers with sharp,
erosional bases (spaced stratification of Hiscott,
1994).

The wavy stratification forms lenticular sets,
with concave bases and convex tops, which are
up to ca 20 m wide and 1 to 2 m thick, that are
best exposed in long, sea-side quarry walls
(Fig. 12A). Where composed of Facies C1, FA-C
units usually display straight, erosional upper
boundaries inclined more or less parallel to the
inclined lower boundaries. The latter are rarely
erosional, draping the uneven topography of the
underlying FA-B (Fig. 12A). Internal stratifica-
tion is thicker and coarser in the central portion
of sets compared to the thinner and finer-lami-
nated extremities. Lamination does not termi-
nate at set boundaries, but becomes very thin
and continues into adjoining sets, herewith cre-
ating apparent downlaps on these vaguely
defined surfaces (Fig. 12A and B). Thalassi-
noides bioturbation is absent from the main
body of units, but locally affected the upper-
most part of Facies C1 beds (Fig. 12B). Ophio-
morpha structures form vertical shafts, which
are commonly connected to horizontal tunnels
that become rare basinward. The interwoven

stratification of Facies C1 is often truncated by
the bio-conglomeratic scour and fill structures of
Facies C2 (Fig. 12B).

Facies C2: Bio-conglomeratic scour and fill
structures. The matrix-supported to clast-sup-
ported biogenic conglomerates of Facies C2
encompass the coarsest sediments of the Favig-
nana carbonate wedge. They are most abun-
dant in Zone II and occur in close association
with Facies C1 (Fig. 12B). Large clasts are up
to 15 cm in diameter and composed of rhodo-
liths, oysters, Pecten maximus and lithic frag-
ments. Rhodoliths gradually replace the other
outsized components in basinward direction.
The coarse deposits of Facies C2 lack
bioturbation.

The bio-conglomerates fill erosional depres-
sions about 1 to 4 m deep, with depth : width :
length ratios approximately 1 : 2 : 3 (Fig. 12C to
F). Scour and fill structures are locally fining
upward and typically have spoon-shaped
geometries with the long axis striking approxi-
mately south/south-east and the gentle side fac-
ing basinward. Scour and fill structures are
vertically or laterally stacked (Fig. 12B and G)
and also occur as isolated bodies (Fig. 12C to F).

The scour and fill structures of Facies C2 com-
monly cut into Facies C1 and more rarely into
FA-B. Very irregular set boundaries at lateral and
proximal sides are inclined up to 70° (Fig. 12F).
Very coarse fills have a massive appearance com-
plicating the identification of internal stratifica-
tion. However, steep cross-beds up to 20 cm
thick and often exceeding the angle of repose (up

Fig. 12. Exposures of Facies Association C. See Fig. 6A for locations. (A) Close-up of coastal outcrop in Fig. 3B
consisting of wavy stratification of Facies C1, generated by unstable antidunes under breaking in-phase waves.
Dashed lines indicate set boundaries. Note 2-5 times vertical exaggeration. Frascia (N37-935411° E12-336681°). (B)
Wavy stratification of Facies C1 and scour and fill structures of Facies C2 in Zone II, interpreted as unstable anti-
dune stratification and chute and pool structures, respectively. Landro (N37-927676° E12-329619°). (C) to (F)
Scour and fill structures of Facies C2 in Zone II interpreted as confined chute and pool structures. Note that the
backset-bedding in (C) and the lower unit-boundary in (F) are much steeper than the angle of repose, providing
additional evidence against a channel-fill hypothesis. Asterisks in (E) and (F) indicate the same location for com-
parison. (C) and (D) Cala San Nicola (N37-934601° E12-347574°). (E) and (F) Punta San Leonardo (N37-927676°
E12-329619°). (G) Two stacked Facies C2 scour and fill structures. Palaeoflow left oblique towards the observer.
Cava Sant’Anna (N37-931421° E12-331066°). (H) and (I) Facies C3 backset-stratification interpreted to have been
generated by cyclic step bedforms. Diagnostic criteria include upstream-dipping stratification and set boundaries
that are composite erosion-surfaces (CES). Close-up of CES in (H), juxtaposing relatively coarse and fine sediment.
Fra Santo (N37-922524° E12-368346°). The exposure in (I) shows three progradationally stacked Facies C3 sets.
Backset beds are fining downstream. They are concave-upward in their upstream portion and tend to become con-
vex-upward towards their downstream end. The middle set is very coarse, consisting predominantly of large
bivalves (Pecten maximus) and oysters. Badia (N37-929329° E12-332747°). (J) Facies C4 planar stratification inter-
preted as upper-stage plane bedding, occurring at the basinward termination of some FA-C clinoform units. Punta
Marsala (N37-907261° E12-364657°).
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Fig. 12. Continued.

to 60°) characterize some fills (Fig. 12C). Cross-
beds dip towards the north/north-west, which
is opposite to the dip of the master bedding
and also opposite to the palaeoflow-indicating
cross-beds of FA-B. Facies C2 cross-beds dis-
play concave-up geometries, which flatten and
straighten upward. In fills with higher propor-
tions of coarse sand and granule-size matrix,
internal cross-beds with dips up to 25° resem-
ble the crude and spaced stratification of Facies
C1 (Fig. 12G).

Facies C2 cross-beds display long, concave-up
basinward terminations, usually consisting of
crude stratification that grades into spaced strati-
fication downdip (towards a proximal position).
Facies C2 cross-beds are thus more erosional in
a proximal position within the fill, reaching a
maximum at their lowermost position where
cross-beds become progressively less steep,
reaching a horizontal tangent in their troughs

Palaeoflow

(Fig. 12G). From this point, cross-beds extend
slightly further upstream with opposite dip
before being truncated by the overlying cross-
bed. The proximal set boundary is thus a com-
posite erosion-surface in which each erosion-
based cross-bed is truncated by the succeeding
one (Fig. 12H).

Facies C3: Backset-stratified rudstones. The
coarse rudstones of Facies C3 occur in Zone II
and in particular in Zone II. Composition
trends are comparable to Facies C1 and C2, most
notably the basinward transition from oysters,
Pecten maximus and lithoclasts, to spherical
rhodoliths ranging from a few to 15 cm in dia-
meter. Bioturbation structures are absent, with
the exception of rare, isolated Ophiomorpha
shafts up to 4 m in length.

Facies C3 constitutes the largest part of thick
FA-C units in Zone III, which locally cut deep
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into the underlying FA-B (Fig. 4). Also, in Zone
IT the thickest beds are predominantly composed
of Facies C3. Wavy geometries are abundant,
forming low-angle to high-angle cross-beds that
dip opposite to the master bedding (Fig. 12I).
Set boundaries are gradational where Facies C3
is composed of coarse sand to granules, here-
with mimicking Facies C1. Set boundaries are
progressively more erosional with larger grain
size, resembling the scour and fill structures of
Facies C2. However, in most exposures Facies
C3 consists of distally stacked sets comprising
cross-beds dipping opposite to the master bed-
ding, which attain concave-up geometries in
their proximal portion and adopt more convex-
up shapes towards their basinward end
(Fig. 12I). Such 2 to 20 cm thick, sigmoidal
cross-beds are locally up to 20 m long, and typi-
cally fine and thin basinward, away from the
proximal set boundary, showing a longitudinal
transition from spaced to crude (and frequently
back to spaced) stratification. Sets slightly taper
in a basinward direction (Fig. 12I), locally creat-
ing lenticular outlines and shingled stacking
patterns. At the basinward end of sets, stratifica-
tion is truncated by the composite erosion sur-
face of the subsequent set, or, where the set
boundary is gradational, stratification continues
into the adjacent set. Where Facies C3 super-
poses form sets of Facies B3, the contact shows
features similar to boundaries of adjoining
Facies C3 sets (Fig. 10E).

The uppermost part of Facies C3 and locally
also the deposits overlain by this facies have
commonly been affected by recumbent folding
(Fig. 13A) and water escape (Fig. 13B to D), the
latter leading to flame and dish structures. Inter-
vals disturbed by soft-sediment deformation are
locally more than 1 m thick.

Facies C4: Pinching-out planar stratified rud-
stones. At the basinward termination of FA-C
units, the planar stratified rudstones of Facies
C4 prevail. The key locality is near the light-
house at Punta Marsala (Fig. 12]). Facies C4 has
characteristics of upper-stage plane bedding,
including local primary current lineation
(Stokes, 1947; Crowell, 1955), in particular
where lamination is of sub-centimetre scale.
Where internal stratification is thicker, Facies
C4 resembles Facies A1, with the exception of
the omnipresent bioturbation structures in the
latter, which are absent in Facies C4. Facies C4
occurs in beds that rarely exceed 1 m in thick-
ness and pinch out over distances of up to tens

of metres. Locally, such beds display large-scale
undulations.

Interpretation

The sigmoidal stratification forming interwoven
lenticular sets (Facies C1), conglomeratic scour
and fill structures (Facies (C2) and distally
stacked lenticular sets (Facies C3) dips opposite
to the master bedding and opposite to the major-
ity of the palaeoflow-indicating cross-beds of
FA-B. Such stratification was deposited dipping
in an upstream direction and is therefore back-
set-bedding (Davis, 1890; Jopling & Richardson,
1966). Backset-bedding is characteristic of
upstream-migrating bedforms generated under
supercritical flow conditions (Fr > 1) (Kennedy,
1963; Carling & Shvidchenko, 2002; Cartigny
et al.,, 2014). The deposits of FA-C are inter-
preted as unstable antidunes (Facies C1), chute
and pool structures (Facies C2) and cyclic steps
(Facies C3) (Fig. 14). The deposits of Facies C4
represent upper-stage plane bedding at the distal
termination of FA-C units.

Facies C1: Unstable antidunes. Facies C1
formed by the aggradation of unstable antidunes
(Fig. 14A) under high rates of sediment fallout.
The concave to convex-up stratification is
locally continuous between adjacent sets and
shows gradational set boundaries. Where this is
not the case, stratification thins and condenses
creating apparent onlap onto set boundaries.
Only very rarely are set boundaries erosional.
This implies that sedimentation occurred also
on the lee side of antidunes resulting in their
climbing character. Set lengths indicate anti-
dune wavelengths of 20 to 30 m.

Backset beds progressively thicken towards
the antidune crest as a result of high rates of
suspension fallout, which led to stoss side
steepening. This invoked a positive feedback
mechanism whereby each subsequent backset
bed steepened the antidune stoss side more and
more. This induced progressive deceleration and
thickening of the flow on the stoss side, which
caused a drop of the Froude number over the
crest until it ultimately passed the critical
threshold of Fr = 1 and the flow became subcrit-
ical (see Eqg. 1). This involved breaking of the
wave and the formation of a weak hydraulic
jump on the antidune crest, which surged
upstream into the trough of the adjacent anti-
dune (Fig. 14A @) (Hand, 1974; Alexander
et al., 2001; Spinewine et al., 2009; Cartigny
et al., 2014).
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Fig. 13. Soft-sediment deformation structures in Facies Association C. (A) Sheared soft-sediment deformation at
the upper part of a Facies C3 set that is overlain by another Facies C3 set of the same unit. The composite ero-
sion-surface (set boundary) between the two sets suggests that the soft-sediment deformation is probably the result
of a negative pressure gradient below a hydraulic jump. Cava Sant’Anna (N37-930865° E12-331208°). (B) Flame
structures as a consequence of water escape. Fra Santo (N37-921098° E12-361605°). (C) and (D) Water-escape struc-
tures in the upper portion of FA-C units. Bue Marino (N37-917260° E12-365796°). Dashed lines indicate unit

boundaries.

In experiments (Hand, 1974; Alexander et al.,
2001; Cartigny et al., 2014) wave breaking is
commonly accompanied by erosion. Here, how-
ever, high sediment concentrations induced hin-
dered erosion (Winterwerp et al., 1992) to such
an extent that even the supercritical flow was
depositional. This prevented the formation of
erosional set boundaries. Directly downstream
of the transient hydraulic jump that followed
the surge, rapid suspension fallout restored the
morphological equilibrium between flow and
bed by the deposition of backset beds (Fig. 14A
Q). The latter are thickest at their upstream side
and thin towards the antidune crest, which
caused the hydraulic jump to rapidly attenuate

until it ultimately flushed downstream (Fig. 14A
@) after which in-phase waves were re-estab-
lished and supercritical conditions were
restored throughout the flow (Fig. 14A ®)
(Hand, 1974; Alexander et al., 2001; Spinewine
et al., 2009; Cartigny et al., 2014).

Unstable antidune deposits are distinguished
from cyclic step deposits by more symmetrical
geometries (parallel to palaeoflow direction),
absence of sharp grain-size breaks, common gra-
dational set boundaries, occurrence in beds that
are commonly thinner, stratification that is com-
monly less thick and less steep, and as a result
an amplitude to wavelength ratio that is lower
(Table 1).
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Evolution of a carbonate delta by episodic currents 1327

Facies C2: Chute and pool structures. Facies
C2 encompasses bio-conglomeratic scour and fill
structures that either form stacked sets or occur
as isolated bodies up to 10 m long. Such struc-
tures are filled with upstream-dipping backset
beds that are much steeper than those of Facies
C1. Backset beds are erosion-based at their
upstream portion where they terminate in the set
boundary. Set boundaries thus comprise compos-
ite erosion surfaces (amalgamated surfaces and
pseudo-foresets of Dietrich et al., 2016) consist-
ing of a series of climbing, spoon-shaped scours
that present a diagnostic feature of hydraulic-
jump-related deposition (Postma et al., 1983;
Nemec, 1990; Massari, 1996). These structures on
Favignana Island were previously interpreted as
‘cross-bedded channel-fills’ (Slaczka et al., 2011).
However, three-dimensional geometries and lat-
eral discontinuity (Fig. 12C to F) are not in line
with such an interpretation.

The formation of scour and fill structures is
closely associated with the unstable antidunes
of Facies C1 (Fig. 14B). Flows with greater
Froude numbers than the formative flows of
unstable antidunes generated antidunes with
greater amplitude accompanied by an amplifica-
tion of the overriding in-phase waves (Kennedy,
1963; Hand, 1974; Alexander & Fielding, 1997;
Duller et al., 2008). Progressive stoss-side steep-
ening occurred in a way similar to unstable anti-
dunes. However, enhanced flow thickness over
the antidune crest and greater associated veloci-
ties resulted in a more abrupt breaking of in-
phase waves and the formation of a stronger
surge (Fig. 14B @; Cartigny et al., 2014). The
greater morphological imbalance between flow
and bed could not be restored by deposition
alone, as with unstable antidunes, but required
significant erosion while the surge migrated
upstream. Surge migration ceased near the
trough of the adjacent antidune, where it trans-
formed into a temporary hydraulic jump
(Fig. 14B @; Hand, 1974; Alexander et al., 2001;
Cartigny et al., 2014).

Erosion just upstream of the hydraulic jump
resulted from high shear stresses at the base of
the supercritical incoming flow. Pulsation dur-
ing scouring created the crude and spaced strati-
fication (Hiscott, 1994; Sohn, 1997; Cartigny
et al., 2013), which characterizes FA-C in gen-
eral. Here, such pulsation triggered the alterna-
tion of erosion and deposition generating the
composite erosion surface consisting of a series
of climbing concave-upward, spoon-shaped

scours. Directly downstream of the hydraulic
jump, high rates of suspension fallout resulted
from the rapid deceleration of the flow and the
accompanied decline in basal shear stress
(Lennon & Hill, 2006; MacDonald et al., 2009;
Cartigny et al., 2014). Continued deposition of
progressively less steep backset beds filled the
scoured depression, forcing the hydraulic jump
to migrate upstream whilst becoming smaller
and weaker (Fig. 14B @) until it was eventually
flushed downstream (Hand, 1974; Alexander
et al., 2001; Cartigny et al., 2014). The infilling
of the scour was thus accompanied by progres-
sively increasing basal shear stresses, which
gradually enhanced the ability of the flow to
transport coarse material. Therefore, scour and
fill structures are commonly fining upward.
Grain-size variations in the deposit are thus not
a result of changes in the grain-size distribution
of the sediment carried within the flow but are
due to selective deposition. Grain-size distribu-
tions within the formative flows of Facies C1
and C2 were probably very alike.

The irregularity of the lateral sides of scour
and fill structures is caused by local, small-scale
side-wall collapses below the hydraulic jump
due to fluidization (Postma et al., 2009; Turmel
et al., 2012; Cartigny et al., 2014; Postma et al.,
2014; Dietrich et al., 2016). However, also the
pulsating character of the flow, resulting in the
alternation of erosion and deposition, may have
played a role. The steepness of the side walls,
which frequently exceeds the angle of repose of
granular material, demonstrates the rapid depo-
sition of backset bedding, which must have been
fast enough in stabilising the walls of the ero-
sional depression to prevent their collapse (Mas-
sari, 1996; Hansen, 1999).

Stable antidunes in experimental studies (Car-
tigny et al. 2014), related to stable in-phase
waves, transform into unstable antidunes charac-
terized by occasional wave breaking around mean
Froude numbers of Fr5y = 1-1. Flows marked by
higher Froude numbers generate unstable anti-
dunes with greater amplitude related to in-phase
waves that break more abruptly and subsequently
develop into transient hydraulic jumps. Such bed
morphologies are referred to as ‘chute and pool’
structures sensu Simons et al. (1965) (see also
Hand, 1974; Massari, 1996; Fralick, 1999; Alexan-
der et al., 2001; Russell & Arnott, 2003; Duller
et al., 2008; Lang & Winsemann, 2013; Cartigny
et al., 2014) generating the scour and fill struc-
tures of Facies C2. Wave breaking invoked the
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formation of powerful, upstream-migrating surges
that scoured local erosional depressions. Where
surges came to a halt, typically in the trough of
the adjacent antidune (Cartigny et al.,, 2014),
temporary hydraulic jumps developed. Rapid
suspension fallout directly downstream of the
jump resulted in the deposition of partly ero-
sion-based backset-bedding, filling the initial
scour and depression between the antidunes
until the equilibrium between flow and bed had
been restored.

The sedimentary characteristics of chute and
pool deposits reflect a hydrodynamic behaviour
that is transitional between antidunes and cyclic
steps. This is reflected by the common co-occur-
rence of Facies C1 and C2 (the latter cutting into
the former). Compared with antidune deposits,
the deposits of chute and pools comprise very
steep backset-beds (up to exceeding the angle of
repose). Backset-beds are much thicker with
bases terminating in the composite erosion sur-
face of the set boundary. These properties are
shared with cyclic step deposits. However,
while cyclic step deposits commonly consist of
regularly stacked sets, the deposits of chute and
pools involve isolated bodies (locally irregularly
stacked), although both are commonly fining-
upward. Chute and pool sets (scour and fill bod-
ies) have thickness to length ratios that are
higher than for cyclic step sets and much higher
than for antidune sets (Table 1).

Facies C3: Cyclic steps. The distally stacked,
lenticular sets of Facies C3 contain wavy back-
set-bedding, which is convex-up at the basin-
ward end of sets and concave-up at their
proximal portions. Set boundaries mimic those
of the scour and fill structures of Facies C2, con-
sisting of a series of climbing spoon-shaped
scours. Such composite erosion-surfaces are
diagnostic to hydraulic-jump-related deposition
(cf. the amalgamation surfaces and pseudo-fore-
sets of Dietrich et al., 2016).

Cyclic steps (Parker, 1996) are capable of
building such distally stacked sets of backset
bedding (Fildani et al., 2006; Kostic & Parker,
2006; Spinewine et al., 2009; Cartigny et al.,
2011; Kostic, 2011; Cartigny et al., 2014). These
bedforms consist of a series of commonly down-
stream-asymmetrical steps with hydraulic jumps
in the trough at the base of each lee side
(Fig. 14C) (Turmel et al., 2015; Zhong et al.,
2015; Dietrich et al., 2016; Normandeau et al.,
2016; Slootman, 2016; Lang et al., 2017; Vellinga

et al., 2018). Erosional, supercritical flow char-
acterizes the steep lee side, at the toe of which
rapid deceleration supports the semi-permanent
presence of a hydraulic jump (Vellinga et al.,
2018) for as long as the bed configuration is
maintained (Fagherazzi & Sun, 2003; Sun & Par-
ker, 2005; Taki & Parker, 2005). Directly down-
stream of the hydraulic jump, rapid suspension
fallout from the re-accelerating subcritical flow
results in the deposition of backset beds on the
stoss side of the bedform (Cartigny et al., 2011;
Postma et al., 2014; Vellinga et al., 2018). Lee-
side erosion and stoss-side deposition thus lead
to the upstream migration of cyclic steps
(Fagherazzi & Sun, 2003; Sun & Parker, 2005;
Taki & Parker, 2005). The wavy character that
marks some backset beds reflects superimposed
antidune undulations (Spinewine et al., 2009;
Cartigny et al., 2014; Dietrich et al., 2016),
although dewatering structures may also create
wavy geometries (Slootman, 2016), albeit of
more irregular nature.

Deposits reflect the changing character of the
flow as it overrides a single step (Postma & Car-
tigny, 2014; Postma et al., 2014). Directly down-
stream of the hydraulic jump, shear stresses are
of minor importance and deposition (generally
coarser-grained) is largely controlled by suspen-
sion fallout (Cartigny et al., 2014; Vellinga et al.,
2018). Flow thinning and acceleration towards
the crest of the bedform gradually replace sus-
pension fallout by traction sedimentation
(Postma et al., 2014), depositing preferentially
finer material due to the facilitated transport of
the coarser fraction wunder conditions of
increased shear stress, a process which is still
poorly understood. Individual backset beds thus
show a downstream-fining trend (Postma et al.,
2014; Dietrich et al., 2016; Vellinga et al., 2018).
The upstream migration of cyclic steps, there-
fore, results in fining-upward Facies C3 sets
(Fig. 14C). Backset beds with coarser material
are marked by enhanced erosion at the set
boundary, suggesting a greater supercriticality of
the formative flow down the lee side and a
higher intensity of the hydraulic jump. In addi-
tion, cyclic steps are three-dimensional features
(Postma et al., 2014; Slootman, 2016). As a con-
sequence, cross-sections vary as a function of
the orientation with respect to the longitudinal
axis of the structure. In a central cross-section,
structures tend to be more erosional than in a
cross-section that dissects the lateral extremity
of a Facies C3 set.
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Soft sediment deformation structures in Facies
C3 are the result of rapid deposition and, conse-
quently, incorporation of large amounts of pore
water between grains (Postma et al., 2009; Car-
tigny et al., 2014). Rapid burial of such water-
oversaturated deposits induced the upward
escape of water as sediments became more den-
sely packed, squeezing out the excess pore fluid.
Shear stresses exerted by the formative flow
played an important role in the formation of
associated recumbent folding (Fig. 13A). Water
escape may be enhanced by the reduced pres-
sure below hydraulic jumps, inducing a negative
pressure gradient in favour of the upward migra-
tion of pore water (Postma et al., 2009).

Cyclic step deposits are distinguished from
antidune deposits by sets that commonly have
sharp grain-size breaks at erosional set bound-
aries. Cyclic step sets fine downstream and
upward and are more asymmetrical than anti-
dune deposits as expressed by stratification that
almost exclusively dips upstream and is com-
monly thicker than for antidunes. Although
changes in flow conditions may hamper the for-
mation of very regularly stacked sets (separated
by composite erosion surfaces), cyclic step
deposits do not form isolated scour and fill bod-
ies like chute and pools do. Cyclic step sets
have higher amplitude to wavelength ratios than
antidune sets (Table 1).

Facies C4: Pinching-out upper-stage plane
bedding. Facies Association C units pinch-out
over as little as 100 m. Associated deposits are
composed largely of Facies C4, consisting of
centimetre to millimetre-scale planar stratifica-
tion. Local primary current lineation suggests
deposition under upper-stage plane bed condi-
tions. Some Facies C4 beds contain large-scale
undulations mimicking slightly aggradational
antidune stratification. Rapid dissipation of flow
energy towards clinoform toe sets, by the attenu-
ation of the gravitational driving force, induced
the deposition of upper-stage plane bedding
under waning flow conditions.

Facies Association D: Subcritical-flow strait
deposits

Description

Facies D1: Bryozoan-rich compound cross-
bedded rudstones and grainstones/pack-
stones. Facies Association D consists of Facies
D1 alone, comprising dark yellow to orange rud-
stones and grainstones to packstones (Fig. 15A)

occurring exclusively in Zone IV in the south-
eastern part of the study area (Fig. 1). The bulk
of Facies D1 is composed of coarse sand to gran-
ule-size bioclasts. However, much coarser bio-
genic material occurs in the basal parts of
trough cross-beds and in lags between com-
pound cross-beds (Fig. 15B). Such outsized frag-
ments include macrofossils like articulated
pectinids, intact echinoderms, delicate bryozoan
frameworks and, more rarely, rhodoliths (Fig. 15C
and D). Grainstones and packstones are com-
monly Thalassinoides-bioturbated, whereas rud-
stones are not.

In terms of sedimentary structures, grain-size
distribution and composition, Facies D1 is lar-
gely similar to Facies B2, containing the remains
of coralline red algae, echinoderms, bivalves,
large benthic foraminifera and bryozoans. Bryo-
zoans occur in significantly higher abundance in
Facies D1 than in Facies B2, at the cost of red
algae (Fig. 7). Lithoclasts are absent in Facies
D1. Fines are present in the matrix of all pack-
stones and some rudstones in variable propor-
tions, comparable to Facies B1. There is no
marked difference in mineralogy or bulk rock
chemistry that differentiates Facies D1 from FA-
B and FA-C (Slootman, 2016).

Facies D1 is cross-bedded in a way similar to
Facies B2 (Fig. 15A), consisting of sets and
cosets composed mostly of southward-dipping
compound cross-beds with abundant reactiva-
tion surfaces. Compound cross-beds are up to
50 cm thick, the majority not exceeding 20 cm.
Typically, they dip less than 20° and consist of
decimetre-scale trough cross-bedding. Com-
pound cross-beds comprise 1 to 3 m thick sets,
which are vertically stacked into cosets up to
15 m thick. The dip of the highest order cross-
bedding is widely variable in almost all direc-
tions yet dips predominantly towards the north
and south (Fig. 8). In contrast to Facies B2, the
compound cross-bedding of Facies D1 com-
monly dips northward. This is most striking
where Facies D1 sets abut southward-dipping
compound cross-beds of Facies B2 at the transi-
tion from Zone III to Zone IV (Fig. 5). Here, two
types of northward-terminating Facies D1 sets
are observed: (i) form sets, up to 2 m thick, of
northward-migrating composite dunes covered
by Facies B2 at their lee side, preserving the out-
lines of the formative bedforms; and (ii) semi-
lenticular sets, up to 2 m thick, with concave-up
bases, resting in decametre-wide depressions at
the top of FA-C. Accumulations of the ‘Boreal
Guest’ bivalve Arctica islandica (Raffi, 1986),

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1302—1340



1330 A. Slootman et al.

' Facies D1

R

% Bra}ncﬁed bryzoans

Fig. 15. Facies Association D in Zone IV (offshore environment). (A) Dark yellow to orange, bryozoan-rich rud-
stones, grainstones and packstones of FA-D marked by compound cross-bedding with variable dip directions (see
rose diagrams in Fig. 8) reflecting their formation by composite dunes in an offshore setting that was occasionally
affected by currents of variable direction. Bue Marino (N37-917544° E12-369715°). Facies Association D contains a
high proportion of outsized skeletal components such as: (B) red algae debris; (C) delicate bryozoans; and (D)
echinoids and rare branched bryozoan fragments. Measuring tape in (C) and (D) shows centimetres.

some articulated, occur at the distalmost posi-
tion of the study area (Cala Azzurra).

Interpretation

Facies D1 reflects deposition in an environment
beyond the extension of the prograding clino-
forms, which was deeper than for FA-B on the
basis of skeletal composition (more bryozoans at
the cost of red algae). Facies D1 originated by
the predominantly southward migration of com-
posite dunes on the shelf floor, which formed by
the lateral stacking of decimetre-scale parasitic
bedforms. This mechanism is similar to that of
Facies B2. In the absence of intervals consisting
of other facies, such as FA-C units in between
FA-B, stacking of Facies D1 sets produced up to

15 m thick cosets (Fig. 15A). The widespread
presence of fines within Facies D1 packstones
suggests periods of quiescence marked by set-
tling and infiltration of fines into sea-floor sedi-
ments. Additional evidence is provided by
macrofossil accumulations in between or within
Facies D1 compound cross-beds. Similar to the
lags in FA-B these fossils represent the remains
of in situ benthic organisms such as bivalves,
echinoderms and delicate bryozoans.

The abundance of reactivation surfaces within
compound cross-beds suggests that Facies D1
formed through numerous events of subcritical
flow. Although unidirectional flow prevailed
during individual events, flow direction was
variable between successive events. Currents
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were predominantly directed towards the north
or south (i.e. slope-parallel) and also affected
some decimetre-scale dunes in the toe sets of
FA-B. Here, smaller-scale dunes were not cap-
able of generating metre-scale composite dunes,
most likely because the sea floor exceeded the
critical slope for the upslope migration of larger
bedforms. Distal of the toe of slope, however,
the sea floor was sufficiently near-horizontal to
allow the formation of northward-migrating
composite dunes. Although in a minority, north-
ward-migrating composite dunes formed exten-
sive sets many tens of metres long, attesting that
they could migrate northward for as long as the
sea floor was sufficiently flat. Upon reaching a
clinoform toe set at the Zone III to IV transition,
the southward-dipping sea floor exceeded the
threshold slope for upslope migration, forcing
northward-migrating Facies D1 composite dunes
to terminate there. Alternatively, such dunes
were buried by southward-migrating dunes of
FA-B, preserving a Facies D1 dune form set
(Fig. 5). The relevance of the bivalve Arctica
islandica at the base of some of the youngest
FA-D beds lies in the fact that this Boreal spe-
cies colonized the Mediterranean during cold
periods in the Early Pleistocene (Raffi, 1986; Di
Geronimo et al., 2000; Pedley & Grasso, 2006).

DISCUSSION

Evolution of a carbonate delta

The Pleistocene cool-water carbonate wedge of
Favignana Island is interpreted as a carbonate
delta (Fig. 16A), which is a sediment body in
the lee of a submerged sill covered by skeletal
debris in a shallow-marine gateway between two
topographic highs. The carbonate delta formed
by deposition from expanding currents that were
funnelled through the shallow-marine gateway
(similar to the carbonate delta drift of Liidmann
et al., 2018), while beach environments sur-
rounded Favignana palaeo-island (Facies Associ-
ation A, Zone I). The Favignana platform itself
is not preserved, although its former existence
between the two palaeo-islands is inferred from
the prograding clinoforms, which were identi-
fied as platform-slope deposits. These clino-
forms went through an initial aggradation (Zone
II) and subsequent progradation phase (Zone III).
The carbonate delta prograded for several kilo-
metres eastward into a strait on the Sicily Shelf
between the two palaeo-islands on one side and

Sicily mainland on the other. In the strait,
bryozoan-dominated skeletal sediment was
reworked by north-south slope-parallel currents
into large subaqueous composite dunes (Facies
Association D, Zone IV) which interdigitated
with the toe of slope of the carbonate delta
(Fig. 16A). Some cross-bedded carbonate depos-
its in other straits were interpreted as the pro-
duct of subaqueous dunes of tidal origin
(Anastas et al.,, 1997; Longhitano, 2011, 2013;
Reynaud et al., 2013; Rossi et al., 2017). There
are, however, examples of cross-bedded carbon-
ate deposits that formed in the absence of tidal
currents (Betzler et al., 2006; Puga-Bernabéu
et al., 2010). Although tidal signatures were not
observed in the Favignana carbonate delta nor
in the strait deposits of FA-D, tidal reworking in
the strait cannot be excluded with certainty.

Removal of skeletal debris off the platform in the
shallow-marine gateway between the two palaeo-
islands sourcing the carbonate delta, took place by
two types of episodic event; Froude-subcritical
and supercritical flows, which yielded the bimodal
facies stacking pattern of the Favignana carbonate
wedge. Subcritical currents generated subaqueous
dunes (Facies Association B; 52% of platform-
slope deposits; Fig. 4). Supercritical flows associ-
ated with in-phase waves and hydraulic jumps
formed upper-flow-regime bedforms such as anti-
dunes, chute and pools and cyclic steps (Facies
Association C; 48% of platform-slope deposits).

The episodic nature of subaqueous dunes is
evidenced by intense bioturbation and coloniza-
tion of the bed by macrofauna such as echinoids
and bivalves during long periods in which there
were no currents down the carbonate slope.
Based on numerous reactivation surfaces, differ-
ent degrees of bioturbation and variation in the
thickness of compound cross-beds and sets,
Slootman et al. (2016a) estimated that around 50
to 500 events together generated a single FA-B
clinoform unit. A deflection to the right of FA-B
cross-beds with respect to the slope gradient
may have been introduced by axis-parallel cur-
rents in the strait such as observed elsewhere
(Longhitano & Steel, 2017; Michaud & Dalrym-
ple, 2016; Rossi et al., 2017), although Coriolis
deflection (to the right on the Northern Hemi-
sphere) cannot be excluded (Puga-Bernabéu
et al., 2010).

The absence of bioturbation and the lateral
continuity of the anomalously thick FA-C beds
suggest that FA-C units were deposited during
single events with average sedimentation rates
one to two orders of magnitude greater than
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Fig. 16. (A) Conceptual deposition model and (B) cross-section showing a supercritical turbidity current with a
high-density basal part that generates bedforms. Continued deposition of subaqueous dunes and turbidity-current
deposits led to the formation of a carbonate delta, which today is exposed as the Favignana carbonate wedge.

FA-B events. Antidune wavelength enables the
reconstruction of flow properties during FA-C
events (Hand, 1974) by:

U = &pﬂow — Pamb (3)
2TCpﬂow + Pamb

where U is flow velocity, g is gravitational accel-
eration, L is antidune wavelength (20 to 30 m; for

example, Fig. 12A) and ppow and pamp are the
densities of the flow and the ambient medium,
respectively. In the case of free-surface flows, the
density of air can be neglected and (pgow — Pamb)/
(Prlow T Pamb) = 1. For free-surface flows this
yields a velocity of U =56 to 6-8 m sec '. In-
phase waves overriding unstable antidunes start
to break at Fr = 1-1, which would imply a flow
thickness of d =26 to 3-9 m (Eq. 1). Antidune
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structures occur everywhere in the slope environ-
ment, down to several tens of metres below sea
level, evidenced by clinoforms up to 50 m high.
This conflicts with the calculated values assum-
ing free-surface flows.

The alternative to free-surface flows are turbid-
ity currents. The antidune structures are com-
posed of spaced stratification (Hiscott, 1994),
which was experimentally demonstrated to
develop in sediment concentrations of 5 to 15%
by volume (Cartigny et al., 2013). The density of
the flow is a direct function of sediment concen-
tration. Using ps.q = 2700 kg m ™ for the density
of skeletal sediment and Egs 1 to 3, a turbidity
current generating unstable antidunes of 20 to
30 m in wavelength would have had a velocity of
U=1-1to 2-3 m sec ' and a thickness of 1-4 to
2:2 m, which seem plausible values.

Sediment flux calculations and strontium iso-
tope stratigraphy by Slootman et al. (2016a)
revealed that subcritical flow events lasted hours
to days, recurring every tens to hundreds of
years, whereas the supercritical turbidity cur-
rents did not exceed a few hours in duration,
and occurred on average only once every 14 to
35 kyr. These parameters led these authors to
suggest that FA-B formed as the result of wind-
induced currents during major storms, while
thick FA-C beds were deposited by major turbid-
ity currents that formed due to rare, extreme tsu-
namis raging over the carbonate platform and
delivering vast amounts of skeletal debris to the
platform slope (Fig. 16B).

Ascribing storm events to FA-B and tsunamis
to FA-C is supported by the composition of bio-
genic components. Pedley & Grasso (2002)
demonstrated that the biodiversity of cool-water
carbonates is controlled by water depth. Shallow
waters are dominated by the remains of red
algae, which are progressively replaced by bryo-
zoan fragments with increasing water depth as
the result of in situ production. The bryozoan/
red algae ratio of FA-B is on average two times
higher than that of FA-C (Fig. 7). This implies
that the skeletal material of FA-B was on average
produced at greater water depths than the sedi-
ment of FA-C. Because biogenic composition
was measured from platform-slope deposits in
all cases, differences in the bryozoan/red algae
ratio therefore reflect variations in the relative
contribution of in situ skeletal production,
which was more important for FA-B than for
FA-C. The shallow-water signature of FA-C is in
line with events associated with the catastrophic
erosion of the platform.

Types of carbonate delta

The sediment bodies defined by Lidmann et al.
(2018) and named carbonate delta drift formed
under the influence of persistent currents concen-
trated over a carbonate-sediment-covered sub-
marine high between islands in the Maldives.
This generated persistent point-sourced under-
flows that built elongated and lobe-shaped chan-
nelized sediment bodies attached to a gateway.
Despite similarities in topographic setting
between the Maldivian example and the Favig-
nana carbonate wedge, there are significant differ-
ences. The Favignana sediment body is wedge-
shaped and blanket-like, formed by line-sourced
discontinuous currents of episodic nature. There-
fore, available terminology needs to be extended.

Although the term delta is associated with sed-
iment accumulations that develop where rivers
enter large bodies of water, the occurrence of del-
tas is not exclusive to those environments. In the
sense that sediment accumulates downstream of
a gateway by deposition from expanding currents
that are funnelled through a passage, carbonate
deltas are analogous to tidal deltas (Sha & de
Boer, 1991; Elias & Van der Spek, 2006). The
more generic term carbonate delta is not in con-
flict with the terminology of Liidmann et al.
(2018), who added drift to indicate that the sedi-
ment body formed under persistent flow condi-
tions in their case (see also Eberli et al., 2019).

The addition of a shape description using the
terminology of Mullins & Cook (1986) would
clarify the distinction between the different
types of carbonate delta. The supplementary
term fan can be added for a point-sourced, elon-
gated and channelized carbonate delta, whereas
adding the term apron is optional to indicate a
line-sourced, wedge-shaped and blanket-like
body. In this classification, the sediment body of
Ludmann et al. (2018) would be a carbonate
delta drift-fan and the Favignana wedge studied
here would be a carbonate delta apron. How-
ever, both examples can be referred to using the
more generic term carbonate delta to indicate a
sediment body formed by deposition from
expanding currents in the lee of a relatively
shallow sill that is covered by carbonate sedi-
ment and which is affected by sediment removal
due to funnelling of currents.

Sequence stratigraphy

The dynamics of cool-water carbonates are clo-
sely tied to variations in relative sea level.
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Hence, facies suites with characteristic deposi-
tion styles (systems tracts) are linked to specific
phases of the sea-level cycle (Catuneanu, 2006).
Clinoform successions, typically encompassing
the most voluminous portion of cool-water car-
bonate accumulations, are commonly attributed
to falling sea-levels and periods of sea-level low-
stand (Hansen, 1999; Pedley & Grasso, 2002,
2006; Massari & Chiocci, 2006; Puga-Bernabéu
et al., 2010; Massari & D’Alessandro, 2012). Dur-
ing these stages, sediment supply outpaces verti-
cal accommodation space, forcing the system to
prograde. However, lack of accommodation
space may also result from sea-level stillstand
such as during the Early Pleistocene (Pedley &
Grasso, 2002) on the condition that sediment
production is not switched off. A shutdown of
the carbonate factory due to relative sea-level
rise is a common scenario for tropical carbonate
deposition systems (platform drowning; see
review in Schlager, 2005) caused by the sea floor
moving out of the photic zone and therewith
below the critical threshold for photozoan organ-
isms (James, 1997). A stop in the production of
cool-water carbonates as a result of sea-level
rise, however, is unlikely because heterozoan
organisms largely are not light-dependent
(James, 1997).

The Favignana carbonate wedge was dated
between 1.6 + 0-1 Ma and 1-1 + 0-1 Ma, cover-
ing some 500 + 200 kyr (Slootman et al., 2016a).
This period coincides with the fourth-order Emil-
ian highstand (Fig. 17) (Pedley & Grasso, 2002),
which is recognized in numerous successions in
Sicily and southern Italy (Butler et al., 1997;
D’Alessandro & Massari, 1997; Massari et al.,
1999; Pomar & Tropeano, 2001; Pedley et al,
2001; Pedley & Grasso, 2002) and elsewhere in
the Mediterranean region (Lykousis, 1991; Poole
& Robertson, 1991; Hanken et al., 1996; Hansen,
1999). The Emilian is a sub-stage of the Calabrian
Stage of the Early Pleistocene (Mauz, 1998; Gib-
bard & Cohen, 2016). The Emilian highstand is
sandwiched between the lowstands of the Santer-
nian and Sicilian Substages (Fig. 17A) (Pedley &
Grasso, 2002).

Carbonate production on the platform com-
menced during the Santernian sea-level rise
(Fig. 17B; Slootman et al., 2016a). The trans-
gression led to aggradation accompanied by
steepening of the platform slope (Fig. 17C).
When the rate of sea-level rise decreased and
vertical accommodation space attenuated, the
deposition style shifted from aggradation to
progradation (Fig. 17D). At the time of full

Emilian highstand conditions, the decametre-
scale thick wedge that had accumulated started
to prograde eastward onto the shelf floor
between the palaeo-islands and Sicily. Carbon-
ate production took place everywhere on the
sea bed, with the largest area (and most likely
also the largest production per unit surface
area) located on the platform. Excess skeletal
material was occasionally transported towards
the platform edge and carried off by migrating
composite dunes during subcritical storm-
induced currents (FA-B) and, much less fre-
quently, by high-energy turbidity currents that
followed the sweeping of huge amounts of
skeletal debris during tsunamis (FA-C). Clino-
form progradation was contemporary with the
activity of subaqueous dunes in the strait on
the Sicily Shelf between the palaeo-islands at
one side and Sicily mainland at the other (FA-
D) due to slope-parallel bottom currents, which
were occasionally incorporated within the toe
sets of the carbonate delta. The well-established
stillstand conditions during the fourth-order
highstand that prevailed throughout the Emil-
ian episode lasted several hundred kyr (Pedley
& Grasso, 2002; Slootman et al., 2016a). Carbon-
ate production ceased towards the lowstand
conditions of the Sicilian Substage.

The Early Pleistocene was subject to high-fre-
quency (fifth-order) glacio-eustatic sea-level fluc-
tuations attributed to the 41 kyr obliquity cycle
(Wornardt & Vail, 1991; Catalano et al., 1998). In
Sicily and southern Italy, such fluctuations
resulted in the formation of carbonate wedges
with comparable sequence stratigraphic architec-
tures to the Favignana carbonate wedge (Catalano
et al., 1998; Pedley & Grasso, 2002; Massari &
Chiocci, 2006; Massari and D’Alessandro, 2012).
Where erosion during lowstand conditions was
important, only the clinoform successions were
preserved. Such prograding carbonate wedges
(examples cited above) occur in up to six-storey
stacks typically alternating with offshore marls.
This raises the question: why did only one thick,
fourth-order wedge form on Favignana during a
period in which high-frequency sea-level fluctua-
tions resulted in multiple (albeit less extensive)
fifth-order stacks in Sicily and southern Italy?

Key to understanding the absence of a high-
frequency (fifth-order) sea-level signal is the
amplitude of such glacio-eustatic fluctuations
with respect to the depth of the depositional
environment. Sea-level change is ‘felt’ most dra-
matically by sea floors that experience a shift
from below storm wave base to above and vice
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Fig. 17. Sequence stratigraphy of the Favignana car-
bonate delta. (A) Relative sea-level curve for the Early
Pleistocene, emphasising the Emilian highstand.
Redrawn after Pedley & Grasso (2002). Schematic evo-
lution of system tracts during the (B) Santernian, (C)
Late-Santernian and (D) Emilian. Note extreme verti-
cal exaggeration. LST = lowstand systems tract;
TST = transgressive systems tract; HST = highstand
systems tract.
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versa. Therefore, a sea-level drop of a magnitude
comparable to the water depth minus the depth
of the wave base is required before sea-floor sed-
iment becomes physically affected by wave-
related turbulence. However, when the sea bed
is always below hydrodynamic base-level and
the system is continuously in catch-up mode,
accommodation space will invariably exceed the
volume of the skeletal material produced. Such
a situation is conceivable only with low vertical
accumulation rates and low-amplitude sea-level
oscillations. The incidental, although regular,
off-ramp transport of sediment by wind and tsu-
nami-induced currents could have caused the
bed to be built at maximum up to storm wave
base. Funnelling of currents and the associated
focusing of energy on the platform may have
been pivotal to reaching such conditions.

Pedley & Grasso (2002) estimated the amplitude
of the fourth-order Emilian eustatic event at a
maximum of 80 m. These authors related six cli-
noformed carbonate wedges in south-eastern
Sicily to superimposed higher-order sea-level
variations, each suggested to be of the order of 10
to 30 m. Such relatively low-amplitude sea-level
oscillations were of only minor influence on the
platform. Pedley & Grasso (2002) further noted
that the high-sea-level excursion lasted ca
550 kyr, with the fourth-order highstand (still-
stand) extending over the entire Emilian Substage
(ca 1-5 to 1-2 Ma), coinciding with the ages of
Slootman et al. (2016a). No suggestion was made
to explain the origin of the high-frequency pertur-
bations which, given the average duration, might
indeed be the 41 kyr glacio-eustasy obliquity
cycle (Catalano et al., 1998).

The early Sicilian global sea-level fall at the
termination of the Emilian was inferred to have
been very rapid and to be associated with a tran-
sition from temperate interglacial conditions
(Pedley & Grasso, 2006), comparable to the pre-
sent-day eastern Mediterranean Sea, to much
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|:| FA-A: Near-shore deposits
\ D FA-B: Subcritical-flow carbonate-delta deposits
|:| FA-C: Supercritical-flow carbonate-delta deposits

Zone | Il 11 \Y]
6 km

. TST: Aggradation (Late Santernian)

SL

\\\ Y
[

\

Zone | Il i \Y)

@ HST: Progradation (Emilian)
\ |:| FA-D: Subcritical-flow strait deposits

Zone | 1l

SL

BL

© 2019 The Authors. Sedimentology © 2019 International Association of Sedimentologists, Sedimentology, 66, 1302—1340




1336 A. Slootman et al.

cooler conditions (Di Geronimo et al.,, 2000;
Pedley & Grasso, 2002, 2006). Such cooling is
demonstrated by the Mediterranean colonization
of the Boreal bivalve Arctica islandica, reflecting
conditions similar to those in the present-day
southern North Sea with winter temperatures
below 9°C (Raffi, 1986). The presence of Arctica
islandica was interpreted to mark the termina-
tion of the Emilian carbonate sequence in south-
eastern Sicily (Di Geronimo et al., 2000).
Similarly, Arctica islandica at the base of the
youngest FA-D units on Favignana Island indeed
support the shutdown of the carbonate factory
(cf. Pedley & Grasso, 2006).

CONCLUSIONS

Carbonate deltas are formed by sediment being
carried basinward off of a carbonate platform by
funnelling through a shallow-marine gateway
between topographic highs. This study describes
and interprets the accumulation of the Lower
Pleistocene Favignana carbonate delta in the lee
of a submarine sill between two islands in the
Aegadi Archipelago, building out into a larger
strait between the two islands on one side and
Sicily on the other. Bedform dynamics on the car-
bonate delta reveal two types of incidental cur-
rents affecting the platform in the gateway: (i)
dilute subcritical currents leading to the forma-
tion of subaqueous dunes; and (ii) sediment-
laden supercritical turbidity currents generating
upper flow-regime bedforms including antidunes,
chute and pools and cyclic steps. The two types
of current invoked a bimodal stacking pattern of
clinoform units prograding from the gateway onto
a shelf, forming a 50 m high and 6 km long car-
bonate delta during the Emilian sea-level high-
stand (1-6 Ma to 1-1 Ma). This study emphasises
that the adequate identification of sedimentary
structures is essential to the development of
sound deposition models. The concept of carbon-
ate deltas, in particular in the light of recent
advances in the understanding of supercritical-
flow processes, opens the door for revisiting
certain carbonate accumulations that were previ-
ously interpreted using more classical models.
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